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ABSTRACT: Hydrogen production from photoelectrochemical (PEC) water splitting using
semiconductor photocatalysts has attracted great attentions to realize clean and renewable energy
from solar energy. A visible-light-response WO3 with a long hole diffusion length (~150 nm) and
good electron mobility (~12 cm? V! s) makes it suitable as the photoanode. However, WOj3
suffers from issues including rapid recombination of photoexcited electron-hole pairs, photo-
corrosion during the photocatalytic process due to the formation of peroxo-species, sluggish
kinetics of photogenerated holes, and slow charge transfer at the semiconductor/electrolyte
interface. This work highlights the approaches to overcome these drawbacks of WO3 photoanodes,
including: 1) the manipulation of nanostructured WO3 photoanodes to decrease the nanoparticle
size to promote holes migration to WO3/electrolyte interface which benefits the charge separation;
i1) doping or introducing oxygen vacancies to improve electrical conductivity; exposing high
energy crystal surfaces to promote the consumption of photogenerated holes on the high-active
crystal face, thereby suppressing the recombination of photogenerated electrons and holes; iii)
decorating with co-catalysts to reduce the overpotential which inhibits the formation of peroxo-
species; 1v) other methods such as coupling with narrow band semiconductors to accelerate the
charge separation and controlling crystal phase via annealing to reduce defects. These approaches

are reviewed with detailed examples.
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1. Introduction

The scarcity and growing demands of fossil fuels requires our society to develop an efficient,
clean and renewable energy.'** Photocatalytic water splitting to produce H, has become an
effective approach to address those issues.>® Since pioneering works by Becquerel in 18397 and
Fujishima and Honda in 1972,® the photocatalytic and photoelectrochemical (PEC) water splitting
using semiconductors under solar irradiation have attracted remarkable attention. Afterwards,
various photocatalysts including hematite,’ BiVOa4,!%!2 WO3,'3° Ti0,,'%!” ZnO,'® CdS," TaON,?°
IrO2,2! SrTi0;,2*> 2> TasNs,** and BiFeOs?® have been exploited as photoanodes. Metal
chalcogenides, e.g, CdS and MoS,, have been reported as promising photocatalysts for water
splitting because of their narrow band gap,?® while they are more susceptible to degradation during
water oxidation reaction. Oxides are the most photochemically stable semiconductors in aqueous
solution,?” though TiO2 and ZnO have a wide band gap energy that can be excited only by UV
photons. Among the myriad of oxides, WO3 with a band gap of 2.4-2.8 eV?® has been considered
to be the most promising visible light responsive photoanodes for PEC water splitting. The large

valence band (VB) of WO3 located at approximately 3.0 V vs. NHE makes it appropriate for water

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

oxidation. WO3 possesses a moderate hole diffusion length (~150 nm) compared with a-Fe>O3
(2—4 nm) and better electron mobility (~12 cm? V! s1) than TiO2 (~0.3 cm? V! s71).2° Moreover,
the low-cost WO3 exhibits excellent stability and the carriers move fast under solar irradiation.?%3!
Nevertheless, the activity of WOs3 for PEC water splitting still needs be improved. As an indirect
semiconductor, WO3 requires a relatively thick film for adequate light absorption which causes a
significant recombination of electrons and holes, thus decreases the performance of PEC water

splitting.>?> During water splitting, the possibly formed peroxo-species on the WOs surface

accelerate the photo-corrosion and consequently reduce the stability of WO3 photoanode.**** The
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sluggish kinetics of photogenerated holes and charge transfer at the semiconductor/electrolyte
interface intensifies the drawback of WO3; photoanode.?* 3* 3% The maximum theoretical solar-to-
hydrogen efficiency of WOs3 is ~6% and the theoretical photocurrent density is 4 mA ¢cm™ under
Air Mass 1.5 Global (AM 1.5 G) solar illumination. The WO3-based PEC devices cannot compete
directly with coupled solar and electrolysis with an efficiency of about 10%. Nevertheless,
modified WOs-based PEC can potentially achieve efficiencies beyond 10% at a low cost.*
Considerable attempts have been made to solve the issues including doping, orderly nanostructured

morphologies, coupling with narrow band semiconductors, introducing oxygen vacancies, and

decorating with co-catalysts, etc.

Previous reviews have been presented regarding the use of WOs3 in electrochromic,
photochromic, gas sensors and photocatalytic degradation. However, the strategies to improve the
performance of WOs3 photoanodes for PEC water splitting have been rarely summarized. In this
review, recent progresses in the WO3 photoanodes and the possibility of using WO3 for the direct
Z-scheme overall water splitting were documented with detailed examples. The strategies to
overcome the limitations of WO3 as photoanodes were summarized to enhance the photocatalytic
activity for PEC water splitting with detailed examples. (1) The PEC water splitting performance
of WOs suffers from the recombination of electron-hole pairs. WO3 nanostructures with small sizes
and controllable morphologies can decrease the diffusion length of holes and reduce the grain
boundaries to benefit the charge separation.’” Doping with a hetero-element or introducing oxygen
vacancies can improve electrical conductivity and facilitate charge transfer.*® Moreover, exposing
high energy crystal surfaces can promote the consumption of photoexcited holes on the high-active
crystal face, which reduces the recombination of photogenerated electron-hole pairs.>> Coupling

with narrow band gap semiconductor can form an internal electric field at the interface which
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facilitates the separation of photogenerated electrons and holes and restricts the recombination.>”
(2) During oxygen evolution reaction (OER), peroxo species formed and accumulated on the
surface of WOs3 become kinetically competitive with O2 production, thus result in the photo-
corrosion. Decorating with co-catalysts can improve the surface kinetics and reduce the OER
overpotential that inhibits the formation of peroxo species.*” The optimized crystallinity and
exposing highly active crystal surface can impede the formation of peroxo species on the surface
of WO3.*!' (3) Although coupling with a narrower band gap semiconductor to form II
heterojunctions can improve the PEC water splitting performance, it is limited to realize overall
water splitting without changing the original oxidation and reduction potential. To achieve overall
water splitting efficiency, coupling with a narrow bandgap semiconductor to create direct Z-
scheme system can significantly promote an efficient charge separation as well as maintain the

optimized redox ability.
2. Photocatalytic and PEC water splitting mechanism

The fundamental principle of one-step overall water splitting on semiconductor is shown in

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

Fig. 1a. Under light irradiation with an energy no less than the band gap of a semiconductor,
electrons excited from the VB move to the conduction band (CB), leaving holes in the VB.*? Under
standard conditions, the overall water splitting is an uphill reaction requiring a Gibbs free energy
of AG =+237.2 k] mol ! corresponding to the electrolysis cell voltage of AE®=1.23 V per electron
transferred according to the Nernst equation.* To split the water into H, and Oa, the band-gap
energy of the semiconductors should be larger than 1.23 eV. In other words, the CB of the
semiconductor should be more negative than 0 V vs. NHE, while the VB of the semiconductor has
to be more positive than 1.23 V vs. NHE.** % The band gap of the semiconductor should be

narrower than 3 eV to achieve visible-light-response sufficiently.*® The semiconductor must be
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stable in the photocatalytic reaction. At least, the photogenerated carriers transferred from the
surface of semiconductor to the solution must be facile enough to reduce energy loss arising from
the kinetic overpotential.*’ In this regard, only very few semiconductors are suitable for one-step

water splitting.
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Fig. 1 Schematic illustration of (a) photocatalytic water splitting for a one-step photoexcitation system, (b) The
basic principles of water splitting for a PEC cell with an n-type semiconductor photoanode and Pt cathode. CB,

conduction band; VB, valence band; E,, band gap; Er, fermi level.

PEC is the other approach to achieve overall water splitting in which semiconductor is
employed as photoanode and Pt always as the counter electrode, both are immersed in an aqueous
electrolyte. In this system (Fig. 1b), a bias potential is applied to facilitate the separation of the
photoexcited electron-hole pairs due to the formation of depletion layer in the photoanode.
Meanwhile, the applied bias shifts the electrode potential of the metal cathode sufficiently negative
of the reversible hydrogen potential and thereby enables the proton reduction.*® It is thus likely for
the narrow band gap semiconductor with a CB lower than the energy of H'/H, to produce
hydrogen. Hence many semiconductors were used as photoanodes for the PEC overall water
splitting including WO3, despite more positive location of its CB (0.55-0.8 V vs. RHE (reversible

hydrogen electrode), pH=0).*’ In the PEC water-splitting cells, hydrogen is produced at the
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cathode and oxygen evolution at the anode, thus the well physically separated chambers of
hydrogen and oxygen can be achieved. This process of PEC water splitting can be summarized by

Equations (1&2):>°
Anodic: 2H,0+4h" —0,+4H"; E’=1.23 Vvs. NHE (1)
Cathodic: 4H" + 4" = 2H,; E’ = 0 V vs. NHE )

The PEC water splitting reaction normally occurs in three steps: i) the photoanode
semiconductor absorbs the photon energy that is higher than the band gap of the semiconductor to
excite the electron-hole pairs in the bulk; ii) the separation of photogenerated charges, i.e., the
holes reach the surface of photoanode to oxidize water molecules into O2 whereas the electrons
migrate to the counter electrode to reduce water molecules into H»; iii) the recombination of
photogenerated holes and electrons, inducing a back-electron flow from the external circuit into
the photoelectrode.”! The first two steps strongly depend on the structure and electronic properties
of the photocatalyst. Concerning the third step, the recombination of holes and electrons restricts

the photoconversion efficiency. Therefore, it is significantly necessary to develop a promising

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

visible light response and create highly efficient photocatalysts for the overall water splitting.

In the PEC water splitting system, the photocurrent density as a function of potential is an
important parameter to evaluate its performance. The theoretical photocurrent density of WO3 is
reported to be 4 mA cm? under AM 1.5 G.*? In a three-electrode system using Ag/AgCl as a
reference electrode, the measured electrode potentials vs. Ag/AgCl could be converted to the RHE

potential according to the Nernst equation:®? >2

Erue=E4guec1 + 0.059xpH +E£g/AgCl 3)
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where Erug refers to the calculated potential vs. RHE, Eagagci is the measured potential vs.

Ag/AgCl, and the value of ER,/agc) is 0.197 V at 25 °C.

Another important factor for evaluating photoactive behavior is the incident photon-to-
current efficiency (IPCE), representing the photocurrent collected per incident photon flux as a

function of incident-light wavelength. The IPCE could be calculated at a desired bias voltage from

eqn (4):5% 33

1240]

IPCE = Tl

x 100% ()

where J is the photocurrent density (mA cm) under illumination at wavelength 4, A is the

wavelength of incident light (nm), and 7 corresponds to the incident light intensity (mW cm™).
3. Strategies to enhance WO3 photocatalytic activity in PEC water system

3.1. Morphological manipulation. Compared with bulk materials, nanostructured
materials with higher specific surface area and more reaction active sites can enhance the photon
absorption to improve the photoelectric conversion efficiency.?”3* The size of bulk WOj is larger
than 150 nm, and restricts the holes migration to the surface of WO;. Thanks to a shorter hole
transport distance, the nanomaterials could improve the separation efficiency of photogenerated
electron-hole pairs and give a more rapid photoexcited hole injection to the electrolyte. However,
small grains can reduce the activity in the visible light region.> Furthermore, the defects on the
crystal surface make it possible for intensive electron-hole recombination which reduces the PEC
water splitting performance.** Thus, developing appropriate grain size, structure and morphology
of the photocatalyst holds the key to improve the photocatalytic performance. The widely used

methods for synthesizing WO; nanostructures include solvothermal,’® hydrothermal,®” 3
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anodization,’® glancing angle deposition (GLAD),* pulsed laser deposition (PLD),*® sol-gel,®!

chemical vapor deposition (CVD),** and electrodeposition.* Meanwhile, the fabrication methods
were found to affect the grain boundaries and the dimension of the nanostructures, which limited
the efficiency of water splitting. The morphology, fabrication method and PEC water splitting
performance of the WO3 photoanode films have been illustrated in Table 1. Amongst the myriad,
hydrothermal/solvothermal techniques have been commonly used to synthesize nanostructure
WOs film. During the synthesis, introducing a very thin WO3 dense layer has been found to be a
prerequisite for the crystal growth that can hinder the interfacial recombination and decrease the
photogenerated electron injection back into the electrolyte on the exposed areas of FTO.> ¢
Meanwhile, involving seed layers contributes to form grain boundaries in the nanocrystalline base

film which can reduce the photocatalytic activity.*+®

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.
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Table 1. Representative morphology of WO3 photoanode for PEC water splitting.

Topography  Fabrication method Film texture Photoelectrochemistry

Ref

Photocurrent: 3.7 mA cm2 at 1.23 V vs. RHE; IPCE: 67%
Nanoplate 2-step hydrothermal
at 350 nm at 1.23 V vs. RHE; electrolyte: 0.1 M Na2SO4

Photocurrent: ~1.43 mA cm? at 1.23 V vs. RHE; IPCE:

Nanoflake Solvothermal ~70% at 480 nm at 1.23 V vs. RHE; electrolyte: 0.1 M
Na2S04
Photocurrent: 2.26 mA cm? at 1.23 V vs. RHE; IPCE:
Nanorod Hydrothermal ~90% at 350 nm at 1.23 V vs. RHE; electrolyte: 0.5 M

H2S04

Photocurrent: 0.45 mA cm™ at 0.8 V vs. RHE; IPCE:
Microcrystal ~ Hydrothermal ~2.7% at 300 nm at 0.8 V vs. RHE; electrolyte: 1 M

H2S04

Photocurrent: 0.9 mA cm? at 1.2 V vs. RHE; IPCE:
Nanoflake Anodization ~42% at 420 nm at 1.2 V vs. RHE ; electrolyte: 0.5 M

H2S04

10

32

56

57

39

58


https://doi.org/10.1039/c9nr03474a

Page 11 of 64

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.
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Tree-like

nanoporous

Nanoplate

Nanoflake

Nanoplate

Nanoparticle

Glancing angle

deposition (GAD)

Pulsed

deposition (PLD)
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Hydrothermal

Hydrothermal

Hydrothermal

laser
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Photocurrent: 2.15 mA cm? at 1.23 V vs. RHE; IPCE:
~40% at 385 nm at 1.23 V vs. RHE; electrolyte: 0.5 M

KPi+ 1 M Na2SOs

Photocurrent: 1.8 mA cm? at 1.23 V vs. RHE; IPCE:
~78% at 350 nm at 1.23 V vs. RHE ; electrolyte: 0.5 M

KPi+ 0.5 M H2S04

Photocurrent: ~1.42 mA cm™ at 1.23 V vs. RHE; IPCE:
~38% at 400 nm at 1.23 V vs. RHE; electrolyte: 0.1 M

NaxSOs4

Photocurrent: 2.25 mA cm? at 1.23 V vs. RHE; IPCE:
~23.25% at 440 nm at 1.23 V vs. RHE electrolyte: 0.1 M

Naz2SO4

Photocurrent: 1.2 mA cm? at 1.23 V vs. RHE; IPCE:
~40% at 350 nm at 1.23 V vs. RHE electrolyte: 1| M

H2S04

Photocurrent: 2.7 mA cm™ at 1.4 V vs. RHE; electrolyte:

0.5 M H2S04

41

67

68

69

59

60
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Pulsed laser Photocurrent: 2.4 mA cm2 at 1.23 V vs. RHE; IPCE: 50%
Nanoneedle
deposition (PLD) at 410 nm at 1.23 V vs. RHE,; electrolyte: 0.1 M H2SO4
Photocurrent: 1.1 mA c¢cm? at 1.23 V vs. RHE; IPCE:
Nanoflake Solvothermal ~45% at 320 nm at 1.23 V vs. RHE; electrolyte: 0.1 M
Na2SO4
Polymer-assisted Photocurrent: 145 mA cm? at 1.23 V vs. RHE;
Nanoparticle

deposition electrolyte: 0.1 M KPi

70

71

72

Note: WO; is only stable in acidic media of pH lower than 4. That is, the PEC properties of WO3 may be investigated unstable in
the electrolyte with 4<pH<7. Researchers should investigate the PEC performance of WO3 under strong acidic conditions in the

future work.

3.1.1. 1-D WO3 nanostructures. Due to the direct pathways for photogenerated carriers, one

56, 62, 73-75 57, 76-78

dimensional (1-D) semiconductor structures, e.g., nanowires, nanorods,
nanotubes,”® and nanoneedles®’, can efficiently facilitate the transportation of photoelectrons to
FTO and thus suppress the recombination of photogenerated electron-hole pairs. These structures
are capable of reducing grain boundaries and defects that result in less recombination of electron-
hole pairs,>® and consequently 1-D WO3 nanostructure photoanodes demonstrated superior PEC
properties compared to nanocrystalline particles.®!3* For example, Chakrapani et al.%? fabricated
WO3 nanowire (length: 2-3 pm and diameter: 40-70 nm) arrays on FTO substrate via chemical

vapor deposition in ambient air. The blue film changed to greenish yellow corresponding to the

crystal phase change from monoclinic to orthorhombic phase. Under light irradiation AM 1.5 G,
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the WO; nanowire arrays exhibited a photocurrent of 1.2 mA cm™ at 1.2 V vs. SCE. These
nanowires could capture the incident light more efficiently to enhance the PEC performance. Joo

et al”’

synthesized single crystalline structure WO3 nanorods uniformly distributed on the FTO
substrate using a facile hydrothermal method without the assistance of any seed layer. After
annealed at 500 °C, these nanorods exhibited an outstanding photocurrent of 2.26 mA cm™ at
1.23V vs. RHE and IPCE value of 35% under light irradiation at 400 nm. The excellent PEC

performance was attributed to the direct pathway provided by the vertically aligned nanorod arrays

on FTO with a desirable crystal phase.

3.1.2. 2-D WO;3 nanostructures. A large number of grain boundaries in the nanoparticle films
increase the resistance and interfacial charge recombination, and thus impede the electron transfer

to the back-contacted conductive substrate.®* Different from nanoparticles and similar to 1D

64, 65, 85-87 88, 89

semiconductor structures, 2D nanostructures, e.g., nanoplates, nanosheets, and

nanoflakes, are favorable for highly efficient and directional transport of electrons and holes.%* 8%

%0 Besides, 2D semiconductors have a bigger surface/volume ratio than 1D semiconductor.”’ WO;

nanoplates are reported to exhibit an enhanced PEC performance compared with nanorods and

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

nanowires.’® °2 Su et al.’® synthesized WO3 nanowire and nanoflake under almost the same
conditions via a seed-layer-assistant solvothermal method. Both nanowire and nanoflake were well
vertically grown on the substrate (Fig. 2a-c). The WO3 nanoflake photoanodes demonstrated a
significantly higher PEC performance than WO3 nanowires. The band gaps of the WO3 nanowire
and WO3 nanoflake were calculated to be 2.92 and 2.51 eV, respectively. Under the same
photocurrent measurement conditions, the WO3 nanoflake film delivered about 3 times higher
photocurrent than that of the nanowire film with a comparable thickness (Fig. 2¢). Meanwhile, the

WO3 nanoflake films exhibited a higher IPCE value compared to the WO3 nanowire film (Fig. 2f).

13
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The excellent photoelectric performance originated from the lower band gap of WO3 nanoflake
and reduced light scattering in the flake array structure (Fig. 2d). Under light irradiation below 400
nm, the WO3 nanoflakes with a thickness of 5.6 um were found to exhibit a higher photocurrent

value of 1.43 mA c¢cm™ and a higher IPCE value of higher than 60%.

——NF2 annealed
——NF1 annealed

0.5

.
- ¥ ¥ _ N
X- m-; o —— Nanowire annealed 60 —+— Nanowire
8K RO =
b .. Yo eedh z % G 10
= < . 50
E ®
f= _E | E 5
X g 5
3
o
2
s}
=
o

kh 10

0
0 04 0.8 1.2 18 350 400 450 500 550
Applied potential (V) Wavelength (nm)

Fig. 2 FESEM images of (a) Unannealed WO3 nanowire, (b) Unannealed WO3 nanoflake (NF1) (c) Unannealed
WO3 nanoflake (NF2), (d) Photograph of WOj3 films as-prepared and after anneal, (e) Current-potential plots for
annealed nanowire, and two flake samples, under chopped visible light in an aqueous solution of 0.1 mol/L
sodium sulfate (Na>SOs), (f) IPCE of three samples with a bias of 0.5 V in a two electrode setup with Pt foil as

counter electrode. Reproduced from ref. 3¢ Copyright 2011 American Chemical Society

3.1.3. Nanoporous structure. Compared with bulk material, the nanostructured semiconductors
with high porosity have shown a better photoelectricity activity due to their large specific surface
areas, more active sites, higher light absorption rate and excellent charge transport performance.’*
% With a larger specific surface area, it could facilitate ion transport into nanostructured

photoelectrodes. Furthermore, the nanoporous structure increases the area of depletion layer and

14
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shortens the distance of diffusion for holes to the photoelectrodes/electrolyte interface, thereby
inhibiting surface recombination of electrons and holes.®* °7- *® However, there are some adverse
effects when increasing the surface area. For example, the increased surface defects and grain
boundaries may be formed, thereby reducing the photocatalytic activity. Therefore, it is crucial to
design photoanodes with optimal active sites for photo activities.”® Shin et al®® prepared
nanoporous WOs3 having tree-like structure via a pulsed laser deposition method. The photoanodes
have a monoclinic WO3 crystal structure and are partially aligned along the [020] direction.
Moreover, the nanoporous WO3 showed 9-fold photocurrent density compared to the dense WOs3.
The improved PEC performance can be mainly attributed to a higher surface/active area of the
nanoporous structure, which allowed the electrolyte to permeate through the open channels to
reduce the transport distance of holes, and restrained the recombination of surface electron-hole.
Song et al.”® used versatile foaming-assisted electrospinning method to prepare mesoporous WO3
nanobelts which enhanced the PEC water splitting performance compared with the as-prepared
WOj3 nanofiber and WO; nanobelt samples. Hilliard et al.'% synthesized mesoporous WO; via a

facile sol-gel dip coating method. Compared with dense WO3 thin films, the mesoporous WO3

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

photoanode exhibited a more substantial photocurrent response which was ascribed to massive
specific surface area exposure to the electrolyte. It confirmed that the surface oxidation kinetics,
optical absorption and conductivity of WO3 limited the PEC activity of the mesoporous WO3
photoanodes. Concerning neutral or basic solutions, the peroxo species formed on the surface of

WOs reduced the stability of photoanodes.

3.1.4. Hierarchical 3D structure. Apart from the aforementioned morphologies, new structures
and hierarchical 3D WOj3 photoanodes were designed to provide high solar conversion efficiencies.

For example, Feng et al? synthesized sandwich structured WOs nanoplate arrays via
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hydrothermal method followed by annealing at 500 °C. The sandwich structure exhibited an
optimal PEC performance with a photocurrent density of 1.88 mA cm™ at 1.3 V vs. Ag/AgCl. The
highest PEC performance of the sandwich structured WO3; compared with other samples annealed
at different temperatures arose from more active monoclinic phase, the smallest interface

resistance and the largest electrochemically active surface area. Cai et al.!”!

reported another
important strategy to prepare hierarchical 3D WOs3 micro-nano architectures which could be easily
tuned from porous nanoparticle aggregates (WO3 PAs) to nanowire aggregates (WO3 NWs) by
controlling the heating temperatures during the thermal oxidation (Figure 3a-d). With increasing
the temperatures, the photocurrent density of three types WO3 nanostructures was decreased (Fig.
3e) due to the decreased exposure of (002) facets. The porous nanoparticle structure annealed at

600 °C significantly enlarged the specific surface area and promoted the electrolyte penetration

into electrode and the bottom of aggregates, thereby improved the PEC performances (Fig. 3f).
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Fig. 3 (a) Schematic of the strategy of tuning WO3 nanostructures. SEM images of (b) WO3 PAs, (c) WO3
PAstNWs and (d) WO3 NWs in different magnifications, (e) Photocurrent density of three types of WOs3
nanostructures vs potential plots, (f) Schematic of the hierarchical structure with porous WO3 nanoparticle
aggregates and the corresponding charge transport/transfer and electrolyte permeation processes. The olive color
and the arrows represent the electrolyte (0.1 M H2SO4) and the penetration of the electrolyte, respectively.

Reproduced from ref. 1° Copyright 2017 American Chemical Society
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3.2. Crystal phase control. An efficient PEC water splitting performance depends on the
photoanode not only the morphology but also the crystal phase of WO3. The monoclinic phase of
WO3 has been demonstrated as the most stable phase at room temperature and its water oxidation
activity is stronger than that of hexagonal phase or orthorhombic phase WQ3.2%-37-77-41.102-104 ity
increasing the annealed temperatures, the WO3-0.33H,0 synthesized from precursor changed from
orthorhombic to anhydrous hexagonal and then to stable monoclinic (Fig. 4c). As the heating
temperature increased from 400 to 500 °C, the absorption edge showed a continuous red shift and
the film turned from greyish to yellow (Fig. 4a). The orthorhombic WO3-0.33H>O demonstrated
the lowest photocurrent density, while the monoclinic WO3 annealed at 500 °C exhibited an

optimal PEC performance (Fig. 4b).2% 576465, 77,82, 41
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Fig. 4 (a) UV—vis absorption spectra of WOj3 films before and after annealing at different temperatures. The
inset is the corresponding photographs, (b) Linear sweep voltammetry of WO3 photoanodes annealed at different
temperatures under chopped incident light, (c) Schematic illustration of unit cells of orthorhombic
WO;3-0.33H20, hexagonal WOs3, and monoclinic WOs. Reproduced from ref. 2 Copyright 2016 American

Chemical Society.
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Nayak et al.'® synthesized WO3-H>O nanoplates via a facile precipitation method, which
wree evolved into WOs3; nanowires on subsequent solvothermal treatment (Fig. Sa-d). The
WOs3-H>0 nanoplates had an orthorhombic phase, while WO3 nanowires showed a monoclinic
phase (Fig. 5e¢). The WO3 nanowires exhibited outstanding PEC activity with a photocurrent
density ~21 times higher than the WO3-H>O nanoplates. As above discussed, (session 3.1), the
nanoplates (2-D nanostructure) normally have a higher photocurrent value than nanowire (1-D
nanostructure). The significantly enhanced PEC performance of WO3 nanowires was attributed to
different phases between WO3-H>O nanoplates and WO3 nanowires. The high crystallinity of WO3
nanowires reduced the interfacial charge transfer resistance, and thereby improved the PEC

performance.

Intensity (a.u.)

10 20 ??09 (‘éioeg?% e;so 70 80
Fig. 5 FESEM images of (a) stacked WO3-H>O square nanoplates synthesized at room temperature using 0.025
M of WCls solution in ethanol for 1 h. FESEM images of WO3 nanowires evolving from stacked WO3-H,O
nanoplates after (b) 3 h, (¢) 6 h, and (d) 12 h solvothermal treatment of WO3-H,O nanoplates at 200°C in ethanol.
(e) XRD patterns of these obtained samples. Reproduced from ref.!% Copyright 2017 American Chemical

Society
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Extensive research efforts have been made to explain the effects of crystal phase on the

photocatalytic performance. For example, Park et al.®?

reported that during the annealing process,
with the transformation of the crystal phase, the removal of water induced the surface disorder or
oxygen deficiencies of WO3 and thus affected the PEC performance. Zeng’s group considered that
peroxo species were easily formed on the surface of WO3-H>O due to its inferior crystallinity,
while WOs3 annealed at 500 °C had the highest current density because of the conversion of exposed
(200) facets to highly reactive (002) facets, superior crystallinity and fewer defects to decrease the
recombination of electron-hole pairs.*! This suggestion was also confirmed by Su’s group.!* Fan’s
group’’ suggested that the monoclinic WO3 obtained at 500 °C (WO3-500) exhibited a red shift of
the absorption edge which effectively separated the photoexcited electrons and holes and migrated
the carriers to the photoanode surface. The existence of both orthorhombic and monoclinic phase
along with defects for WO3-450 sample and the collapse of nanorods for WO3-550 restricted the
efficient separation and migration of charge carriers. Yang et al. attributed the enhanced PEC
properties to the higher crystallinity and the reduced PEC properties for WOs3 calcined at
temperatures higher than 500 °C due to the highly damaged surface of the platelets.** The improved
crystallinity via high calcination temperature facilitating a better charge separation was also proved
by Nuraje’s group in the photocatalytic of SrTiO3.?* Thus, it can be concluded that the as-prepared

hydrated tungsten oxide needs be calcined at 500 °C to obtain monoclinic WO3 for an optimal

PEC.

3.3. Engineering of crystalline structures. Recent studies on the semiconductor surface
engineering have demonstrated that photoexcited electrons and holes can be driven by different
crystal planes. Therefore, certain crystal faces of semiconductors will be preferentially reduced,

while other crystal faces are preferentially oxidized.'% Controlling and exposing some high energy
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crystal surfaces can improve the photocatalytic and PEC efficiency of photoelectrodes.!” 198

Compared with the (200) facet (1.43 J/m?) and the (020) facet (1.54 J/m?), the (002) facet of WO;

%), which is more favorable for adsorbing the

possesses the highest surface energy (1.56 J/m
reaction species on the (002) facet to decrease the surface energy. It is verified by Wang et al.
through density functional theory (DFT) calculations.>? Due to the weakest W-O bond in the
monoclinic WO3, the dangling O atoms on the (002) crystal plane could provide more abundant
active sites for H,O and organics through the hydrogen bond. Therefore, photo-excited holes are
more easily consumed on the (002) crystal plane involving the oxidization of water and the
degradation of organics by generating active oxygen species, thereby impede the recombination
of photogenerated electrons and holes. Consequently, exposure of highly reactive facets could
effectively improve the PEC performance in water splitting and the degradation activity of organic

pollution ®% 10: 111

Zeng’s group*! prepared WOs nanoplate array film photoanodes with a preferential
orientation of highly reactive (002) facets by the reduction of peroxotungstates. The effects of

synthesis time, temperature, and the amount of the capping agent on the morphologies and

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

nanostructures of the as-prepared WOj3 films were discussed. The TEM images and SAED patterns
indicated that the WO3-H2O plates grew along the crystal of (020) face which were converted into
WO3 plates with preferentially exposed (002) facets via annealing. The sample annealed at 500 °C
exhibited the highest photocurrent density which was ~1.42 mA cm™ at 1.23 V vs. RHE. The
enhanced performance of PEC water splitting was ascribable to the superior crystallinity which
could impede the formation of peroxo species on the surface of WO3. The exposed highly reactive
(002) facets of WO3 nanoplate significantly improved the performance of PEC water splitting.

WO3 photoanodes decorated with Co-Pi co-catalyst improved the water oxidation kinetics and

21
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reduced the photocorrosion resistance. Zhang et al.’> synthesized monoclinic WOs3
nanomultilayers with (002) facets exposed via a solvothermal method. The sandwiched WOj3
nanomultilayers exhibited photocurrent densities higher than the WO3 nanorods synthesized as
reference. The specific surface area of WO3 nanorods and nanomultilayers indicated that
morphology is not the decisive factor for the enhanced photocurrent of the nanomultilayers. It is
the preferentially exposed highly reactive (002) facets of WO3 nanomultilayers that contributed to

the improved PEC water splitting performance.

Although WOs exhibits high stability and resistance against photo-corrosion in acid under
solar illumination,’> *> WO3 nanostructures still suffer from photocorrosion and photocatalytic
deactivation because of the formation and accumulation of peroxo species on the surface of
WO0;.!12:33:59 In a PEC water splitting, photogenerated holes can cause a sires of oxidation reaction,
including the oxidation of surface hydroxyl groups of WOj3 or the oxidation of water/hydroxide.
During the water oxidation reaction, oxygen and peroxo species will be formed.
Thermodynamically, the photo-oxidation of water to oxygen (E® =1.23 V) is more feasible than
the formation of peroxo species (E = 1.78 V). However, the peroxo species become kinetically
competitive with oxygen evolution because of slow kinetics of oxygen evolution reaction. More
importantly, the formation of peroxo species at the WO3 surface can cause an obvious alternate
photo-oxidation reaction, which may result in the loss of photoactivity or photodissolution of WOj3.
To address the aforementioned issues, Wang et al.>? synthesized WO3 nanoplates with highly
reactive (002) oriented facets via a 2-step hydrothermal method and evaluated the PEC conversion
performance (Fig. 6a-f). The 1-step-16h WO3 nanoplates were prepared via hydrothermal method
for 16 h. While, the 2-step-16h WO; nanoplates were obtained through the 1-step-8h WO3

nanaoplates after hydrothermal treatment for another 8 h. All of the nanaoplates were composed
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of dense and vertically aligned nanoplate arrays (Fig. 6a-c). The XRD spectra shown that the 1-
step-16h WO3 nanoplates were mainly exposed (200) facets (Fig. 6d) and the 2-step-16h WO3
nanoplates were enriched (002) facets (Fig. 6f). During the 1-step-16h hydrothermal reaction, the
WO3 nanoplates mainly had the exposed (002) facets at the initial 8 h of hydrothermal reaction
and were then converted into (200) facets exposed in the subsequent 8 h of hydrothermal reaction.
This transformation can be explained by the theory of dissolution and recrystallization. Different
from the 1-step-16h WO3 nanoplates, only a partial recrystallization occurred for the 2-step-16h
WO3 nanoplates, which resulted in a larger (200)/(002) ratio. The prepared 2-step-16h WO3
nanoplates exhibited a remarkable photocurrent density of 3.7 mA cm™! (1.23 V vs. RHE) which
corresponded to ~93% of the theoretical photocurrent of WO3 (Fig. 6g). The curves of chopped
transient photocurrent density vs. time showed that the WO3 nanoplates prepared by 2-step
hydrothermal method exhibited the highest photocurrent density and the best stability (Fig. 6h).
DFT calculations together with experimental studies demonstrated that the exposing highly
reactive (002) facet and nanoplate structures facilitated the separation of photoelectron-hole pairs

and suppressed the formation of peroxo-species on the surface, thus enhanced the PEC activity

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

and retained a better photo-stability (Fig. 61). As a result, the highly oriented (002) crystal plane
could significantly improve the PEC water splitting performance and the stability. Accompanied
with the 2-D nanostructure and high active crystal monoclinic phase, more research should be
focused on the use of 2-D monoclinic WO3 with a preferentially exposed (002) crystal plane for

PEC water splitting in the future.
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not shown in the models. Reproduced from ref. 3> Copyright 2016 Elsevier.

3.4. Forming composites or heterojunctions. Since pristine WO3 nanomaterials suffer from low
solar spectrum absorption (about 12%), slow charge transfer at the electrode/electrolyte interface
and rapid electron-hole recombination, it is of great interest to address these problems to improve

the photoelectrocatalytic properties of WO3 by constructing heterojunctions. By connecting two
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n-type materials with similar CB and VB energies, one can create a type II heterojunction which
can localize electron and hole wave functions in the core or shell material, and thereby improves
the charge separation.!!> !'* Otherwise, coupling n-type semiconductor together with a p-type
semiconductor to create p-n junctions'!® or Z-scheme system can significantly promote efficient
charge separation. To date, a variety of semiconductors are coupled with WO3 to construct
heterojunction, such as WO3/BizM0oOg,!'®  a-Fe203/WO;,!17 118 WO3/CuW0,,% 11
NiWO4/WO0s3,'2° BixS3/WO03,'2' WO3/BiVO04,'?*12 WO3/TiOy,''* 126 ZnWO4/WO03,"?” and
NiO/WOs3,'8 to enhance the photocatalyst or photoelectric conversion performance. Part of the
binary heterojunction, fabrication methods and their PEC water splitting performance are

129 where

summarized in Table 2. Some ternary heterojunction structures, such as WO3/rGO/Sb.S3,
rGO serves as the conductive layer, have been reported to enhance the charge transfer. A variety
of semiconductors with conduction and valence band energies vs. NHE are shown in Fig. 7a. It is
well known that the band gap positions and the Fermi level directly determine the electron

transport in the heterostructure systems. In case of WO3, coupling with a narrow band gap

semiconductor to form a type II heterojunction is an effective way to improve the photocatalytic

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

performance. Normally, the photogenerated electrons could be easily transferred from the CB of
the secondary material to the CB of WO3 while driving photogenerated holes from the VB of WO3
to the VB of coupled semiconductor which owns a narrower band gap energy (Fig. 7b). Different
from the n-type semiconductors where electrons are employed as the photogenerated carriers, the
number of holes is much larger than that of electrons for p-type semiconductors. Therefore, in p-
n type heterojunction or Z-scheme system, the photo-excited electrons from the CB of WO3 can
readily recombine with the photogenerated holes from the VB of the p-type semiconductor. It is

significant to optimize the reduction and oxidation ability for the PEC water splitting (Fig. 7c¢).
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Table 2. Representative WO3 heterojunction nanostructure for PEC water splitting.

Heterostructure Fabrication method SEM/TEM Image
Hydrothermal  and

CuWO4/WO3 then dipping-
annealing process

WO3/Sb2S3 Hydrothermal

a-Fe203/WO3

NiWO4/WO3

WO3/Cu20

200 nm “ e
“—

Sh,S;

Sﬂﬂ_nm

Hydrothermal  and
then followed by

deposition-annealing

Hydrothermal  and
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deposition-annealing

Hydrothermal  and
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Photoelectrochemistry

Ref

Photocurrent: 1.21 mA cm? (WO3: 0.64
mA c¢cm?) at 1.5 V vs. Ag/AgCl; IPCE:
55.3% at ~350 nm at 1.2 V vs. Ag/AgCl;

electrolyte: 0.2 M Na2SO4

Photocurrent: 1.79 mA cm? at 0.8 V vs.
RHE; IPCE: ~12.5% at 300 nm at 0.8 V vs.

RHE,; electrolyte: 1 M H2SO4

Photocurrent: 1 mA cm? (WOs: 0.36 mA
cm?) at 1.23 V vs. RHE; IPCE: 30.4% at ~
330 nm at 1.23 V vs. RHE; electrolyte: 0.1

M Naz2SO4

Photocurrent: 0.44 mA cm? (WO3: ~0.25
mA cm?) at 1.4 V vs. Ag/AgCl; IPCE:
40.7% at 340 nm at 1.2 V vs. Ag/AgCl;

electrolyte: 0.2 M Na2SOs

Photocurrent: 1.37 mA cm? (WO3: 0.39
mA cm?) at 0.8 V vs. RHE; IPCE: 10.7%
at ~300 nm at 0.8 V vs. RHE; electrolyte:

1M H2SO4
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Photocurrent: 5.95 mA cm? (WOs: 0.17
mA c¢cm?) at 0.9 V vs. RHE; IPCE: 68.8%
at ~435 nm at 0.9 V vs. RHE; electrolyte:

0.1 M NazS+ 0.1 M Na2SO3

Photocurrent: 2.92 mA cm? at 1.81 V vs.

RHE; electrolyte: 0.5 M KH2PO4

Photocurrent: 1.4 mA cm? (WOs3: 0.8 mA
cm?) at 1.23 V vs. RHE; electrolyte: 0.5 M
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Photocurrent: 3.17 mA cm? (WO3:1.41 mA
cm?) at 1.23 V vs. RHE; electrolyte: 0.1 M
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Photocurrent: 1.6 mA cm? (WO3: 0.4 mA
cm?) at 1 V vs. RHE; IPCE: 31% at ~420
nm at 0.5 V vs. RHE; electrolyte: 0.5 M

Na>SO4

Photocurrent: 1.3 mA cm? (WOs3: 0.6 mA
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Fig. 7 (a) Bandgap energy, VB and CB positions of several semiconductors on a potential scale (V)
vs.NHE/vacuum. (b) Schematic illustration of type II heterojunction and (c) p—n junction band alignments, and
the correspondingly possible photoexcited electron-hole pair separation and transfer between the contacted

semiconductors.

3.4.1. WOs/chalcogenide heterojunction. Among various semiconductor materials, narrow
bandgap metal sulfides have been widely used as photosensitizers for various wide bandgap
semiconductor photoanodes.'*”- 13 As the position of CB and VB of most metal sulfides is more
negative than that of WOs;, respectively, coupling of WO3 with metal sulfide to form
heterojunctions is an optimized way to improve the PEC performance. Zhang et al. first reported
the WO3/Sb,S3 heterojunction photoelectrocatalyst.?* They fabricated three types of WO3 (WOs3
nanoplates, WO3; nanorods and WOs; microcrystals) and their Sb>S; heterojunction
photoelectrocatalysts by a facile hydrothermal method. According to UV-vis absorbance spectra

and Tauc formula,®> !*° the band gaps of WO3 nanoplates, WO3 nanorods and microcrystals were
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calculated to be 2.96, 2.82, and 2.75 eV, respectively. Meanwhile, the band gaps for the Sb2S;
heterojunction were calculated to be 2.75, 2.50 and 2.28 eV, respectively. The decreased band gaps
after coupling with narrow band gap Sb>S3 indicated the improvement of visible light absorption
which could effectively improve the photoelectrocatalytic performance. The WO3/Sb,S3
heterojunction could strengthen the migration of charge carrier at the WO3/ Sb,S; interface, which
in turn effectively facilitated the separation of photogenerated electron-hole pairs. Compared with
the pristine WO3 nanoplates, nanorods and microcrystals, the photocurrent density of the
corresponding WO3/SbaS3 heterojunction photoelectrocatalysts was improved by 258%, 308%,
and 398%, respectively. Significantly, an excellent and efficient WO3/Bi,S; composites was
reported by Wang’s group.'! They designed a 3D WO3 nanoplate/Bi>S3 nanorod heterostructure
photoanode via a hydrothermal process, followed by chemical bath deposition. Based on the UV-
vis absorption spectra, the bare WO3 showed a poor absorption in the visible-light region compared
with  WO3/Bi2S3 heterostructure (the blue plot of Fig. 8b). Moreover, the WO3/Bi2S3
heterostructure with a seed layer (the red plot of Fig. 8b) further greatly enhanced the absorption

in visible-light light absorption (Fig. 8b). Beneficial for the more negative CB edge of Bi2S;

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

compared to that of WO3 and excellent contact quality, the photo-excited electrons in the CB of
Bi2S; can easily move into the CB of WO3 and the photo-excited holes in VB of WO3 will in turn
flow to the VB of Bi2S3. This process is significant to enhance the charge transport efficiency,
increases the carrier density and reduces the charge recombination, which contributes to the
improved PEC activity and stability (Fig. 8a). The as-prepared WO3/Bi2S; composites with a seed
layer exhibited an outstanding photocurrent (5.95 mA cm™ at 0.9 V vs. RHE) which is 35 times

higher than that of pristine WO3 (0.17 mA cm™ at 0.9 V vs. RHE). The highest photoconversion
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efficiency was increased from 0.03% (at 0.92 V) of the pristine WO3 to 1.70% (at 0.76 V) of the

as-prepared composites (Fig. 8¢ and d).
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Fig. 8 (a) Schematic of the WO3/Bi,S; heterojunction and the reaction process in the PEC cell, (b) UV-vis

absorption spectra of bare WOs3 (black), WO3/Bi,S; without a seed layer (blue) and WO3/Bi,S3 with a seed layer

(red), (c) I-t curves of bare WO3 (black), WO3/Bi,S3 without a seed layer (blue), and WO3/Bi,S; with a seed

layer (red) at 0.9 V vs RHE, (d) Photoconversion efficiency of pristine WO3 (black), WO3/Bi,S3 without a seed

Society

layer (blue), and WO3/Bi,S; with a seed layer (red) Reproduced from ref.!3! Copyright 2017 American Chemical

3.4.2. WOs/metal oxides heterojunction. Although metal sulfide semiconductors have smaller

energy gaps, the photocorrosion limits their applications in the photocatalytic water splitting.

Therefore, it is a crucial issue to develop a novel narrow bandgap semiconductor with high
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photocorrosion resistance. Metal oxides are known to be more stable in various reaction
conditions, and consequently it appears to be suitable photocatalysts to couple with WO3 to
construct a heterojunction. For example, Zhang’s group achieved a WO3/Cu2O heterojunction
using an electrodeposition method.!** The morphology of as-prepared samples was rod-like (Fig.
9a-b). TEM showed that Cu,0O was evidently deposited onto the surfaces of the WO3 (Fig. 9¢). A
series of deposition time were investigated to disclose their impact on PEC water splitting (Fig.
9d). The heterojunction obtained with a deposition time of 240 s exhibited the highest photocurrent
density which was attributed to the appropriate amount of CuO nanoparticles that improved both
the light absorption and the charge transfer (Fig. 9¢). A lower amount of CuxO on the surface of
WO; created a large number of interface defects that intensified the recombination of
photogenerated electrons and holes. On the contrary, an excess amount of Cu2O aroused lattice

scattering and decreased the charge carrier concentration, thereby reduced the PEC performance.
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Fig. 9 (a) Schematic of WO3NRs/Cu,O arrays electrodes (b) Typical top view SEM images of WO3NRs/Cu,0,
(c) TEM images of WO3NRs/Cu,O arrays, (d) The Photocurrent density-voltage curves of the samples, (e)

Schematic of the WO3NRs/Cu,O arrays heterojunction photoanode applied in overall water splitting and
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simplified schematic illustration of the band-gap energy diagram, showing the enhanced light-harvesting and

charge-transfer processes. Reproduced from ref.!3°, Copyright 2017 Elsevier

Zhan et al.®® fabricated CuWO4/WO; heterojunction photoanodes and demonstrated that
coupling with CuWO4 enhanced the photocurrent density of WO3 due to the extension of visible
light response, efficient separation of photo-excited carriers at the WO3/CuWOs interface and
better electron transport properties. The WO3 decorated with the exfoliated BioMoOs nanosheets
showed a satisfactory photocurrent density of 2.2 mA cm™ at 0.8 V vs. SCE compared to WO3 (1.1
mA cm?). The improved PEC performance of WO3/Biz2MoOg heterojunction could be attributed
to the suitable band position between WO3 and Bi2MoOg that facilitated the electron-hole
separation and charge transfer. The uniformly exfoliated nanosheets coated on the WO3 surface

could also provide a high electric mobility.'!¢

3.4.3. WOs3/BiVOy heterojunction. Coating BiVOs on the surface of WO3 to construct a
heterojunction could enhance the migration of charge at the interface and significantly increased
the light absorption.’® BiVOs is a highly promising photoanode because of a narrow bandgap of
2.4 eV which leads to the visible light absorption capability, and has an advantageous portion of
the CB near the thermodynamic hydrogen evolution potential.'**"1*> While the short hole diffusion
length and the strong recombination of photoexcited charge carriers limited its performance,'%* it
is worth noting that when coupling with BiVO4 on the surface of WOs3, the photogenerated
electrons from the CB of BiVO4 (+0.02 V vs. RHE) can be readily injected into the CB of WO3
(+0.41 V vs. RHE) and the photogenerated holes left in the VB of WO3 will be transferred to the
VB of BiVOs due to the matched band edge positions between WO3 and BiVO4.!2% 142-144 Thjg

process can effectively promote the separation of photoexcited electrons and holes. In the

WO3/BiVOs4 heterojunction structure, WO3 mainly acted as electron conductor and BiVO4 served
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as the primary light absorber.!?% 124 195, 146 These combined effects could greatly inhibit the
recombination of photogenerated electrons and holes, thereby further increases the photoelectric
conversion performance.!*? Served as suitable oxygen evolution catalyst, coupling with BiVO4
could restrict the formation of peroxo species and increase the stability by blocking the contact of
WOj3 and corrosive electrolytes.*” 133 Since the first demonstration by P. Chatchai et al.,'*’ many
researchers have paid more attention to improve the PEC activity of WO3/BiVO4 heterojunction
films, 103, 104, 122, 123, 142, 146, 134, 135, 148-130 por example, Lee et al. emphasized that using highly
ordered 1D WO3 nanostructures with a high aspect ratio and active areas is an effective way to
improve the photocatalytic activity of WO3/BiVOs heterojunctions. They compared WO3/BiVO4
heterojunction with the same set of WO3 nanorods and showed that the WO3/BiVOs anodes
exhibited higher photocurrent densities than bare WO; nanorods.”® The WO3/BiVO4
heterojunction fabricated by a simple physical deposition and calcination process may cause
numerous grain boundaries and increased impedance at the interface of the WO3/BiVOys films.!!
Consequently, in-situ synthesis method was preferred to obtain high quality WO3/BiVOs films.

For example, Igbal et al.'>! synthesized the nanorod-like WO3/BiVO4 hetero-nanostructures with

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

a single phase by one step hydrothermal reaction for the first time. In these hetero-nanostructures,
BiVO4 was embedded into the grown nanorods of WOs3. The novel nanorod-like WO3/BiVOs4
hetero-nanostructure photoanode exhibited a significant photoresponse. In-situ transformed

WO3/BiVOs hetero-nanostructures photoanode'3?

exhibited the highest photocurrent density
compared to WO3, BiVO4, Bi2WOs/WO3 and BiVO4/WOs3; composites that were prepared via a
simple physical deposition. The ratio of BiVO4 in the WO3/BiVO4 hetero-nanostructure influenced
the PEC water splitting performance. Seo et al.'*’ synthesized WO3/BiVO4 heterojunctions with

various ratios of BiVO4 and obtained the optimum ratio of complexes. When the concentration of
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BiVO4 was lower, WO3 was the major photon-absorbing semiconductor and the photogenerated
holes could readily recombine at the interface of hetero-nanostructures. While the photogenerated
electron-hole pairs were not fully utilized when the thickness of the BiVO4 layer was larger than
900 nm due to the disappointing charge carrier mobility of BiVO4. Therefore, the composites with

appropriate WO3 and BiVOs exhibited a better PEC water splitting performance.

It is an appealing way to enhance the performance of PEC water splitting by designing
special nanostructure semiconductor composites. Core-shell structure is reported to be an efficient
system to maximize each separate process optimally which is beneficial for water splitting
performance.3% 104 113. 124 135 By increasing the surface and interface area of the WO3/BiVOs4
heterojunction, the core-shell heterojunction of WO3/BiVOs promoted the generation and
separation of photoexcited electrons and holes. The framework of the core-shell nanostructure can
capture multiple reflections of sunlight owing to its cavity which is beneficial for an efficient
utilization of solar photons to improve the photocatalytic activity.'*? Therefore, it is critical to
develop an optimized WO3/BiVOy core-shell heterojunction to enhance the PEC water splitting

properties. Rao et al.!?*

synthesized a core-shell structure photoanode incorporated with W-doped
BiVO4 and WOs. The as-prepared sample exhibited excellent PEC water splitting properties with
a high charge separation and surface transfer efficiency. Due to the short hole diffusion length
attributed from the core-shell structure, the holes generated in the BiVO4 shell can readily reach
the semiconductor/electrolyte interface and thereby improves the photoelectric conversion
efficiency. Jinh’s group'*? prepared yolk-shell structured WO3/BiVOs heterojunction with BiVO4
coating onto the surface and inside of WOj3 shells. As shown in Fig. 10a-f, hollow WO3 structure,

yolk-shell WO; spheres and yolk-shell WO3/BiVOs heterojunction were clearly observed. The

HR-TEM image (Fig. 10f) and the corresponding energy-dispersive X-ray (EDX) elemental
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mapping (Fig. 10g-j) indicated the intimate contact in the WO3/BiVO4 heterojunction structure.
Compared with hollow WO3, the enhanced photoelectrocatalysts property of the yolk-shell WO3
was attributed to the particular yolk-shell structure with a beneficial higher charge-carrier
separation and a restricted recombination of the photogenerated electrons and holes. After
introducing the FeEOOH/NiOOH layer as oxygen evolution reaction (OER) co-catalyst on the
surface of yolk-shell WO3/BiVO4 heterojunction, the composites showed a strong negative shift
in the photocurrent onset potential and exhibited the highest photocurrent density (Fig. 10k). In
this yolk-shell WO3/BiVO4/OER heterojunction, the yolk-shell WO3 served as electron conductor
while BiVO4 functioned as main light absorber to form type-II heterojunction structure. The
photogenerated electrons migrated from the CB of BiVOs to the CB of WOs3. On the other hand,
the photogenerated holes left in the VB of WO3 were injected into the VB of BiVO4. This process
greatly improved the charge transfer and reduced the recombination of photoexcited electrons and
holes. The OER co-catalyst layer reduced the overpotential of water oxidation and subsequently

improved the PEC water splitting performance.

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.
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Fig. 10 SEM and TEM images of the hollow WOs3 (A and D) and yolk—shell WO3 (B and E), (C and F) SEM
and HR-TEM images of the yolk—shell WO3/BiVOj4 heterojunction, (G—J) The corresponding EDX elemental
mapping of the yolk—shell WO3/BiVOj4 (scale bars are 1 mm), (K) Linear sweep voltammetry (LSV) curves of
the samples in 0.5 M NaSOy4 solution under AM 1.5G light illumination, (L) Schematic diagram for the
construction of the yolk—shell WO3/BiVO4/OER photoanode and the energy diagram for PEC water splitting.

Reproduced from ref. 142, Copyright 2018 Royal Society of Chemistry

3.5. Construction of cocatalysts. 3.5. 1. Hydrogen evolution cocatalysts (HEC). To overcome the

drawbacks of WOj; including slow kinetics of OER and rapid recombination of photogenerated
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electron-hole pairs, modifying with cocatalysts on the surface of WO3 is a promising way to
increase the efficiency of PEC water splitting.'>?> Loading of cocatalysts onto the WO3 can hinder
the charge recombination by providing active sites to facilitate the redox reactions. Cocatalysts
increase the trapping sites for the photo-excited electrons and holes, thereby enhance the charge
separation and improve the quantum efficiency.*® >3 15% In most cases, noble metals (such as Pd,
Pt, Ir, Au, Ag, and Rh) have been employed on the surface of WO3 as the hydrogen evolution
cocatalysts (HEC). When a noble metal is loaded on the surface of WO3, a Schottky barrier can be
formed. The lower Fermi level of noble metal compared to the WOj3 facilitated noble metal more
readily to trap electrons. Thus, the electrons from WOs3 will be injected into the noble metal to
equilibrate the Fermi levels. These excessive negative charges in the noble metal and excessive
positive charges in WO3 create a Schottky barrier in the interfaces which can prevent the charge
recombination.*? The high electron conductivity of noble metal helps to promote the separation of
photogenerated electron-hole pairs and enhances the property of water splitting.!>>!>® However,
the high cost of noble metals limited their large-scale applications. Therefore, low-cost cocatalysts,

such as MoS;, NiS, WS, and C have received more attention during the past few decades.!>*-1¢!

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

Among the low-cost HEC cocatalysts, nanocarbon-based cocatalysts have attracted wide attention
owing to their high electrical conductivity, large surface area as well as nontoxicity.'®? Shen and
coworkers'>® synthesized WO;3 nanoflakes decorated with carbon quantum dots (CQDs) via a
solvothermal method followed by subsequent impregnation-assembling. 1.93% CQDs/WO3
exhibited an enhanced photocatalytic activity with a photocurrent density of 1.46 mA cm™ at 1.0
V vs. Ag/AgCl, which was about two times higher than bare WO3 electrode. This enhancement
originated from the extended photoresponse range and facilitated charge transfer of CQDs/ WO3

nanocomposites.

37


https://doi.org/10.1039/c9nr03474a

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

Nanoscale

Page 38 of 64

View Article Online
DOI: 10.1039/CO9NR03474A

3.5.2 Oxygen evolution cocatalysts (OEC). In overall photocatalytic water splitting, the OER
involving a four-electron transfer process is a kinetically slow uphill reaction and becomes the
control step for water splitting.** 1>* 163 Decorating the oxygen evolution cocatalysts (OEC) with
semiconductors can enhance the efficiency of O2 evolution because the OEC helps to reduce the
OER overpotential and suppresses the formation of peroxo species. To load OEC onto WO3 is thus
an effective way to increase the efficiency for water splitting. Thus far, RuO,'%* IrO,,'%> Co-Pi,!%%
167 C0304,'% C00x,'® MnOy,!”® and NiOx'® have served as OEC for the photocatalytic O
production. Amongst, Co-Pi has received much attention due to its outstanding OER
performance.!”! 1’2 Seabold and co-workers*® coupled WO3 with a layer of Co-Pi to improve the
photostability of WO3 photoanodes and enhanced the photo-oxidation reaction. After photocurrent
measurement for 2 h, the appearance of pores and the decrease of crystal grains of WOj3 electrode
indicate that OER is not the sole photo-oxidation reaction occurring at the bare WO3 electrode.
Peroxo species at the WO3 surface were formed resulting in a loss of PEC activity of bare WO3
electrode. After the deposition of Co-Pi OEC layer on the WO3 electrodes, the photocurrent
remained stable over long time since Co-Pi OEC effectively inhibited the formation of peroxo
species at the surface and prevented the photochemical deactivation of the WOs. Fan et al.”’
proposed a rational design via combining WOs3 and NiFe-layered double hydroxide (LDH)
nanoarrays. The WO3 nanorod arrays were prepared via a hydrothermal process and decorated
with NiFe-LDH by the electrochemical deposition (Fig. 11a-c). They found that the deposition
time of NiFe-LDH significantly affected the PEC performances and obtained the best performance
measured for the WO3@NiFe-LDH-200s sample. The as-prepared sample exhibited excellent
photocurrent density and higher stability compared with bare WO3 nanorods (Figure 11d). As an

efficient OER catalyst, the NiFe-LDH could effectively facilitate the separation of photogenerated
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electron-hole pairs and enhanced water splitting kinetics. After coupling with NiFe-LDH, the
photoexcited holes in WO5 preferentially oxidized the low valence Ni" in the redox couples of
LDH to the high valence Ni"™!V, and then the high valence Ni'"™™!V further oxidized water to release
oxygen. This oxidation process has been demonstrated to be kinetically faster than water
oxidization directly via photogenerated holes (Fig. 11e). As the promotion of water splitting
kinetics and hindering the charge recombination, the WO3@NiFe-LDH-200s sample exhibited a
superior PEC water oxidation performance. However, a thick OEC layer inevitably blocked the
incident light and reduced the PEC activity of WO3.>> % It is highly desirable to improve the

stability of the WO3 photoanode without sacrificing the photocatalytic activity.
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Fig. 11 SEM images of WO3@NiFe-LDH NR arrays obtained with various electrodeposition durations: (a) 50
s, (b) 200 s, (c) 400 s, (d) Linear sweep voltammograms at a scan rate of 10 mV s°! (solid line: under visible
light, dashed line: in dark) and (e) PEC water oxidation mechanism on the WO3@NiFe-LDH NR arrays under

visible light. Reproduced from ref. 77 Copyright 2016 Elsevier.
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3.6. Doping or oxygen deficiency. There exist two main kinds of defects in WOs3. One is oxygen
deficiency, which accelerates the charge carrier transfer at an optimized amount.!”* !7* The other
is the trap states that promote the recombination of electrons and holes. Serving as shallow donors,
the bulk oxygen vacancies can improve electrical conductivity and facilitate charge transfer, while
surface oxygen vacancies introduce a large number of defects which can be the center of
recombination of photogenerated electron-hole pairs and thereby reduces the PEC performance.>®
Therefore, it is one of the key objectives to reduce the surface oxygen vacancies without affecting
the bulk oxygen vacancies. Li ef al. synthesized a series of substoichiometric WOs3.x nanoflakes
and demonstrated that the enhanced photocurrent density was related to the increased donor
density after introducing oxygen vacancies. The observed anodic shift of the hydrogen-treated
samples was due to excessive surface oxygen vacancies which aggravated the charge carrier
recombination.® Li et al. introduced oxygen vacancies by adding TiCls. They demonstrated that
the oxygen vacancies were introduced in a proportion to the concentration of TiCls. Treatment by
TiCl; at high concentration led to excessive surface oxygen vacancies that resulted in a thicker
disorder layer with more recombination centers.!”> Similar results were obtained by the treatment
of WOs via H0; to introduce surface oxygen vacancies.!'’® Gong et al.%’ synthesized WOs
nanoflakes photoanode with decreased surface oxygen vacancies but suitable bulk oxygen
vacancies by a facile hydrogen annealing followed by an ozone treatment (named as HO-WO3).
The remarkable enhancement in the photocurrent values from 1.09 mA cm for pristine WO; to
2.25 mA cm? for the HO-WO; sample at 1.23 V vs. RHE was achieved. The improved
performance of the HO-WO3 sample was due to the increased bulk oxygen vacancies that served
as shallow electron donors to enhance the conductivity of WO3 and the decreased surface oxygen

vacancies that reduced the recombination of photogenerated electrons and holes. However, the
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introduction of oxygen vacancies using hydrogen treatment resulted in high consumption of

hydrogen gas, which hindered their applications in practical fields.

Concerning the traps, modifying the passivation layer on the surface of semiconductor
particles can inhibit the recombination of photogenerated electrons and holes. Doping with a
hetero-element can extend the photoresponse range and increase the carrier concentration.
However, due to different radii between the donor atom and the host atom, the introduction of
dopant will cause a significant increase of lattice distortion and thus results in the increase of carrier
recombination centers.!””"1”? Doping with a hetero-element will decrease the solubility of dopant
species and reduce the structural stabilities.!”® '8¢ Therefore, it is the most critical issue to select
the optimized doping element leading to an inconspicuous structural disturbance and sparse defect
sites. Transition metals and lanthanides are able to intercept the electronic structure of WO3 to
extract more visible solar spectra.'®! Doping Ti*" into the WO3 semiconductor is a feasible way to
improve the PEC performance because impurity states between the CB and VB of WO3 change
the band structure of WO3. Meanwhile, similar radii of the guest and the host result in less lattice
distortion.'®?> Yb, as one of lanthanides, is an electron-rich f-orbital element which increases the
charge carrier generation for the enhanced photocurrent densities in WOs. Liew et al.!'®!
synthesized Yb-doped WO3 photocatalysts by the method of co-sputtering of WO3 and Yb. They
demonstrated that the samples prepared under W and Yb sputtering powers of 100 W and 5 W,
respectively, exhibited the highest photocurrent density. As the ionic radius of Yb>" is 28% larger
than that of W%, it is easier for Yb*' to contribute electrons from its outer shell 4f'3 to the
conductive carrier path in WO3 which is beneficial for reducing the charge transfer resistances and
enhancing the efficiency of charge transfer at the photocatalyst/electrolyte interface. Nevertheless,

excessive Yb>" caused higher densities of grain boundary which acted as carrier recombination
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centers to reduce the hole-electron separation efficiency. Other metals, such as Bi,'** AL'# Nj, %
Co,'% and Mo'*" were employed as dopants for WO3 to enhance the PEC water splitting
performance. Since the introduction of metal element into semiconducting oxides reduced the
thermal stability, doping of nonmetal elements has attracted considerable attention.'®® Doping N
into WOj3 significantly narrowed the band gap of WOs3 to a value lower than 2.0 eV and thereby
greatly enhanced the photo absorption performance.'® In S-doped WO3, some S atoms replaced
O atoms on the surface of WO; and some S® more favorably substituted W®" to form W-O-S
bonds.'”® Oxygen vacancies increased to reduce the resistivity and increased the extrinsic
absorption. Thus, it significantly increased the absorption of visible light and enhanced the PEC
water splitting performance. Despite doping is an effective strategy to introduce oxygen vacancies
and enhances the visible light absorption, doping with hetero-element resulted in a highly defective

lattice and seriously limited their practical applications.
4. Z-Scheme water splitting

Although coupling with other n-type semiconductors to form II heterojunctions can significantly
improve the photocatalytic performance of WOs3, to achieve overall water splitting is limited
without changing the original oxidation and reduction potential. Recently, inspired by natural
photosynthesis in green plants, great attention has been paid to construct Z-scheme heterojunctions
for the overall water splitting under visible light irradiation due to their efficient photogenerated
electron-hole separation and optimized redox ability of the photocatalytic system.!?!"'** Yousaf et
al.'”’ constructed efficient Z-scheme junctions consisting of oxygen-deficient WO3.x nanorods and
Zno.3Cdo.7S nanoparticles and found that H> was produced in a repeatable manner from aqueous
7196

solutions containing Na;SO3 and Na,S as sacrificial reagents without electric energy. Zhu ef a

prepared carbon nanodots (CNDs) from glucose via a simple hydrothermal process and found that
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the CNDs without any modification and doping could produce relatively low hydrogen under
xenon lamp irradiation. More importantly, after combined with WO3 to form Z-scheme through
an 1037/I" shuttle redox mediator, the H> evolution rates of the as-prepared CNDs/WOQO3 Z-scheme

reached up to 1330 umol g-1h-1, which was about 286 times higher than that of pure CNDs.

Although the more positive VB than the oxygen generation potential makes WO3 suitable
for oxidizing water to generate oxygen, the positive position of CB limits the reduction of H' to
Hz. Thus, WOs3 cannot be used for overall water splitting. A strategy to overcome the inherent
limits is to introduce Z-scheme junctions to produce hydrogen from water splitting. The
fundamental principle of the Z-scheme water splitting is shown in Fig. 12a. In this system,
semiconductor I with the CB more negative than the hydrogen generation potential is combined
with semiconductor II with the VB more positive than the oxygen generation potential through an
appropriate shuttle redox mediator. Compared with one-step water splitting systems, Z-scheme
junctions utilize visible light more efficiently due to the reduced energy required to drive each
photocatalyst. It is thus possible to apply a photocatalyst that has either a water reduction or

oxidation potential to one side of the system. A reversible redox mediator, noble metal particle or

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

graphene has been used as the shuttle electron mediator. Till now, there have been many reports
on the Z-scheme junctions with an appropriate shuttle redox mediators for overall water
splitting.!””' Whereas, many problems exist for the Z-scheme photocatalysts with shuttle
electron mediators in water splitting, such as the complicated synthesis process, strong
photocatalytic backward reaction and the spectral shielding effect by the shuttle redox

mediators.200-202

In the past few decades, direct Z-scheme has attracted great attention due to its simple

synthesis and wide range light absorption. A schematic illustration of WO3 based direct Z-scheme
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junctions is shown in Fig. 12b. Both the CB and the VB of the coupled semiconductors are higher
than those of WOs3. The CB position of coupled semiconductor is higher than the position of
2H'/H>. Meanwhile, a great quantity of defects could be readily accumulated at the solid—solid
heterointerface, which possesses some similar properties to those of a conductor such as analogous
energy levels and low electric resistance. These features prompt the interface to be apt to serve as
a recombination center of e—h" pairs.?®> Therefore, the photoexcited electrons with a lower
reduction ability migrated from the CB of WOs3 to recombine with the photogenerated holes with
a lower oxidation ability in the VB of coupled semiconductor. The left photogenerated electrons
and holes are able to keep strong redox states, which are promising for the overall water splitting.
It is worth noting that compared to type II heterojunction, the charge carrier migration is more
feasible for the direct Z-scheme photocatalyst that is attributed to the electrostatic attraction
between the electrons and holes. Therefore, photogenerated electron-hole pairs are more readily
separated in the Z-scheme heterojunctions, and hence the recombination will be significantly

suppressed.
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Fig. 12 Schematic illustration of (a) Z-scheme junction band alignments with an appropriate shuttle redox, (b)
Direct Z-scheme without electron mediator for overall water splitting. CB, conduction band; VB, valence band;

Eg, band gap.

Electron spin resonance (ESR) spin-trapping technique with DMPO under visible light
illumination is an effective method to confirm the reaction mechanism of the electron—hole
separation in the Z-scheme system. Generally, the CB potential of WO3 located at ~ 0.71 eV vs.
NHE is more positive compared with the reduction potential of active superoxide ("0%*") (02/"0*
= -0.284 eVnue). Thus, the photo-generated electrons on the surface of the WO;3 are
thermodynamically unable to react with Oz to produce ‘O?". In other words, negligible signals of
DMPO-—"0%" can be found for pure WO3;. Whereas WO3 can exhibit a clear DMPO—"OH signal
which is ascribed to the more positive VB potential compared with the oxidization H>O/or OH™ to

the "OH radicals (OH/"OH =+ 2.4 eV). Xiao et al.!"¥ introduced g-C3N4 to combine with WO3 to
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form Z-scheme nanojunction. They found that the DMPO—"0%" signal was only observed over
WOs3/g-C3N4 and g-C3N4 and the DMPO—"OH signal was only observed over WO3/g-C3N4 and
WOs. This result implies that both *O?™ radicals and ‘OH radicals can generate over g-C3N4/WOs
heterostructures, whereas WO3 can only produce the "O* radicals and g-C3N4 can only generate
the "OH radicals. Therefore, in the g-C3N4/WO3 Z-Scheme system, electrons on the CB of g-C3N4
remain a high reduction capability to reduce O to the *O?" radicals as well as the holes on the VB

of WOjs still keep sufficient high oxidation capability to oxidize H>O/or OH to the "OH radicals.

Xie et al*™ constructed a CdS/WO3 Z-scheme nanojunction with lactate as the electron
donor. The optimized CdS/WO3 Z-scheme nanojunction showed a high rate of H> evolution
without electric energy, which was four times higher than CdS. WOj3 exhibited no H> production
performance. The amount of CdS on the surface of WO3 had a significant effect on the property
of the Z-scheme nanojunction, that is, high amount of CdS hindered the WO3 from absorbing light
and generated the recombination center of photogenerated charges, which reduced the
photocatalytic activity. After introducing Pt as the cocatalyst to improve the charge transport
between CdS and WOs, H» evolution rates increased up to 2900 umol g'h! under a visible
radiation, which was about 7.9 times higher than that of the as-prepared CdS/WO3 Z-scheme
nanojunction under visible light irradiation. Dai et al.?%° introduced diethylenetriamine (EDTA) as
structure-directing agents and designed a direct Z-scheme system of WO3/CdS-EDTA composites
to achieve an overall water splitting without using electric energy. A distinct separation of
electrons and holes was observed in the Z-scheme structure, in which the photo-excited electrons
in the CB of WO; recombined with the photo-excited holes in the VB of CdS. This in turn avoided
the enriching of holes on the VB of CdS which effectively reduced the photocorrosion of CdS as

well as improved the PEC performance.
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Graphitic carbon nitride (g-C3N4) is an organic semiconductor, and it has been intensively
studied as a novel metal-free photocatalyst owing to its visible-light absorption, narrow band gap,
high reduction ability and high chemical stability.?%2% The CB edge potential of g-C3Ny4 (-1.13
eV)?” is more negative than the potential of 2H"/Hz (-0.41 V vs. NHE at pH 7),2!* indicating that
H> can be produced on the surface of g-C3Na4. In contrast to WO3, O> could not be generated on
the surface of g-C3N4 because of the more negative VB edge potential (~1.57 eV)?* than the
potential of H2O/O2 (0.82 V vs. NHE).?!? The suitable band gap of CB and VB between WO3; and
g-C3Ny offers appropriate driving forces to separate and transfer photogenerated electron-hole
pairs and makes it possible to structure Z-scheme semiconductor nanocomposites. Therefore
composite structure is expected to improve the photocatalytic activity of WO3 by increasing the
number of photogenerated charge carriers. In recent years, constructing the Z-scheme WO3/g-C3N4
composites has been reported for the complete oxidation of organic compounds or overall water
splitting.2!!2!% In Xiao’s work,?"> Z-scheme WO3/g-C3N4 composites with hollow microspheres
were fabricated by in situ hydrolysis and a polymerization process consecutively. The prepared

heterojunction contains numerous interfaces and highly exposed oxidation-reduction active sites.

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

Due to the unique Z-scheme architecture, more incident photons are expected to be trapped in the
hollow cavities, and thus contribute to more electrons and holes available for photocatalytic
reactions. The photoluminescence (PL) decay profiles show that a prolonged lifetime of ~2.23 ns
for the WO3/g-C3N4 compared to ~1.62 ns for the bare WO3 improved the reaction abilities and

significantly enhanced the photocatalytic efficiency of WO3/g-C3N4. Cui et al.*'®

prepared direct
Z-scheme WO3/g-C3N4 composites via a facile one-step heating procedure, which exhibited an

improved photocatalytic activity. Complexing WO3 with g-C3Ns caused the red shift which

promoted the separation of photogenerated electron-hole pairs. Lu and co-workers*!” established
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a system by combining WO3 and g-C3N4. This system showed an enhanced photocurrent compared
to pure WOs3, which was ascribed to the accelerated charge separation in the heterointerface
because of the optimal structure of the direct Z-scheme. Zhao and coworkers?” combined C3Na
and WOs3 to form a direct Z-scheme system via a facile hydrothermal method. In this Z-scheme
system, accompanied with 1 wt% Pt, H> and O were generated as much as 30.3 and 14.8 mmol
after 20 h visible light irradiation (A>420 nm), while trace amounts of H> and O> were detected
over pure g-C3Na. After introducing rGO as electron mediator to generate ternary composites, the
as-prepared samples were able to release hydrogen and oxygen under a visible light irradiation
with a relatively high performance. The apparent quantum yield efficiency of the well-prepared
ternary composites was ca. 0.9% while the homologous sample without rGO showed a smaller
value (i.e., 0.7%) under a monochromatic light at 420 nm. Due to its excellent conductivity, rGO
promoted the photoexcited electrons transfer from WOj3 to the photo-generated holes in C3Ny,
acting as a promising electron mediator. Peng et al.>'® designed a direct Z-scheme g-C3N4/WOs
photocatalyst via partial intercalation of the WO3 within g-C3N4 to enhance the activities of
photocatalytic H, production. The scanning transmission electron microscopy (STEM) clearly
resolved the well-defined interfaces between g-C3N4 and WO3, which prompted the charge
transportation and benefited the recombination of electrons in the CB of WO3 and holes in the VB
of g-C3Na4. The internal electric field was suggested to provide the force to drive the Z-scheme
electron transportation at the interfacial junction. This increased the lifetime of excited electrons
in g-C3N4 and excited holes in WO3, therefore, enhanced the photocatalytic efficiency for the

overall water splitting.

5. Summary and outlook
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Photoelectrochemical water splitting to generate H» is a promising approach for our future energy
sustainability and has attracted remarkable attention in the past decade. Challenges facing today
are to develop photoanodes with high efficiency, stability, and low cost in practical applications.
WOj3 is one of the promising materials for its visible light response, durable and efficient operation
in aqueous solution. Boosting the PEC water splitting performance of WO3 can be achieved with
managing morphology, crystallinity, heterojunction, oxygen vacancy, doping, and co-catalysts.
Compared to bulk structures, nanostructures are of great interest in absorbing more photons and
consequently improved the photoelectric conversion efficiency. In particular, 2-D nanostructure
with more significant surface/volume ratios is favorable for highly efficient and directional
transport of electrons and holes, thus promoting the electron transfer to the back-contacted
conductive substrate. Concerning the crystal structure, tremendous researches have proved that the
monoclinic phase of WO3 is the most stable phase at room temperature and more active for OER
compared with the hexagonal or orthorhombic phases of WOs3. Highly reactive (002) facets
promote the consumption of photo-excited holes to split the adsorbed water molecules into

hydrogen, hinder the recombination of photogenerated electron-hole pairs and suppress the

Published on 28 June 2019. Downloaded by OAKRIDGE NATIONAL LABORATORY on 6/28/2019 3:46:56 PM.

formation of peroxo species to maintain the stability of WOs.

To solve the drawbacks of pristine WO; with a slow charge transfer at the
electrode/electrolyte interface and a rapid electron-hole recombination, coupling with narrow band
gap semiconductor to create a type Il heterojunction is an effective strategy to separate
photogenerated hole—electron pairs and to enhance the efficiency of PEC water splitting. Adding
optimized amount of oxygen deficiency in the catalyst can accelerate the charge carrier transfer
and impede the charge carrier recombination. Doping with hetero-elements can extend the photo

response range and increase the carrier concentration. Decorating with co-catalysts helps for
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improving the surface kinetics and reducing the oxygen evolution overpotential that suppresses

the formation of peroxo species.

The less negative CB of WO3 compared to the potential of hydrogen generation makes it
unsuitable for overall water splitting. A strategy to overcome this inherent limit is to introduce Z-
scheme junctions to produce H> from water splitting, which not only significantly facilitates the
separation of electrons and holes but also keeps the photogenerated electrons and holes in the

strong redox states.

Although tremendous efforts have been made to synthesize modified nanostructured WO3
or their composites, the PEC water splitting efficiency still fails to meet industrial applications.
Researchers ignored that WO3 is only stable in acidic media of pH lower than 4 according to the
Pourbaix diagrams, and thus future researches have to investigate the PEC performance of WO3
under strong acidic conditions. The theoretical research of WO3 in PEC process should be taken
into account to deeply understand the burying physics and chemistry. Otherwise, many on-going
challenges in improving the stability of WO3 and preventing the rapid recombination of electrons

and holes should be solved to improve the PEC water splitting performance in the near future.
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