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DOI: 10.1039/x0xx00000x The photocatalysis, chromism, and sensing capabilities of nanostructured tungsten oxides, such

as tungsten trioxide (WO3;), its suboxides (WO,, 0<x<3) and hydrates (WO3-nH,O, n = 1/3
(0.33), 0.5, 0.75, 1, 2, etc.); the tungsten bronzes M,WO3; (M = Li, Na, K, Rb, Cs and NHy);
and metal tungstates (such as Bi,WO4 and CuWO,) have attracted much attention. To improve
these properties, many strategies have been pursued, such as morphology control, doping, and
heterostructuring. Crystal facet engineering has recently become a very important method of
fine-tuning the physicochemical properties of semiconductors. The photocatalytic reactivity of
a photocatalyst is significantly affected by its surface environment, including its surface
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electronic and atomic structures, which strongly depend on the crystal facets. It is believed that
crystals with different exposed facets will have different properties, with the exposure of
highly activated facets enhancing the photocatalytic and sensing properties. This article
describes the synthesis of 2D WOj; crystals with the {002} facet primarily exposed, octahedral
WO; or WO;3-nH,O with exposed {111} facets, and WO; films with dominant orientations,
such as orientation along the {002} facet. WOj; doping, WOj3-based heterostructuring and their

applications are also presented in this paper.

1. Introduction

Environmental contamination and the continual depletion of
fossil fuel reserves are urgent problems due to the rapid growth
of the global population. The development of green and
renewable technologies for environmental remediation and
energy production is critical to solving these problems.' Solar
energy based on semiconductor photocatalysts has attracted
worldwide attention for the photodegradation of organic
pollutants, water splitting, and CO, reduction. TiO,, ZnO, a-
Fe,03, BiVO,, and WO; are the most popular semiconductor
photocatalysts. Among them, WO, is a typical n-type 5d°
transition metal oxide semiconductor with an indirect band gap
(Epg) of ~2.8 eV, which allows for the absorption of solar light
in the visible range. The use of WO3, the original low-band-gap
metal oxide alternative to TiO, for the photoelectrolysis of
water,” was first reported shortly after the initial water
photoelectrolysis demonstration using TiO,.’ Its Eyg is less than
those of TiO, (~3.2 eV) and ZnO (~3.2 eV) and greater than
those of a-Fe,O3 (~2.2 eV) and BiVO, (~2.4 eV). Because its
E, is rather large, the absorption band of WOj; is narrow (A <
450 nm when Ey, ~2.8 €V), even in the visible range. WO; has
many interesting inherent properties, such as good hole
mobility (10 cm® V~'s™) and long diffusion length (150 nm),
which are superior to those of a-Fe,O3 (102101 ecm? V! ¢!
and 2-20 nm, respectively).® In addition, WO; has good
photosensitivity, good electron transport properties, and
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stability against photocorrosion.” It also has a valence band
edge with a sufficiently positive potential to oxidize water (Eyg
~ 3.1 V vs NHE at pH = 0); however, unfortunately, the
potential at the bottom of the conduction band edge (Ecg ~ 0.3
V vs NHE) is below the hydrogen redox (Egy/go = 0 V vs
NHE) and CO, reduction potentials (Ecoycps = 0.169 V,
Ecowcuson = 0.016 V, Ecoyncoon = -0.25 V and Ecoyco = -
0.106 V; all vs NHE at pH = O).6 Therefore, WOj3; nanoparticles
can be used as a photocatalyst for water oxidation to evolve O,
in the presence of electron sacrificial agents (sacrificial
oxidants, such as Ag", Ce* and S,04%) or redox mediators
(such as I/I0; and Fe**/Fe’") to provide the driving force for
the reaction.” A WO; photoanode in a photoelectrochemical
(PEC) cell can only drive half of the water-splitting reaction for
O, evolution under an applied external bias or with the
assistance of another special p-type photocathode, such as p-
GaIan,8 p—CuZO,Q or p—Si.lO As described well in a recent
review by Huang er al.'', an ideal photocatalyst/photoanode for
water oxidation should exhibit several critical criteria, such as
(1) thermodynamically favourable VB levels that are more
positive than 1.2 V vs RHE (reversible hydrogen electrode); (2)
high light absorption efficiency over a broad light absorption
band to make full use of the solar energy; (3) effective transfer
and separation of photo-induced charge carriers (electrons and
holes: e and h*) to suppress charge recombination; (4)
sufficient surface area to provide enough active sites; (5) quick
surface reaction kinetics for O, evolution; (6) high chemical
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stability in aqueous media; and (7) low fabrication cost. With a
band gap energy of 2.6-2.8 eV, WO; can convert
approximately 6% of standard sunlight into hydrogen.'? Its
theoretical maximum solar-to-hydrogen (STH) efficiency is
4.8%, with a maximum photocurrent density of 3.9 mA cm?
under AM 1.5 G irradiation (100 mW c¢m™2), as shown in Fig.
1."* Augustynski and co-workers'* have optimized the solution-
based preparation of nanostructured WOj; thin film electrodes to
achieve an incident photon-to-electric current efficiency (IPCE)
of up to 90% and photocurrents in the range of 2-3 mA cm™
with an external bias (customarily reported at the water
oxidation potential, 1.23 V vs RHE). Recently, Sivula and his
co-workers presented a device based on a WO; photoanode and
a dye—serllssitized solar cell (WO5/DSC) with an STH efficiency
of 3.1%.
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Fig. 1 Dependence of the theoretical maximum solar-to-hydrogen (STH)
efficiency and the photocurrent density of photoelectrodes on the band
gap under AM 1.5 G irradiation (100 mW cm™2). Reproduced from Ref.
13 with permission from the Royal Society of Chemistry.

To improve the photocatalytic properties of photocatalysts,
many strategies have been pursued, such as morphology control,
use of macro/meso-porous structures, crystal facet engineering,
metal and non-metal doping, and heterostructuring. Several
review articles discuss nanostructure-based WOj; photoanodes
for photoelectrochemical ~water-splitting'®,  state-of-the-art
theoretical research activities based mainly on density
functional theory (DFT) calculations for the development of
efficient photoanode materials including WO;,'” and the
synthesis of WO; with different dimensionalities.'® This article
highlights the synthesis of 2D WOj; crystals with the {002}
facet primarily exposed, octahedral WO; or WO;-nH,O with
exposed {111} facets, and WOj; films with dominant
orientations such as along the {002} facet. WO; doping, WOj3-
based heterostructuring and their applications are also presented
in this paper.

2. Crystal structures of tungsten oxides and
their derivatives

WOj; crystals have an ABOj perovskite-like structure and are
generally constructed by sharing the corners and edges of WOgq
octahedra.'” Pure WO, crystals show at least five phase
transitions from —180 to 900 °C: tetragonal (a-WO3, > 740 °C)
— orthorhombic (B-WO;, 330-740 °C) — monoclinic T (y-
WO;, 17-330 °C) — triclinic (3-WO;, —43-17 °C)
monoclinic II (e-WOs;, < —43 °C), 161921 Among the five crystal

—
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forms, y-WO; is the most stable phase in bulk WOj; at room
temperature. Thus, “WO3;” generally refers to y-WO;. A
hexagonal (h-WO;) crystal structure is also relatively stable,
but it will transform into y-WO3; when annealed at temperatures
above 400 °C.** The phase transition temperature of
nanostructure-based WOj; is generally lower than that of bulk
WO;.'% The orthorhombic crystal phase can be retained in
some nanostructured WQO; at room temperature.23 In addition,
0-WO3;, which is stable only above 725 °C, can also be retained
using a low cooling rate.**

Because the WO;lattice can withstand a considerably large
oxygen deficiency," many tungsten suboxides (WO, 0 < x < 3) can
exist, such as WyOsg (Woz,g)’zs W50y, (WOM),Z(’ Wi5049
(WO0,7,).7 W305,> W,05” W0, WO, and W;0°™*'. The
numerous forms of stoichiometric WO; also make it difficult to

characterize comprehensively.lga WO; hydrates (WO3-nH,0, n = 1/3
(0.33), 0.5, 0.75, 1, 2, etc.), a subfield of tungsten oxides, are
important because of their close relationship to WO; and WO,."
Many crystalline hydrated tungsten trioxide compounds with the
general formula WO;-nH,O with n = 1/3 (0.33), 0.5, 0.75, 1, 2, etc.,
have been reported.> Their crystal phases are orthorhombic
WO0;-0.33H,0,” cubic WO;:0.5H,0,** orthorhombic WO;-H,0%
and monoclinic WO5-2H,0.2® WO;-H,0 can be obtained through the
removal of inter-layer water from WO0,;-2H,0.3” All WO; hydrates
can be dehydrated and finally transformed into WO; by calcination
at high temperature.

Tungsten bronzes M,WO; (M = Li, Na, K, Rb, Cs and NH,) have
attracted much attention due to their wide variety of crystal
structures and many interesting properties, such as their
electrochromic, optical-electrical, and superconductive properties.™
Among them, (NH,),WO; can be transformed to h-WO;3; or m-WO;
at different temperatures,”®*® making it an intermediate for the
fabrication of WO; nanostructures. In addition, many metal
tungstates, such as CaWO4,40 FeWO4,41 C0W04,42 NiWO4,43
CuWO,,%* ZnW0,* Bi,W04,* PbWO,,*” and CdWO,,* have
been studied for different applications. For example, CuWO, has
been studied for PEC water splitting6b’44 and Bi,WOQg4 for CO,
reduction. 64

3. WOs crystal facet engineering

Nanostructured tungsten oxides have been synthesized by various
approaches, including both vapour- and liquid-phase-based
methods."”” Vapour-phase deposition approaches include direct
current (DC) or RF sputtering, thermal evaporation deposition, e-
beam deposition, pulsed-laser deposition (PLD), and arc-discharge
deposition.'® Liquid-phase-based synthesis methods include the sol-
gel process' dip-coating, spin-coating, drop-casting, inkjet
printing,® templating,' the hydrothermal method,'® electrochemical
anodization,'®**¢ and electrodeposition,'®¢. The photocatalytic
reactivity of a photocatalyst is significantly affected by its surface
environment, such as its surface electronic and atomic structures,
which critically depend on the different crystal facets.”"*! The tuning
of the surface atomic structure by crystal facet engineering can easily
adjust the properties of the semiconductor, such as the electronic
band structure, surface energy and surface active sites, the
adsorption of a reactant, and the desorption of reaction products.’
The crystal facet engineering of semiconductors such as TiO,> and
BiVO,'"** has become a very important means of fine-tuning their
physicochemical properties. To obtain nanostructures with specific
exposed facets and hierarchical structures, tungsten oxides can be
synthesized with 0D (quantum dots and nanoparticles with specific
exposed facets), 1D (rods, wires/fibres, needles/tips, tubes, hemi-
tubes and belts), 2D (nanoplates, nanoleaves, and quantum sheets)

This journal is © The Royal Society of Chemistry 2012
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and 0/1/2D-based hierarchical 3D structures (flower-like, brush-like,
forests, hierarchical arrays, and 3D networks).18 Because the
different facets endow the material with different properties, fine-
tuned WOj; nanoparticles with specific facets are very important.
Recent review articles have provided details on WO, nanostructures
and their synthesis methods.'®'® Several review articles have focused
on WO;-based nanostructured photoelectrodes for
photoelectrochemical water splitting.'** In this section, we will
focus on the fine-tuning of WO; nanoparticles by exposing specific
facets and WOs;-based films with dominant facets, such as
nanoplates and polyhedrons.

3.1. WO; crystals with {002} facets

The photocatalytic reactivity of a semiconductor photocatalyst
is critically affected by its electronic and surface atomic
structures, which depend strongly on the presence of crystal
facets with different orientations.”’ Guo er al.’® reported that the
preferential orientation of the (002) planes in nanoporous WO;
provides better conditions for the adsorption and redox reaction
of pollutants than the preferential orientation of the (020)
planes. Valdés er al.>® found using density functional theory
(DFT) calculations that the photo-oxidation of water on y-WO3
surfaces requires an overpotential of 1.04 V for (200), 1.10 V
for (020), and 1.05 V for (002). Most recently, Xie et al’’

reported that a quasi-cubic-like WOj; crystal (with {002}, {200},

and {020} facets) with a deeper valence band maximum shows
a much higher O, evolution rate in photocatalytic water
oxidation than a rectangular sheet-like WOj; crystal ({002}-
dominant). The latter, with an elevated conduction band
minimum of 0.3 eV, is able to photoreduce CO, to generate
CHy, in the presence of H,O vapour, as shown in Fig. 2. The

HOMWO)

3000m

e  NHE(pH=7) i (i)
H,/H,0 -0.41V
CH,/CO,-0.24V

Fig. 2 (a) Schematics of the growth of a cubic Hy23WO; crystal and a
rectangular sheet-like monoclinic WO; crystal from a WB precursor in
HF and HNOs; aqueous solutions; (b) SEM image of cubic Hy3WOs3
crystals; (¢) SEM image of quasi-cubic-like WOj crystals obtained by
calcining the cubic Hy23WOs; crystals; (d) SEM image of rectangular
sheet-like WO; crystals. (e) The determined valence band and
conduction band edges of two types of WO; crystals vs NHE (pH = 7),
where quasi-cubic-like crystals and rectangular sheet-like crystals are
denoted as (i) and (ii), respectively. Reproduced from Ref. 57 with
permission from the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2012
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surface energy order is {002} (1.56 J m™2) > {020} (1.54 ]
m™2) > {200} (1.43 J m™), which indicates that {200} is the
most stable and {002} the least stable.”” Our group obtained a
similar surface energy order using theoretical calculation, and
we believe that the most reactive low-index surface in y-WOj; is
the {002} plane.?' Chen er al.”® reported that an ultrathin single-
crystal monoclinic-phase WOj3; nanosheet (Fig. 4b,c) of ~4-5
nm thickness was synthesized with a laterally oriented
attachment of tiny WOj; nanocrystals formed using a solid—
liquid phase arc discharge route in an aqueous solution. Size-
quantization effects in this ultrathin nanostructure allow the
WO; band gap to be altered to improve its photocatalytic
reduction of CO; in the presence of water to CH, relative to the
performance obtained using the bulk form. Han ez al.”® reported
the successful synthesis of triclinic sheet-like WO; particles
with exposed (001), (100) and (010) facets by the gradual
hydrolysis of Na,WO42H,0 to form WO; in the presence of
hydrochloric acid solution (37.5%) and tartaric acid, as shown
in Fig. 3. The average thicknesses of the WO; nanosheets can
be tuned from 30-35 nm to 155-175 nm by changing the
amount of tartaric acid used. Monodisperse WO; nanoparticles
with more (010) facets exposed exhibit better gas sensing
properties toward 1-butylamine.
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—+— Sample 2
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Fig. 3 SEM images of triclinic-phase WOj3 nanoparticles prepared in
the presence of different amounts of tartaric acid: (a) 0.11 mol L
(sample 1), (b) 0.22 mol L! (sample 2) and (c) 0.31 mol L! (sample 3).
(d) Sensitivity curves for WO; particles as a function of the
concentration of 1-butylamine, R = resistance. (e) Sensor response to
600 ppm 1-butylamine of WOj particles. Reproduced from Ref. 59 with
permission from the Centre National de la Recherche Scientifique
(CNRS) and the Royal Society of Chemistry.

Sample 1

Sample 2

Sample 3

Zheng and co-workers®® reported that monoclinic WO,
nanoplates (Fig. 4a) can be successfully synthesized by a one-
step template-free hydrothermal method using a topochemical
conversion process of H,WO, nanoplates. The 7-WO;
nanoplates are approximately 100-170 nm in side length and
30-50 nm in thickness and exhibit superior photocatalytic
activity for the degradation of rhodamine B (RhB) under visible
light irradiation, which may be attributed to their high
crystallinity and high BET surface area. After calcination at
600 °C for 2 h, the WO; catalyst shows a much enhanced
activity, 4.7 times higher than that of commercial WO; powder.
They also prepared triclinic-phase WO; nanoplates through the
topochemical transformation of the corresponding H,WO,
precursors synthesized by a solution-phase method.®' In the
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reaction process, the fluoroboric acid was found to not only
provide an acid source but also act as a structure-directing agent.
WO; nanoplates could be obtained by the hydrothermal
treatment of H,WO, nanoplates above 160 °C or calcination at
higher temperatures in air. The plate-like triclinic WO; has an
improved gas-sensing performance for ethanol with respect to
sensitivity and response time due to the

"
mild-dehydration m

G .

b

L.

a

Fig. 4 SEM images of (a) y-WOs; nanoplates,” (g) WOs-H,O
nanoplates® and (h, i) WOs-H,O leaf-shaped nanoplatelets (LNPs) and
nanoribbons (NRs).”> TEM images of (b, c¢) y-WO5 nanosheets,”® (d)
triclinic WO; (8-WO3) nanoplates,”’ (e) WO5-0.33H,O hexagonal-
shaped nanodiscs,”> and (f) WO;-2H,O ultrathin nanosheet.® G)
Schematic illustrations of the crystal structures of (i) monoclinic
WOs;-2H,0, (ii) orthorhombic WOs-H,0O, and (iii) monoclinic y—WO3.(’(’
Reprinted with permission from ref. 58 (Copyright 2012), ref. 61
(Copyright 2011), ref. 62 (Copyright 2008) American Chemical Society;
Ref. 60 (Copyright 2014), ref. 64 (Copyright 2013), ref. 65 (Copyright
2014) Elsevier; ref. 63. Copyright 2013, Nature Publishing Group.
Reproduced from Ref. 66 with permission from the Royal Society of
Chemistry.

effective adsorption and rapid diffusion of the alcohol
molecules.®’ Zhou er al.®* synthesized orthorhombic-phase
WO;-0.33H,0 hexagonal-shaped nanodiscs composed of
nanosheets via the hydrothermal treatment of an aqueous

4| J. Name., 2012, 00, 1-3
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peroxo-polytungstic acid solution, as shown in Fig. 4e, with the
{001} facets mainly exposed. Xie er al.%® reported the first
synthesis of large-area nanosheets of WO;-2H,0 (Fig. 4f) with
a thickness of only 1.4 nm, showing much higher Li* diffusion
coefficients than those of the bulk counterpart. WO;-H,O
nanoplates,® leaf-shaped nanoplatelets and nanoribbons®® can
be obtained by the hydrothermal method and the acid
precipitation method. These tungsten oxide hydrate 2D
structures can be transformed to 2D monoclinic WO; by
calcination at high temperature (>300 °C). The plate-like
morphology is maintained during the dehydration process,
which is thought to be a topotactic process, as shown in Fig.
4j.% Finally, the {001} facet can be exposed in the calcinated
samples.®¢

3.2 Octahedral WO; or WO;-nH,O

Because {111} planes are not the surfaces with the lowest
surface energy, it is difficult to synthesise octahedral WO;
crystals by a normal reaction. Few papers have reported the
synthesis of octahedral WOj; or WO;-nH,0.2*%® These crystals
can be synthesised by different methods, such as the
hydrothermal, solvothermal, RF thermal plasma and solid
evaporation methods.

In 2005, a report claimed the discovery of a new natural
mineral species, elsmoreite, with a WO3.0.5H,O cubic
pyrochlore structure.>” These crystals are octahedral, and some
seem to be twinned on the spinel law. In the same year, Guo et
al* reported that octahedral tetragonal phase WO; (a-WOs3)
(Table 1c¢) particles were successfully produced by direct
current (dc) arc discharge in Ar-O, gas. The octahedral crystals
are bounded by 8 x {101} facets and occasionally truncated by
{100} and/or {001} faces. Particle sizes of 10 nm to 1 pm with
octahedral, truncated octahedral and spherical shapes were
produced, depending on the production conditions, such as the
gas pressure, collection position, discharge current, and cooling
rate. Zhao et al.®®* developed a new synthetic process for the
production of single-crystalline y-WO; octahedra (Table 1a)
bound with {111} facets from irregular-shaped commercial
WO; particles by a solvothermal method. Their method was
based on the chemical etching of commercial WOj; particles by
corrosive NHj released from the decomposition of urea (WO; +
NH; — (NHy),WO,), the suppression of corrosion by HCI
((NH4)2WO4 + HCl —» H,W,5055-H,O + NH4,Cl + Hzo) and
subsequent recrystallization of the surface (H,W;s0ss-H.O —
H,O + WO;) in the solvothermal reaction. The WO; octahedra
are covered with a thin tungstic acid shell (H,W;s0ss-H,O) that
stabilizes the octahedral morphology, as the {111} planes are
not the surfaces with the lowest surface energy. The
synthesized octahedra were nearly perfect, with a highly
symmetric, regular shape containing 8 facets, 6 vertices, and 12
edges. The crystallographic stacking of (111) planes can be
approximated as an alternative stacking of W- or O- on the
surface, which leaves only dangling bonds of W- or O- on the
surface. Therefore, the H" in the solution may terminate the
bond and form tungstic acid on the WO; surface. After
calcination, many cracks are formed on the surface of the
octahedra, which further indicates the importance of the acid
layer. The octahedra exhibit highly efficient adsorption of
cations (MB) and a strong visible-light-driven ability to
photocatalytically reduce metal ions. The removal efficiency of
Ag® is approximately 11 and 74 times those of commercial
WO; particles and P25, respectively.

This journal is © The Royal Society of Chemistry 2012
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Table 1 Summary of typical SEM/TEM images, structures and particle sizes, typical synthesis parameters, and properties of octahedral WO;
crystals. Reproduced from Ref. 68a, 68c, 68f, 68g with permission from the Royal Society of Chemistry. Reproduced with permission from Ref.
68b, copyright 2012 Elsevier. Reproduced with permission from Ref. 24, copyright 2005 Springer.

SEM/TEM image

Crystalline phase, Typical synthesis parameters Properties Ref.
Particle size, Surface

area

Structure: y-WO3, P2y/n, | Precursor: 0.232 g WO3, 0.5 ml Photocatalytic activities: 68a
8x {111}, 37% HCl and 1.8 g urea in 40 ml Highly efficient adsorption of cations (MB), high
H,W, 505 5-H,0 thin absolute ethanol visible-light-driven photocatalytic reducibility of

layer shell Procedure: Solvothermal process, metal ions. Ag* removal efficiency of

Size: ca. 200-400 nm 180 °C for 12 h approximately 11 and 74 times those of

edge lengths commercial WOjs particles and P25, respectively.

Surface area: before (6.7

ng‘l) and after (8.2

m’g") calcination

Note: Surface cracks

and fractures after

calcination

Structure: Twin Precursor: 100 ml1 0.2 M No data 68b
octahedra, Na,WO0,-2H,0 and various sulfate

Cubic-phase ion based SDAs, at pH 5.25

WO;-0.5H,0, Fd-3 m, (controlled by 0.75 M

main exposed {111} C,H,0,42H,0).

Size: 1-10 um edge Procedure: Hydrothermal process,

lengths 180 °C for 23 h

Surface area: no data

Structure: Tetragonal- Precursor: W rods. No data 24
phase WOs3, 8x{101} Procedure: DC arc discharge in Ar-

Size: 10 nm-1pm O, gases (partial pressure 33 and 13

Surface area: no data kPa, or 65 and 25 kPa), arc current

Note: Tetragonal phase (40-100 A), low cooling rate.

is usually only stable

above 725 °C.

Structure: Coexistence Precursor: Gas sensing properties: 68c,
of stable y-WOj3; and ammonium para-tungstate Octahedral WO; shows good sensing properties 68d
metastable e-WOs3, tetrahydrate powder (response and recovery) for benzene at 400 °C

P2y/n, 8x{111} Procedure: RF thermal plasma, air with a detection limit of ~0.15 ppm, which might

Size: ca. 100-400 nm carrier gas, 30 kW, 4 M Hz. be due to its highly exposed {111} planes and

edge lengths regular octahedral shape.

Surface area: 4.88 m’g”

Note: e-WOj3 can be

converted to y-WO3

after calcination

Structure: Cubic-phase Precursor: 3 ml 0.135 g/ml Photocatalytic activities: 68e
WO5-0.5H,0, Fd-3m, peroxopolytungstic acid (PTA) The WO;-0.5H,0 octahedra possess higher

8x {111} solution, 12 ml H,O, 3.0 g Na,SO4 photocatalytic activity for the photodegradation of

Size: ca. 1-5 um edge Procedure: hydrothermal process, methylene blue (MB) than WO5-0.33H,0

lengths 200°C, 12h nanoplates and WO; nanorods. This could be due

Surface area: 8.614 m’g’ to the highly reactive {111} facets of the

! WO;-0.5H,0 octahedra.

Structure: Hexagonal- Precursor: Photocatalytic activities: 68f
phase WO3, P6/mmm, 1.0312 g Na;WO42H,0, 0.3712 g The exposed {120} facets of the WO; octahedra

8x{120} NaCl, 26 ml water, 4 ml 2 M HCI exhibited superior photocatalytic performance for

Size: ca. 1 um edge Procedure: hydrothermal process, the degradation of MB under visible light

lengths 180 °C, 24 h irradiation: 5.33 times higher than that of bulk

Surface area: 15.26 m’g’ WO; (surface area: 15.26 m’g™).

1

Note:

Structure: y-WO;, P2,/n, | Precursor: 2 g ammonium Electrochromic properties: 68 g
8x {111} paratungstate tetrahydrate The octahedral WOj; particle (WO5-O) EC film

Size: ca. 1 pm edge (APT-4H,0), Ar gas flow rate of 2 shows a lower light transmittance modulation and

lengths L min™ charge-insertion density (H* diffusion coefficient)

Surface area: no data

Procedure: Solid evaporation
process, 1400 °C

than the quasi-spherical WO3; (WOs-S) EC film.

This journal is © The Royal Society of Chemistry 2012

J. Name., 2012, 00, 1-3 | 5




CrystEngComm

ARTICLE

00990
0090
00g 0

Agglomeration

(b)

(a) I3 ti £ of the second

Nucleation of the c:::‘ao';:]::‘ N layer on both
nanoparticles faces of the
nanosheet

® : Nanoparticle o: Structuring agent

o : Nanoparticle where the structuring agent adsorbed well, so

agglomeration on this site is inhibited
=¢>: Agglomeration is very slow or impossible

=== Agglomeration is possible and rapid

Journal Name

—e Ssssass
—p. e —_ > —
¢ .
Agglomaration of The following
the third layer on ) layers
both faces of the
Atop
nanosheet 2
view l
(111)
oo, Plane
(X
o ;:

(e)

®

(9)

Fig. 5 Schematic illustration of the proposed growth mechanism of the WO; twin octahedra. HR-SEM images show cross-sectional (Fig. 5f), and
planar (Fig. 5g) views of the octahedral morphology of WOjssupporting the proposed growth mechanism. Reproduced with permission from Ref.

68b. Copyright 2012 Elsevier.

Sonia et al.%®® obtained twin octahedral structures of cubic-
phase WO;-0.5H,0 (Table 1b) using sulfate-salt-based structure
directing agents (SDAs) at pH = 5.25 through a hydrothermal
process and explained the probable growth mechanism of the
WOj; octahedra as shown in Fig. 5. These SDAs include FeSO,,
Fe(NH4)»(S04)4, CoSOy4, CuSOy4, and MgSO,. The crystalline
structure and morphology are influenced by the pH and both the
anion and the cation of the SDA. The selective interaction of
the SDA and the anion of the acidifier on the specific facets of
the initially formed nanoparticles is crucial to the anisotropic
growth of the nanostructures. The dielectric constant of water
will decrease greatly during the hydrothermal process. The
formation of WOj; nanoparticles is enhanced because the
nanoparticles formed are stabilized by adsorption by the whole
SDA molecule through its cations at the negative surface sites
and its anions at the positive surface sites. These WO;
nanoparticles aggregate to form a nanosheet (Fig. Sb). The
SDA and the anion of the acidifier are mostly adsorbed on the
periphery of the nanosheet to suppress the growth at these sites
by lowering their surface energy. The second sheet can be
formed by the oriented aggregation of the nanoparticles on the
accessible sites on both sides of the first nanosheet (Fig. Sc).
The other layers of the octahedra are formed in a similar way
(Fig. 5d). The formation of the twin octahedra is driven by the
supersaturation effect. Under the conditions of supersaturation,
there is a high nucleation rate in which a crystallization unit (an
atom or group of atoms) may take a sub-minimum energy
position, corresponding to the birth of a second individual of a
twin relative to the original.®* This process is favoured by
several factors, such as the incorporation of impurities on the
surface and thermodynamic fluctuations.

Recently, a facile inorganic and green hydrothermal route for
the synthesis of octahedral WO3;0.5H,O (Table 1le)
microcrystals was reported by Shi et al., as shown in Fig. 6.5%¢
In the reaction process, by controlling the amount of Na,SOy,,
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hexagonal
WO,:0.33H,0
nanoplates

= O

Pg<m<15g

A the amount of

. Na,S0,(m) cylindrical
WO,

aggregation, growth (001)

(001)
R=1.73
—
(100) (010) \V

Fig. 6 Schematic illustration of the formation of WOs-nH,O
microcrystals and microscopy images of their corresponding
morphologies. Reproduced from Ref. 68e with permission from the
Centre National de la Recherche Scientifique (CNRS) and the Royal
Society of Chemistry.

3
nanorods

peroxopolytungstic
acid sol

25g<m octahedral

WO,0.5H,0
microcrystals|

hexagonal orthorhombic-phase WOj3-0.33H,0 nanoplates (m =
0 g), cylindrical hexagonal-phase WOj; nanorods (0 g<m < 1.5
g) and octahedral cubic-phase WOj3-0.5H,O microcrystals
(m >2.5 g) are obtained, and the morphology and crystal phase
of the final products are strongly related to the Na* and SO,*
concentrations. The Na,SO, is also an SDA because of its
shape as well as its crystal phase. WO;5-0.5H,O octahedra
possess higher photocatalytic activities for the
photodegradation of methylene blue (MB) than WO;-0.33H,0
nanoplates or WOj3; nanorods. This could be due to the highly
reactive {111} facets of the WO5-0.5H,0O octahedra. Some
sulfates reported in other works, such as Li,SO4 Rb,SO,,
KzSO4, (NH4)st4, NaHSO4, KHSO4, and NH4HSO4, could
also direct the WO; crystal structure and morphology.’® Aslam
et al®™ obtained a hexagonal-phase WO; octahedral
microcrystal (Table 1f) that is composed of eight equal facets of
{120} via Na,WO42H,O and NaCl assisted by a simple
hydrothermal method. The exposed highly reactive {120}
facets of the WOj; octahedra exhibit superior photocatalytic
performance for the degradation of MB under visible light
irradiation, being 5.33 times higher than that of bulk WOj;.

This journal is © The Royal Society of Chemistry 2012
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Long et al.%®" synthesised WO;-H,O microcrystals with a
symmetric morphology via a Ni(NOj),-6H,0-assisted
hydrothermal method. A gas-sensing investigation indicated
that the annealed octahedral product possessed an enhanced
sensitivity towards ethanol.

X { 4
Al

L
Octahedron Truncated Octahedron -
4 100

A : Cr -

‘J 5 |1|> .1 &fﬁom 111\ i | 001]4]
S 2 LWy, ~ oo
Fig. 7. Summary of the morphology evolution and corresponding
crystal growth trends (middle part is the corresponding schematic
illustration): SEM images of (a) WOs;, (b) 2.5 at. % Cr-WOj3 and (c)

10.0 at. % Cr-WO;. Reprinted with permission from ref. 68d. Copyright
2015 American Chemical Society.

Yuan’s group®? successfully used the RF thermal plasma

technique to prepare octahedral y-WOj; (Table 1d), which
shows good sensing properties (response and recovery) for
benzene at 400 °C, with a detection limit of ~0.15 ppm. This
might be due to its highly exposed {111} planes and regular
octahedral shape. The high yield production of octahedral y-
WOj; can also be achieved by a solid evaporation method with
ammonium paratungstate tetrahydrate (APT-4H,0) as a
precursor. Later, they also synthesized Cr-doped WO;
polyhedra controlled by tailoring the intrinsic thermodynamic
properties of the RF thermal plasma, as shown in Fig. 7.
Together, the distortions introduced by Cr in the WO; matrix
and the chromate layer on the crystal surface could reduce the
growth rates along the [001], [010], and [100] directions. The
morphology evolution occurred in the following order with
increasing Cr doping: octahedron — truncated octahedron —
cuboid. The highest gas sensing response was achieved by 2.5
at.% Cr-doped WO; polyhedra due to the co-effects of the
exposed crystal facets, activation energy, catalytic effect of Cr,
and particle size on the surface reaction and electron transport
units.®*? Very recently, Chang er al.*®®¢ successfully achieved the
large-scale, high yield production of WO; nanoparticles for
electrochromic applications via a high-temperature, catalyst-
free, solid evaporation route with ammonium paratungstate
tetrahydrate (APT-4H,O) as a raw material. The particle
morphologies obtained in different zones of the quartz tube
include polyhedral, octahedral, and quasi-spherical. The
octahedral y-WO; microparticles (Table 1 g) can be synthesized
at 1400 °C.

3.3 WOj; films with dominant orientations

WO; films have been fabricated by many different methods,
such as sputtering,”' evaporation,’'® chemical vapour deposition
(CVD),”? pulsed laser deposition (PLD),” molecular beam
epitaxy,” sol-gel,”” the hydrothermal method,” atomic layer
deposition (ALD),” cathodic electrodeposition, ¢4
electrochemical anodization,'®**? inkjet printing,”*>’” and the
rubbing method*''. The methods for making epitaxial WOj5
films are summarized in Table 2.

In 1989, Kobayashi et al.”" reported that epitaxial WOj; films
were grown on MgO and various sapphire substrates via the RF
magnetron sputtering method. The crystal orientation of the

This journal is © The Royal Society of Chemistry 2012
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films strongly depends on the substrate material and the oxygen
concentration in the sputtering atmosphere. Films grown on a
(100)-oriented MgO substrate had an orientation of WO3(001)
along the growth direction for 60 vol% O,. The films grown on
the (112 0)-oriented sapphire (a-Al,O;) had orientations of
WO;(001) in 70% O, and WO;(021) in 60% O,. The films
grown on the (0001)-oriented and (1102)-oriented sapphires
had orientations of WO3(121) and WO5(001), respectively.
LeGore et al.”' studied the epitaxial growth of tetragonal-phase
WO5(001) films on R-plane sapphire (Al,05(1102)) by direct
electron beam evaporation. The films obtained at room
temperature were amorphous and became polycrystalline after
annealing in O,. The epitaxial films possessed better gas-
sensing (H,S) properties than the polycrystalline films. Later,
Mohammad’® used the same electron beam evaporation method
to deposit (010)-oriented WO; on various epitaxial sapphire
substrates, such as o-AlLOs( 1T 012) and a-Al,O5(0001).
Tagtstrom and Jansson’? deposited epitaxial monoclinic-phase
WO; films with (100), (010), and (001) orientations on sapphire
(0112) substrates using a hot-wall chemical vapour deposition
(CVD) technique. Garg and co-workers’!® chose SrTiO5(100) as
the substrate for the DC magnetron sputtering of a WO; film
because it has very close lattice matching (3.905 A) with WO;.
The WO3(002) can be deposited on not only SrTiO; but also
sapphire (1012). Yamamoto ef al.” also reported the deposition
of monoclinic WO3(002) epitaxial thin films on a-Al,03(0112)
by ArF excimer pulsed laser deposition in a controlled oxygen
atmosphere.
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Fig. 8 Typical SEM image and XRD pattern of a WOj5 film prepared by
the deposition of a tungstic acid/PEG 300 colloidal solution and
annealing at 550 °C. Inset is the diffraction patterns of a WOs3 film
(~1.2 pm thick) recorded at decreasing glancing angles from a = 5°
(bottom) to 0.5° (top). Reprinted with permission from ref. 75.
Copyright 2001 American Chemical Society.

For the formation of WOj; nanoparticulate films, sol-gel
routes based on the sintering of colloidal nanoparticles appear
to be simple and viable.'® These methods are based on the
formation of a stable H,WO, sol that can be dehydrated at high
temperature to form a stable WOj thin film. Augustynski et al.
achieved the most promising results via this method.””*® They
developed a route based on the preparation of an ethanolic
H,WO, sol by ion-exchange on a cationic resin, followed by
the addition of polyethylene glycol (PEG), used as a stabilizer
and dispersing agent for the subsequent blading on the TCO
glass.'®*>% The film annealed at 550 °C under an oxygen
atmosphere has the best photoelectrochemical performance due
to the formation of a transparent thin film composed of
relatively large, polydisperse (ca. 30-100 nm) interconnected
monoclinic WO; nanoparticles showing substantial porosity
(Fig. 8a). The XRD patterns (Fig. 8b) show that the WO;
nanocrystallites in the film are arranged in preferential
orientations in the intensity order (200) > (020) > (002). The
best PEC performances were obtained from 2.5 um thick

J. Name., 2012, 00, 1-3 | 7
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Table 2 Summary of the epitaxial WO; films: method, substrate, epitaxial film orientation on substrate (confirmed by XRD) and application.
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Crystal structure and epitaxial
Method relationships between the film | Notes Applications Ref.
and substrate
Monoclinic-phase  WO; (Space
group: )
WO05(001)/MgO(200) in  Ar-
60%0,,
WO;(001)//Sapphire(11 2 0) in | The crystal orientation of the films strongly
RF magnetron | Ar-70%0, B depends on the substrate materials and the No data 71a
sputtering WO5(021)//Sapphire(11 2 0) in | oxygen concentration in the sputtering
Ar-60%0,, atmosphere.
WO3(002)//Sapphire(1 1 02) in
Ar-70%0,,
WO;(121)//Sapphire(0001) in Ar-
70%0,
Purely tetragonal WOs films could be grown
Tetragonal-phase WO3 (0-WO3) only up to 30 nm thickness; an admixture of | The epitaxial films possessed better gas-sensing 716
a-WO3(001)//Sapphire(1102) monoclinic and/or orthorhombic phases | (H,S) properties than the polycrystalline films.
appeared in thicker films.
Electron beam —
evaporation o The epitaxial growth phenomena are
Monoclinic-phase WO3 interpreted by nucleation and growth theories
WO;(010)//a-Al,05(1012) in relation to the variation of the density of the | No data 78
‘WO3(010)//0-Al,03(0001) surface oxygen vacancies of the o-ALO;
substrate.
Monoclinic-phase WO3 The microstructure of the films could be
Chemical vapour | WOs( 100)//Sapphire(0112), controlled by the total pressure and linear gas No data 7
deposition WO5(010)//Sapphire(0112), flow velocity. The deposition process was
WO;(001)//Sapphire(0112) controlled by mass transport.
DC magnetron | Monoclinic-phase WO, 20 Wi WO, The prefered. orientaton
sputtering WO3(002)//SrTiO5(100) improved as the deposition temperature No data Tle
‘WO5(002)//Sapphire(1012) d d
ecreased.
Gasochromic coloration in the WO; films by
Pulsed Jaser | Monoclinic-phase WO; The mjystal quality can be improved by | exposure to diluted hydrogen was found to
. = increasing both the oxygen pressure and the | correlate with the crystal quality of the films. The | 79
deposition WO03(002)//0-Al,03(0112) . .
substrate temperature. gasochromic coloration was suppressed by the
epitaxial growth of the films.
Photoresponse to the blue region of the solar
The shape and size of the WO; nanoparticles | spectrum (up to 500 nm); relatively large
. and the porosity and properties of the films | photocurrent densities for the photooxidation of
Sol-gel method | Monoclinic WOs ly depend on the preparation parameters, | water and especially the photooxidation of | 75
(blading) W03(200)-(020)-(002)//FTO strongly depend on the preparation parameers, ) especla’ly Pho! )
such as the tungstic acid/organic additive ratio | various organic substances (reaching 5 mA/cm”).
and the annealing conditions. Promising candidate for electrochromic device
applications.
Monoclinic WO3
‘WO05(200)-(002)//FTO from 0.20 .

. mol dm™ tungsten The (092) plane is favoured to an extent . Photocurrent value of 0.08 mAcm? at 0.9 V vs
Cathodic determined by both the tungsten concentration . o
electrodeposition WO5(002)-(200)//FTO from 0.10 | 554 deposition time. Increasing the tungsten Ag/AgCl in 0.5 M NaCl under a 100 mW cm™ | 81

mol dm” tungsten concentration favours the (200) plane most. tungsten-halogen lamp-.
‘WO05(002)-(200)//FTO from 0.05
mol dm> tungsten
The predomm@t {002} -faceted Platelet-hke Photocurrent before (1.5 mAcm’z) and after (2.5
. WO; nanoparticles were synthesized by a o . L
Doctor blading | Monoclinic WO, i . mAcm™) cathodic polarization in 1.0 M H,SOy;
microwave-assisted nonaqueous sol-gel route 2. 82
method WO3(002)//FTO R 2.7 mAcm™ in 3.0 M H,SO4 under AM 1.5 G
and prepared into photoanodes by the doctor light (1 V vs RHE, 100 mWem?)
blading method for PEC water splitting. e s ’ mvem
Colloidal W nanoparticles were synthesized
M linic WO by hot-matrix synthesis, and the metallic NPs | The highest achieved photocurrent was ~830
Spin coating W(())no(c)(;;lc 1103/ JFTO were then spin-coated onto FTO glass | pAcm™ at 1.9 V vs RHE with a 900 nm thick | 83
3(002)-(110) substrates and transformed to the WOs phase | film.
by heat treatment at 500 and 550 °C.

! . Orthorhombic-phase WO5-H,0 WO3(002)//FTO with a film thickness of 250 nm
Finger-rubbing and monoclinic WO3 The WO;-H,0(020)//FTO can be converted to can reach 0.38 mA em” at 1.0 V v Ag/AgCl 21,
method ‘WOs-H,0(020)//FTO WO3(002)//FTO by calcination. der 1 sun. liht ' ‘ 51

WO;(002)//FTO under ent
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electrodes with saturation photocurrents exceeding 2 - 2.5 mA
cm™ under AM 1.5 illumination.'® The efficient operation of
the photoanodes also relies on the electron transport properties
of the network of WO; nanoparticles. The essentially
crystalline structure of the boundaries between the nanocrystals
forming the preferentially orientated monoclinic WOj; film
certainly contributes to its excellent photoelectrochemical
behavior.”” Photoanodic water oxidation with photocurrents of
up to 2.7 mA cm? at 1.0 V vs RHE under AM 1.5 can be
achieved with a 2.5 pum thick electrode in the presence of
methylsulfonic acid (CH;SO3H) as a supporting electrolyte.®
WO; films with preferred orientations can also be obtained by
cathodic electrodeposition. Kwong e al.®' reported that some
preferred orientations can be observed in a WOj; film on an
FTO-coated glass substrate obtained by electrodeposition using
aqueous solutions of peroxotungstic acid, as shown in Fig. 9.
The (002) plane is favoured as a function of both the tungsten
concentration and deposition time, while increasing the
tungsten concentration favours the (200) plane most. At high
concentrations (0.2 mol dm™), the (200) plane is more preferred
than (002), although both are preferred.

Deposition Time = 30 min
(a) W] = 0.05 mol dm™
(b)IW] = 0.10 mol dm™®
(c) (W] = 0.20 mol dm™

* (C) *

(b)
(2)

T T T

20 25 30 35 40
200°

Fig. 9 SEM images and XRD patterns of WO; thin films
electrodeposited from tungsten concentrations of (a) 0.05 mol dm™, (b)
0.10 mol dm™ and (c) 0.20 mol dm™. Reproduced with permission from
Ref. 81. Copyright 2014 Elsevier.

Intensity/a.u.
% 5002)
E (020)
(200)

Hilaire er al.® reported that nanostructured WO5 photoanodes
with a crystallographic orientation along the [001] direction can
be fabricated via doctor blading nanoparticles synthesized
through a microwave-assisted nonaqueous sol-gel route, as
shown in Fig. 10. The monoclinic WO; nanoparticles are
platelet-shaped with a size range from 20 to 40 nm and a
thickness of approximately 3 nm. The orientation of the face of
the platelets is {002}. The film shows an interconnected
network of nanoparticles with a clearly visible porosity and a
thickness of approximately 2.3 um. The XRD pattern shows a
strong {002} out-of-plane preferred orientation, as evidenced
by the enhanced intensity of the (002) and (004) reflections
(Fig. 10g). The as-prepared WO; photoanode shows 1.5 mA
cm?at 1V vs RHE

This journal is © The Royal Society of Chemistry 2012
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Fig. 10 TEM images of WO; nanoparticles synthesized through a
microwave-assisted nonaqueous sol-gel route. (a) Overview of several
nanoparticles; (b) platelets lying flat on the substrate; (c) platelets lying
on the edge; (d) electron diffraction pattern corresponding to (b). (e)
Top-view and (f) cross-section view SEM images, (g) XRD of a (002)-
oriented WO; photoanode. (h) Photocurrent density of the WO;
electrode in 1.0 M H,SO, before (black) and after (red) cathodic
polarization and in 3.0 M H,SOy (blue) after polarization under AM 1.5
G chopped illumination (100 mW cm™). Reproduced from Ref. 82 with
permission from the Royal Society of Chemistry.

in 1.0 M H,SO, (Fig. 10h, black curve). This photocurrent was
significantly enhanced by sweeping the potential in the dark
from -0.65 V to 0.1 V vs MSE prior to the measurement, and a
photocurrent of 2.5 mA cm™ was obtained afterwards in 1.0 M
H,SO, (Fig. 10h, red curve). Upon increasing the electrolyte
concentration to 3.0 M H,SO,, a photocurrent of 2.7 mA cm?
was achieved after polarization (Fig. 10h, blue curve). This
photocurrent is comparable with the best photocurrents
reported'® for WO; photoanodes to date. It is difficult to
confidently attribute the good photocurrents obtained in this
work to the shape or orientation of the nanoparticles because
the photoelectrochemical activity can be influenced by many
other factors, such as the surface area, porosity or thickness of
the film.*> Very recently, Emin and co-workers® reported
another means of preparing textured WO; film from colloidal
W nanoparticles. Amorphous W NPs with an average diameter
of ~1.5 nm were spin-coated on FTO substrates and then
transformed to the monoclinic WO; phase (Fig. 11a) by heat
treatment. The as-prepared WO; film shows two main
dominant XRD peaks corresponding to (002) and (110) (Fig.
11b). The highest photocurrent, which is ~830 pA cm™ at 1.9 V
vs RHE, can be achieved with a 900 nm thick WO; film with
back illumination (Fig. 11¢). This value is almost three times
higher than that obtained with a 200 nm thick film. In the
thicker films, the collection of the photogenerated carriers is
more efficient in the back configuration than in the front
configuration.®?

J. Name., 2012, 00, 1-3 | 9
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Fig. 11 (a) SEM image of WOj; film obtained after the calcination of spin-
coated W films at 500 °C for 60 min in air. (b) XRD spectra of W and WO3
thin films on FTO substrates. (c) Relationship between photocurrent density
and film thickness for WO; samples calcined at 500 °C/1 h in air.
Reproduced with permission from Ref. 83. Copyright 2014 Elsevier.

Recently, our group prepared dominant (002) films by a facile
finger-rubbing method.”' The rubbing method is a useful way to
rapidly and economically fabricate nano-/submicro-/microparticles
with a mono-/multilayer or one-axis orientation on solid substrates,
such as glass, Si wafers, TCO glasses and other substrates with
smooth surfaces, without using solvents, reactors, or equipment. In
addition, the rubbing method can be used to fabricate films with a
one-axis orientation without needing to consider the crystal lattice
matching between the rubbing materials and substrates.”''** For the
rubbing process, a dilute polyethylenimine (PEI) ethanol solution
was first spin-coated on the substrates. The particles were then
placed on the PEI-coated substrates and rubbed smooth by a
finger protected by a powder-free latex exam finger cot. The
higher the rubbing force and the longer the rubbing time, the
thinner the resulting film.?! The size limitation for direct
attachment by the rubbing method ranges from approximately
0.5 to 3 um depending on the rubbing rate, closeness of packing,
uniformity of the orientation of the assembled microcrystals,
substrate area, and ecological considerations.’"%? After the
rubbing process, the obtained film should be calcined to remove
the PEI polymeric linker to increase the adhesion between the
particles and the substrates.**® We have fabricated O-WO;-H,0
nanoplates on FTO glass substrate to form (002)-oriented y-WO;
thin films with different thicknesses by finger rubbing and post-
calcination; the corresponding experimental procedure is shown in
Fig. 12a. Fig. 12b shows a typical SEM image of a uniform
WO;-H,O nanoplate powder obtained by a hydrothermal
method using L-lactic acid as the capping agent at 120 °C for 6
h. The average length and thickness of the nanoplates are ca.
300 nm and ca. 40 nm, respectively. The crystal structure of the
as-obtained WO;-H,O nanoplate can be fully indexed to the
orthorhombic phase WO;-H,O (0O-WO;-H,O, space group: Pmnb)
based on the standard card JCPDS no. 43-0679 with two main peaks
corresponding to (020) and (111), as shown in Fig. 12¢(cl). After
calcination at 500 °C for 2 h in air, the crystal structure transitions
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into a pure monoclinic phase WO; (y-WOs, space group: P21/n,
JCPDS no. 43-1035), with three main characteristic peaks
corresponding to (002), (020), and (200), as shown in Fig. 12¢(c2).
The as-obtained rubbing WO3-H,O films, except those that obtained
using the FTO substrate (marked by stars), show only two main
peaks corresponding to O(020) and O(040), as shown in Fig. 12e(el).
This finding indicates that the (020)-oriented O-WO3-H,O film
can be directly prepared by the rubbing method. After
calcination at high temperature, the XRD patterns (Fig.
12e(e2)) for the post-calcinated films show only two main
peaks of y(002) and y(004). The corresponding SEM image for
the (002)-oriented y-WOj; film is shown in Fig. 12(d). The film
is not perfect, and some nanoplates were easily broken. Three
possible reasons for this are that (i) the nanoplates are
approximately 300 nm in size, less than the lower size limit of
500 nm for rubbing; (ii) the thicknesses of the nanoplates are
ca. 40 nm, as shown in Fig. 12b, and these plates can only
support a limited force; and (iii) the surface of the FTO
substrate is very rough at the nanoscale level.?>! However, the
(020)-oriented O-WO5-H,O films can be easily converted to
(002)-oriented y-WOs; films.
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Calcination
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Fig. 12 (a) Schematic illustration of the fabrication procedure for a
(020)-oriented O-WO3-H,O nanoplate thin film on an FTO glass
substrate by the rubbing method and the conversion of the film to a
(002)-oriented y-WOs3 film by calcination in air. SEM images of (b)
WO;-H,O nanoplate powder and (d) (002)-oriented WOs/FTO film. XRD
patterns of the WO;-H,O nanoplate powder obtained by the hydrothermal
method (c1) before and (c2) after calcination. () XRD patterns of (el) the
0(020)-oriented WO5-H,O/FTO film obtained by the rubbing method and (e2)
the 0O(002)-oriented WOZ/FTO film obtained by the calcination of the
WO;s-H,O/FTO film. Adapted with permission from ref. 21. Copyright
2014 American Chemical Society.

The (002)-oriented y-WO; film prepared by the rubbing
method can also be used as the seed layer for (002)-oriented
nanorod growth in a hydrothermal reaction.”® A comparison
between seed layers prepared by the spin coating and rubbing
methods shows that the crystallinity and dominant crystal facets
of the WO; seed layers are different. The spin-coating seed

This journal is © The Royal Society of Chemistry 2012
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layer with a particle size of < 50 nm has low crystallinity, and
the dominant crystal facet cannot be controlled artificially. In
contrast, the crystallinity of the rubbing seed layer (002-
oriented y-WOj; thin film) is very high, and the dominant crystal
facet is y(002). Therefore, the rubbing seed layer is effective in
the formation of (002)-oriented nanorod films. In the top-view
and cross-sectional SEM images of the as-synthesized WO;
nanorod films prepared by the rubbing method assisted by the
hydrothermal method shown in Fig. 13a and b, respectively,
the corresponding XRD (Fig. 13c¢) pattern shows only one main
(002) peak with very high intensity, with an g2//20) of 16.73
and an [gp)/l200) of 25.73. This indicates that the WO,
nanorods preferably grew along the [001] orientation. The
current—potential property was investigated in 0.5 M Na,SO,
solution (pH 6.3) under chopped (1 Hz light on/off cycles) 1
sun light illumination. The photocurrent onset potential is
approximately —0.1 V vs Ag/AgCl, and the photocurrent is ca.
0.65 mA cm™ at 1.0 V vs Ag/AgCl.
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Fig. 13 (a) Top-view and (b) cross-sectional SEM images and (c) XRD
pattern of the as-synthesized WOs film prepared by the rubbing method
assisted by the hydrothermal method at 180 °C for 24 h using 0.1 mol citric
acid as a capping agent. (d) Photocurrent of the film after calcination in air at
500 °C for 2 h. The inset is a magnitied curve from -0.2 to 0.2 V. Reproduced
by permission of the Royal Society of Chemistry.

4. Doping of WO; and band gap engineering

In addition to the efforts to improve the properties of the
WO;, such as its crystallinity, size and morphology through
various strategies, studies of the doping of foreign elements into
the WOj; host lattice has provided significant insight into the
changes of the WO; crystallographical structure and the
electronic configuration, which impacts the electron transport
and optical absorption behaviours as well as the activity of the
material.

4.1 Transition metal element doping

There have been numerous reports on the doping of
transition metals into WOj; lattice structures to improve their
photocatalytic activity. Transition metal dopants intercalated
into the WOj; structure interstitially or substitutionally with the
tungsten cation cause a profound transformation of the
electronic configuration of the structure and morphology, which
can significantly change the physicochemical properties.
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Taking advantage of this, researchers have been refining
synthetic methods to retard the recombination rate of e
(electrons) and h*(holes) and shift the absorption onset to the
visible-light region to enhance the application performance.
Water splitting for hydrogen production® or CO, reduction for
practically usable organic compounds such as CH3;OH
production® driven by the photocatalysts was significantly
exploited in numerous works in the literature. Because the
valence band of WOj; is below the oxidation level, the oxygen
evolution from the water via a WOj; photocatalytic process was
observed in one early report®’
4h+(WO3) + H2O e d 02 + 4H*

However, pure intrinsic WOj; exhibits quite poor photocatalytic
ability for hydrogen production. Maruthamuth et al. reported
that doping Cu(Il) into the WO; lattice improved the
photocatalytic activity for the reduction reaction of H" to H,
under

“0;/HO;
CB
e + 0y /H++HO°
visible light h*
VB
H,0 +h'
WO;

Scheme 1: Schematic diagram of the charge separation and photocatalytic
activity of Ti(IV)-doped WO;. Reproduced from Ref. 91 with permission
from the Royal Society of Chemistry.

the assistance of MV**.*® Studies on doping various transition
metals (Fe, Co, Ni, Cu and Zn) into WO; to markedly change
the photocatalytic activity have been performed by Gondal et al.
and other groups®. Introducing Ti ions into the WO; lattice
induces the plate band potential to shift toward positive values.
The Ti-doped WO; showed profoundly superior incident
photon-to-current efficiency (IPCE) relative to the undoped
WO; due to the decreased photogenerated electron/hole
recombination rate.”® This result was recently confirmed by
another group.”’ By using a facile, mild, aqueous-phase route,
the authors have fabricated Ti(IV)-doped WO; nanocuboids
that exhibit excellent visible-light-driven photocatalytic
performance. Such a high photocatalytic activity enhancement
is enabled by the band structure modification, as presented in
Scheme 1. Tu and co-workers®® prepared hierarchically
structured Ti-doped WOj; through a template-free hydrothermal
method. The study showed the remarkable effects of the Ti
dopant on the surface morphology and crystal structure, which
led to improved electrochromic properties. An interesting report
by Karuppasamy and co-worker showed that the introduction of
11% vanadium dopant into WO; can significantly enhance the
photocatalytic efficiency of the WOs5 thin film.**> The V dopant
creates defects in the structure that result in an optical band gap
reduction. It is stated that multivalent vanadium atoms bonding
with the terminal oxygens in the WO; lattice gives rise to
localized covalent bonds, resulting in an increase in the surface
work function. The experimental observations reveal that V
may be a good candidate for doping into WOj; for applications
in electrochromic materials or photocatalysis.

The photocatalytic activity of WO;3; was demonstrated by the
degradation of NO, by the Leng group.”* The photocatalytic
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performance is enhanced in a Zn-doped WOj; film grown on
indium-tin oxide glass. Zn>" cations alternatively incorporated
with W® species in the WO, lattice induce efficient visible
light absorption, which is beneficial for charge -carrier
generation. However, doping Zn into the WOj; host material
does not account for the change in the band gap energy. The
properties of a WOj; photoelectrode used for water photolysis
were also investigated when tantalum ions (Ta’>") were doped
into the structure.”> Ta>* ions are compatible with the WOj;
structure, with similar ionic radii and chemical and
optoelectronic properties. This matching is beneficial for
achieving a uniform morphology and enhancing the
photoconversion efficiency at a specific dopant concentration.
Mo transition metal doping into the WOj structure can enhance
the photoactivity of WO; nanowires.”® The photocatalytic
activity enhancement is presumed to be the result of the
synergetic effects of the crystalline structure and Mo-doping.
Although the work did not clarify how the photocatalytic
activity of the WO; nanowire is increased by doping with Mo,
it provides a general outlook on transition metal doping. A
more detailed study by the Yu group’’ investigated the doping
of alternating Mo atoms into the WOj; structure. The work
shows that W atoms can be substituted by Mo atoms up to 75%
without destroying the original orthorhombic structure of
WO,.0.33H,0. This is possible because the Mo atom has very
similar chemical properties to W, which is in the same group (6)
of the transition metals. Increasing the content of Mo atoms in
the WO; would significantly narrow the band gap energy of
WO;0.33H,0, which is thought to enhance the intervalency
transition due to the increasing M3 (M = Mo and W) fraction.
In addition to the numerous works devoted to transition metal
doping into WO; in the literature, rare earth element dopants
such as cerium®® and dysprosium®® have also been studied. For
the Dy dopant, Peng and co-workers attributed the
enhancement of the WO; photocatalytic activity to the
photocatalytic reaction mechanism for the degradation of
rhodamine B, wherein the doped Dy>* is oxidized by O, to form
‘0% and Dy*" and then the Dy*" is reduced back to Dy’* by the
photogenerated e from the conduction band of WOj;. The
photocatalytic reactions retard the photogenerated charge
carriers and accelerate the photocatalytic reaction for the
degradation of rhodamine B.

310ev| i +

@) (b) (©) (d)
Fig. 14 Schematic representation of the band edges and impurity gap
states in (a) WOs3, (b) WO, (c) Hf\W O3, and (d) HfxW,_O3_«. The
horizontal dashed lines represent the top of the valence band and the
bottom of the conduction band of pure WOj3. Reprinted with permission
from ref. 5. Copyright 2012 American Chemical Society.

Wang er al.>'% studied the electronic properties of doped -
monoclinic WO; using DFT calculations with hybrid
functionals. Doping with isovalent Mo or Cr ions narrows the
band gap but shifts the CB edge downward. Replacing O with S

12 | J. Name., 2012, 00, 1-3

could narrow the energy gap by introducing localized occupied
states above the VB and shift the CB minimum upward. Doping
with low-valence Ti, Zr, or Hf ions widens the band gap and
shifts the CB edge to higher energies. However, replacing the
W with Hf induces the formation of compensating defects; in
Hf-doped WO;, oxygen vacancies (Vo) have negative
formation energies. The simultaneous presence of substitutional
Hf and an O vacancy shifts both the VB and CB to higher
energies and reduces the band gap, which beneficially reduces
the potential of WOj; for hydrogen evolution in photoactivated
water splitting, as shown in Fig. 14.

4.2 Alkali metal element doping

Apart from the aforementioned doping elements into the
WO; structure, it is noteworthy to mention that the alkali metals
(Li*, Na*, K*, Cs*, Rb") were theoretically intercalated into the
WO; interstices as interstitial dopants to examine the changes
of the band gap energy, electronic properties and many other
physiochemical properties of the structure. For instance, doping
alkali metallic elements into the lattice cavities of WO;3
structure induces the formation of tungsten bronzes (M,WO3;,
where M = Na, K, Rb, Cs and etc.), which indicates the
influence of electricity as well as the chromogenic properties of
alkali metallic dopants. Valentin and co-workers'"!
theoretically calculated that the introduction of moderate
amounts of alkali metallic cations into the interstices of WOj3
lattice can induce remarkable lattice distortions, reducing the
band gap energy of the alkali metallic-doped WO;. The
intercalation of alkali metals into the interstices of the
hexagonal WO; matrix was also studied using hybrid density
functional theory calculations.'® The structural and electronic
properties of mono-doped (A s3WO3, A = Li, Na, K, Rb, and
Cs) and co-doped (Lig0g3A0.083WO3, A = Li, Na, K, Rb, and Cs)
alkali metals were examined, with both types of dopant shifting
the Fermi level of the conduction band upward, leading to
metal-like characteristics. These changes result in optical
absorption in the visible light and NIR absorption range.
Moreover, alkali metal co-doping induces a strong NIR
absorption that is not found in a pure hexagonal WO;. Co-
doping is more stable than mono-doping, except in the case of
(Li, Li). These alkali metal doped WOj; studies have paved the
way for scientists experimentally realize and apply new, high-
performance materials.

4.3 Non-metal element doping

Non-metal doped WOj; is also a subject of intense materials
research focused on tuning its structure and optical and
electronic properties. To this end, nitrogen, carbon, sulfur,
iodide and tellurium have been used as dopants in the WO,
lattice. The great achievements in the use of N-doped titanium
oxide for visible-light photo-catalytic harvesting have prompted
researchers to consider doping N into WOj; to improve the
material performance. Paluselli and co-workers'® have
developed N-doped tungsten oxide films that demonstrate
electronic properties different from those of bare intrinsic WO;
films. They reported that the formation of new electronic states
below the conduction band in the N-doped films lowered the
band gap energy to as little as 2.2 eV. This work was followed
by many other studies, which have provided deep insight into
N-doped WOj;. Brian Cole et al.'™ evaluated the change in the
band gap energy of WO; by doping with N, which significantly
impacted its function in photoelectrochemical water splitting. It
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was suggested that a high content of N dopants (> 3 mTorr) in
the WO; lattice can drastically reduce the band gap from 2.5 for
pure WO; to less than 2.0. However, the doping causes a large
decrease in the PEC performance due to the degradation of
charge carrier transport as a result of the formation of defects.
A similar work'® reported that nitrogen doped into a WOj5 film
via thermal treatment in NH; gas provided a visible light region
photoresponse. Obviously, nitrogen is a good candidate as a
dopant to enhance the visible light harvesting of WO;. Besides
nitrogen, other non-metallic atoms such as S, C, I, and Te'%
have also been intensely studied, providing significant insight
into the effect of doping non-metals into the WOj lattice on the
electronic properties and morphology, as well as the
performance of bare WOj;. As a very recent example, Buddie
Mullins and co-workers'®* showed that S and I incorporated
into WOj; result in red shifts of the absorption spectra from ~2.7
to 2.6 and 2.1 eV, respectively. An explanation of the
substitution mechanism was reported based on theoretical
estimations.

5. WOs-based heterostructuring

Oxide semiconductors have certain addressable issues, such as
limited optical absorption, poor mobility, rapid decay and high
recombination of photoexcited carriers. Overcoming such
shortcomings is of fundamental importance for industrial
applications. Several strategies, including heterostructuring, band
gap engineering, morphology tailoring, plasmonic coupling and co-
catalyst loading, can be applied to boost the photoactivity.'® Band
gap tuning allows the optical absorption of the solar spectrum to be
extended. A 1D nanostructure provides a direct pathway for electron
transfer,'”” and hierarchical structures provide the unique advantages
of a larger surface area.'” Among these, combining two or more
materials together is a notable strategy. Integration may be
approached in the form of either a nanoscale interface junction
formation'® or a layer-by-layer arrangement''’ backed by solid
conducting support. Each route has certain merits and demerits with
respect to the ease of fabrication, optoelectronic properties attained
and the mode of the final application. Nanoscale heterostructures
may improve the optical absorption in different wavelength ranges
of the radiation spectrum.'"" They can also potentially contribute to
the suppression of the wasteful recombination of photoexcited
charge carriers.''> However, such phenomena are entirely dependent
on the intrinsic properties of chosen materials. For instance, the
valence and conduction band edges must be located at suitable
positions on the electrochemical scale. Electronic synergy driven
wasteful recombination can only be suppressed by directing the
electrons and holes in opposite directions.

Another important aspect of a heterostructure is the simultaneous
exploitation of the combined features of different materials, which is
impossible to achieve through the separate use of the individual
components. Such a concept has been widely applied in an artificial
Z-scheme for overall water splitting.'"> The formation of a
heterojunction can also influence the feasibility of photoredox
chemistry. It is important to note that photo-driven redox reactions
are highly dependent on the oxidation or reduction potential of metal
oxides corresponding to the respective valence and conduction band
energy levels. Hence, the careful selection of component materials
for heterojunction formation is a fundamental consideration. While
considering aspects of solution phase synthesis, it is important to
mention that the formation of a nanoscale interface junction with
controlled morphology is neither straightforward nor easy in all
cases. In certain cases, solution phase epitaxy or heterogeneous
nucleation and the growth of the second material on the surface of
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the first remains quite challenging. Such considerations as crystal
lattice matching and reaction condition optimization are
indispensable. The use of functional linkers as anchoring agents can
facilitate heterogeneous growth.''* However, their usage also has
certain drawbacks in terms of both the additional cost and their
potential influence of the charge injection process between
materials.''> Poorly formed interface junctions may act as trapping
sites favourable for carrier recombination. Therefore, the quality and
area of the interfacial junctions of nanoscale heterostructures must
be considered. High-quality interfacial junctions are necessary for
optimal recombination suppression and will enable the design of
highly efficient photocatalytic materials for various useful
applications.

WO; has recently been coupled with a variety of other oxides
and metals, such as TiO,,'"® TiO./Au,'” Cu,0,' Fe,05,"” ByOs;.
N, BiySs,'*! €dS,'* CdS/Au,' V,05,"** CaFe,0,,'” C3N,,"°
C3N,/Co0,,"”  SiTO,'"** 110,  Bi,WO4,"’  ZnWO,,""
CuwO,,'"? H,WO0,'"? Niw0,,'* BivO,'""** BivVO,/CoPi,'*
Fe,0,/CoPi,"* BiVO,/Sn0,,"" AL,Os,"** RGO,"’ carbon fibre,'"’
PANL'*' Cu/PbO,/Ag,"* Ag/Cu0,'"* polyoxometalate/Au,'** Ag,'®
Pt,"% and Pt/Au'"’. The significance, fabrication, and photocatalytic
or photoelectrochemical characteristics of the selected examples are
summarized below.
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Fig. 15 (a) Photolithographically patterned n*-Si <111> wafer with a
SiO; mask layer and Cu catalyst in the desired growth pattern. (b) VLS
Cu-catalysed growth of n-type Si microwires on an n*-Si substrate
followed by metal etching (RCA 2). (¢) SiO, diffusion barrier (boot)
formation via SiO, growth, PDMS infill, HF etch and PDMS removal.
(d) p*-Si emitter drive-in from the BCl; precursor at 950 °C for 30 min
in a CVD furnace. (¢) Conformal DC sputter-coating of ITO. (f)
Conformal n-WOj; electrodeposition and annealing at 400 °C for 2 h.
(g) Fully assembled tandem junction device array SEM (scale bar = 10
pm). (h) Cross-sectional SEM of a fully assembled tandem junction
single wire demonstrating the layered structure of the device (scale bar
=500 nm). Reproduced from Ref. 128a with permission from the Royal
Society of Chemistry.
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Fig. 16 SEM images of plain and hierarchical structures of Si/WO;
core-shell tandem photoanodes and their corresponding photocurrents.
Reprinted with permission from ref. 128b. Copyright 2014 American
Chemical Society.
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Silicon (Si) has been explored for PEC H, production.148 However,
it suffers certain drawbacks, such as undesired oxidation and
insufficient photovoltage generation.'” Si has been combined with
different metal oxides to upgrade its PEC performance.'®'?% A
WO; thin film was electrodeposited on a Si substrate, and the
WO53/Si interface was observed to markedly affect the photocurrent
density. Inserting a thin layer of tin-doped indium oxide (ITO)
between the WOj; film and Si substrate resulted in significantly
enhanced PEC properties.'® Unassisted H, production has been
demonstrated using a Si-based tandem device, with the n-p*-Si
nanowires coaxially coated with ITO and WO; layers, fabricated as
shown in Fig. 15. The tandem junction (n-Si/p*-Si/ITO/n-WQO,/1.0
M H,SO,) exhibited an E,. of -1.21 V, which is much larger than
that of a single junction (p-Si/ITO/n-WO;/1.0 M H,SO,), E,. -0.73
V. Such a shift in E,. has been assigned to the formation of an n-p*-
homojunction.'?®* Hierarchical structures have the advantage of a
high surface area,'®'>" whereas porosity can improve the charge
carrier collection efficiency.'”’ Combining the additive features of
both may improve PEC performance. A Si/ITO/WO; core-shell
nanowire-based tandem device has been fabricated, introducing
porosity to the outer shell of the WO; layer. As a result, a several-
order increase in the photocurrent density was observed, as shown in
Fig. 16.'”® CdS is a narrow band gap material. It shows absorption
in the visible range, a large portion of the solar spectrum. It has been
extensively coupled with large band gap materials. The reduction
potential of WO; is less than that required for H, production from
water splitting. Hydrothermally prepared WO5/CdS heterojunctions
have exhibited superior H, production, nearly five times higher than
that of bare CdS. Improved photoactivity was assigned to the
effective suppression of carrier recombination. The rate of H,
production was further improved by the loading of Pt nanoparticles
onto a WO3/CdS heterostructure, which improved the charge transfer
process.'?** One-dimensional nanostructures have unique advantages
in terms of their superior electron transfer capability. Vertically
aligned 1D WO5/CdS (core/shell) nanowires were fabricated on W
foil using the CVD method. Monoclinic WO; nanowire arrays were
coated with a hexagonal CdS shell, and the transient photocurrent
response indicated significantly improved PEC performance. The
coating of the CdS shell resulted in decreased charge transfer
resistance, as observed by EIS, as well as an improved lifetime of
photoexcited carriers (Fig. 17).%
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Fig. 17 Nyquist plots of measured EIS spectra (under visible light 4 > 420 nm)

and photoluminescence decay of pristine WO3 nanowires, CdS nanowires,

and WO3/CdS core/shell photoelectrodes. Reproduced from Ref. 122b with

permission from the Royal Society of Chemistry.
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Recently, WO5/BiVO, heterojunctions have attracted much
attention.''3*135137 ' [ ee and co-workers have demonstrated the
polymer-assisted fabrication of WO,/ BiVO, films on a FTO
substrate in a layer-by-layer arrangement. BiVO, exhibits better
optical absorption, whereas WO; provides superior charge transport.
Blending the two materials in an appropriate proportion results in
higher performance than the use of materials individually. Coating a
BiVO, over-layer on four layers of WO; provided the best PEC
performance.'** Inserting a thin layer of SnO, between the WO5 and
the BiVO, further boosted the PEC characteristics. The increase in
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the photocurrent density and IPEC were attributed to the improved
interfacial charge transfer capabilities caused by the sandwiched thin
layer of Sn0,."*” Furthermore, WOy/W-BiVO, (core/shell)
nanowire-based photoanodes have shown excellent PEC
performance. WO; nanowires were grown on an FTO substrate by
flame vapour deposition/annealing. The W-BiVO, shell was coated
by the drop-casting of the BiVO, precursors followed by thermal
annealing. A significant improvement in photocurrent density was
observed. Interestingly, the IPCE of this material was found to be the
highest among BiVOy-based photoanodes. It was suggested that the
PEC performance could be further improved by combining the
WO,/W-BiVO, photoanode with a suitable OEC catalyst.""!
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Electrode

Fig. 18 Schematic diagram of the fabrication procedures for the DDIO-
WO;/BiVO, photoanodes and PEC cells with DDIO-WO;/BiVO,
photoanodes. Reprinted with permission from ref. 134b. Copyright 2014
American Chemical Society.

Recently, inverse opal-based periodically ordered photonic
crystals have attracted significant attention. Ming Ma and co-
workers demonstrated the template-assisted fabrication of a double-
deck WOs/BiVO, inverse opal photoanode (DDIO-WO;/BiVOy)
using a polystyrene template and a swelling-shrinking approach.
DDOI-WO;3/BiVO, exhibited significantly —improved PEC
characteristics. The photocurrent density was observed to be 40
times higher than that of a bare WOj; inverse opal electrode. The
larger area of the interfacial junction between WO; and BiVOy is
favourable for the effective separation of charge carriers. The
scheme for the fabrication of DDOI-WO;/BiVO, is shown in Fig.
18."**" Branched nanowires are generally highly desirable due to
their high surface area and efficient charge collection. Pingyun Feng
and co-workers'?” demonstrated the fabrication of three-dimensional
branched (3DB) WO; nanosheet arrays (NA) decorated with C3Ny
nanosheets (NS) and a CoO, hybrid photoanode, referred to as 3DB
WO;-NA/C;5N,//CoO,. The photocurrent density of the hybrid
photoanode under 1.5 AG at 2.1 V was observed to be 5.76 mA cm’
2, which is 1.88 times higher than that of the bare 3DB WO, NA
photoanode (3.07 mA cm?).

This journal is © The Royal Society of Chemistry 2012
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Fig. 19 Voltammetric response of transparent AL,Os/WO; electrodes under
simulated AM 1.5G illumination (120 mW cm™). The alumina over-layer
was deposited by ALD for O cycles (black), 3 cycles (green), 30 cycles (red)
and 300 cycles (blue). Electrolyte: Ar-purged 0.1 M HCIO, (pH 1.0). Scan
rate: 20 mV s™'. The photocurrent (I,,) was obtained by correcting the
capacitive contribution in the dark. Inset: normalized photocurrent values
taken at 0.97 V vs Ag/AgCl (thermodynamic potential of water oxidation at
pH 1.0) as a function of number of ALD cycles. Reproduced from Ref. 138
with permission from the Royal Society of Chemistry.

Atomic layer deposition (ALD) is a versatile technique for
depositing atomically thin layers. Adriana Paracchino and co-
workers developed ultrathin ALD protective coatings for improved
PEC water splitting."”> Choi and co-workers'*® demonstrated the
coating of a very thin Al,O; layer on WO;. By suppressing the
recombination of charge carriers, an alumina over-layer was found to
be favourable for water oxidation. The thickness of the alumina layer
can be controlled by the number of ALD cycles. Improvement in the
photocurrent density was observed to be a function of the number of
ALD cycles. As shown in Fig. 19, 30 ALD cycles provided an
optimized photocurrent response that was three times higher than
that of the bare WO; electrode.'®® In addition to the formation of
WOs/metal oxide heterojunctions, noble metal coupled WO; has also
been proven to have enhanced photocatalytic activity. A mesoporous
WO; film was deposited on a plasmonic AgNP-coated TCO
conducting substrate (FTO). The photocurrent and IPCE values were
60% and 50% higher, respectively, than those of a bare WO; film.
The resonant and non-resonant scattering of light were both
suggested to contribute to the improved performance.'* Because the
conduction band edge of WO; is more positive than the O, reduction
potential, it may influence the photodecomposition of organic
compounds. By coupling WO; with Pt, Ohtani and co-workers'*®*
suggested the multi-electron reduction of O,. Having monitored CO,
as the degraded product, they demonstrated significantly improved
photodecomposition ability under visible irradiation. Very recently,
Hiroshi Kominami and co-workers'®’ fabricated a Pt/Au/WOs
photocatalyst and demonstrated the production of H, and O, in the
presence of sacrificial reagents. In explaining the mechanism, they
noted that the WOj; excitation and the SPR of the Au NPs both
supported the production of H, and O,. They further suggested that
the transfer of Pt/Au/WO, electrons from Au to Pt also contributes
to favourable H, production.'¥’ Several organic stabilizers or
capping agents are often used to improve the stability of plasmonic
NPs. Certain inorganic species, such as polyoxometalates (POM),
are a potential substitute. Renata Solarska and co-workers'*
demonstrated combining WO; with phosphododecamolybdate anion
(PMo,,04¢) capped plasmonic AuNPs. It was suggested that the
catalytic effect of Au-PMo;,04> and the plasmonic effect of the

This journal is © The Royal Society of Chemistry 2012

CrystEngComm

AuNPs both contributed to the improved PEC performance. They
further suggested that Au-PMo;,04> supports the separation of
charge carriers.'*

6. Applications

Due to the versatile nature of WO; nanoparticles, they have been
widely used in various fields. Tungsten oxide is used for many
purposes because of its flexibility. The applications of WO; are
divided into four categories, namely, sensors, catalysts, devices and
miscellaneous applications, which can be further classified by use, as
shown in Fig. 20.

—— Sensor Gas sensors, Humidity sensors,
Acetone sensor, pH sensor etc.

Catalvti Photocatalyst, Solar energy conversion,
A1AYICT Wastewater treatment etc.
Tungsten trioxide

s Infrared switching devices; High-density
Applications

memory devices, Writing-reading-erasing
optical devices, Large-area displays, Smart
windows etc.

Devices

colorant and analysis reagent of
chinaware, Fire-proofing fabrics,
Imaging, Ceramic pigments, X-ray
screen and fireproof textile etc.

Miscellaneous
applications

Fig. 20 Schematic representation of the tungsten trioxide applications
mentioned in the text.

6.1 Sensors

Many different types of semiconducting metal oxides are well-
known for their gas sensing applications, e.g., ZnO, TiO,, SnO,,
In,03, CuO, CdO, Fe,0;, Mo0O;, TeO, and WOs;. Different metal
oxides show different gas sensing properties because of their
stoichiometry-dependent conductivity as well as their interstitial
anion and cation vacancies.'> In short, gas sensors work through gas
adsorption on the surface, which changes the electrical resistance of
the sensor (semiconducting) materials. According to the primary
charge carrier type, semiconductors are divided into two categories:
n-type and p-type semiconductors. Hence, the detected gas species
can also be divided into two groups, electron accepting, or oxidizing,
gas species (e.g., NO, and O,) and electron donating, or reducing,
gas species (e.g., ethanol, CO, H,, H,S and HCHO). Tungsten oxide
exhibits n-type semiconducting behaviour; however, it is applicable
to both types of gas species (oxidizing and reducing).”** Among the
various applications of WOj;, sensor applications are most common.
Therefore, a major portion of the tungsten oxide produced is
consumed in the sensor field.

It is well known that sensor performance depends upon several
parameters, such as sensitivity, recovery time, response time,
working temperature and detection limit. To improve the sensor
performance, different material types, sizes and morphologies and
different combinations and structure modification processes have
been studied. In 1987, the first report of WO; as a pH-based sensor
was submitted by Wringhton ez al."® Recently, Santos et al. reported
that a WO; nanoparticle-based sensor is very effective for pH
sensing.'*® It is well known that pH is a vital parameter for disease
diagnosis as well as medical treatment. Therefore, to accurately
measure the pH, a highly sensitive sensor comprising
electrodeposited WO; nanoparticles on a flexible metal substrate as
an electrode has been prepared. The as-prepared WO3-based sensor
shows a sensitivity of —56.7 £ 1.3 mV/pH over a wide pH range of 9
to 5.
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One-dimensional WO; has received considerable attention in gas
sensing due to its tremendous sensitivity and selectivity performance
in detecting different types of gases. One-dimensional WO; gas
sensors have been frequently chosen for sensing NH3, H,S, O3, NO,,
and H, as well as liquefied petroleum gas at high temperatures of
approximately 200 — 300 °C.'” It has been reported that
functionalized 1D  WO;-based sensors (specifically, Pt-
functionalized WO; nanorod based sensors) improve the sensing
performance for H,'® and CO as well as NO, gas.'” Further
modification of 1D WO; include 3D mesoporous structures to
improve the sensing properties. Qin et al. suggested that a
mesoporous 3D network of crystalline WO;3 nanowires can exhibit a
high sensitivity, good selectivity and fast response—recovery for NO,
gas sensing applications.'® The high performance of the mesoporous
3D WO; nanowire is a result of its large surface area, perfect single
crystallinity and stable mesoporous channels.

Choi et al.'® reported graphene-functionalized hierarchical porous
WO; nanofibers with 1D nanoneedles for the detection of acetone
molecules for the diagnosis of diabetes. The high detection limit of
acetone is due to its unique morphology, which creates a high
number of reaction sites on the surface of the structure. Righettoni et
al. reported a Si-doped WO; nanoparticle film as an acetone detector
for diabetes diagnosis through breath analysis.'®? Tungsten oxide has
also been used for the detection of alcohol with porous nanoflakes,
and Xiao et al. observed that it shows a highly alcohol-sensitive
performance.'®
Another very important application of tungsten trioxide is as a
humidity sensor. These humidity sensors are based on through the
resistance of the film, which changes with the adsorption or
desorption of water vapour.'® WO; composites are most frequently
been used as humidity sensors. Bendahan ez al. reported that a radio
frequency (rf) magnetron sputtering deposited WO; film on a
SiO,/Si substrate showed a sensor response variation based on the
operating temperature.'®® A tungsten oxide composite with an
organic material (polyaniline) was also used as a humidity sensor.'*®
Recently, Li et al.'’ reported a high-temperature humidity sensor
with high sensitivity, fast response and long stability that is based on
a composite hollow nanosphere structure of WO;3; and SnO,. The
improved properties of the sensor depend upon the composite
structure and morphology of the nanoparticles.

6.2 Catalysis

Tungsten oxide has been used in several catalytic applications such
as photocatalysis or solar energy conversion, wastewater treatment
and RhB degradation. Tungsten trioxide is very well known for its
wide band gap energy (~2.6.eV) and absorbs over a long range of
visible light, endowing it with many applications in the
photocatalytic field. In a study by Tanaka et al.'¥’, a Pt-Au deposited
WO; photocatalyst drove the reduction and oxidation of H, and O,,
respectively, under visible light irradiation. Pt/Au/WO; is a new
photocatalyst prepared with subsequent colloid photodeposition
(CPD). To produce this electrode, Au nanoparticles were initially
deposited on WO; with photodeposition (PD), and then Pt
nanoparticles were deposited on the Au nanoparticles by CPD. The
prepared sample continuously produced H, and CO, through
glycerin under a visible light source and O, production from water
oxidation. The reduction reaction or H, formation occurred because
of the surface plasmon resonance of the Au nanoparticles, and the
valence band position of WOj is responsible for the O, production.
This type of study aids in the design of a new photocatalysts,
providing information on SPR (surface plasmon resonance) and band
gap excitation.

Tungsten oxide combined with molecular catalysis also improves
photocatalytic performance. Generally, molecular catalysis works in
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the dark and hence requires a sacrificial oxidant (Ce* or $,05%") to
conduct the reaction. Klepser er al.’ reported that, with the help of
an iron molecular catalyst, such as a phosphonate-derivatized
complex, Fe(tebppmen)Cl,, and without any sacrificial oxidant, WO,
provides a 60% higher water oxidation rate. WOj5 is also used as a
reductive catalyst in various applications, such as nitrogen oxide
(NO,) reduction for environmental health issues. Peng et al.'®
offered theoretical as well as experimental evidence for the selective
catalysis reduction (SCR) of NO, with NH; through a CeO,-WO;
catalyst.

Tungsten oxide shows enhanced photocatalytic performance in
combination with other materials, such as NaNbO3/WO3,169
Ag/CuO/WO;,'* WO,@TiO,,' Bi,SyWO;'*' and the above-
mentioned WO;-based heterostructuring. Not only does a
heterojunction combination of WO; show high performance, but a
homojunction combination with a minor phase of hydrated tungsten
trioxide (WO5.H,0) also shows a greatly enhanced photocatalytic
performance for the degradation of RhB under visible light.'”'
Similarly Qi et al.'” introduced another homojunction combination
with different morphologies, such as WO,
nanorods/nanoparticles/nanoflakes, in a triple layer with a high
photocurrent for solar energy conversion. This unique combination
has been prepared by a one-step anodization method on a metallic W
foil with a longer reaction time. The stability of the prepared triple
layer photoanode is enhanced considerably by adding an ultrathin
(10 nm) TiO, protective layer through ALD.

Liu et al. first modified of WO; with anionic liquid to increase its
photocatalytic performance.'” In this study, the tungsten trioxide
surface is modified by an ionic liquid of [Bmim]I (1-butyl-3-
methylimidazolium iodide) using a method of facile impregnation in
water at 80 °C. The presence of the positively charged [Bmim]*
bond on the surface effectively hinders the recombination of the
photogenerated electron-hole pairs by catching the photoexcited
electrons on the conduction band, which could increase the
photocatalytic performance. Moreover, [Bmim]I-modified WO,
shows high stability and long-lasting photocatalytic activity, which
is helpful for practical applications. Reyes-Gil ef al.''® reported an
electrodeposited composite WO3/TiO, nanostructure as a
photoanode for water splitting in wastewater treatment. In this study,
it is proven that the composite structure improves the solar
absorption, photocurrent and photodegradation efficiency of the
photoanode compared to the individual WO; and TiO, photoanodes.

6.3 Devices

Devices are another important application of tungsten trioxide. WO;
can be used in various devices, such as infrared switching devices,
high-density memory devices, writing-reading-erasing optical
devices, large-area displays, and smart windows. The electrochromic
properties of the material are responsible for these types of
applications, enabling it to change optical properties continuously
and reversibly with a small electric difference. Tungsten trioxide
with different morphologies and in combination with different
materials shows improved electrochromic properties, such as
crystalline ' WO; nanoparticles,'””* highly porous WO5,'” 1D
crystalline/amorphous tungsten oxide core/shell heterostructures,'’®
WO;2H,0 ultrathin nanosheets,®> 1D WO; nano-structures,'”’
TiO,@WO; core/shells'”® and hierarchical structure Ti-doped WO,
films'”.

In 1997, Gavanier et al. °* developed a tungsten trioxide based
smart window, motivated by the fact that tungsten trioxide is the
most stable electrochromic material. These types of smart windows
can change their light transmission properties, such as heat and
intensity, with an applied voltage and are also called electrically
switchable glasses. Turyan er al.'® reported tungsten oxide films
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with “writing-reading-erasing” capabilities using a scanning materials for various useful applications. The Dbest
electrochemical microscope. The writing process produces photocatalytic properties of WO; are obtained from optimized

permanent changes on the surface, but because of the electrochromic
properties of WOs;, it can undergo a reversible reduction-oxidation
process, which is helpful for fast reading and erasing. Kumar et al.'®'
also reported a redox-based memory device based on a
heterojunction barrier with PT-PPy (polythiophene-polypyrrole)
coated indium tin oxide for ion transport. Tungsten oxide can also be
used as a nonvolatile memory device upon the deposition of tungsten
nanocrystals (WO3;/W nanocrystals) via tungsten silicide by rapid
thermal oxidation.'*?

6.4 Miscellaneous applications

Beyond the above applications, WO; can also be used as a colorant
and analytical reagent for chinaware and in fire-proofing fabrics,
ceramic pigments, X-ray screens and fireproof textiles. WO; is a rich
yellow and is thus also used as a pigment in paints and ceramics.'®?
The composite structure of WO; is also useful in various new
applications. Wang et al. suggested that WO; nanotrees on tungsten
foil with 3D V,05 show high performance as a pseudo-capacitor. It
is also important for global energy consumption as a significant
supercapacitor.'® It has also been reported that a combination of
WO; with ZnO can be used as a bright blue phosphor material in
vacuum fluorescent displays (VFDs) and field emission displays.'®
Tungsten trioxide is also used as a protective layer on
S1TiO;:Pr,Al,Ga phosphor for surface-related degradation in
VFDs.'%

6. Summary and Outlook

This article has summarized the crystal structures and
properties of tungsten oxide and its derivatives, such as
tungsten suboxides, tungsten trioxide hydrates, tungsten
bronzes, and metal tungstates. The {002} facet has the highest
surface energy of the three main low index facets, {002}, {020}
and {200}. The {111} planes are not the lowest surface energy
surfaces, and it is difficult to prepare octahedral WO; by a
normal reaction. Therefore, the fine-tuning of WO;
nanoparticles by exposing specific facets, especially {002} and
{111}, is highlighted. Unlike TiO, and BiVO,, the properties of
different facets of WOj; remain unclear. Syntheses of uniform
WO; crystals with different clear facets should be developed in
the future. WOj; films with dominant orientations, along {002},
are summarized. It is difficult to unambiguously assign the
good photocurrents resulting from the orientation of the
nanoparticles because the photoelectrochemical activity can be
influenced by many other factors, such as the surface area,
porosity or thickness of the film. More related work should be
conducted to show that the oriented films have better properties,
such as photoelectrochemical properties. The doping of WO;,
WOj3-based heterostructuring and the applications of WO; are
also summarized. The doping of various elemental dopants into
the WO; structure have been intensively attempted by many
researchers to improve its activity and physicochemical
properties. The as-doped WOj; materials undergo great changes
in their intrinsic behaviours with the addition of dopant
impurities. To this end, new materials with high application
potential can be fabricated. However, the doping of metal
oxides is still a contentious subject in the literature, and this
paper aims to highlight the essential understandings of the
doping of WOj;. High-quality interfacial junctions will be
helpful for electron-hole recombination suppression in
photoelectron/photochemical systems. Ultimately, this will also
be favourable for the design of highly efficient photocatalytic

This journal is © The Royal Society of Chemistry 2012

heterostructuring. There is still significant room for enhancing
the capabilities of these applications through the fine-tuning of
the nanostructures of tungsten oxides. The scope of application
can be expanded to drug delivery and sensors in microfluidic
systems.'” We expect more potential applications of tungsten
oxides to be commercialized in the future.
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