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Because of their unique physical and chemical properties, one-dimensional
(1-D) metal-oxide nanostructures have been extensively applied in the areas of
gas sensors, electrochromic devices, nanogenerators, and so on. Solar water-
splitting has attracted extensive research interest because hydrogen gener-
ated from solar-driven water splitting is a clean, sustainable, and abundant
energy source that not only solves the energy crisis, but also protects the
environment. In this comprehensive review, the main synthesis methods,
properties, and especially prominent applications in solar water splitting of
1-D metal-oxides, including titanium dioxide (TiO,), zinc oxide (ZnO), tung-
sten trioxide (WO3), iron oxide (Fe;O3), and copper oxide (CuO) are fully

discussed.
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INTRODUCTION

As the global population increases, energy
demands are also continuously increasing. Renew-
able solar energy is believed to be a potential
solution to energy sustainability and environment
protection. Solar-to-chemical energy conversion is
considered the same goal for researchers who focus
on energy generation.' Sunlight is the ideal limit-
less and carbon-neutral energy source with suffi-
cient scale to replace fossil fuels and satisfy
increasing global energy demands.>™* In recent
years, artificial photosynthesis (APS) has become a
potentially controllable approach for solar-to-chem-
ical energy conversion which emulates the natural
photosynthesis process using man-made materials.

Photoelectrochemical (PEC) water splitting pro-
duces hydrogen through solar energy. It is a typical
process of artificial photosynthesis in which solar
energy is converted into chemical fuels. The oxida-
tion of water to O, is an important process in the
direct PEC production of fuels from sunlight.?®
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Water cannot be directly decomposed by light with
wavelength shorter than 190 nm. However, for
electrochemical water electrolysis in the presence
of photocatalyst, only a minimum voltage, equiva-
lent to the energy irradiance with a wavelength of
~1000 nm, is needed.” Hence, water-splitting can be
achieved using visible light irradiation with the
participation of a suitable photocatalyst. The artifi-
cial photosynthesis that generated Hy was firstly
reported in 1971 by Honda and Fujishima, who used
TiO; film as a photoanode and no other co-catalysts
on the TiOy surface in a PEC cell.® As shown in the
Fig. 1, water is oxidized on the anodic titania,
2H* + H,O — 1/205 + 2H*, and the protons are
reduced at the other electrode to produce hydrogen,
2¢” + 2H" —» H.,.

As the development of 1-D metal oxides has
matured, superior performances in water splitting
has been widely reported.®!! Metal oxides are
typical ionic compounds comprising positive metal-
lic and negative oxygen ions, in which the positive
metallic ions and the negative oxygen ions interact
with each other. Most of the metal oxides have
fantastic thermal and chemical stability, and
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Fig. 1. Schematic diagram of solar-driven water splitting using a semiconductor photocatalyst.

variety of excellent properties including wide band-
gaps, high dielectric constants, high carrier concen-
tration, good electrical, optical, and electrochromic
characteristics on account of its completely filled s-
shells.’?>* Hence, 1-D metal oxides are regarded as
one of the most excellent functional materials and
have been extensively exploited in multifarious
technological applications.'® Significant progress in
the fabrication of 1-D mental oxides have provided
simple and efficient hetero-nanostructures for solar
water-spitting with photocurrents ranging from
microamperes to milliamperes per square
centimeter.'®71®

Here, we systematically introduce some recent
developments of properties, synthesis methods, and
primarily applications in water splitting of some
typical 1-D metal oxides, including TiOs, ZnO, WOs3,
Fe;_,0O, and CuO.

TIO,

Titanium oxides have different chemical forms
which can be categorized into tyzgical TiO,'*2! and
Ti,0s, 122 forms, such as TiO,?? Tiy05,2° Tiz05,%*
Ti407,% Tiz09,%° Tiz013,>" and TigO,7.*® Titanium
oxides also exist in various crystalline phases, such
as tetragonal, orthorhombic, monoclinic, hexagonal,
triclinic, and rhombohedra. However, TiO, is com-
posed of octahedrals with shared oxygen atoms and
is mainly sorted into three crystalline structures of
rutile (tetragonal structure), anatase (tetragonal
structure), and brookite (orthorhombic structure),
respectively. TiO, is composed of octahedrals with
shared oxygen atoms. The neighboring rutile

octahedrals share corners along the [110] directions,
while the anatase shares corners along the (110)
planes. TiO,, especially 1-D TiO, due to the quan-
tum confined effect, performs outstandingly in
photovoltaic,?® photocatalytic,?® gas sensing,?!2
and electrochromic devices.??%?

Recently, enormous efforts have been made to
synthesize 1-D TiO, in the form of nanorods, NWs,
nanofibers, nanobelts, and nanotubes. TiO, has
been extensively studied in photocatalytic and
photoeletrochemical production of hydrogen due
to its chemical stability, high efficiency, and low
cost.>*37 Since the practical demonstration of PEC
water splitting was reported by Honda and
Fujishima,® extensive research efforts have been
concentrated on preparation and development of
the nanostructure of 1-D TiO; materials for effi-
cient light harvesting, high quantum efficiency,
practical stability, low-cost fabrication, and espe-
cially, enhanced PEC water splitting perfor-
mances.?® 1-D TiO, nanowires have showed high
water splitting photoactivity due to their plentiful
oxide vacancies currently. A photocurrent of
approximately 1.3 mAcm 2 at 0.7 Vvvs was
obtained from a reversible hydrogen electrode
(RHE) measured in 1 M KOH under simulated
AM 1.5G full spectrum irradiation (light intensity
of 100 mW cm~2), which corresponds to an applied
bias-compensated photon-to-current efficiency (AB-
PCE) of approximately 0.69%.

An et al. used 1-D TiOy NWs with high electron
mobility to construct TiOs/BiVO, heterostructures
with designed interfacial defects that efficiently
increased the carrier concentration and extend the
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Fig. 2. (a) SEM and TEM (inset) images of Au NP-decorated TiO, NWs. (b) HRTEM image taken at the interface between Au NP and TiO»
NW. (c) Spatial distribution of electric field on the y—z plane for NP-TiO, and NR-TiO, NWs. The incident light is along a specific direction (y or
z axis). (d) Magnified IPCE plots of NP-2-TiO, and NR-TiO, electrodes in the incident wavelength between 450 nm and 800 nm, highlighted by
the dashed box in panel a. The corresponding absorption spectra of NP-2-TiO, and NR-TiO, are also included for comparison. Reprinted from

Ref. 40. Copyright 2013 American Chemical Society.

lifetime of electrons. The inherent phenomenon of
defective electronic structures in different
heterostructures creates a significant change in
their photoelectrochemical performance and pro-
duces a high photocurrent of 2.24 mA cm 2. The
TiO9/BiVO, heterostructure has significantly
higher photoconversion efficiency than bare TiO;
NWs. Ying-Chih Pu et al. reported that the pho-
toactivity of Au nanoparticle (NPs)-decorated TiO,
electrodes for photoelectrochemical water splitting
can be obviously enhanced in the whole UV-visible
region by adjust and control the shape of the
decorated Au nanoparticles prepared. This is
accomplished by immersing NWs into a HAuCl,
solution to form AuCl(OH);- complex on the TiOq
surface, followed by annealing at 300°C.>**° The
prepared Au NPs which were deposited on the
surface of TiOy NWs possessed a typical size of
~8 nm. In the Fig. 2b, the high-resolution trans-
mission electron microscopy (HRTEM) image taken
at the interface of NW and NP regions clearly
reveals that high quality rutile TiOy and face-
centered cubic Au crystals can be obtained by this
facile technique. Figure 2c shows the spatial dis-
tribution of electric-field intensity at the Au/TiO,
interface as monochromatic incident light travels
along a fixed direction. The electric field intensity
at the interface was increased by 15 times the

magnitude under incident light of 750 nm. This is
important for both Au NP- and Au nanorods (NR-)
decorated TiO; NWs, and could explain the mech-
anism of enhanced visible light photoactivity, in
spite of no spectral overlap between the amplified
electric field and the absorption edge of TiO,.
Nevertheless, it is well-known that there are defect
states within the band gap of TiO,.*"*? Figure 2d
displays that Au NP- and Au NR-decorated TiO,
electrodes possess incident photon-to-current effi-
ciency (IPCE) peaks at various incident light
wavelengths, which can match well with the cor-
responding surface plasmon resonance (SPR)
absorption peaks in the visible region. These
results indicate that the photoactivity of Au-deco-
rated TiOg NW electrodes for PEC water splitting
can be effectively improved in the whole UV-visible
region by decorating with various shapes of Au
nanostructures. Au acts as an antenna that local-
izes the optical energy by surface plasmon reso-
nance (SPR). Plasmonic Au can sensitize TiOs to
light with energy below the band gap, generating
charge for water splitting. This may effectively
solve the disadvantage of the wide band gap of
TiOy, even though it is expensive to add Au
nanostructures. Thus, it has potential to prepare
composite plasmonic metal photoelectrodes to use
solar energy effectively.



One-Dimensional Metal-Oxide Nanostructures for Solar Photocatalytic Water-Splitting 4719

ZNO

Zinc oxides contains two chemical forms, ZnO and
Zn0Oy, with only two crystalline phases, hexagonal
and cubic crystals. Zinc oxides are also widely used
in the photocatalytic and PEC arenas.**~*’ 1-D zinc
oxides can be formed into nanorods,***’ NWs 50
nanonails,”® nanopencils,®’ nanobullets nan-
otubes,>? nanocomb bike structures,’*®® nanorib-
bons,”® nanobelts,’” nanopins,®® nanoneedles,59
etc., by two principal methods: condensation pro-
cesses (top-down strategy) and the solution-phase
method (bottom-up strategy).?® Because of the near-
UV emission, optical transparency, electric conduc-
tivity, and high stability, 1-D zinc oxide (ZnO)
nanostructures have been considered one of the
most potentially multifunctional materlals with
huge apphcable potentlal in sensors,® optoelectron-
ics,%® field emission,®® solar cells,®® and surface
acoustlc waveguides.®5% Xu et al O applied wet-
chemical treatment methods to in situ decorate
ZnFey04 film onto conductive 5% Al-doped ZnO NW
(Al:Zn) arrays for solar-driven water splitting. The
Al:ZnO nanowires were fabricated by using the
hydrothermal method. Because of the high conduc-
tivity of Al:ZnO and visible-spectrum absorption of
the ZnFe,O, film, this unique structure shows
excellent properties with low onset potential
(Vgur = 0.38 V) and high photocurrent densities of
1.72mA ecm 2 (Vgug = 1.23 V)  (Fig. 3a). The
applied bias photon-to-current efficiency (ABPE)
plots of various photoanodes are shown in Fig. 3b.
The maximum applied bias photon-to-current effi-
ciency (ABPE) can reach up to 0.28% when using a
photoanode of AZO-ZFO-3 min (5% Al:ZnO-
ZnFe;04) at the external bias of 0.86 V, which is
enhanced ~600% above the pristine 5% Al-doped
Zn0O nanowires (AZO) film (0.047%). This work
predicts that the photocatalytic performance of
photoanodes can be enhanced by doping and deco-
rating the surfaces of ZnO NWs. Coincidentally, this
year, Lee et al.®? employed ferroelectric phase
transformed Li-doped ZnO NWs as photoanodes
for PEC water splitting and systematically investi-
gated their poling effects. Solar-to-hydrogen effi-
ciencies from water splitting were improved by
200% compared with a negatively poled electrode.

WO;

Tungsten oxides is very interesting and have been
extensively investigated among transition metal
oxides because of their unique physical and chem-
ical properties. Tungsten oxides have various chem-
ical forms mcludlng W02, 70 WO3, 1 W,05,72
W18049, Wgog, W5014, and W02 9, 1n differ-
ent crystalline phases including monoclinic, tri-
clinic, orthorhombic, and tetragonal crystals
during various transition temperatures.’’ Nanos-
tructured tungsten oxides are known by their
unique chemical and physical properties. 1-D WO;
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Fig. 3. (a) Linear sweep voltammetry (LSV) plots of 0.5% Al-doped
ZnO nanowires (AZO) and Al-doped ZnO-ZnFe,O, (AZO-ZFO)
photoanodes under chopped illumination. The treating time of AZO-
ZFQOis 1 min, 3 min, 5 min, 7 min, respectively. The concentration of
Al element increases while the treating time increases. (b) The cor-
responding applied bias photo-to-current (ABPE) plots. Reprinted
from Ref. 60. Copyright 2016 Royal Society of Chemistry.

nanostructures show greatly potential as photocat-
alysts, especially in water splitting. The synthesis of
1-D nanostructures, assembled into ordered super-
structures or complex functional architectures, give
us opportunities to explore their unique properties
and to fabricate nanodevices. Various synthesis
methods, such as thermal treatment, vapor phase
growth, solvothermal synthesis with raw materials,
chemical vapor deposition (CVD) process, have been
developed to prepare nanotubes nanobelts, nanor-
ods, NWs, nanotips, etc.”®52 For example Flg 4isa
schematlc of the hot filament CVD (HFCVD) tech-
nique applied to synthesize WO3; NWs on Si wafers.
Hot-filament CVD can be considered as one of the
CVD techniques due to its similarity. However, the
hot-filament in HFCVD is not only as hot energy
source but also as metal-vapor source during
deposition.

In recent years, reports on WO3 with a%)hcatlons
to water splitting have been numerous. Rao
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Fig. 4. Hot filament CVD technique. Reprinted from Ref. 77. Copy-
right 2012 John Wiley and Sons.

et al.®® tested a photoanode with the highest
reported product (1ans X #sep = 53%) of BiVO4-based
photoanodes, by coating a thin layer of BiVO4 onto a
vertical array of electrically conductive WO3 NWs to
prepare WO3/W-doped BiVO, core/shell structured
NWs (WO3/W:BiVO4 NWs, Fig. 5a). BiVO, is the
primary light absorber and WO3; NWs act as an
electron conductor. As we can see in Fig. 5a, core/
shell NWs are built with multiple changes for
improving charge separation in BiVO,, including
thickness reduction, nanoscale porosity addition,
heterojunction formation, and gradient doping on
prepared structure. The light absorption efficiency
of the present WO3/W:BiVO, NWs photoanodes is
relatively high due to the superior morphology
which optimizes light absorption and carriers trans-
port at the same time. The WO3/W:BiVO, NWs were
prepared by a combination of flame vapor deposition
and drop-casting approaches. The flame-synthesis
method is essential for practical applications due to
its high efficiency, low-cost and accuracy. The as-
grown W;3049 NWs were further annealed in air at
550°C in a box furnace for 2 h, and stoichiometric
and crystalline WO3 NWs were are obtained after
that (Fig. 5b). As shown in Fig. 5c, after all the
coating steps, the prepared samples were annealed
in air at 550°C for 2 h to obtain a crystalline W-
doped BiVO, shell composed by a single layer of
densely packed nanoparticles on WO3; NWs. Fig-
ure 5d shows that the photocurrent of the final
fabricated WO3/W:BiVO, core/shell NWs reaches
3.1 mA cm 2 at a potential of 1.23 V versus RHE
under the simulated AM 1.5G illumination. In this
study, the critical advancement is an application of
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Fig. 5. The WO3/W:BiVO, core/shell NWs photoanode. (a) Struc-
tural schematic and energy band structure of the core/shell NWs and
type-ll staggered heterojunction, in which charges generated in both
the W:BiVO, shells and WO3; NW cores can contribute to the water
oxidation photocurrent. The band edges and water oxidation or
reduction potentials are plotted on the reversible hydrogen electrode
(RHE) scale. (b, c) Scanning electron microscope (SEM, left) and
transmission electron microscope (TEM, right) images of the bare
WO3; NW array (75 nm average NW diameter) and WOz/W:BiVO,
core/shell NWs (60 nm average W:BiVO, shell thickness), respec-
tively. The W:BiVO, shell consists of a single layer of densely packed
nanoparticles. (d) Photoelectrochemical response of the WOg/
W:BiVO4 NW photoanode and control the sample in 0.5 M potas-
sium phosphate electrolyte buffered to pH 8. Current-voltage (J-V)
curves (solid lines: simulated AM 1.5G illumination, dotted lines:
dark). Reprinted from Ref. 83. Copyright 2014 American Chemical
Society.
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electrically conductive WO3 NW array to offset the
intrinsically poor properties of charge transport in
BiVO, without compromising light absorption.
Therefore, the result they obtained can achieve 7,
of 69% and g, of 77% at 1.23 V versus RHE,
together with a combined 7,ps X #sep product of 53%.
As far as we know, this is the great achievement to
date in BiVOy4-based photoanodes (compared with
the highest 45% previously reported). Furthermore,
WO3/W:BiVO, NWs were fabricated based on eco-
nomical precursors via an low-cost and accurate
process, which could significantly improve the effi-
ciency of photoanodes for tandem PEC water-split-
ting systems.

FE,_xO

Iron oxide is another important material for solar
water splitting and is cheaper and widely dis-
tributed in the earth. Iron oxide has various forms,
including FeO, Fe30, (magnetite), and Fe,O3 (he-
matite), with hematite (¢-FeyO3) exhibiting the
desired properties.®* % 4-Fe,05 is a typical n-type
semiconductor with the narrow bandgap (approxi-
mately 2.2 V), which possess large-scale absorption
spectrum. The theoretical solar-to-hydrogen conver-
sion efficiency (STH) of «-FesOs; is as high as
16.8%.5" 4-Fe;03 NWs are normally synthesized
based on the following three methods: atmospheric
pressure, low pressure plasma, and thermal oxida-
tion. Low-pressure plasma oxidation with continu-
ous exposure over a few minutes can produce highly
oriented, uniform, and dense NW arrays (Fig. 6a).
The diameter of these NWs are ~100-300 nm at the
base and tapered down to ~10 nm at the tips, and
up to 5-10 um in length. Figure 6b shows a-Fes03
NW arrays oxidized in a thermal furnace with high
density, on the order of 5 um in length, and tapered
from 100 nm to 10 nm.

Because of the excellent physical and chemical
properties, a-FesO3 has shown critical potentials in
photocatalytism, especially in PEC. Chernomordik
et al.®® used three-electrode J-V tests to

comparatively investigate the PEC performance
of thermal and plasma oxidation-grown, hematite
NW arrays. As a result, low-pressure plasma-
oxidized samples produced much higher photocur-
rents than the thermally oxidized ones. The pho-
tocurrent of the hematite NW array electrodes
prepared by thermal oxidation and plasma (low
pressure, ICP) oxidation as shown in Fig. 7. The
prepared samples exhibited significant photocur-
rents past 0 V versus SCE. At 1.5 V versus RHE,
the photocurrent of the low-pressure plasma-assis-
tant sample was 0.38 mA cm 2, while thermally
fabricated samples displayed negligible photocur-
rent. This study shows that hematite NWs pre-
pared by direct plasma oxidation of iron, exhibit
outstanding photoactivity.
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Fig. 7. Photoactivity of thermal oxidation and plasma oxidation
grown hematite NW array electrodes. The plasma prepared sample
exhibited a outstanding photocurrent of 0.38 mA cm™2 at 1.5V
versus RHE while thermally grown samples showed a negligible
photoactivity. Reprinted from Ref. 88. Copyright 1990 CCC Repub-
lication.
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Fig. 6. SEM images of hematite NW arrays on iron substrates prepared under the following condition: (a) oxidation using low pressure (LP) ICP
plasma; (b) oxidation in a thermal furnace. Reprinted from Ref. 88. Copyright 1990 CCC Republication.
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Fig. 8. SEM images of CuO NWs grown for 4 h on Cu foil at different
annealing temperatures: (a) 400°C and (b) 500°C. The insets show
the high-magnification images of the corresponding samples. Rep-
rinted from Ref. 100. Copyright 2013 American Chemical Society.

CUO

CuO is another member of metal-oxide semicon-
ductors that also possesses unique photocatalytic
properties.®*%° Copper oxides are extensively inves-
tigated in the application of water splitting. They
are a naturally occurring p-type semiconductor and
have suitable band gaps [E;~ 14V (CuO),
E; ~ 2.2V (Cug0)] for light absorption. Compared
with bulk CuO, CuO NWs can enhance the PEC
performance through its particular 1-D structures.
Furthermore, stable materials such as TiO5 coupled
with the CuO in the heterostructure can enhance
the efficiency of copper oxide photocathodes. Kargar
et al.'% demonstrated high efficiency 3-D ZnO/CuO
branched NWs heterojunction photocathodes for
PEC solar hydrogen production. Compared with
core/shell NW heterostructures, the branched NWs
(b-NWs) are very promising for PEC solar hydrogen
production because of the large surface area.'®71%3
CuO NW arrays can be synthesized on copper foil
and mesh via thermal oxidation growth methods.
Via simple, cost-effective thermal oxidation and
hydrothermal growth methods, both pure CuO NW
arrays and CuO/ZnO 5 m-ZnO/3 h-400°C-CuO (b-
NWs) can be grown on different copper substrates
with different NW sizes and densities. For example,
Fig. 8a and b are the SEM images of CuO NW
arrays grown in 400°C and 500°C, respectively,
which demonstrates high temperature can produce
longer, thicker, and denser CuO NW arrays than
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Fig. 9. Spectral IPCE of b-(5 m-ZnO/3 h-400°C-CuO) NWs at 0.4 V

versus Ag/AgCl RE. Reprinted from Ref. 88. Copyright 2014 Amer-

ican Chemical Society.

low temperatures. Figure 9 further demonstrates
the outstanding performance of ZnO/CuO b-NWs,
over the spectral of IPCEs of b-NWs at —0.4 V.
From 450 nm to 500 nm, the IPCEs are larger by
8% with a maximum efficiency of 10%. The ZnO/
CuO b-NWs display broadband photoresponse from
UV to the near IR region because of the coupling of
narrow band gap CuO with wide band gap ZnO.
This was produced by a facile and large-scale
fabrication approach for 3-D ZnO/CuO b-NW pho-
tocathodes for solar hydrogen production in a
neutral electrolyte. These results not only provide
useful insights into the design and preparation of
unique 3D b-NWs, but also exhibit critical potential
in solar hydrogen production. Compared with CuO
NWs, the ZnO/CuO b-NWs obviously display a
significant advantage in photocatalysis. Although
the stability of the CuO has been enhanced in this
research, more in-depth work should be carried out
to enhance the stability of p-type metal-oxides just
like CuO. To our delight, b-NWs give us methods to
enhance the photocatalytic properties of photocath-
odes by improve the structures of NWs.

CONCLUSIONS

Solar water splitting is one of the most promis-
ing approaches to relieve the energy shortage.
Because of the unique chemical and physical
properties, 1-D nanostructured metal oxides have
been widely applied in solar water splitting.
Among the vast majority of studied materials until
now, semiconductor metal oxides such as Fe;Os,
TiOy, WO;3, ZnO, CuO have shown the most
promising potential, partly because they are abun-
dant, cheap, nontoxic, and can be fabricated via
simple, low-cost, and scalable synthesis techniques
(hydro/solvothermal growth method and electrode-
position). Although great progress has been made
in the synthesis and application of highly efficient
metal oxide NWs, several issues still remain
unsolved. The short diffusion length, low conduc-
tivity, wide band gap, and poor surface evolution
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kinetics of the metal oxides give raise to STH
efficiencies considerably lower than their predi-
cated theoretical values. Moreover, it is difficult to
overcome the structure defects found in 1-D metal
oxides. Extensive research is needed to design high
quality metal oxide NWs for the application of
solar water splitting. It is encouraging to see that
many scientists have overcome challenges by opti-
mizing one dimensional nanostructures, surface
decoration, and doping. Hopefully, more and more
useful research about 1-D metal oxides will be
forthcoming.
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