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Hybrid nanostructures of mixed-phase TiO, for

enhanced photoelectrochemical water splitting

Wenbin Huang, @ Xuyue Wang,? Yali Xue,? Yang Yang,? and Xianyu Ao

Abstract: Mixed-phase TiO, nanostructures are synthesized by hydrothermal
treatment of anodized TiO, nanotubes. The growth of rutile nanorods on the anatase
nanotubes can greatly expedite the electron-hole separation and transportation,
enhance the light absorption, and also increase the surface area. When used for
photocatalytic water splitting, more than three-fold enhancement in photocurrent
density is observed for mixed-phase TiO, nanostructures, relative to pristine TiO,

nanotubes.

Introduction

Photocatalytic splitting of water into H, is a potential solution for sustainable
energy. When a semiconductor is irradiated with sunlight, the electrons in the
valence band are promoted to the conduction band, leaving positively charged
holes in the valence band. These photo-generated electrons and holes drive the
reduction and oxidation reactions in the photocatalytic water splitting. Among
various photoanode materials, TiO, distinguishes itself due to its favorable
band-edge positions, high resistance to photocorrosion, non-toxicity and low
cost.! For semiconductor metal oxides, however, only a small fraction of the
holes (when used as photoanodes) can reach the semiconductor/electrolyte
interface, since most of the photo-generated charge pairs recombine either
radiatively or non-radiatively. Apart from the short lifetime of charge carriers,
the light absorption efficiency of metal oxides is also quite low. Besides the
efforts in optimizing the material itself* (e.g., sensitizing with small band gap

9-14
1,

semiconductors/dyes,”® doping with metal and non-meta or partially

15,16

reduction to extend the absorption from UV to visible region), it is also

promising to increase the optical path length while keep the charge carrier
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transport distance short. This can be accomplished in nano-rod/tube arrays or
other nanostructures with large surface-to-volume ratios.'”*° On the other hand,
TiO, nanostructures consisting of rutile and anatase phases have been
demonstrated with enhanced photocatalysis efficiency,’’™ however, most

31-33
5

reports on the mixed-phase TiO, were based on Degussa P2 or

nanoparticles.*®**

Previously Lin ef al. reported the synthesis of rutile TiO,
nanostructures on anatase nanotubes with TiCl; as the precursor for DSSC,34
but their rutile TiO; rods were short and small due to the low temperature and
low pressure environment used.*

Here we report a kind of hybrid TiO, nanostructures for
photoelectrochemical (PEC) water splitting, consisting of rutile TiO, nanorods
synthesized by hydrothermal method on anodized TiO, nanotubes in a high
temperature and high pressure condition with titanium isopropoxide as the
reaction precursor. We find that both the Ti foil and the TiO, nanotubes are
dissolved if we use TiCls as the precursor at 150°C. This kind of hybrid
nanostructures has better charge transport and light absorption properties than
pristine nanotubes or nanorods due to the combining of anatase phase and rutile

phase. We observed more than three-fold enhancement in photocurrent density

relative to pristine TiO; nanotubes.

Experimental

Preparation of TiO, nanotubes: Highly ordered TiO, nanotube arrays were
fabricated by two-step anodization of Ti foil (99.4% purity, Alfa Aesar) in a
two-electrode cell with platinum gauze as the counter electrode under constant
current at room temperature. The electrolyte contains 0.5 wt% NH4F and 2
vol% H,O in ethylene glycol. In the first-step anodization, a current density of
20 mA/cm® was applied for 60 min, and then the anodized layer was removed
by ultrasonic in DI water. After that, the Ti foil was subjected to a second

anodization for 20 min, and then cleaned with DI water and dried with nitrogen
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stream. Finally, the Ti foil was annealed in air at 500°C for 2 hours with a
heating rate of 4°C/min to transform amorphous TiO; into crystalline.
Formation of hybrid TiO, nanostructures: In a typical synthesis, 0.24 ml
titanium isopropoxide was added into 20 ml of HCI aqueous solution (10 ml DI
water mixed with 10 ml 38 wt% HCI) under magnetic stirring. After stirring for
another 5 min, the solution was poured into a Teflon-lined stainless steel
autoclave (50 ml volume), and then the annealed Ti foils were transferred into
the autoclave for hydrothermal treatment at 150°C for 3~9 h in an oven. The
autoclave was then cooled down to room temperature under flowing water. The
samples were taken out and rinsed with DI water and blown dry with nitrogen,
then annealed in air at 500°C for 1 hours with a heating rate of 4°C/min.
Characterization: The crystal structure of the prepared TiO; nanostructures
was examined by X-ray diffraction (XRD, Bruker D8 Advance). Morphological
and lattice structural information were examined with field emission scanning
electron microscopy (SEM, Zeiss Ultra 55) and transmission -electron
microscopy (TEM/HRTEM, JEM-2100HR). Photoluminescence (PL) spectrum
was measured under an inverted optical microscope (Olympus I1X81) equipped
with a mercury lamp, a band pass filter (330-385 nm) for excitation, and a long
pass filter (420 nm) for emission, together with a spectrometer (Ocean Optics
QE65000 Pro). Reflection was measured by a spectrophotometer (Perkin Elmer
Lambda 950) with a 150 mm integrating sphere.

Photoelectrochemical measurements: The PEC performance was evaluated
by a potentiostat (CHI 660D) in a three-clectrode cell with TiO, as the working
electrode, Ag/AgCl as the reference electrode, and Pt as the counter electrode.
The supporting electrolyte was 1 M KOH solution. The potential is reported

against the reversible hydrogen electrode (RHE) following the equation below:
0
Erne = Eag/agar+ 0.059 pH + E"pg/agal,

where E’sgagci = 0.1976 V at 25°C. The scan rate for the linear sweep

voltammetry was 10 mV/s. The photocurrent was measured under irradiation
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from a Class AAA solar simulator (Newport 94023A) which was used to
simulate AM 1.5G illumination and the intensity of the light source was
calibrated with a Si reference cell (Newport 91150V). The IPCE was measured
by using a monochromator (Newport QEPVSI-b) together with CHI 660D at
0.23 V vs Ag/AgCl.

Results and discussion

The hybrid TiO, nanostructures were synthesized by a hydrothermal method
with TiO, nanotubes as starting substrates (Fig. la). TiO, nanotubes were
obtained via two-step anodization followed by annealing in air at 500°C for 2 h
to transform amorphous TiO; into crystalline (at the same time an oxide was
grown to protect the underlying titanium foil). As shown in Fig. 1b, the
as-prepared nanotube arrays have a length of around 5 um and diameter of
around 100 nm (under 20 mA/cm? for 20 min). We chose constant current
mode during anodization, since the diameter of nanotubes is determined by the
density of electrons,** and the density of electrons provided by constant current
mode is more stable so that the size of tubes obtained by constant current mode
is more uniform than by constant voltage mode.* After hydrothermal treatment
in a sealed environment at 15007 for 8 h,”® a layer of TiO, nanorods was grown
on the top of TiO; nanotubes (Fig. 1c). Also note that the surface of tube walls
was changed from smooth to rough. We tried low temperature and pressure
conditions but only got some short and stumpy nanorods. We also tried to use
titanium butoxide and TiCl; as the precursor in the hydrothermal reaction at
150°C, but found that both the Ti foil and the TiO, nanotubes were dissolved.
The success with titanium isopropoxide is probably due to the milder
environment it creates, so that the superficial TiO, can protect the Ti sheet from

corrosion.
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Fig. 1 (a) Schematic description of the synthesis of the hybrid TiO, nanostructures, consisting
of an underlying layer of TiO, nanotubes (with nanocrystals on the tube walls) and a top layer
of TiO, nanorods, obtained via two-step anodization followed by hydrothermal treatment. (b)
Typical SEM image of TiO, nanotubes obtained via two-step constant-current anodization. The
inset is the top view. (c) Typical SEM image of the hybrid TiO, nanostructures. The inset is a

magnified view showing rough tube walls.

Fig. 2 displays the XRD patterns of pristine TiO, nanotubes and hybrid TiO,
nanostructures after hydrothermal treatment. All diffraction peaks of TiO;
nanotubes agree well with anatase phase, and show a strong preferential
orientation of (101) (20 = 25.367). The diffraction peaks of (110) (20 =27.492),
(101) (26 = 36.15), (200) (26 = 39.272), and (211) (20 = 54.435) appeared after

hydrothermal treatment agree well with typical tetragonal rutile phase.
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Fig. 2 XRD patterns of (a) pristine TiO, nanotubes and (b) hybrid TiO, nanostructures.
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The morphology and crystalline structure of the hybrid TiO;, nanostructures
were further characterized by high-resolution TEM. As shown in Fig. 3a, the
diameter of nanotubes is around 100 nm, and some nanocrystals can be
identified on the tube walls. Fig. 3c indicates the polycrystalline nature of the
nanotubes. The well-resolved lattice fringes of 0.352 nm seen from the
HRTEM and SAED image coincide with the (101) plane of the anatase phase.
Fig. 3b shows that the diameter of nanorods obtained after 6 h hydrothermal
reaction was around 50 nm. Fig. 3d shows that the nanorods are
monocrystalline rutile TiO,. Combining the result of XRD, we conclude that
the hybrid TiO, nanostructures are consisting of the anatase nanotubes and

rutile nanorods.

Fig. 3 TEM images of hybrid TiO, nanostructures obtained after hydrothermal treatment. (a)
Nanotubes with nanocrystals on the wall. (b) A nanorod. (c) HRTEM image and electron
diffraction pattern (inset) of a nanotube; (d) HRTEM image and FFT diffraction pattern (inset)

of a nanorod.

We then study the influence of hydrothermal reaction time on the
morphology of the hierarchical structures. As is shown in Fig. 4a and 4b, only
sparse nanorods with the length and diameter of around 400 nm and 20 nm,
respectively, were grown on the nanotubes after hydrothermal reaction for 3 h

at 150°C. Both the length and the diameter of nanorods get larger as the
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hydrothermal reaction time increasing. After 9 h hydrothermal reaction, the
average length and diameter of nanorods can reach 1 um and 80 nm,
respectively. The nanorods are so dense that the underlying nanotubes were
covered completely (Fig. 4c and 4d). Reflection measurements in visible region
(data not shown) reveal that the hybrid TiO, nanostructures have lower
reflectance than that of pristine nanotubes, and for the hybrid TiO,
nanostructures the reflectance gets smaller with elongated hydrothermal
treatment time. The nanorods behave as a gradient refractive index layer, and
the combining of nanotubes with nanorods can enhance light scattering and
trapping, such that the hybrid TiO, nanostructures have better light harvesting

capability.

Fig. 4 SEM images of hybrid TiO, nanostructures with different hydrothermal reaction time, (a,
b) 3 h and (c, d) 9 h. The left column and the right column shows the cross-sectional view and

the top view of the sample respectively.

Fig. 5a shows typical plots of the photocurrent density versus the applied
potential for TiO, nanotubes and hybrid TiO, nanostructures with different
hydrothermal treatment time. All the hybrid TiO, nanostructures after
hydrothermal treatment exhibit consistently higher photocurrent densities than
pristine TiO, nanotubes under the same condition, indicating that the

combining of anatase TiO; and rutile TiO, nanostructures can enhance the PEC
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activity. As the hydrothermal reaction time increases, the nanorods grow
denser, and the photo-generated current increases significantly. The
photocurrent density was highest for 7 h hydrothermal reaction. However, if we
increased the hydrothermal reaction time further, the photocurrent densities
decreased, and the possible reason is that the layer of nanorods is too thick and
dense, such that the bottom TiO, nanotubes do not absorb enough UV light and
the conductivity decreases. The photocurrent density of the TiO, nanotubes is
only 0.16 mA/cm? at 1.23 V vs RHE, while it is 0.71 mA/cm? for the hybrid
structure after 7 h hydrothermal treatment.

The applied bias photon-to-current efficiency (ABPE) of two kinds of
photoanodes were also evaluated. The ABPE of the can be calculated using the

following equation,27
ABPE (%) = I(E%rey = V)/Jiignt,

where I is the photocurrent density (mA/cmz), Jiight 18 the irradiance intensity of
100 mW/cmz, EOrev is the standard reversible potential vs RHE, and V is the
applied potential vs RHE. Fig. 5b presents the ABPE plots of pristine TiO»
nanotubes and hybrid TiO, nanostructures. The pristine TiO, nanotubes show a
maximum conversion efficiency of 0.11% at 0.44 V vs RHE while the hybrid
TiO; nanostructures after 6 h hydrothermal reaction exhibit a maximum
conversion efficiency of 0.45% at 0.5 V vs RHE.

To understand the interrelation between the PEC activity and the light
absorption of two types of TiO; structures, the incident photo-to-current
conversion efficiency (IPCE) was measured at 0.23V vs Vgagc1 and shown in

Fig. 5c. IPCE can be expressed by the equation,

IPCE = (1240 1)/(Mignt),

where [ is the measured photocurrent density at a specific wavelength, 4 is the

wavelength of the incident light, and Jj;gn s the irradiance intensity at a specific
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wavelength. Compared with the pristine TiO; nanotubes, the hybrid TiO;
nanostructures achieve much higher photoactivity over the entire UV region
and reaches IPCE values of around 45% in a broad wavelength range. Also note
that the hybrid nanostructures extend the photoactive range from ~ 390 nm of
the pristine TiO, nanotubes (corresponding to the band gap 3.2 eV of the
anatase phase), into the visible at ~ 410 nm (corresponding to the band gap
3.0 eV of the rutile phase).

We attribute the higher photoactivity of hybrid TiO, nanostructures in large
part to the synergistic activation of the mixed phases of rutile and anatase,’'>>"*
and also the enhancement in light harvesting by the hybrid nanostructures. The
rutile phase extends the photoactivity into the visible region, and the growth of
rutile nanorods/nanocrystals on the anatase nanotubes forms the interface

: - 3947
junction™ ™

and thus a space-charge layer which expedites electron-hole
separation. Besides, compared with nanotubes, the rutile nanorods/nanocrystals
transport holes more efficiently to the semiconductor-liquid interface for water
oxidation which minimizes recombination losses.

To support the above statement, photoluminescence (PL) measurements were
further used to investigate the electron-hole recombination process in TiO;
electrodes.”™ When a material is irradiated with light of appropriate
wavelength, it generates electron-hole pairs, and then electron-hole pairs
undergo a recombination process, finally photos are emitted, resulting in PL.>°
As shown in Fig. 5d, the PL spectra show that the samples have a broad-band
emission. In comparison with pristine anatase TiO, nanotubes, the PL intensity
of the hybrid TiO; nanostructures after hydrothermal treatment is much lower
although the latter can absorb more light, which indicates a reduced charge

carrier recombination because of the formation of interface junction between

anatase nanotubes and rutile nanorods and nanocrystals.

Page 10 of 14



Page 11 of 14

RSC Advances

go's hybrid 7 h bO 5 —h— TiO2 nanotubes
£ Yy g —(— Hybrid TiO2 nanostructures
c 06 hybrid 9 h{ __
2 g
Eo4 hybrid 4.5 h{ =04 /cp”-m
z hybrid 3 h o O
o o nanotubeq < j R%
° 0.2 j h o
<00 dark— oW
o R
502 o0 / N
© 0.0 0.5 1.0 1.5 20 00 02 04 06 08 10 12
Potential (V vs RHE) Potential (V vs RHE)
C —_A— TiO2 nanotubes d —A— TiO2 nanotubes
60 —O— Hybrid TiO2 nanostructures | ___ —O~— Hybrid TiO2 nanostructures
- N =
R 400 :;
L ‘@
O 8
& £
o
o
Yavas Ol A
300 350 400 450 500 400 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

Fig. 5 (a) Measured photocurrent density as the applied potential (vs RHE) varies for TiO,
nanotubes and hybrid TiO, nanostructures after 3 h, 4.5 h, 7 h, 9 h hydrothermal treatment,
showing the enhanced photocurrent after hydrothermal treatment in comparison with
pristine nanotubes. (b) ABPE of the TiO, nanotubes and hybrid TiO, nanostructures as a
function of applied potential. (c) IPCE spectra of TiO, nanotubes and hybrid TiO,
nanostructures at 0.23 V vs Ag/AgCl. (d) Room temperature PL spectrum of pristine TiO,

nanotubes and hybrid TiO, nanostructures after hydrothermal treatment for 6h.

Conclusions

To summarize, hybrid TiO, nanostructures consisting of anatase TiO;
nanotubes and rutile nanorods on the top of nanotubes (and also nanocrystals on
the tube walls) were synthesized by hydrothermal treatment of anodized TiO>
nanotubes. The photocurrent density and ABPE (under AM 1.5G illumination)
of the hybrid TiO; nanostructures reached 0.71 mA/cm® and 0.45%,
respectively, in comparison with 0.16 mA/cm? and 0.11% for pristine anatase
TiO, nanotubes. For the hybrid TiO; nanostructures, the enhancement of
photoactivity is a direct consequence of the synergistic effect of the growth of
rutile nanorods/nanocrystals on anatase nanotubes, which expedites
electron-hole separation and transportation, increases the surface area, and also

enhances the light absorption. The conversion efficiency could be further



RSC Advances

boosted by combining the mixed-phase one-dimensional TiO, nanostructures

with material optimization by e.g. doping.
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