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Well-aligned TiO, nanotube arrays have become of increasing significance because of their unique highly
ordered array structure, high specific surface area, unidirectional charge transfer and transportation
features. However, their poor visible light utilization as well as the high recombination rate of photoexcited
electron-hole pairs greatly limited their practical applications. Herein, we demonstrate the fabrication of
visible-light-responsive heterostructured Cr-doped SrTiO;/TiO, nanotube arrays by a simple hydrothermal
method, which facilitate efficient charge separation and thus improve the photoelectrochemical as well as
photocatalytic performances.

ne-dimensional TiO, array architectures, especially well-aligned TiO, nanotube arrays, exhibit prom-

ising photoelectric and photocatalytic performances in solar cells, water splitting and photocatalytic

systems because of their unique highly ordered array structure, high specific surface area, unidirectional
charge transfer and transportation features'>. However, their poor visible light utilization as well as the high
recombination rate of photoexcited electron-hole pairs greatly limit their practical applications®®. Thereby, much
effort has been devoted to the design and construction of novel hetero-composite structures to address these
issues, such as metal or non-metal ion doping, noble metal loading, and hetero-coupling’ . In terms of semi-
conductor heterojunctions, SrTiO;, whose conduction band edge is 200 mV more negative than TiO,, have been
considered as an alternate candidate for improving photoelectrochemical and photocatalytic performances by
shifting the Fermi level of TiO, nanostructure to more negative potentials'>"". Additionally, the coupling of
SrTiO; and TiO, into a proper hetero-architecture can effectively facilitate the separation of photogenerated
electrons and holes between SrTiO; and TiO,, and their performances can be greatly enhanced'®. However, note
that another crucial issue about the visible light utilization still remains in these hetero-nanostructures as a result
of their both relatively large band gap (3.2 eV)". In view of efficient solar energy utilization, the design and
fabrication of visible-light-responsive SrTiO3/TiO, heterostructure nanotube arrays is highly desired because
about 43% of solar energy is visible light while only about 4% is UV light'*. Simultaneously, doping transition
metals with SrTiO; material for narrowing its band gap and enhancing absorption of visible light have attracted
considerable attention®*~**. In particular, chromium doping is of great interest because the occupied Cr 3d level is
much lower (2.2 eV) than the conduction band bottom of SrTiO3 determined by the Ti 3d orbital>***. However,
the Cr-doped SrTiO5/TiO, heterostructured nanotube arrays for facilitating the charge separation and enhancing
the visible light response have rarely been reported up to now.

Herein, we demonstrate a facile synthetic strategy for fabricating uniform Cr-doped SrTiO;/TiO, heterostruc-
tured nanotube arrays by in situ hydrothermal method using TiO, nanotube arrays as both template and
precursor, and their structure and composition can be rationally tailored by simply adjusting the reaction time.
Furthermore, it has been found that the Cr-doped SrTiO;/TiO, heterostructure nanotube arrays exhibit much
higher photoelectrochemical as well as photocatalytic performances than both pure TiO, nanotube arrays and
SrTiO3/TiO, nanotube arrays under visible light irradiation.
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Figure 1| Schematic illustration of the synthetic approach of Cr-doped
SrTiO;/TiO, heterostructure nanotube arrays.

Results
The fabrication approach of heterostructured Cr-doped SrTiOs/
TiO, nanotube arrays have been illustrated in Figure 1. Firstly, the
well aligned TiO, nanotube arrays were produced by electrochemical
anodization of Ti foil in hydrofluoric medium and then annealed at
500°C for 1 h in air to induce the transformation from amorphous to
high crystalline anatase. Secondly, Cr-doped SrTiO;/TiO, hetero-
structure nanotube arrays were synthesized by reacting TiO, nano-
tube arrays with Sr(OH), in the precence of Cr(NOs); under
hydrothermal treatment, in which TiO, nanotube arrays were uti-
lized as both template and reactant.

Fig. 2A and Fig. 2B exhibit the typical scanning electron micro-
scopy (SEM) images of the TiO, nanotube arrays prepared by elec-
trochemical anodization and then anneal while keeping the tubular
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architectures. It can be observed that TiO, nanotube arrays consist of
uniform nanotubes with an average length of 3.8 pm, a mean pore
diameter of 56 nm, and a wall thickness of about 35 nm (as shown in
Fig. S1). The orifices and the side surfaces of these nanotubes are
composed of relatively smooth surfaces without secondary nano-
structures. However, when TiO, nanotube arrays were dipped into
an aqueous solution that contains Sr(OH), and Cr(NOs3); under
hydrothermal treatment, heterostructured Cr-doped SrTiO;/TiO,
nanotube arrays were obtained. Different from TiO, nanotube arrays
surrounded by smooth surfaces, the side surfaces of Cr-doped
SrTiO5/TiO, heterostructure nanotube arrays become rough, and
the orifices are cracked due to the penetration of Sr and Cr cations
into TiO, nanotube arrays (as shown in Fig. 2C and 2D).
Furthermore, the amount of Cr-doped SrTiO; can be rationally tai-
lored by simply adjusting the reaction time (Fig. S2). It can be clearly
seen from Fig. S2A that at the hydrothermal reaction time eaual to
0.5 h, the side surfaces of the heterostructured Cr-doped SrTiO;/
TiO, nanotube arrays are only a little crude. However, further
increasing the reaction time up to 1.5 or 2 h, the surfaces of as-
fabricated Cr-doped SrTiO;/TiO, heterostructures gradually
become coarser, which can be ascribed to the excessive transforma-
tion of TiO, to Cr-doped SrTiO;.

Additionally, Fig. 2E shows the transimission electron microscopy
(TEM) image of the fragments of Cr-doped SrTiO;/TiO, nanocom-
posite obtained through the sonication treatment in the presence of
acetone solution. To further determine the specific distribution of Cr,
Sr, Ti and O elements, high angle annular dark field scanning TEM
(HAADEF-STEM) measurement of the Cr-doped SrTiOs/TiO, het-
erostructure nanotube arrays has been conducted (Fig. 2F). As
shown in Fig. 2G-J, it can be clearly seen that the distribution of
Cr, Sr and Ti elements is homogeneous and uniform, indicating the
well dispersal of Cr-doped SrTiO; on the outer wall of TiO, nano-
tubes. Note that the distribution of O element exhibits a larger area
than the other elements, which may be ascribed to the impurity from
the copper grid. Besides, the amount distribution of each element has
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Figure 2| SEM images (A, B) of TiO, nanotube arrays and (C, D) heterostructured Cr-doped SrTiO;/TiO, nanotube arrays treated with 1 h
hydrothermal reaction times. (E) TEM image, (F) HAADF-STEM image and (G-J) EDX elemental mapping images of the 1 h treated Cr-doped SrTiO5/

TiO, heterostructure.
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been detected by the energy dispersive X-ray (EDX) spectrum and
shown in Fig. S3.

The UV-Vis diffusive absorption spectra of as-prepared TiO,
nanotube arrays and Cr-doped SrTiO;/TiO, heterostructures with
various growth stages have been shown in Fig. 3A. It can be observed
that comparing with TiO, nanotube arrays, there are evident red-
shifts in the absorbance peak edges of these heterostructures by
increasing the hydrothermal reaction time, which should be due to
the amount increase of Cr-doped SrTiOs. Their crystal structure and
compostion have been further studied by X-ray diffraction (XRD)
and the results have been shown in Fig. 3B, which clearly reveals
that the peak intensity of Cr-doped SrTiOj; increases gradually with
prolonging the hydrothermal times. Moreover, note that the XRD
patterns of the Cr-doped SrTiO; are nearly identical with the cubic
SrTiO; (Fig. S5), indicating that Cr cations doping did not introduce
any impurities*. The comparision of (110) diffraction peaks between
SrTiO3/Ti0, and Cr-doped SrTiO;/TiO, heterostructure nanotube
arrays (Fig. S6) shows that the peak positon of of Cr-doped SrTiO;/
TiO, nanocomposites shifts slightly toward a higher degree, imply-
ing the partial substitution of Cr** cations for Sr** in the Cr-doped
SrTiO5/TiO, heterostructures®, which may be due to the smaller
ionic radius of Cr** (0.062 nm) than that of Sr** (0.118 nm) but
a slightly larger than that of Ti** (0.061 nm). Consequently, it
can be concluded that the right or left shift of the peak position
generally represents the substitution of Cr’* cations for Sr** or
Ti**, respectively®.

Furthermore, X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out to examine the valence states of chromium
element in Cr-doped SrTiO3/TiO, heterostructure nanotube arrays.
As shown in Fig. 3C, the fully scanned spectrum confirms the exist-
ence of Cr, Ti, O, Sr and C elements. The high-resolution Cr 2p
spectrum shown in Fig. 3D reveals that the doublet peaks at 576.9

and 586.5 eV could be indexed to Cr 2p;,, and Cr 2p;,, respectively.
In the Cr 2p spectrum, the sharp peak at 576.9 eV is assigned to the
trivalent chromium corresponded to the standard Cr,03, and no any
other peak e.g. Cr* (580.2 eV) is detected, which further dem-
onstrate the substitution of Cr’* cations with Sr** in the Cr-doped
SrTiO;/TiO, heterostructures™?*. In addition, as shown in Fig. S7,
the variation of the Sr 3d peak position is much larger than that of Ti
2p, implying that doping Cr cations into SrTiO5 mainly affects the Sr
sites instead of the Ti sites, which is in good agreement with the above
deduced conclusions.

Moreover, the photoconversion efficiencies of as-prepared hetero-
structured Cr-doped SrTiO;/TiO, nanotube arrays have been
explored. As shown in Fig. 4A, when all these samples were illumi-
nated with continuous monochromatic light, an intense photocurrent
peak at around 370 nm can be clearly observed (Fig. 4B), the peak
edges of the photocurrent response shifted first to right and then to
left by increasing of the hydrothermal time. At the reaction time of
1 h, the largest bathochromic shift can be observed and the peak edge
of the photocurrent approximated to 500 nm. More specifically,
according to the absorption spectra (Fig. 3A), the absorption peak
edges red-shifted continuously, the peak edges of the photocurrent
should also shift toward right correspondingly. However, the actual
measurements did not really confirm this prediction. It is well known
that the photoelectrochemical performances are influenced by not
only the excitation and separation of electron-hole pairs but also
the transport of charge carriers, and the final photocurrent density
were determined by the synergistic function of these two factors.
Therefore, although the absorption spectra red shifted continuously
with the increase of hydrothermal times, the photoconversion effi-
ciency decreased unexpectedly due to the severe destruction of the
TiO, tubular structures (Fig. S2), which go against the electron trans-
port. Moreover, it is generally believed that the recombination of
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Figure 3| (A) UV-Vis diffusive absorption spectra and (B) XRD patterns of TiO, nanotube arrays and heterostructured Cr-doped SrTiO5/TiO,
nanotube arrays. (C) XPS spectra and (D) high-resolution Cr 2p XPS spectra of the 0.5 h treated sample.
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Figure 4 | Photoelectric conversion performances of Cr-doped SrTiOs/TiO, nanotube array under (A) continuous monochromatic light, (B) 372 nm
monochromatic light and (C) visible light irradiation (A > 420 nm) and (D) Photocatalytic performances for RhB degradation under visible light

irradiation (A > 420 nm).

photoinduced electron-hole pairs would become more severe at
increased doping level because of the formation of more defects,
which might be another unfavourable factor for the photoconversion.

As shown in Fig. 4C, when the samples were illuminated under
visible light, except for the 2 h treated sample, all the Cr-doped
SrTiO3/TiO, nanocomposites exhibited higher photocurrent prop-
erties than pure TiO, nanotube arrays, and the photocurrent of the
1 h treated sample was twice as high as that of pure TiO,. Moreover,
it can be found that the photocurrent of the Cr-doped SrTiO3/TiO,
heterostructure nanotube arrays increased along with the hydro-
thermal reaction times before 1 h. With further increasing treatment
time over 1 h, the photocurrent density decreased. Hence, it can be
deduced that the degree of coverage of Cr-doped SrTiO; over TiO,
plays a crucial role in determining their photoelectrochemical prop-
erties. On the other hand, the photocatalytic behaviours of the as-
prepared heterostructured Cr-doped SrTiO5/TiO, nanotube arrays
for the degradation of RhB under visible light irradiation have also
been investigated and shown in Fig. 4D. It can be seen that the
photocatalytic activities of these Cr-doped SrTiO;/TiO, nanocom-
posites were in generally accordance with their photoelectrochemical
performances except the 1.5 h treated one, and the 1 h treated sam-
ple still exhibited the highest photocatalytic property.

Discussion

According to the discussion above, it can be concluded that the Cr-
doped SrTiO; greatly determine the photoelectrochemical and
photocatalytic performances of TiO, nanotube arrays. Figure 5 illus-
trates the possible mechanism concerning the improved charge sepa-
ration of Cr-doped SrTiO3/TiO, heterostructure nanotube arrays

under visible light irradiation. The valence band top of SrTiOj; is
lifted up by the occupied Cr’* level, while the original conduction
band bottom determined by Ti 3d orbital is hardly affected®. Under
visible light illumination, the photogenerated electrons of Cr-doped
SrTiOj; are photoexcited from the valence band (Cr 3d) to the con-
duction band (Ti 3d) and then transferred to the conduction band of
TiO, because the conduction band of SrTiO; is 200 mV more nega-
tive than that of TiO,"'. As a result, direct coupling of Cr-doped
SrTiO; to TiO, can not only enhance the visible light response but
also reduce the recombination of charge carriers at the surface of the
heterostructure. Moreover, the vectorial electron transfer through
aligned TiO, nanotube arrays facilitates charge transport and thus
enhances the photoconversion efficiency®. Therefore, when TiO,
nanotube arrays were covered by thin and uniform Cr-doped
SrTiO; nuclei through short duration hydrothermal treatment (=
1 h), the photoconversion efficiency of the heterostructured Cr-
doped SrTiO5/TiO, nanotube arrays was enhanced greatly. How-
ever, further increasing hydrothermal time, TiO, nanotubes arrays
would be coated with high thick and densely packed Cr-doped
SrTiO; nuclei, which could severely destroy the tubular structure
and hinder the excellent electron transport ability of TiO, nanotube
arrays. The inner TiO,, being lost in its transformation to Cr-doped
SrTiO;, would scarcely make any contribution to the transfer and
transport of electrons, and the photocurrent response of the nano-
composites decreased accordingly. The photoelectrochemical per-
formances of hetero-semiconductors are the synergistic results of
the excitation of electrons, separation of electron-hole pairs and the
transport of charge carriers. In the case of photocatalysis, because the
photocatalytic activities are significantly influenced by the separation
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Figure 5 | Schematic illustration for the charge separation of (A) Cr-doped SrTiO3/TiO, heterostructure nanotube arrays.

of electron-hole pairs rather than the transport of charge carriers, the
decrease of the photocatalytic performances of these heterostruc-
tures may be due to the unfavorable electron transfer and the rapid
recombination of electron-hole pairs with the increase of Cr-doped
SrTiO; and the diminish of TiO,.

In summary, we have demonstrated a facile and efficient process
for fabricating heterostructured Cr-doped SrTiO;/TiO, nanotube
arrays. Moreover, their performance studies indicated that the Cr-
doped SrTiOs/TiO, heterostructure nanotube arrays exhibited
higher photoelectrochemical and photocatalytic activities than pure
TiO, nanotube arrays and SrTiO;/TiO, heterostructure nanotube
arrays without Cr doping under visible light irradiation. The possible
function of chromium element for enhancing their both photoelec-
trochemical and photocatalytic behaviours has also been discussed
detailedly. It is considered that this strategy may also be generally
adapted for preparing other metal doped TiO, based heterostruc-
tures, which may have promising applications in both photoelectric
conversion and photocatalysis.

Methods

Chemicals. Titanium foil (0.1 mm, > 99.9%) was purchased from Baoji Titanium
Industry Co., Ltd. Acetone, ethanol, nitric acid, hydrofluoric acid, ammonium
fluoride, chromic nitrate and ethylene glycol were obtained from Sinopharm
Chemical Reagent Co., Ltd. Strontium hydroxide octahydrate (Sr(OH),* 8H,0) was
purchased from Alfa. Deionized water (18 MQ, Molecular) was used for all solution
preparations.

Sample preparation. Firstly, titanium foil (purity > 99.9%) with 0.1 mm thickness
was cut into strips with 1 cm width and 3 cm length. Before anodization, these strips
were degreased by sonication in acetone, ethanol and deionized water in turn for
about 20 min, and then polished in the mixture of hydrofluoric acid and nitric acid at
the ratio of 1: 1. The titanium strip was placed in a plastic beaker equipped with a
platinum slice negative electrode and continuous current power supply. Ammonium
fluoride (0.3 wt %) and deionized water (3 wt %) diluted in ethylene glycol (200 ml)
was used as electrolyte. A constant potential of 60 V was supplied between the two
electrodes for 30 min. Subsequently, the strip was washed with ethylene glycol and
sonicated for 1 min, and then washed with deionized water and sonicated for 10 s to
remove the surface deposit. At last, these strips were annealed at 500°C for 1 hwith a
programming rate of 3°C/min for both warming up and cooling down. Well aligned
crystalline anatase TiO, nanotube arrays with the average length of 3.8 pm were
obtained.

The annealed TiO, nanotube arrays obtained in the above step were used as both
substrate and reactant for the fabrication of Cr-doped SrTiO;/TiO, nanocomposites.
In general, 5 mol % Cr cations doped SrTiO3/TiO, heterostructure nanotube arrays
are fabricated as follows. Firstly, 0.25 g strontium hydroxide (Sr(OH),*8H,0) and
0.02 g chromic nitrate (Cr(NOs);°9H,0)was added to 40 ml deionized water with
vigorous stirring. Next, the solution was transferred into a Teflon-lined stainless steel
autoclave which contains a piece of TiO, nanotube array strip. The autoclave was kept
at 150°C in an oven for 0.5, 1, 1.5, and 2 h, respectively. After the hydrothermal
reaction, the strip was drawn from the autoclave and washed with deionized water,
and then dried at 60°C for 1 h. Heterostructured Cr-doped SrTiOs/TiO, nanotube
arrays have been synthesized.

Materials characterization. The morphology and size of the as-prepared products
were characterized by using a field-emission scanning electron microscope (JSM-
6701F, JEOL) operated at an accelerating voltage of 5 kV. The X-ray diffraction
spectra (XRD) measurements were performed on a PANalytical X’Pert PRO
instrument using Cu Ko radiation (40 kV). The XRD patterns were recorded from
20° to 80° with a scanning rate of 0.067°/s. UV -visible diffuse reflectance spectra were
taken on a UV-2550 (Shimadzu) spectrometer by using BaSO, as the reference. The
element composition was detected by X-ray photoelectron spectroscope. (XPS,
Kratos Axis Ultra DLD). HAADF imaging and STEM-EDX mapping techniques were
carried out using an FEI Tecnai TF20 microscope operated at 200 kV.

Photoelectrochemical and photocatalytic measurements. The TiO, nanotube
arrays and Cr-doped SrTiO;/TiO, nanocomposites were used as photoanodes in the
3-arm photoelectrochemical cell. Photocurrent response under visible light
irradiation were recorded with a CHI-660D potentiostat in a sandwich-type
configuration using Pt slice as counter electrode, a saturated calomel electrode (SCE)
as the reference, and 0.1 M Na,SO, solution as electrolyte. A 300 W xenon arc lamp
equipped with an ultraviolet cutoff filter (HSX-F300, Beijing NBeT Technology Co.,
Ltd) calibrated to 100 mW/cm?, which was measured with a radiometer (CEL-
NP2000, Beijing Au-light Co., Ltd), served as a light source. The photocurrent
response under monochromatic light measurements was performed using a 300 W
Xe lamp and a monochromator (71SWS, Beijing 7-Star Optical Instruments Co., Ltd)
at 0.6 V vs SCE. All experiments were carried out under ambient condition.

In all catalytic activity of experiments, 100 ml rhodamine B (RhB) solution with an
initial concentration 0of 0.25 X 107> g/L in the presence of a strip of Cr-doped SrTiOs/
TiO, nanotube arrays (1 cm X 3 cm) was filled in a photoreactor, which was then
irradiated with a 300 W Xe arc lamp equipped with an ultraviolet cutoff filter. The
degradation of organic dyes was monitored by UV/Vis spectroscopy (UV-2550PC,
Shimadzu). At given intervals of illumination, the samples of the reaction solution
were taken out and analyzed. Decrease in the concentration of dye solution was
measured at A = 554.
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