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ABSTRACT: Doped TiO2 with metal, nonmetal, and rare earth elements has
shown a great potential in energy and environmental applications, but it is
difficult to dope well-defined TiO2 single crystals (SCs) with {001} exposed
facet due to their high crystallinity. In this work, we developed a green and
general approach to prepare the {001}-exposed TiO2 SCs doped with various
elements, on the basis of recycling the wasted ethylene glycol electrolyte from
the anodic oxidation for TiO2 nanotube preparation. All six representative
elements (i.e., metal, nonmetal, and rare earth types) could be successfully
doped into the TiO2 SCs without breaking their single-crystalline structure
and exposed high-energy facet. The electronic properties of the doped TiO2
SCs were significantly improved. All the doped TiO2 SCs exhibited a superior
photoactivity under visible-light irradiation for degrading rhodamine B, a
typical organic pollutant. The prepared doped TiO2 SCs have a promising
potential in environmental and energy applications.
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■ INTRODUCTION
Due to the intrinsic crystal structure and semiconducting
properties, pure TiO2 possesses a large band gap, low electric
conductivity, poor photochemical and electrochemical proper-
ties, and slow charge mobility (electronic structure/electronic
properties). These drawbacks have largely limited its efficient
and cost-effective applications in photocatalysis, water splitting,
dye-sensitized solar cells, lithium-ion batteries, and so on.1 On
the other hand, owing to the typical electronic configuration of
Ti4+, it is possible to tailor the band gap, electric conductivity,
and optoelectronic properties of TiO2 by preferential doping
with s, p, d, or f block elements in the lattice structure. Thus,
many recent works have been conducted to solve the
aforementioned intrinsic problems by changing the electronic
structure of the TiO2 via impurity doping from crystal
engineering, and various doping methods are able to
accommodate the dopants in different positions within
structure. The doped TiO2 catalysts usually show superior
performance in energy and environmental applications because
of their significantly improved crystal structures and phys-
icochemical properties.2 For example, nitrogen atoms are
substituted for the lattice oxygen sites, narrowing the band gap
by mixing the N 2p and O 2p states and resulting in an
enhanced photoactivity in the visible region.3

TiO2 can be doped mainly by three types of foreign atoms:
nonmetals (S, C, Br, B, etc.),3−7 transition metals (W, Co, V,
Sn, etc.),8−12 and rare earth metals (Sm3+, Ce3+, Er3+, La3+,
Nd3+, etc.),13−17 and different elements endow TiO2 with
diverse properties. These doped foreign atoms might bring
about four significant effects: (1) narrow the large band gap to
extend responsive spectra into the visible light range, and

obtain satisfactory photocatalytic activity under visible light
irradiation (e.g., doping of N, S, I and B);18 (2) enhance electric
conductivity and charge mobility to decrease the invalid
recombination in bulk and on TiO2 surface, improve the
separation and transfer of the active photocarriers, and prolong
their effective lifetime (e.g., doping of Zn, Fe, and Y);19−21 (3)
change the conduction band position of the TiO2 negatively
and positively, and influence the charge transport properties
(e.g., doping of Zr4+, Nb5+, and W6+); and (4) increase the
overall photochemical and electrochemical activities and
application performance because of the enhanced electron
transport and lower exciton recombination rate.22,23 Therefore,
foreign doping has become one of the most important
strategies to improve the overall performance and extend the
application fields of TiO2.
It has been well documented that TiO2 surface and catalytic

properties are also closely associated with its crystal structures
and exposed facets.24 The anatase TiO2 single crystals (SCs)
exposed by high-energy {001} facet have attracted increasing
interests because of their high performance, low cost, and
nontoxicity.25 The thermodynamically unstable {001} surface is
proven to have a much higher surface energy (0.90 J/cm2) than
the thermodynamically stable {101} surface, which has a lower
surface free energy (0.44 J/cm2).26 Moreover, the arrangement
and category of constituent atoms on high-energy {001} facets
govern its unique geometrical and electronic structures, and its
surface functional groups considerably affect its stability,
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adsorptive property, and catalytic activity.25 All these features
make TiO2 SCs with {001} facets highly efficient for energy
and environmental applications.25,27

It is highly desirable to synergistically combine crystal
engineering with surface engineering on one single TiO2

particle to maximize the application potentials. However, it is
difficult to incorporate dopants into the well-faceted TiO2 SCs
because of the high crystallinity of the SCs.28 Moreover, a dose
of dopant precursors would inevitably influence the nucleation
and growth of TiO2 crystals.

28−32 In these works, the foreign
atoms are doped either from a special precursor, such as TiN,
TiC, and TiOF2, or from an additional thermal treatment.
Herein, we reported a simple and general approach to prepare
the doped TiO2 single crystal with dominant {001} facets based
on the chemical recycling of the wasted and toxic ethylene
glycol electrolyte from the widely used anodic oxidation.33

In our previous work,34 both pristine and N-doped TiO2 SCs
have been successfully prepared through recycling such an
electrolyte; these crystals exhibited a much higher photo-
catalytic activity in decomposition of humic acids and

bentazone than Degussa P25, one of the best commercial
TiO2 photocatalysts. Apparently, this preparation approach
possesses significant economic and environmental benefits, and
the doping strategy of TiO2 SCs is simple and promising. In
this study, we further try to expand the use of such a recycling
strategy and develop a general approach of prepare the {001}-
exposed TiO2 SCs doped with various metal, nonmetal, and
rare earth metal elements. Moreover, a method for codoping
different foreign atoms under the appropriate conditions was
also established. The photocatalytic capacities of all the doped
TiO2 SCs were examined in terms of degrading rhodamine B
(RhB), a widely used azo dye and commonly encountered
pollutant, under visible-light irradiation. To our knowledge, this
is the first report to develop a general approach to prepare
doped and codoped anatase TiO2 SCs with dominant {001}
facets.

■ EXPERIMENTAL SECTION
Synthesis of the Doped TiO2 SCs. The synthesis of the doped

TiO2 SCs with exposed {001} facets was performed after simple
thermal treatment of the wasted anodic electrolyte, with different

Figure 1. (A, left three columns) SEM and HRTEM images and the corresponding SAED patterns and (B, right four columns) the optical images
and elemental mappings (a) of B-TiO2, (b) P-TiO2 SCs, (c) Sn-TiO2, (d) Fe-TiO2, (e) Ce-TiO2 and (f) La-TiO2.
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precursors of the target foreign atoms. The wasted anodic electrolyte
was yielded as reported previously,34 and the concentrated sol, which
was rich in [TiF6]

2− complex, was used as the precursor solution for
TiO2 preparation. Typically, the anodization process was carried out in
a voltage-regulated mode. A homemade two-electrode configuration
was adopted, and two Ti foils with the same effective size of 2 × 4 cm
were used as anode and cathode, respectively. Initially, two 0.30 mm
Ti foils were burnished and immersed in the chemical polishing
solution (HF/HNO3/H2O = 1:1:2, v/v) to remove the oxide layer and
blot, and finally cleaned with soap, acetone, and isopropanol before
and after chemical polishing. Later, anodization was conducted in 0.09
M NH4F solution (prepared using 8 mL of deionized water and 72 mL
of ethylene glycol as the mixed solvent) under continuous stirring,
with the pretreated two Ti foils as anode and cathode. All electrolytes
were prepared from reagent-grade chemicals. The electrochemical
treatment was conducted by applying a potential scanning from the
open-circuit potential first to 80 V for 2 min, then to 70 V for 2 min,
60 V for 2 min, and 50 V for 2 min; this voltage-regulated process was
repeated; and finally, a potential scanning from the open-circuit
potential to 40 V was applied for 120 min at ambient temperature (20
± 3 °C).
To prepare the La-, Ce-, Sn-, Fe-, B-, and P-doped TiO2 crystals, we

added 0.05 mL of lanthanum nitrate solution (0.1 M), 0.05 mL of
cerous nitrate solution (0.1 M), 5 mL of stannous chloride solution
(0.1 M), 0.5 mL of ferric nitrate solution (1 M), 2 mL of boracic acid
solution (1 M), and 0.5 mL of phosphoric acid solution (1 M)
individually into this anodic electrolyte, followed by sonication for 15
min. Finally, the homogeneously mixed sol solution was transferred to
a combustion boat and annealed in air at 500 or 600 °C for 3 h to yield
the final doped products. In a typical procedure, 10 mL of
concentrated wasted anodic electrolyte (sol) with a solid concen-
tration of ca. 48 g L−1 after ultrasonic treatment was calcinated at 500
or 600 °C for 3 h with a ramping rate of 3 °C/min, and approximately
0.25 g of colored or white powders could be obtained after being
cooled to room temperature.
Characterization. The morphology and structure of the TiO2

crystals were characterized by field-emission scanning electron
microscope (FE-SEM; SIRION200, FEI Co., The Netherlands),
high-resolution transmission electron microscope and selected-area
electron diffraction (HRTEM/SAED; JEM-2100, JEOL Co., Japan)
and scanning transmission electron microscope (STEM; JEM-
ARM200F, JEOL Co., Japan). The surface area was measured by
using the Brunauer−Emmett−Teller method with a Builder 4200
instrument (Tristar II 3020M, Micromeritics Co.) at liquid nitrogen
temperature. X-ray diffraction (XRD; X’Pert, PANalytical BV, The
Netherlands) was used to analyze the crystal structure. The diffuse
reflectance spectra (DRS) were measured using a UV−vis
spectrophotometer (UV 2550, Shimadzu Co., Japan). The chemical
compositions were characterized by energy dispersive X-ray analyzer
(EDX; GENESIS, EDAX Co.) fitted to the SEM chamber and X-ray
photoelectron spectroscopy (XPS; PHI 5600, PerkinElmer Inc.),
respectively.
All electrochemical measurements were carried out in a homemade

three-electrode system with pure and modified TiO2 SCs deposited on
glassy carbon electrode as the working electrode, Pt wire as the
counter electrode, and Ag/AgCl as the reference electrode. Electro-
chemical impedance spectroscopy (EIS) was conducted by applying an
AC voltage amplitude of 5 mV within the frequency range of 105 to
10−2 Hz in 10 g/L NaCl aqueous solution under the open-circle
potential (OCP); Mott−Schottky plots were obtained in 0.1 M
Na2SO4 aqueous solution by impedance measurement at the fixed
frequency of 1000 Hz between the applied voltage range of −0.50 to
1.0 V; oxygen evolution reaction was carried out in 0.1 M KOH
aqueous solution at a scan rate of 50 mV s−1.
Photocatalytic Tests. The photocatalytic properties of the TiO2

crystals were evaluated in a homemade photoreactor by short-circuit
photocurrent from a conventional three-electrode system and the
decolorization of RhB in aqueous solution under visible light
irradiation (λ > 420 nm). An aqueous solution containing 20 mL of
5 mg L−1 dye and 20 mg of TiO2 was magnetically stirred in the dark

for 20 min and then exposed to a 500 W xenon lamp (PLS-SXE500,
Beijing Trusttech Co., China) equipped with a 420 nm cutoff filter.
After irradiation for a designated time, aliquots were taken from the
irradiated reaction container and subjected to centrifugation to
separate TiO2 particles. RhB concentration was monitored by the
absorbance value at the maximum peak (554 nm) by using a UV−
visible spectrophotometer (UV-2450, Shimadzu Co., Japan).

■ RESULTS AND DISCUSSION

Morphology and Structure of the Doped TiO2 SCs.
Figure 1A shows the typical SEM images of {001}-exposed
TiO2 SCs doped by La, Ce, Sn, Fe, B, and N prepared at 600
°C. All the doped crystals exhibited a well-defined truncated
octahedral bipyramid with eight {101} facets and two {001}
facets. Compared to the pristine TiO2 crystals, the foreign
doping significantly changed their morphologies. The average
sizes of the pristine and the modified TiO2 crystals doped by
La, Ce, Sn, Fe, and B remained at 200−300 nm, but sizes
decreased to 50−100 nm when doped by P, which might be
attributed to the fact that P atom dopants drastically influenced
crystalline growth.35 In comparison with morphology, their
structural characteristics were not changed by the foreign
doping, and all six doped samples exhibited an intrinsic single-
crystalline structure as determined from the corresponding
SAED patterns, matching the pristine one well (Figure 1A).
The HRTEM results further reveal good crystalline and clear

lattice fringes of these doped crystals (Figure 1A). The
continuous lattice fringes with an interplanar lattice spacing
of 0.36 nm and an angle of nearly 90° fit well with the (101)
atomic planes of the anatase TiO2 SCs. It should be mentioned
that the lattice spacing of all these doped crystals intrinsically
consisted with the pristine analogue without any foreign
doping. This might be mainly because of both the very small
doping level (∼1%) as determined from the XPS results and
their highly dispersed behaviors evidenced by the STEM
imaging (Table S1, Supporting Information). The STEM
elemental mapping was performed to further explore the
geometric distribution of these foreign atoms in the doped
TiO2 SCs, and the corresponding elemental maps exhibited
their highly uniform distribution over the entire volume of the
sphere (Figure 1B). Moreover, the synergistic codoping could
also be obtained using this approach under appropriate
conditions (Figure 1B).
The XRD analysis was used to examine the crystal structure

of both the pristine and the doped samples. The measured
diffraction peaks of all samples matched well those of intrinsic
anatase TiO2 (JCPDS No.21-1272), and no residual phase
could be detected (Figure 2, top). For example, the two broad
peaks at 25.4° and 48.1° could be attributed to the {101} and
{200} plane, respectively. Moreover, the difference in the peak
intensities at 25.32° {101} and 37.93° {004} for both the
pristine and doped TiO2 samples could be mainly related to the
preferential crystallographic orientation of the crystal facets
exposed. These results illustrate that the impurity doping did
not alter the TiO2 crystalline type. The XRD patterns confirm
that almost no peak shift occurred because of their low doping
level and high dispersion. It is difficult for La3+ to enter into the
TiO2 lattice structure because of the larger size of La3+ (0.115
nm) than that of Ti4+ (0.068 nm). Thus, the formation of
structural defect was less, the lattice parameters of doped TiO2
SCs would not change, and almost no distortion took place,
ascribed to the mismatch of the two ionic radii. However, it
should also be noted that the low sensitivity of the XRD might
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prevent observing the separate impurity phase in the doped
TiO2 SCs because of the added low concentrations of the
precursor. For example, the Ce4+/Ce3+ with a large ion size was
proven to mainly rest on the surface or grain boundaries of the
particles.
The Raman spectra indicate that all the samples calcined at

450 °C were present in pure anatase phase corresponding to
the characteristic peaks around 144 cm−1 (B1g), 394 cm

−1 (B1g),
514 cm−1 (Eg), and 638 cm

−1 (Eg), except for the expressed 147
cm−1 (Eg) (Figure 2, bottom). No effect of impurity doping was
observed on the position of peaks in Raman spectra, and the
intrinsic anatase structure was integrally retained after doping
with different dopants. Moreover, the variation of the foreign
atoms resulted in a slight red shift of the principal peaks, which
could be attributed to the enhanced crystallization degree of
anatase and more surface oxygen vacancies and/or crystal
defects due to the difference in chemical state and ionic radii
between the Ti host and the doping guest. These effects could
reduce the recombination between photoelectrons and holes, as
both oxygen vacancies and crystal defects could capture
photoelectrons, leading to a higher quantum efficiency.36

Similarly, the presence of La2O3 and Ce2O3 could also trap
photoelectrons and thus reduce their recombination with holes,
which could be attributed to the distortion of anatase crystalline
lattice from the interstitial doping. This resulted in an enhanced
photoactivity.
XPS analysis was performed to examine the chemical nature

and atomic concentration of foreign dopants in TiO2 SCs
(Figure 3). There was no obvious chemical shift of electron

binding energies for Ti 2p and O 1s peaks of the all-doped
crystals. However, the target foreign atoms all exhibited their
corresponding chemical states. Moreover, if the electro-
negativity and ionic radius of the doping ions matched those
of the lattice ions in the oxide, the lattice ions could be
substituted by the doping ions in the sample preparation
process. For nomental B doping, the peak at around 191.9 eV
could be ascribed to Ti−O−B bond, much lower than that in
either the pure B2O3 (193.9 eV) or the H3BO3 (193.5 eV),
suggesting the successful doping into the interstitial TiO2
structure, rather than in a separate phase (Figure 3a). In
addition, the no shift of the Ti might be ascribed to its relatively
greater atomic weight.37

For the doping of nonmetal P, the P 2p3/2 binding energy at
around 133.3 eV suggests that the P was in a P5+ oxidation
state, probably in the form of Ti−O−P, as identified by the FT-
IR result (Figure S1, Supporting Information). This indicates
that P was likely to be incorporated as a cation and replace Ti
ion in the P-doped TiO2 crystals (Figure 3b). For the modified
titania, doping with nonmetal cationic species (i.e., S6+, I5+ and
P5+) has attracted considerable interest recently.4,18,30,31,35,38

The band gap narrowing in this type of impurity-doped TiO2
should be similar to the situation of conventional transition-
metal ion doping.38 The presence of P increased the
crystallization temperature of TiO2 and suppressed the phase
transformation from anatase to rutile and the growth of TiO2
crystallites, leading to a higher surface area of the P-doped
TiO2, and consequently granted them a higher content of
surface hydroxyl groups.
For metal Sn doping, the doublet peaks at 486.6 and 494.9

eV in the Sn 3d spectra could be ascribed to the Sn 3d5/2 and
Sn 3d3/2 of the substitutional Sn4+ dopants in the lattice,
confirming the formation of a Sn−O−Ti linkage in the Sn-
doped TiO2 crystals (Figure 3c).12,39 Because the ionic radius
of Sn4+ (0.69 Å) is slightly larger than that of lattice Ti4+ (0.53
Å), the lattice parameters, cell volume, and d values of TiO2
increased after doping, while the decreased crystal size of the
doped TiO2 should be attributed to the suppressed growth of
crystal grains because of the dissimilar boundaries.39 On the
other hand, because of their similar sizes, the substitution of
Ti4+ in the lattice by Fe3+ was favored. The Fe 2p from the
doped TiO2 SCs exhibited the binding energies at 710.5 and
723.7 eV, which were ascribed to the Fe 2p3/2 and Fe 2p1/2 of
the standard Fe2O3 (Figure 3d). A small lattice expansion
occurred due to the elongation of the c parameter of tetragonal
cell, resulting from the compensating effects between iron
substitution of titanium and oxygen vacancy formation to
maintain charge neutrality.40

For the doping of rare earth metal La, only La2O3 adsorbed
on TiO2 was detected. The binding energies at 836.3 and 853.6
eV in the La-doped TiO2 sample could be attributed to the La
3d5/2 and La 3d3/2 in the form of La2O3,

41 and no significant
influence of the presence of La2O3 on the Ti2P level was
observed, implying that no Ti−La bonding was formed (Figure
3e). In addition, the La2O3−TiO2 exhibited three peaks around
529.0, 531.0, and 532.4 eV in the O 1s spectrum, corresponding
to the Ti−O, surface H−O, and La−O bonds, respectively.41

The XPS results further indicate that the La2O3 was present in a
separate phase adsorbed by TiO2, rather than being
incorporated into TiO2 lattice via Ti−O−La linkage.
Furthermore, the La-modified TiO2 exhibited a significant
improvement in both the photocatalytic activity and thermal
stability.

Figure 2. (Top, a) XRD and (bottom, b) Raman spectra of the pure
and doped TiO2 SCs: (a) TiO2, (b) La-TiO2, (c) Ce-TiO2, (d) Fe-
TiO2, (e) Sn-TiO2, (f) B-TiO2 and (g) P-TiO2.
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In the case of doping of rare earth metal Ce, the binding
energies at 882.6, 890.1, and 897.7 eV were attributed to the
primary photoemission of Ce 3d from the Ce-doped TiO2; the

peak at 881.6 eV was ascribed to a mixture of (5d 6s)04f2O 2p4

configuration in Ce2O3; the peak at 900.0 eV showed the partial
oxidation of Ce3+; and the diffraction peaks for Ce2O3 were not

Figure 3. XPS spectra of the doped TiO2 SCs prepared at 600 °C: (a) B-TiO2, (b) P-TiO2, (c) Sn-TiO2, (d) Fe-TiO2, (e) La-TiO2, and (f) Ce-TiO2.

Figure 4. (a) EIS spectra, (b) Mott−Schottky spectra, (c) OER, and (d) the corresponding overpotentials at the selected 0.45 μA.
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found, which intrinsically indicates that Ce2O3 might be
amorphous (Figure 3f).42 Considering that no cerium oxide
phase was observed in the XRD spectrum (Figure 2), the Ce−
O bonds were dispersive in or on the TiO2 SCs and did not
assemble to the cerium oxide phase. The Ce incorporation
influenced both the lattice structure and the crystalline size.
Because the ionic radius of Ce3+/Ce4+ (1.03/0.93 Å) is between
Ti4+ (0.68 Å) and O2− (1.32 Å), Ce could reside in the TiO2
lattice interstitially or substitutionally.42 The decreased
crystalline size might be owning to the less reactive Ce ions,
slowing down the condensation and crystallization of the titania
matrix.
Moreover, when the doping temperature reduced from 600

to 500 °C, the as-prepared TiO2 SCs were efficiently codoped
by the added atom and the in situ N atom from the wasted
anodic electrolyte (Figure S2, Supporting Information). With
this synergistic codoping, the electrochemical, photochemical,
and photocatalytic properties of the TiO2 SCs could be further
enhanced, compared to those of the samples prepared at 500
°C.
Electronic Properties of the Doped TiO2 SCs. TiO2 SCs

electrodes were fabricated by drop-casting SCs onto fluorine
doped tin oxide (FTO) substrates. The measured smaller arc
radius on the modified TiO2 SCs electrode clearly exhibited
their enhanced electrochemical conductivity, reduced electron
transfer resistance, and magnified the separation and transfer of
electro-generated carriers because of their smaller arc radius,
compared to the pure analogue (Figure 4a).43 From the
measured Mott−Schottky plots (Figure 4b), the positive slopes
indicate the n-type behavior of both the pristine and modified

TiO2 SCs; on the other hand, the extracted flat-band potential
(E(fb)) for the pristine TiO2 SCs was approximately +0.2 V vs
Ag/AgCl, which was obviously more negative than those of the
doped analogues, and the larger slopes of the doped TiO2 SCs
suggest a significantly higher carrier density and a better electric
conductivity compared to that of the undoped analogue. The
low carrier density of the pure TiO2 SCs reflects their high
crystalline quality, resulting from the high temperature used in
the thermal synthesis.2

TiO2 can be used for water photoelectrolysis, while its large
overpotential for the oxygen evolution reaction (OER) usually
limits its efficient application. Because this OER overpotential is
affected by the binding energy with intermediates such as O·,
HO·, and HOO·, a stronger interaction among the adsorbed
species on the surface can lead to a lower overpotential.
Recently, it has been reported that the introduction of foreign
dopants uniformly into the TiO2 lattice can substantially
decrease the apparent overpotential and significantly increase
the overall catalytic performance.2,44 As shown in Figure 4c and
Table S1 (Supporting Information), the doped TiO2 SCs
exhibited a substantially reduced overpotential for OER than
that on the pristine samples, implying that impurity doping on
TiO2 crystals was able to alter the adsorption energy of reaction
intermediates for OER despite the low quantity of dopant.
Moreover, such a change in the surface adsorption energy is
intrinsically governed by the type of the foreign dopants and by
its doping position in the crystal lattice.2,44

Although the quantitative determination of OER over-
potential was highly current-dependent, the trend could be
compared in the following order: Ce-TiO2 < La−N−TiO2 <

Figure 5. DRS spectra of the pure and doped TiO2 SCs: (a) B-TiO2, (b) P-TiO2, (c) Sn-TiO2, (d) Fe-TiO2, (e) La-TiO2, and (f) Ce-TiO2.
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Ce−N−TiO2 < Sn−N−TiO2 < P−N−TiO2 < Fe−N−TiO2 <
B−N−TiO2 < La-TiO2 < B-TiO2 < P-TiO2 < Sn-TiO2 < Fe-
TiO2 < TiO2. At the selected current of 0.45 μA, an
overpotential of 0.66 V was obtained on 3% Ce-doped TiO2
SCs, which exhibited a ∼60% decrease relative to that of the
pure TiO2 SCs (1.28 V) (Figure 4d).
Photocatalytic Degradation of RhB. The DRS is one of

the most widely used methods to evaluate the optical properties
of photocatalysts and examine the doping effects on the host
metal oxide matrix. Figure 5 shows that all of the doped TiO2
SCs prepared at 600 °C exhibited a stronger adsorption than
the pristine analogue above ca. 380 nm (3.20 eV, corresponding
to the intrinsic band gap adsorption of TiO2).

45 On the one
hand, it was noted that the absorption band shifted smoothly
toward the visible light region, and the extent of this red shift in
absorption band was highly dependent on the type and amount
of foreign dopants (Figure 5). These facts indicate that the
photonic bandgap of the as-prepared TiO2 SCs was intrinsically
changed after foreign doping at 600 °C.45 On the other hand,
for the La- and Ce-doped samples, although most of the La2O3
and Ce2O3 were present in a separated phase adsorbed onto the
TiO2 SCs, their presence could also promote light harvesting
due to the enhanced surface area.40 Meanwhile, La2O3 and
Ce2O3 could capture photoelectrons and inhibit their
recombination with holes, which might further enhance light
absorbance in both UV and visible regions.46 In addition, the
drastic visible light adsorption on the Fe-doping TiO2 SCs was
consistent with the changes from white to yellow or light brown
in the sample color (Figure 1). In principle, this strong
adsorption could be mainly attributed to the two following
mechanisms: the excitation of 3d electrons of Fe3+ to the TiO2
conduction band (charge transfer transition), which gives rise
to an absorption band centered at ca. 400 nm, and the d−d
transition of Fe3+ (2T2g → 2A2g,

2T1g) or the charge transfer
transition between the interacting iron ions (Fe3+ + Fe 3+ →
Fe4+ + Fe2+).40

Moreover, for all of the doped samples prepared at 500 °C,
an additional strong visible light absorption was observed at
400−500 nm (Figure 5). Compared to the doped TiO2 SCs
prepared at 600 °C, it was noted that the adsorption band
remained intrinsically unchanged without any obvious shift, and
only an additional visible light absorption shoulder centered at
ca. 450 nm was formed on the doped TiO2 SCs prepared at 500
°C. These two facts synergistically indicate that the photonic
bandgap of the doped TiO2 SCs was not intrinsically changed
when the doping temperature was reduced from 600 to 500
°C.28,45 The newly formed adsorption shoulder peak on the
doped TiO2 SCs prepared at 500 °C might be mainly attributed
to the introduction of some localized states near the valence
band edge to form an impurity energy level within the bandgap
as well as the possible increase in surface oxygen vacancies and/
or crystal defects from the crystallographical distortion of
anatase crystalline lattice induced by N efficient doping.47,48

Therefore, these results clearly suggest that the electric
properties of the as-prepared TiO2 SCs were effectively
modified in different ways, and thus the intrinsic mechanisms
for the modification of optical absorption properties through
doping were highly different at the two given doping
temperatures of 500 and 600 °C.
The measured transient photocurrents on all the doped TiO2

SCs were significantly higher than those on the pristine ones
under visible light irradiation, and the highest photocurrent was
obtained on the P and N codoped sample prepared at 500 °C

(Figures 6a and S2, Supporting Information). These results
reveal an improved optical absorption and a decreased
electron−hole recombination of the doped crystals.

RhB, a widely used azo dye in printing and dyeing industries,
was used as a model pollutant to evaluate the photoactivities of
both the pristine and doped TiO2 SCs under the visible light.
The pristine SCs exhibited the lowest activity because of the
large band gap, and the observed removal should be attributed
to the self-sensitization of RhB (Figure 6b and Table S2,
Supporting Information). In comparison, all the doped samples
exhibited a significantly enhanced RhB removal efficiency (ca.
50−100%) owing to the desirable modifications of both crystal
and electric structures (Figure 6b and Table S2, Supporting
Information). Other mechanisms have been proposed to
explain such an enhanced photoactivity. For example, the
high activity of the B-doped sample can be due to the midgap
band arising from the substitutional B for oxygen atoms,
interstitial B, and the formation of localized oxygen vacancies.49

The high activity of the Fe-doped sample can be ascribed to the
narrowed band gap, the reduced electron−hole recombination,
the increased flat-band potential, and donor density upon
effective substitutional introduction of Fe3+ via the modifica-
tions in the electron−hole handling properties.50 These results
confirm an enhanced photoactivity on the doped crystals.
Moreover, the codoped TiO2 SCs with N and other

nonmetal elements usually exhibit favorable photocatalytic
properties for the synergetic effect of the two dopants. In this
study, the P, N codoped TiO2 SCs exhibited a substantially
higher RhB degradation (nearly 100%) than the P-doped
sample (Figure 6b and Table S2, Supporting Information).
According to the XPS analysis, the chemical natures of N and P

Figure 6. Photocatalytic degradation of (a) RhB and (b) transient
photoresponse on the pure and modified TiO2 SCs under visible light
irradiation.
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were identified as N−Ti−O and Ti−O−P, respectively, in the
single-doped TiO2 lattice, while the N (1.71%) was bonded to
P to form the O−P−N linkage in the codoped analogue
(Figure S2b, Supporting Information), which might result in
the observed high activity.38 This conclusion could be extended
to some other foreign atoms, and is of considerable interests for
the efficient photocatalytic water purification.

■ CONCLUSIONS
A facile and general approach is developed to dope and codope
the {001}-exposed TiO2 SCs by recycling wasted ethylene
glycol anodic electrolyte from the TiO2 nanotubes preparation
process. Ce and La, Sn and Fe, and B and P are successfully
doped into the facet-controlled TiO2 SCs without changing
their morphological and structural properties. Moreover, the
synergistic codoping could be accomplished under appropriate
conditions. The as-prepared doped TiO2 SCs exhibit
significantly enhanced electric properties, visible light utiliza-
tion, and RhB degradation activity. Our findings provide a new
opportunity for preparing the cost-effective modified TiO2 SCs
for efficient photocatalytic water treatment and other catalytic
applications.
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