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12 December 2019 phology is still an urgent challenge in this field. In this work, tunable one-
dimensional (1D) rod-like and three-dimensional (3D) yolk-like N-doped TiO,
© Springer Science+Business hierarchical architectures were successfully fabricated by one-step solvothermal
Media, LLC, part of Springer ~ route. A comparative study on morphological, structural and optical behavior of
Nature 2019 1D and 3D TiO; is conducted by SEM, TEM, BET, XPS, UV-Vis DRS, photo-
electrochemical and photodegradation experiments. The resultant N-doped
TiO, with specific surface area of 190.8 m? g~' and 166.6 m? g~' for rod-like
structure and yolk-like structure, respectively, exhibited excellent photocatalytic
performance using rhodamine B (RhB), methylene blue (MB) and phenol as the
degraded pollutants under visible-light irradiation. Benefiting from the direct
electrical path, multiple internal reflections of light and high specific surface
area, the rod-like N-doped TiO, possessed higher photocatalytic efficiency.
Specifically, for rod-like N-doped TiO,, the reaction rate constant of the pho-
todegradation for RhB, MB and phenol reached 12.1, 6.9 and 76.0 times,
respectively, compared with P25. In comparison with yolk-like N-doped TiO,,
the rate constant raised 1.5, 1.3 and 1.3 times. In addition, the formation
mechanism of such controllable-morphology structure was also analyzed. This
work suggests that the proper hierarchical structure combined with a large
specific surface area plays a significant role on photocatalytic performance.

Introduction reserve, stable physical and chemical properties, non-

toxicity and high efficiency [1, 2]. However, consid-
In recent years, TiO, has attracted tremendous ering their drawbacks of unsatisfactory solar energy
interest in the field of green energy production and absorption and rapid electron-hole recombination
environmental remediation due to its abundant efficiency, the photocatalytic activity of TiO, material
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is very limited. Therefore, a series of strategies,
including altering morphology, doping metal/non-
metal elements and combining with a second semi-
conductor, were proposed to improve the light
absorption and charge separation ability of TiO,
photocatalytic materials [3-7]. Among various
strategies, morphology controlling is a crucial “first
step” in term of photocatalytic activities, which can
lay a good foundation for subsequent modification
work [8]. Moreover, the specific surface area, active
sites for adsorption and conversion, charge separa-
tion performance and light harvesting are highly
dependent on TiO, morphology [9-11]. Therefore, it
is significant and meaningful to prepare TiO, with
different morphologies for efficient photocatalysis
[12-14].

Up to now, zero-dimensional (0D) TiO, particles,
one-dimensional (1D) TiO, rods or wires, two-di-
mensional (2D) TiO, sheets and three-dimensional
(38D) TiO; spheres have been successfully synthesized
[15-19]. In many cases, 1D, 2D or 3D TiO, composed
of primary nanobuilding blocks such as 0D
nanoparticles [20-22]. Compared with traditional 0D
particles, such hierarchical structures can lead to
unique properties. For example, TiO, with 1D rod-
like hierarchical structure can not only form finite
space between internal microrods resembling Fabry—
Perot resonator structure and resulting in increasing
multiple internal reflections of light, but also provide
direct electrical pathway for photogenerated elec-
trons, reducing the probability of interparticle hop-
ping and facilitating carrier transport [23-27]. In
addition to 1D materials, 3D hollow-structured TiO,
also has attracted significant attention for the sake of
their large specific surface area, excellent multiple
reflection and mass transfer capacity [28-30].

Indeed, TiO, with 1D, 2D and 3D hierarchical
structures has been studied and highly praised by
many different research groups. However, these
research works are inclined to highlight the enhanced
effect of a certain-dimensional TiO, [31]. Moreover,
numerous works focused on the fabrication of TiO,
with various morphologies by different methods
[32-34]. Most of them cannot be compared photo-
catalytic performance directly due to the existence of
uncertain complexity and impurity ions in synthesis
system [35]. In addition, even in a particular system,
most of the researches only present a certain-dimen-
sional morphology control, such as rods, core/shell
rods to hollow rods or solid spheres, core/shell
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spheres to hollow spheres [36-38]. There are few
reports on tuning among different-dimensional
samples, making it difficult for us to directly compare
and choose 1D, 2D or 3D TiO, materials. Therefore, it
is highly desired to fabricate catalysts of various
dimensions under the same capping agents and
process to compare the photocatalytic activity.

Nitrogen doping, as a strategy to improve visible-
light-driven range, has become very mature in the
field of photocatalysis [39, 40]. However, most of the
N-doped TiO, was prepared by multiple heat treat-
ments for obtaining products with higher crys-
tallinity and better N modification [41]. Such
methods not only involve difficult steps and high-
energy consumption, but also suffer low specific
surface areas due to grain coarsening.

Herein, we report, for the first time, a novel green
solvothermal route for controlled preparation of dif-
ferent-dimensional N-doped TiO, without annealing.
The transforming from 1D rod-like to 3D yolk-like
hierarchical architectures could be achieved by sim-
ply adjusting the amount of precursor, which can
guarantee the comparability of experimental results
of photocatalysis. The effect of processing conditions
on the morphology is investigated, and the effect of
TiO, dimensionality on the specific surface area,
charge separation and photocatalytic performance is
also systematically studied. This work provides a
guidance for designing and controlling other hierar-
chical microstructures for photocatalytic degradation.

Experimental section
Material synthesis

The preparation process is illustrated in Fig. 1. In a
typical N-doped rod-like TiO, procedure, 0.43 g of
TiOSO, (Macklin) precursor was dispersed in a
mixture solution of 120 mL N propanol and 40 mL
deionized water and then stirred at room tempera-
ture overnight. Subsequently, the homogenous solu-
tion was sonicated for 20 min in an ultrasonic bath.
Then, 0.10 g of urea was added into the solution to
make sure the mole ratio of urea to TiOSO, was 0.6.
Finally, the as-prepared mixture solution was trans-
ferred into a Teflon-lined stainless-steel autoclave at
90 °C for 14 h. The resultant precipitates were fil-
tered, washed thoroughly with water and ethanol for
several times and dried at 80 °C for 8 h under
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Figure 1 Synthesis procedure
for the selective preparation of
N-doped rod-like and yolk-like

Ti0,. TiOSO4-2H20==
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0.43g

6.88g

electronic oven and denoted as N-TR. The N-doped
yolk-like TiO, was achieved by adding precursor and
urea contents at the values of 6.88 g and 1.55 g,
respectively, and denoted as N-TYS. Additionally,
different precursor contents (0.86 g, 172 g and
3.44 g) and reaction time (0.5 h, 2 h, 14 h and 26 h)
were also applied in order to investigate the evolu-
tion of the morphology. For comparison, the N-free
samples were also carried out and denoted as TR and
TYS, respectively.

Characterization

The morphology of as-prepared samples was char-
acterized by scanning electron microscopy (SEM,
NOVA NanoSEM 430, the Netherlands), and the
composition was examined using energy-dispersive
spectroscopy (EDS, Zeiss, Oberkochen, Germany)
attached to the SEM. Transmission electron micro-
scopy (TEM) and high-resolution transmission elec-
tron microscopy (HR-TEM) were performed using
FEI Tecnai G2 F20 instrument (FEI, America). The
X-ray diffraction (XRD) patterns of the samples were
recorded by an X-ray diffractometer (XRD, D/Max-
3C, Rigaku Co., Tokyo, Japan) using Cu K, radiation
(/. = 1.5418 A). The specific surface areas were mea-
sured from the Brunauer—-Emmett-Teller (BET) plots.
XPS (Thermo Scientific K-Alpha) was used to probe
the binding energy distributions of the material.

Photoelectrochemical test

Electrochemical measurements including electro-
chemical impedance spectroscopy (EIS) and pho-
tocurrent tests were carried out on a CHI660C
electrochemical workstation (Shanghai Chenhua,
China) with a conventional standard three-electrode
system (Pt plate as the counter electrode, Ag/AgCl as
the reference electrode, depositing samples on FTO
conductive glasses as working electrode and 0.5 M
Na,SO4 aqueous solution as the electrolyte). The
photocurrent tests were measured under a 500 W Xe
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lamp equipped with an ultraviolet cutoff filter
(4 > 420 nm) (CHF-XM, Beijing Changtuo Technol-
ogy Co. Ltd, China) as the visible light. EIS plots were
performed in the frequency range from 1072 to
10° Hz with amplitude of 5 mV under the 500 W Xe
lamp.

Photodegradation and active species
trapping experiments

The photodegradation activity was estimated by
degradation of rhodamine B (RhB), methylene blue
(MB) and phenol in an aqueous solution under visi-
ble-light irradiation. A 300-W Xenon lamp with a
420 nm cutoff filter (Changtu, China) was used as
irradiation source (4> 420 nm). The distance
between the lamp and the sample was 15 cm. In a
typical photocatalytic degradation of RhB experi-
ment, 50 mg of the photocatalyst was dispersed in
50 mL of RhB solution (10 mg L™"). The suspension
was stirred for 30 min in the dark to reach an
adsorption—desorption equilibrium and subsequently
be illuminated for different time intervals. Three
milliliters of suspension was collected and cen-
trifuged to remove the photocatalyst. The photocat-
alytic degradation of MB and phenol experiments
was similar to that of RhB except the concentration of
the dye, where a 5mgL™" MB solution and
20 mg L™ phenol solution were used. The residual
RhB, MB and phenol concentration was monitored
via a UV-Vis spectrophotometer (UV1901PC) based
on the maximum absorption at 554 nm, 664 nm and
270 nm. To investigate the reaction mechanism for
photodegradation of RhB, active species trapping
experiments were carried out under visible-light
irradiation. The active species ‘O,”, h* and -OH were
detected with the addition of benzoquinone (BQ,
2 mmol L"), disodium ethylenediaminetetraacetate
(Nap,-EDTA, 5 mmol L") and isopropyl alcohol (IPA,
10 mmol L"), respectively.
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Results and discussion
Morphological and structural characteristics

The morphology and structure of the N-TR and
N-TYS are elucidated in detail through SEM and
TEM and shown in Fig. 2. As shown in Fig. 2a, rod-
like shapes with tens of micrometer in length and
0.5-2 pm in diameter are observed. Zooming into the
surface of the microrod gives an impression that each
rod contains several tiny rods with approximately
same length (Fig. 2b). Combined with TEM image
(Fig. 2¢), these microrods are not completely solid.
Meanwhile, considering self-assembled of these tiny
rods, the interior of the microrod can form long and
narrow channel, leading light into the interior easily.
When increasing the precursor concentration, the
well-defined yolk-like spheres with a mean diameter
of 1 um can be observed from Fig. 2e. From the
enlarged SEM image (Fig. 2f), the external surface of
the shell consists of numerous single layer spherical
structure, and a small core is found to be embedded
in the chamber. The yolk-like structure with shell
thickness ~ 100 nm and the diameter of yolk
400-600 nm was clearly demonstrated in TEM image
(Fig. 2g). In fact, the microrod, the shell and the core
are composed of smaller particles with a diameter of
~ 10 nm (as shown in Fig. S1). As the primary
nanobuilding blocks, these nanoparticles self-assem-
ble into unique 1D and 3D structures. Moreover, in

3763

Fig. 2d and g, a great many mesopores (size of
~ 5 nm) can be observed in both the structures. The
lattice spacing of N-TR and N-TYS is ascertained
about 0.35 nm, corresponding to the (1 0 1) plane of
the anatase phase. The SAED pattern is also consis-
tent well with the XRD pattern. However, compared
with the SAED pattern of N-TR, the N-TYS is not
well-defined Debye-Scherrer rings, suggesting that
rod-like structure possesses higher crystallinity than
yolk/shell structure. In addition, N element of N-TR
and N-TYS is sufficiently confirmed by energy-dis-
persive X-ray spectroscopy (EDX) and depicted in
detail in Supporting information (Fig. 52, Text S1). It
should be pointed out that the N element barely
affects the morphology of TiO,. The SEM images of
TR and TYS are displayed in Fig. S3.

Figure 3a shows the XRD patterns of N-TR and
N-TYS. The peaks at 25.24°, 37.88°, 47.81°, 54.14°,
54.92° and 62.53° are observed from the two samples,
presenting good agreement with the anatase phase
(JCPDS card No. 21-1272). Besides, no other peaks
such as N-O and Ti-N were detected in the samples,
which may be ascribed to the reason that the content
of N was too little to be recorded. The crystallite size
is calculated based on the Scherrer formula in
Table 1. The Raman spectra of N-TR and N-TYS are
also examined to identify the structural properties
(Fig. 54). Based on the SEM, TEM, XRD and Raman
spectra, it is apparent that these TiO, hierarchical

Figure 2 SEM and TEM images of N-TR (a—d) and N-TYS (e-h). Insets in the HR-TEM images show the SAED pattern.
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Figure 3 a XRD patterns of N-TR and N-TYS; b N, adsorption—desorption isotherms and (inset) the corresponding pore size distribution

curves of N-TR and N-TYS.

structures present similar primary nanobuilding
blocks and crystal structure but the morphology.

Figure 3b shows the nitrogen adsorption—-desorp-
tion isotherms and the corresponding pore size dis-
tribution curves of the N-doped samples. The N»-BET
surface areas (Sggr) for N-TR and N-TYS are calcu-
lated to be 190.82 m* g ' and 166.59 m* g™, respec-
tively. Although all samples show IV-type isotherm,
the hysteresis loop and pore size distribution have
significant differences. For rod-shaped TiO,, the
observed H, hysteresis loop suggests the presence of
slit-like pores, corresponding to the overlap among
rods [42]. Furthermore, the mean pore size distribu-
tion is determined as ~ 4.87 nm. The yolk-like
structure shows H; hysteresis loop, indicating the
formation of cylindrical pores, and the average pore
diameter is about 6.7 nm [42]. The summary of BET
surface area, pore diameter and pore volume of the
N-TR and N-TYS is depicted in Table 1. We can find
that the specific surface area of N-TR is higher than
that of N-TYS, but the pore size and volume of N-TR
is smaller than that of N-TYS. Apparently, the dif-
ference of morphology leads to the different surface
areas and porous structures.

To investigate the influence of morphology on
chemical state of elements, X-ray photoemission
spectroscopy (XPS) is recorded and shown in Fig. 4.
The survey scan spectrum shows that N-TR and

Table 1 Parameters of N-TR

N-TYS contain Ti, O, C and N elements, indicating
that the N atom is successfully doped into the sam-
ples (Fig. 4a). After correcting with C 1s peak
(284.8 eV), all the peaks of N-TR shift to higher
binding energies, indicating the difference of mor-
phology could slightly affect the chemical environ-
ment of elements (Fig. 4b—d). Moreover, the high-
resolution N 1s peak (Fig. 4c) is carefully analyzed.
By fitting the curves, four peaks can be observed. For
N-TYS, the peaks at 398.9 eV, 399.7 eV, 400.8 eV and
401.8 eV correspond to the Pydinic N, substitutional
N for O in the form of O-Ti-N bonding and the
surface adsorption of N, and NO, species, respec-
tively. The result indicates that nitrogen atoms are
mainly incorporated into substitutional sites of the
lattice [41, 43, 44]. When changing the precursor
content to obtain N-TR, the area of Pydinic N peak
significantly increases, indicating that the rod-like
structure can not only introduce substitutional
nitrogen but also easily form carbon and nitrogen
bonding. In addition, the C 1s peak can also be ana-
lyzed (Fig. 4d). The main peak located at 284.8 eV is
assigned to the C-C bonds, and the other two peaks
can be fitted to C-N and O-C=0 bonding [43, 45]. An
apparent increase in relative intensity of C-N bonds
in N-TR can be observed, which once again proved
that nitrogen is easier to be introduced to bond with
carbon in the microrods than yolk-like spheres. Based

Surface area (m’ gfl) Pore size (nm)  Pore volume (cm® gfl)

and N-TYS prepared with Sample _ Crystallite size (nm)
different amounts of precursor N-TR 7.0
N-TYS 6.3

190.82
166.59

4.87
6.70

0.23
0.28
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Figure 4 a The integrated XPS spectrum of N-TR and N-TYS; b the

and d carbon for N-TR and N-TYS.

on the XPS analysis, the atomic ratio of nitrogen
element is 3.24% in N-TR and 2.57% in N-TYS. Con-
sidering the molar ratio of TiOSO4-2H,0 to urea is
the same and area of other N 1s peaks is similar, the
above difference mainly ascribed to the bonding of
carbon and nitrogen. The difference of morphology
leads to different specific surface areas and meso-
pores structures; this may be the reason for different
nitrogen incorporation conditions.

In the present case, the N-doped 1D rod-like and
3D yolk-like TiO, hierarchical structures are suc-
cessfully synthesized by only adjusting the precursor
concentration. Therefore, it is necessary to explore the
formation process of the two unique structures in
detail. The experiments of intermediate precursor
contents (0.86 g, 1.72 g, 3.44 g) are carried out and
shown in Fig. 5a—c. Meanwhile, the experiments of
different solvothermal reaction times (0.5 h,2 h, 14 h,
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corresponding XPS spectrums of titanium and oxygen, ¢ nitrogen

26 h) are also illustrated and discussed in Fig. S5 and
Text S2. As precursor content increases from 0.43 to
1.72 g, the morphology of the resultant TiO, samples
can be tuned from microrods to irregular aggregation
of rods and spheres, which can be described in detail
as a lot of messy particles appear among the micro-
rods, and then, these microrods shorten and become
thicker within the spheres growing out of the rods
(Fig. 5a and b). On further increasing the concentra-
tion content to 3.44 g and 6.88 g, the rod-like struc-
ture disappears and the yolk-like structure eventually
forms (Fig. 5¢). Though the evolution of the mor-
phology depends on the precursor concentration,
further sufficient evidence is still needed to explain
the formation mechanism of the two unique hierar-
chical structures. Therefore, the SEM image of
TiOSO,-2H,0 precursor is investigated in Fig. 5d.
Interestingly, TiOSO,4-2H,O also exhibits 1D rod-like

@ Springer



J Mater Sci (2020) 55:3760-3773

Figure 5 SEM images of the N-doped TiO, with different
amounts of TiOSO42H,0: a 0.86 g, b 1.72 g, ¢ 3.44 g; SEM
images of d TiOSO,4-2H,0 and e the precursor solution of N-TR

morphology. Compared with N-TR, the TiOSO,.
2H,0 rods have smoother surface and larger aspect
ratio. In addition, at low dose of precursor, the pre-
cursor solution is milky white (Fig. 5f). From the SEM
image of precursor solution of N-TR (Fig. 5e), the
rod-like structure is highly similar to TiOSO,4-2H,0.
When the precursor concentration is higher than
supersaturation, the solution will hydrolyze to form a
white translucent suspension instead of the previous
milky white suspension (Fig. 5f). Moreover, a gelati-
nous precipitate at the bottom of the beaker was
observed. Therefore, this state should be hydrogels.
According to all above results, a possible formation
mechanism of the microrods and yolk-like spheres is
illustrated in Fig. 6. At the initial stage, the hydroly-
sis and alcoholysis reaction of TiOSO,2H,O pro-
duces nascent TiO, nuclei. At low amounts of
TiOSO4-2H,0, TiO, nuclei follows the in situ growth
mechanism [23, 46, 47]. The seeds in situ growth to
form tiny rods follow the morphology of TiOSO,.
2H,0. As time goes on, these tiny rods assemble
more closely and gradually become shorter and
thicker, eventually self-assembled into rod-like hier-
archical structure. At high dose of TiOSO,-2H,0, the
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which was stirred overnight; f photograph of titanium precursor
solution of N-TR and N-TYS.

precursor solution will undergo a sol process to form
active monomers via hydrolysis and alcoholysis
reaction. These active monomers gradually evolved
into numerous TiO, nanoparticles with uniform size
in a chemical reaction. Due to the high surface
energy, these TiO, nanoparticles spontaneously
aggregate into the spherical solid structural TiO,
[48, 49]. Thereafter, the Ostwald ripening process
occurred. The nanoparticles located in the inner core
have higher curvature compared with those in the
outer shell. Thus, they have higher surface energies
and faster dissolving rate than the shell. As a result,
the nanoparticles of the inner surface will be dis-
solved and re-deposited on the outer surface. With
the reaction time prolonged, the interior core further
dissolved, and the cavity between core and shell was
expanded, finally forming the well-defined yolk-like
TiO, hierarchical structure [29, 50-52]. Other transi-
tional morphologies are formed by the combination
of these two mechanisms.
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Figure 6 Schematic illustration of the formation process for N-TR and N-TYS.

Photocatalytic properties and mechanism

In this part, in addition to N-TR and N-TYS, a series
of photocatalytic characterizations of undoped sam-
ples were also investigated under the same condition.
Although the theme of this work is to discuss the
influence of different-dimensional TiO, hierarchical
architectures on photocatalytic performance, it is
essential to know the role of nitrogen introduction in
our experiment. It is generally accepted that N dop-
ing has the potential of narrowing the band gap via
elevating the valence band, which further increases
the visible-light response region. To investigate the
influence of 1D and 3D N-doped TiO, on the optical
absorption performance, UV-Vis diffuse reflectance
spectra of TR, TYS, N-TR and N-TYS were recorded
by UV-Vis spectrophotometer. Compared with the
TR and TYS, absorption edges of N-doped samples
are slightly red-shifted and their visible-light har-
vesting abilities increase, which can be observed
clearly in Fig. 7a. For the four samples, the band gaps
are estimated from plots of (F(R)*1v)'/? versus hv. As
shown in Fig. 7b, the band gaps Eg estimated from
the intercept of the tangents of the plots are deter-
mined to be 3.15 eV for both N-doped samples, while
N-free samples are 3.20 eV [53]. This result confirms
that the wider visible-light response region corre-
sponds to narrower band gap. Interestingly, mor-
phology and elemental chemical state variation have

a little influence on the band gap, which eliminate the
effects of different visible-light response regions on
photocatalytic activity.

The photoelectrochemical properties of the four
TiO, samples were also investigated. The electro-
chemical impedance spectrum (EIS) was measured to
investigate charge transport behaviors, and the
results are shown in Fig. 8a. Whether N doping or
not, the arc radius of the 1D rod-like structure is
smaller than 3D yolk-like structure, suggesting that
microrods have the lower resistance, higher charge
mobility and separation efficiency. In addition, the
transient photocurrent response curves were mea-
sured to investigate the ability of separating photo-
generated electrons and holes in Fig. 8b. The
photocurrent response shows a similar trend that
observed from the electrochemical impedance spec-
trum, where the rod-like structure exhibits higher
photocurrent density than yolk-like structure. In
addition, the N-doped TiO, possesses higher charge
separation efficiency due to the increased visible-light
absorption region. In summary, different-dimen-
sional TiO, hierarchical architectures have great
impact on charge separation and transport. In this
case, 1D rod-like structure is more benefit to charge
separation and transport than 3D yolk-like structure,
which is expected to enhance photocatalytic perfor-
mance. The difference may be attributed to the fact
that one-dimensional structure could provide a fast
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charge transport pathway, which could facilitate the
electron transfer and suppress electron-hole pair
recombination.

The final goal for the fabrication of unique 1D and
3D hierarchical architectures with N doping is to
improve its photocatalytic property in the visible-
light range. In this work, we carried out the photo-
catalytic degradation of RhB, MB and phenol to
evaluate the photodegradation performance of TR,
TYS, N-TR and N-TYS under visible-light irradiation
[54]. For comparison, the degradation efficiency of
P25, an excellent commercial TiO, photocatalyst, was
also investigated under the same condition. The
results are shown in Fig. 9. During a 30-minute dark
adsorption reaction, we found an interesting phe-
nomenon: the adsorption of dyes for core-shell
structural TiO, is better than the rod structural TiO,.
Although the specific surface area of the core-shell
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structure is slightly smaller, the pore size and pore
volume are larger, which may be the reason for its
better adsorption performance. But this amount of
adsorption is negligible for degradation. Whether
doping or not, the rod-like structure exhibits much
higher RhB, MB and phenol photodegradation effi-
ciency than yolk-like structure (Fig. 9a, ¢ and e). In
addition, P25 exhibits the lowest photodegradation
activity. In order to compare the difference conve-
niently, the degradation kinetic model was also
studied. Figure 9b, d and f shows that the relation-
ship between time and In (Cy/C) is almost a straight
line, which proves that the process of degradation fits
the pseudo-first-order reaction [55]. The pho-
todegradation of RhB rate constant (k) values of P25,
TYS, TR, N-TYS and N-TR is determined to be 0.0339,
0.0922, 0.1138, 0.2816 and 0.4088 minfl, respectively.
The photodegradation of MB rate constant values is
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Figure 9 Photocatalytic performance and kinetic linear simulation curves of TR, TYS, N-TR, N-TYS and P25 in the degradation of a,

b RhB; ¢, d MB and e, f phenol under visible-light irradiation.

determined to be 0.0068, 0.0112, 0.0177, 0.0376 and
0.04723 min~', and the photodegradation of phenol
rate constant values is determined to be 0.0001,
0.0017, 0.0022, 0.0058 and 0.0076 min~'. Based on the
above data, we can find that the degradation of RhB
is the easiest, while phenol is relatively difficult.
However, the performance law between the samples
is unchanged, that is, the photodegradation rate:
N-TR > N-TYS > TR > TYS > P25. To exclude the
effect of dye self-degradation phenomenon, we also

carried out the blank experiments. Fig. S6 shows that
RhB and phenol photodegradation are negligible
without TiO, under visible-light illumination, while
MB photodegradation is relatively serious.

In addition, the photodegradation performance of
other samples with different intermediate amounts of
precursor for the photodegradation of RhB was also
investigated and is shown in Fig. S7. As precursor
content increases from 0.43 to 6.88 g, the degradation
rate decreases first and then rise. This result indicates
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that in the photocatalytic field, the advantages of 1D
and 3D hierarchical structures are obvious, and
irregular transition morphology is not conducive to
the improvement of photocatalytic performance
(Fig. S7¢).

Based on the above experimental results, several
significant conclusions can be summarized. Firstly, it
is clearly observed that photocatalytic activity of TR,
TYS, N-TR, N-TYS is higher than that of P25, espe-
cially N-TR is 12 times than P25 for the photodegra-
dation of RhB. It is generally accepted that P25
belongs to 0D nanoparticles with an average particle
size of 25 nm. Interestingly, in our work, 1D micro-
rods and 3D yolk-like spheres as hierarchical archi-
tectures are composed of 0D nanoparticles. The result
confirms that unique superstructures have benefitted
impact on photocatalytic capabilities. Moreover, the
XRD pattern of N-TR hardly changes after degrada-
tion, indicating the stability of as-prepared samples
(Fig. S8). Secondly, 1D rod-like structure exhibits
higher photodegradation efficiency than 3D yolk-like
structure, which ascribes to the reason that rod
structure possesses unique properties such as rela-
tively high specific area (190.8 m* g~', Table 1), rel-
atively better crystallinity, direct electrical pathway
and higher light utilization rate [24, 25]. Although the
hierarchical yolk-like structure endows the N-TYS
with sufficient interior space to capture photons, the
narrow space of N-TR, which is formed among
internal nanorods, makes it easier to increase multi-
ple internal reflections of light [23]. In addition, 1D
structure also benefits for charge separation and
transport. Finally, the N-doped samples exhibit
higher photodegradation efficiency than bare TiO,
because of the synergetic effects between enhanced
visible-light harvesting capabilities and higher elec-
tron separation efficiency.

To further elucidate their intrinsic mechanism for
photocatalytic degradation of RhB, the effect of active
species of N-TR was investigated via radical trapping
experiments. As shown in Fig. 10, after adding BQ
and Nay-EDTA, the degradation process of RhB is
obviously suppressed, while IPA has a little effect on
the degradation, indicating that the active species
‘O,” and h" play significant role in photocatalytic
reaction but OH.

According to the above mentioned, we propose the
mechanism for the visible-light photocatalytic reac-
tion over N-doped TiO, (Fig. 11). N doping can
narrow the band gap and cause visible-light
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Figure 11 Proposed photocatalytic mechanism for

photodegradation of RhB under visible-light irradiation.

response, accounting for the visible-light absorption
of N-doped samples. Under visible-light irradiation,
N-TR and N-TYS can be excited and produce elec-
trons and holes pairs. Subsequently, the electrons
which transmitted to the conduction band react with
O, to produce active species ‘O,". The redox prop-
erties of ‘O,” and h* lead to rapid photocatalytic
degradation of RhB.

Conclusions

In summary, the tunable 1D rod-like and 3D yolk-like
N-doped TiO, hierarchical architectures were suc-
cessfully fabricated by one-step solvothermal route
via changing the precursor concentration. The
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morphologies, one-dimension and three-dimension
are caused by in situ growth and Ostwald ripening,
respectively. The unique N-doped rod-like and yolk-
like hierarchical structures significantly increase the
specific surface area and light utilization rate; mean-
while, nitrogen doping expands the visible-light
response range, both of which improve the photo-
catalytic performance compared with commercial
P25. Furthermore, through the systematic compar-
ison, N-doped 1D rod-like structure with the unique
hierarchical structure and larger specific surface area
exhibits the excellent performance in terms of pho-
todegradation, charge separation ability and elec-
tron-hole recombination efficiency, indicating that
the proper TiO, dimension with a large specific sur-
face area is greatly promising technique for
enhancement of photocatalysis. This work can pro-
vide a guidance for researchers in the field of mor-
phology control.
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