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fuel, decomposing hazardous substances, etc. Among a large 

variety of perovskite-type oxides MTiO 3  (M = Ca, Ba, Sr, Pb, 

etc.) that have been widely studied for use in ferroelectric, 

multiferroic, piezoelectric, and dielectric devices, [ 1–9 ]  stron-

tium titanate (SrTiO 3 ), a cubic semiconductor with a band 

gap of approximately 3.2 eV, has emerged as a promising 

photocatalyst in the degradation of organic dyes and water 

splitting due to its outstanding thermal stability and photo-

stability, excellent photocatalytic activity, and good structural 

stability. [ 7,10–13 ]  

 Recent research has witnessed rapid advances in rational 

design and synthesis of nanocrystal photocatalysts. [ 14–17 ]  In 

particular, nanostructured semiconductor TiO 2  of different 

sizes, shapes, and forms [ 18–26 ]  have been judiciously fabricated 

for applications in degradation of organic dyes, water split-

ting, dye-sensitized solar cells, etc. [ 17,27–32 ]  By precisely con-

trolling TiO 2  nanostructures, it is highly possible to impart 

TiO 2  with new functionalities and manipulate the associated 

properties. [ 23,24,26,30,33,34 ]  In the fi eld of photocatalysis, one DOI: 10.1002/smll.201402692

 By using one-dimensional rutile TiO 2  nanorod arrays as the structure-directing 
scaffold as well as the TiO 2  source to two consecutive hydrothermal reactions, densely 
aligned SrTiO 3 -modifi ed rutile TiO 2  heterojunction photocatalysts are crafted for the 
fi rst time. The fi rst hydrothermal processing yielded nanostructured rutile TiO 2  with 
the hollow openings on the top of nanorods (i.e., partially etched rutile TiO 2  nanorod 
arrays; denoted PE-TNRAs). The subsequent second hydrothermal treatment in the 
presence of Sr 2+  transforms the surface of partially etched rutile TiO 2  nanorods into 
SrTiO 3  nanoparticles via the concurrent dissolution of TiO 2  and precipitation of 
SrTiO 3  while retaining the cylindrical shape (i.e., forming SrTiO 3 -decorated rutile 
TiO 2  composite nanorods; denoted STO-TNRAs). The structural and composition 
characterizations substantiate the success in achieving STO-TNRA nanostructures. In 
comparison to PE-TNRAs, STO-TNRA photocatalysts exhibit higher photocurrents 
and larger photocatalytic degradation rates of methylene blue (3.21 times over 
PE-TNRAs) under UV light illumination as a direct consequence of improved charge 
carrier mobility and enhanced electron/hole separation. Such 1D perovskite-decorated 
semiconductor nanoarrays are very attractive for optoelectronic applications in 
photovoltaics, photocatalytic hydrogen production, among other areas. 
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  1.     Introduction 

 Semiconductor photocatalysis has garnered much atten-

tion as it offers new opportunities for generating hydrogen 
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dimensional (1D) TiO 2  nanomaterials (e.g., nanorods, nano-

tubes, nanowires and nanofi bers) have attracted consider-

able interest. [ 22,28,30,35–39 ]  In comparison with mesoscopic or 

particulate TiO 2 , these 1D architectures enable more effec-

tive transport of photoinduced charge carriers by minimizing 

the loss of charge carriers at grain boundaries. [ 40–42 ]  Among 

1D nanostructures, TiO 2  nanorod arrays (TNRAs) have 

been widely recognized as an intriguing set of nanomate-

rials because of their superior chemical stability, good struc-

ture controllability, strong oxidizing activity, nontoxicity, and 

low cost. [ 34,35,43 ]  It is worth noting that semiconductor TiO 2  

possesses a band structure well-suited for potential use in 

photocatalytic degradation of organic pollutants and water 

splitting. However, it suffers from low quantum effi ciency 

caused by rapid recombination of electrons and holes. [ 44,45 ]  

This is a challenging issue as it constrains the high photocata-

lytic activity of TiO 2 . Signifi cant efforts have been made to 

suppress the electron/hole recombination in order to enhance 

photocatalytic effi ciency of nanostructured TiO 2  by cou-

pling it with other semiconductors, such as ZnO, [ 46 ]  WO 3 , 
[ 47 ]  

SnO 2 , 
[ 48 ]  etc. Furthermore, it is interesting to note that rutile 

TiO 2  has a relatively smaller band gap (3.0 eV) than that of 

anatase phase (3.2 eV), [ 49 ]  and is the most stable form of TiO 2  

thermodynamically. [ 50 ]  However, the conventional fabrication 

of rutile TiO 2  by phase transformation with high temperature 

calcination generally results in the aggregation of rutile TiO 2 , 

and thus low surface area. Consequently, there has been little 

research on rutile TiO 2 -based photocatalysis. 

 Herein, we report, for the fi rst time, the crafting of one-

dimensional densely aligned SrTiO 3 -decorated  rutile  TiO 2  

composite nanorods (denoted STO-TNRAs) with enhanced 

photocatalytic activity by using rutile TiO 2  nanorod arrays 

formed on the fl uorine-doped tin oxide substrate to two 

consecutive hydrothermal reactions ( Figure    1  ). The fi rst 

hydrothermal reaction converted the smooth rutile TiO 2  

nanorods into the ones with hollow openings on the top of 

TiO 2  nanorods, that is, partially etched rutile TiO 2  nanorods 

with rough surface (denoted PE-TNRAs; central panel in 

Figure  1 ). Such nanostructured rutile TiO 2  possesses high 

surface area, and thus strong dye-adsorption capacity and 

improved photocatalytic performance. Subsequently, the 

second hydrothermal treatment on PE-TNRAs with the addi-

tion of Sr 2+  yielded SrTiO 3 -modifi ed rutile TiO 2  composite 

nanoarrays (i.e., STO-TNRAs; that is, SrTiO 3 /rutile TiO 2  het-

erojunction nanocomposites) via the concurrent dissolution 

of TiO 2  and precipitation of SrTiO 3 , while retaining the cylin-

drical shape of PE-TNRAs (right panel in Figure  1 ). The 

structural and composition characterizations were performed 

and corroborated the success in achieving SrTiO 3 /rutile TiO 2  

heterojunction nanostructures. The intimate contact between 

SrTiO 3  and rutile TiO 2  in STO-TNRAs facilitated the sepa-

ration of charge carriers, which in turn led to high photo-

catalytic degradation rate of methylene blue (MB). With the 

optimal loading of SrTiO 3  within PE-TNRAs, the photo-

catalytic activity of STO-TNRAs was maximized. The infl u-

ence of the amount of SrTiO 3  loading on the photochemical 

properties and photocatalytic degradation performance of 

the resulting STO-TNRAs were explored. Compared to PE-

TNRAs, under ultraviolet illumination, STO-TNRAs het-

erojunctions exhibited higher photocurrent and 3.21 times 

photocatalytic degradation rate of MB over that of PE-

TNRAs as a direct consequence of improved charge carrier 

mobility and enhanced electron/hole separation.   

  2.     Results and Discussion 

 Figure  1  illustrates the stepwise formation of STO-TNRAs 

(i.e., SrTiO 3  nanoparticles decorated on partially-etched 

rutile TiO 2  (PE-TNRAs)). First, rutile TiO 2  nanorod arrays 

(TNRAs) successfully directly grown on the fl uorine-doped 

tin oxide (FTO) substrate by hydrothermal processing in an 

acid solution for 3 h ( Figure    2  a and b). [ 35 ]  The SEM meas-

urements revealed that densely aligned TiO 2  nanorods were 

formed uniformly on the FTO substrate with a thickness of 

approximately 3.0 µm (Figure  2 a and  2 b). In order to achieve 

larger surface area, the as-prepared rutile TiO 2  nanorods 

were then hydrothermally treated in a mixture of 30 mL HCl 

and 30 mL DI water for 1.5 h (i.e., the fi rst hydrothermal 

reaction; see the Experimental Section). Intriguingly, after 

etching, hollow opening was emerged on the top of rutile 

TiO 2  nanorods (Figure  2 c and  2 d). The porous walls on the 

surfaces of both nanorods and hollow openings were formed 

(i.e., rough porous walls; see for example the close-up of 

red dashed box region in the central panel of Figure  1  ,  and 

the inset in Figure  2 c). The PE-TNRAs maintained the 1D 

cylindrical shape, while the thickness was slightly reduced to 

about 2.8 µm as a result of etching (Figure  2 d; central panel in 

Figure  1 ). Subsequently, the second hydrothermal processing 

in the presence of SrCl 2  6H 2 O was invoked to yield SrTiO 3  
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 Figure 1.    Stepwise representation of formation of SrTiO 3 -decorated rutile TiO 2  composite nanoarrays (i.e., STO-TNRAs; that is SrTiO 3 /rutile TiO 2  
heterojunction photocatalysts).
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nanoparticles on the external TiO 2  nanorods (i.e., on the sur-

faces of both nanorods and their hollow openings on the top) 

due to the dissolution and precipitation processes as depicted 

in Equations  ( 1)   and  ( 2)  , respectively [ 51 ]  (i.e., STO-TNRAs; 

right panel in Figure  1  and  Figure    3  ).   

 In the strong alkaline solution, some Ti-O-Ti bonds were 

broken, forming [Ti(OH) 6 ] 
2−  (Equation  ( 1)  ), followed by the 

reaction between [Ti(OH) 6 ] 
2−  and Sr 2+  to generate perovskite 

SrTiO 3  nanoparticles, which were nucleated on the surface 

of PE-TNRAs (Equation  ( 2)  ). As the hydrothermal time 

progressed, a thin layer composed of SrTiO 3  nanoparti-

cles was formed on the surface of partially etched TiO 2  

nanorods.

 
TiO 2OH 2H O Ti OH2 2 6

2( )+ + → ⎡⎣ ⎤⎦
− −

  
(1)
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 Figure 2.    SEM images of (a and b) rutile TNRAs prepared by hydrothermal reaction, and (c and d) rutile TNRAs after etching in the HCl solution (i.e., 
forming PE-TNRAs). The insets in (a) and (c) are the corresponding close-ups, respectively. Top view: (a) and (c). Side view: (b) and (d).

 Figure 3.    SEM images of STO-TNRAs prepared by hydrothermal reaction at different times in the presence of SrCl 2  6H 2 O. (a and b) 9 h, (c) 12 h, and 
(d) 15 h. The insets in (a), (c) and (d) are the close-ups of SrTiO 3 /rutile TiO 2  heterojunction nanoarrays. Top view: (a), (c) and (d). Side view: (b).
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[Ti(OH) ] Sr SrTiO 3H O6

2 2
3 2+ → +− +

  (2)   

 Figure  3  compares the morphologies of 1D densely 

aligned STO-TNRAs obtained at different hydrothermal 

processing times. After hydrothermal reaction for 9 h, a thin 

layer composed of SrTiO 3  nanoparticles uniformly grown 

around TiO 2  NRAs was observed (Figure  3 a and  3 b). The 

corresponding cross-sectional SEM image revealed that the 

thickness of PE-TNRAs remained at 2.8 µm during the con-

version of external TiO 2  into SrTiO 3  (Figure  3 b). When the 

hydrothermal time prolonged to 12 h, more TiO 2  was reacted 

with Sr 2+  to create SrTiO 3  nanoparticles. With the reaction 

time further progressed to 15 h, the nanorod walls became 

thicker and the hollow openings of some nanorods were 

nearly blocked as more SrTiO 3  nanoparticles were formed. 

 The TEM images of STO-TNRAs prepared after the 12-h 

hydrothermal reaction clearly showed that SrTiO 3  nanoparti-

cles were successfully grown on the surface of TiO 2  nanorods 

( Figure    4  ). A high resolution TEM image, a close-up of the 

dashed box region in Figure  4 a, is shown in Figure  4 b. The 

lattice fringes of 0.27 nm and 0.32 nm corresponded to the 

refl ections from the (110) plane of SrTiO 3  and (101) plane of 

rutile TiO 2 , respectively.  

  Figure    5   shows the XRD patterns of PE-TNRAs and 

STO-TNRAs obtained after hydrothermal reactions of PE-

TNRAs in SrCl 2  6H 2 O for different times. The emergence of 

SrTiO 3  diffraction peaks is clearly evident. In sharp contrast 

to PE-TNRAs, STO-TNRAs displayed a decreased intensity 

of two rutile TiO 2  peaks (i.e., 62.9° and 69.8°, corresponding 

to (002) and (112) planes of rutile TiO 2 , respectively; JCPDS, 

no. 21–1276), suggesting that most SrTiO 3  nanoparticles in 

composite nanorods were grown along the (002) and (112) 

planes of rutile TiO 2 . Clearly, the XRD measurements fur-

ther substantiated the formation of SrTiO 3 -incoporated 

rutile TiO 2  nanorods.  

 The photoresponses of PE-TNRAs and STO-TNRAs 

with different amount of incorporated SrTiO 3  nanoparticles 

were measured at a bias potential of 0 V vs. Ag/AgCl elec-

trode with a UV light pulse of 50 s ( Figure    6  ). When the 

UV light irradiation was interrupted, the photocurrent den-

sity plummeted to nearly zero. Upon illumination, the pho-

tocurrent of all electrodes increased abruptly and remained 

stable at a certain value. The STO-TNRAs obtained after 

hydrothermal reaction for 9, 12 and 15 h possessed short-

circuit photocurrent densities of 3.53, 6.43 and 5.05 µA cm −2  

respectively, whereas 1.92 µA cm −2  was yielded for PE-

TNRAs. The photocurrent densities from all STO-TNRAs 
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 Figure 4.    (a) Low magnifi cation TEM image of a STO-TNRA prepared 
after the 12-h hydrothermal reaction, and (b) the corresponding high 
resolution TEM image, showing the lattices of TiO 2  and SrTiO 3 .

 Figure 5.    XRD profi les of PE-TNRAs and STO-TNRAs formed in the 
presence of SrCl 2  6H 2 O at different hydrothermal reaction times (i.e., 
9 h, 12 h and 15 h).

 Figure 6.    Photoresponses of PE-TNRAs and STO-TNRAs obtained after 
the hydrothermal treatment for different times (i.e., 9 h, 12 h and 15 h).
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were considerably higher than that from PE-TNRAs, sug-

gesting that STO-TNRAs possessed an enhanced optical 

absorption capability and a reduced recombination of pho-

toinduced charge carriers than that of PE-TNRAs. For STO-

TNRA photocatalysts, the photocurrent density increased 

fi rst (i.e., comparing 9-h hydrothermal sample to 12-h one) 

and then decreased with a further increased SrTiO 3  incorpo-

ration (15-h sample), indicating that the amount of SrTiO 3  

coupled within TiO 2  nanorods can be readily optimized. The 

STO-TNRAs obtained from the 12-h hydrothermal reaction, 

exhibiting the highest photocurrent density (approximately 

3.35 times PE-TNRAs), were used to accomplish the highest 

photocatalytic activity.  

 The photocatalytic degradation of methylene blue (MB) 

(10 mg L −1 ) was employed as a model reaction to assess the 

photocatalytic performance of STO-TNRAs under UV light 

illumination.  Figure    7   depicts the degradation rates of MB by 

STO-TNRAs (i.e., SrTiO 3 /rutile TiO 2  heterojunctions) and 

PE-TNRAs. The experimental results (Figure  7 a) were fi t 

by a pseudo-fi rst-order kinetic model, ln( C t /C 0  ) = | k | t, where 

 C t   and  C 0   are the reaction and initial concentrations of MB, 

respectively, and | k | is the pseudo-fi rst-order degradation 

kinetic constant. As shown in Figure  7 a, little self-degradation 

of MB was observed (| k | = 0.000811 min −1 ). Photocatalytic 

degradation reactions usually occur at the interface between 

the photocatalyst and pollutant compounds. Therefore, a 

desirable photocatalyst is expected to have large surface 

area in order to yield strong adsorption ability of pollutants. 

PE-TNRAs (| k | = 0.00173 min −1 ) with larger surface area 

appeared to be more ideal than unetched TiO 2  NRAs (i.e., 

as-prepared TiO 2  nanorod arrays (Figure  1 a and Figure  2 a 

and  2 b); | k | = 0.00161 min −1 ) in photocatalysis (Figure  7 a). 

After the incorporation of SrTiO 3  nanoparticles, the resulting 

SrTiO 3 /rutile TiO 2  heterojunctions displayed signifi cantly 

increased photocatalytic activity. The pseudo-fi rst-order 

degradation kinetic constants, | k |, of MB for STO-TNRAs 

formed after the hydrothermal reactions for 9 h, 12 h and 

15 h were 0.00349 min −1 , 0.00556 min −1  and 0.00482 min −1 , 

respectively (Figure  7 b). An increased degradation rate of 

MB upon the conversion of TiO 2  to SrTiO 3  was observed as 

the hydrothermal reaction progressed to 12 h, followed by a 

decrease when the hydrothermal time was extended to 15 h. 

As the reaction time increased from 0 to 12 h, more SrTiO 3  

nanoparticles were directly produced on the surface of PE-

TNRAs. The decoration of SrTiO 3  nanoparticles on the rutile 

TiO 2  nanorod surface led to the equilibrium of their Fermi 

levels, and thus facilitated the electron transport (i.e., under 

UV light irradiation, photoexcited electrons were transferred 

from the conduction band of SrTiO 3  to that of rutile TiO 2 , 

while the photogenerated holes were transferred from the 

valence band of TiO 2  to that of SrTiO 3  
[ 45 ] ). Moreover, the 

photogenerated electrons can directly transfer from SrTiO 3  

nanoparticles to rutile TiO 2  nanorods due to their intimate 

contact, [ 51 ]  thereby improving the photocatalytic perfor-

mance of rutile TiO 2  nanorod arrays. Accordingly, the recom-

bination of charge carriers was further suppressed. Clearly, 

the SrTiO 3 /rutile TiO 2  heterojunctions synthesized after 

the 12-h hydrothermal reaction showed the highest photo-

catalytic activity and yielded a | k | which was 3.21 times 

larger than that of PE-TNRAs. After a prolonged reaction 

time (i.e., 15 h), the packed SrTiO 3  was seen on the sur-

face of PE-TNRAs (Figure  3 d). The emergence of excess 

SrTiO 3  nanoparticles served as the recombination centers 

for photo generated electrons and holes, [ 52 ]  and retarded the 

charge carriers transfer due to the grain boundaries between 

the SrTiO 3  nanoparticles. [ 6 ]  Consequently, the photocata-

lytic activity of the SrTiO 3 /rutile TiO 2  heterojunction pho-

tocatalysts obtained from the 15-h hydrothermal reaction 

decreased. The photocatalytic performance of SrTiO 3 /rutile 

TiO 2  heterojunction photocatalysts correlated well with 

those in the photochemical measurements.  

 The electrochemical impedance spectroscopy (EIS) meas-

urements were performed to scrutinize the interfacial proper-

ties between the electrode (i.e., PE-TNRAs and STO-TNRAs) 

and the electrolyte over a frequency range from 1 × 10 5  Hz 

to 0.1 Hz with a low open circuit potential both in the dark 

and under UV illumination. The diameter of semicircle 

in the Nyquist plots at high frequency refl ects the charge 

transfer process, representing the charge transfer resist-

ance. As shown in  Figure    8  , the diameters of STO-TNRAs 

were much smaller than those of PE-TNRAs in the dark as 

well as under UV light irradiation. This supported that the 

SrTiO 3  decoration considerably reduced the recombination 
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 Figure 7.    (a) Photocatalytic degradation rates. (b) Pseudo-fi rst-order 
degradation kinetic constants of MB for PE-TNRAs and STO-TNRAs 
prepared at different hydrothermal times under UV irradiation.
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of electron-hole pairs, and, as a result, the charge carrier 

mobility of STO-TNRA photocatalysts was enhanced, signi-

fying its outstanding photocatalytic activity.   

  3.     Conclusions 

 In summary, 1D densely aligned SrTiO 3 /rutile TiO 2  hetero-

junction photocatalysts with controlled morphology were cre-

ated via two consecutive hydrothermal reactions on vertically 

oriented rutile TiO 2  nanorod arrays that acted as the structure-

directing scaffold and the TiO 2  source. This synthetic strategy 

is robust and rendered the formation of intimate SrTiO 3 /rutile 

TiO 2  heterojunctions. The UV light response and photocata-

lytic performance of PE-TNRAs were markedly improved 

after the SrTiO 3  decoration. The STO-TNRAs crafted after 

the 12-h hydrothermal reaction exhibited the largest photo-

current density and the highest photocatalytic degradation 

rate of MB (3.21 times over PE-TNRAs) under UV light irra-

diation. With the incorporation of SrTiO 3  nanoparticles into 

TiO 2  nanorods, the enhanced photocatalytic activities meas-

ured by EIS measurements were found to be a direct con-

sequence of increased charge carrier mobility and enhanced 

charge carrier separation. Such SrTiO 3 -decorated rutile TiO 2  

composites grown on the FTO substrate are emerging as an 

intriguing bi-functional nanomaterials for potential use in 

solar energy utilizations, including photocatalytic production 

of hydrocarbon fuels, water splitting and solar cells.  

  4.     Experimental Section 

  Preparation of 1D Partially Etched Rutile TiO 2  Nanorod Arrays 
(PE-TNRAs):  TiO 2  nanorod arrays were directly grown on the 
fl uorine-doped tin oxide (FTO) substrate by hydrothermal pro-
cessing. [ 35 ]  Prior to the hydrothermal reaction, pure FTO substrate 
was sequentially ultrasonically cleaned in acetone, ethanol, and 
deionized (DI) water. Subsequently, titanium tetrachloride (TiCl 4 , 
1 mL) was added dropwise into a solution containing 30 mL DI 
water and 30 mL hydrochloric acid (HCl), followed by vigorously 

stirring for 1 h in order to obtain a transparent aqueous solution. 
The resulting solution and FTO substrate were transferred into a 
100 mL Tefl on-lined stainless-steel autoclave, and the hydro-
thermal synthesis was conducted at 150 °C for 3 h. TiO 2  nanorod 
arrays were thus obtained, followed by the chemical etching pro-
cess. Finally, the as-prepared TiO 2  nanorod arrays were immersed 
into a mixture of 30 mL DI water and 30 mL HCl, and hydrother-
mally treated at 150 °C for 1.5 h, producing 1D partially etched 
rutile TiO 2  nanorods (i.e., PE-TNRAs). After the autoclave cooled 
down to room temperature, the samples were rinsed extensively 
with DI water and dried in air. 

  Preparation of 1D SrTiO 3 -decorated Rutile TiO 2  Composite 
Nanoarrays (STO-TNRAs) : Partially etched TiO 2  nanorod arrays 
(PE-TNRAs) prepared in the procedure noted above were used as 
both template (i.e., structure-directing scaffold) and reactant (i.e., 
TiO 2  source) to synthesize SrTiO 3 -decorated rutile TiO 2  composite 
nanoarrays (STO-TNRAs). Strontium chloride hexahydrate (SrCl 2  
6H 2 O; 0.14 g) and sodium hydroxide (NaOH; 0.03 g) were dis-
solved in DI water (27 mL). After transparent solution was formed, 
both the solution and PE-TNRAs were transferred into a 40 ml 
Tefl on autoclave. The hydrothermal reaction was carried out at 
210 °C for 9 h, 12 h and 15 h, respectively. Finally, the obtained 
1D STO-TNRAs (i.e., SrTiO 3 /rutile TiO 2  heterojunction photocata-
lysts) were rinsed with DI water and dried at room temperature. 

  Characterization : Morphological characterizations were per-
formed using fi eld emission scanning electron microscope (FE-
SEM, LEO 1550) and transmission electron microscope (TEM, JEM 
2100). The composition and crystal structure were confi rmed by 
x-ray diffraction (XRD, X'Pert PRO Alpha-1, Cu K α  radiation). 

  Phot  ochemical and Photoelectrochemical Measurements:  
Photocurrent density was recorded with a Keithley 2400 source 
meter in a standard three-electrode system composed of a 
working electrode (the sample), a counter electrode (Pt foil) and 
a reference electrode (Ag/AgCl electrode) in 3 M NaCl. A high 
intensity mercury lamp was used to provide ultraviolet (UV) light. 
The electrochemical impedance spectra (EIS) were measured in 
the dark and UV illumination over a frequency range from 1 × 10 5  
to 0.1 Hz under open circuit voltage with an excitation signal of 
10 mV amplitude. 

  P  hotocatalyt  ic Measurem  ents : The photocatalytic performance 
of 1D SrTiO 3 -decorated rutile TiO 2  composite nanoarrays was 
evaluated in a quartz glass reactor with a water jacket to keep the 
reaction at room temperature. The methylene blue (MB) aqueous 
solution (10 mg L −1 ) was chosen as a target pollutant, and UV light 
was provided by a high-intensity mercury lamp. During the photo-
catalytic measurement, a photocatalyst was immersed in the MB 
aqueous solution which was stirred continuously while air was 
pumped into the MB solution through the gas disperser into the 
reactor. A UV-vis spectrophotometer (SHIMADZU UV-2600) was 
used to monitor the change of MB concentration every 30 min at a 
wavelength of 665 nm.  

  Acknowledgements 

 We gratefully acknowledge the support from the Minjiang Scholar 
Program at Xiamen University (ZL), and the National Natural Science 

 Figure 8.    Electrochemical impedance spectra of PE-TNRAs and STO-
TNRAs produced after the 12-h hydrothermal reaction.



1442 www.small-journal.com © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

full papers
www.MaterialsViews.com

small 2015, 11, No. 12, 1436–1442

Foundation of China (51072170 and 21321062), International 
Technology Collaboration Program (2014DFG52350) and the 
National Basic Research Program of China (2012CB932900) (CL)). 
M.W. acknowledges the fi nancial support from the China Scholar-
ship Council.   

[1]     K.    Iijima  ,   Y.    Tomita  ,   R.    Takayama  ,   I.    Ueda  ,  J. Appl. Phys.    1986 ,  60 , 
 361 .  

[2]     K.    Ishikawa  ,   K.    Yoshikawa  ,   N.    Okada  ,  Phys. Rev. B    1988 ,  37 , 
 5852 .  

[3]     V. V.    Lemanov  ,   A. V.    Sotnikov  ,   E. P.    Smirnova  ,   M.    Weihnacht  , 
  R.    Kunze  ,  Solid State Commun.    1999 ,  110 ,  611 .  

[4]     H.    Zheng  ,   J.    Wang  ,   S. E.    Lofl and  ,   Z.    Ma  ,   L.    Mohaddes-Ardabili  , 
  T.    Zhao  ,   L.    Salamanca-Riba  ,   S. R.    Shinde  ,   S. B.    Ogale  ,   F.    Bai  , 
  D.    Viehland  ,   Y.    Jia  ,   D. G.    Schlom  ,   M.    Wuttig  ,   A.    Roytburd  , 
  R.    Ramesh  ,  Science    2004 ,  303 ,  661 .  

[5]     J.    Wang  ,   X.    Pang  ,   M.    Akinc  ,   Z.    Lin  ,  J. Mater. Chem.    2010 ,  20 ,  5945 .  
[6]     J.    Zhang  ,   J. H.    Bang  ,   C.    Tang  ,   P. V.    Kamat  ,  ACS nano    2009 ,  4 ,  387 .  
[7]     H.    Bai  ,   J.    Juay  ,   Z.    Liu  ,   X.    Song  ,   S. S.    Lee  ,   D. D.    Sun  ,  Appl. Catal. 

B-Environ.    2012 ,  125 ,  367 .  
[8]     X.    Pang  ,   Y.    He  ,   B.    Jiang  ,   J.    Iocozzia  ,   L.    Zhao  ,   H.    Guo  ,   J.    Liu  , 

  M.    Akinc  ,   N.    Bowler  ,   X.    Tan  ,  Nanoscale    2013 ,  5 ,  8695 .  
[9]     X.    Pang  ,   L.    Zhao  ,   W.    Han  ,   X.    Xin  ,   Z.    Lin  ,  Nature Nanotech.    2013 ,  8 , 

 426 .  
[10]     R.    Konta  ,   T.    Ishii  ,   H.    Kato  ,   A.    Kudo  ,  J. Phys. Chem. B    2004 ,  108 , 

 8992 .  
[11]     T.    Puangpetch  ,   T.    Sreethawong  ,   S.    Yoshikawa  ,   S.    Chavadej  ,  J. Mol. 

Catal. A-Chem.    2009 ,  312 ,  97 .  
[12]     Y. S.    Jia  ,   S.    Shen  ,   D. G.    Wang  ,   X.    Wang  ,   J. Y.    Shi  ,   F. X.    Zhang  , 

  H. X.    Han  ,   C.    Li  ,  J. Mater. Chem. A    2013 ,  1 ,  7905 .  
[13]     M.    Ye  ,   M.    Wang  ,   D.    Zheng  ,   N.    Zhang  ,   C.    Lin  ,   Z.    Lin  ,  Nanoscale   

 2014 ,  6 ,  3576 .  
[14]     C.    Wang  ,   M.    Wang  ,   K.    Xie  ,   Q.    Wu  ,   L.    Sun  ,   Z.    Lin  ,   C.    Lin  ,  Nanotech-

nology    2011 ,  22 ,  305607 .  
[15]     Z.    Wu  ,   Y.    Wang  ,   L.    Sun  ,   Y.    Mao  ,   M.    Wang  ,   C.    Lin  ,  J. Mater. Chem. A   

 2014 ,  2 ,  8223 .  
[16]     Y.    Zhong  ,   Z.    Wang  ,   R.    Zhang  ,   F.    Bai  ,   H.    Wu  ,   R.    Haddad  ,   H.    Fan  ,  ACS 

Nano    2014 ,  8 ,  827 .  
[17]     M.    Wang  ,   J.    Iocozzia  ,   L.    Sun  ,   C.    Lin  ,   Z.    Lin  ,  Energy Environ. Sci.   

 2014 ,  7 ,  2182 .  
[18]     J.    Wang  ,   Z.    Lin  ,  J. Phys. Chem. C    2009 ,  113 ,  4026 .  
[19]     J.    Wang  ,   Z.    Lin  ,  Chem. Mater.    2008 ,  20 ,  1257 .  
[20]     J.    Wang  ,   Z.    Lin  ,  Chem. Mater.    2009 ,  22 ,  579 .  
[21]     C.    Wang  ,   M.    Wang  ,   K.    Xie  ,   Q.    Wu  ,   L.    Sun  ,   Z.    Lin  ,   C.    Lin  ,  Nanotech-

nology    2011 ,  22 .  
[22]     M.    Lv  ,   D.    Zheng  ,   M.    Ye  ,   J.    Xiao  ,   W.    Guo  ,   Y.    Lai  ,   L.    Sun  ,   C.    Lin  ,   J.    Zuo  , 

 Energy Environ. Sci.    2013 ,  6 ,  1615 .  
[23]     Y.    Zhao  ,   X.    Cao  ,   L.    Jiang  ,  J. Am. Chem. Soc.    2007 ,  129 ,  764 .  
[24]     H. G.    Yang  ,   G.    Liu  ,   S. Z.    Qiao  ,   C. H.    Sun  ,   Y. G.    Jin  ,   S. C.    Smith  , 

  J.    Zou  ,   H. M.    Cheng  ,   G. Q.    Lu  ,  J. Am. Chem. Soc.    2009 ,  131 ,  4078 .  

[25]     X.    Li  ,   X.    Liu  ,   Y.    Ma  ,   M.    Li  ,   J.    Zhao  ,   H.    Xin  ,   L.    Zhang  ,   Y.    Yang  ,   C.    Li  , 
  Q.    Yang  ,  Adv. Mater.    2012 ,  24 ,  1424 .  

[26]     M. D.    Ye  ,   D. J.    Zheng  ,   M. Q.    Lv  ,   C.    Chen  ,   C. J.    Lin  ,   Z. Q.    Lin  ,  Adv. 
Mater.    2013 ,  25 ,  3039 .  

[27]     M.    Ye  ,   X.    Xin  ,   C.    Lin  ,   Z.    Lin  ,  Nano Lett.    2011 ,  11 ,  3214 .  
[28]     M.    Wang  ,   L.    Sun  ,   Z.    Lin  ,   J.    Cai  ,   K.    Xie  ,   C.    Lin  ,  Energy Environ. Sci.   

 2013 ,  6 ,  1211 .  
[29]     M.    Wang  ,   L.    Sun  ,   J.    Cai  ,   P.    Huang  ,   Y.    Su  ,   C.    Lin  ,  J. Mater. Chem. A   

 2013 ,  1 ,  12082 .  
[30]     M.    Ye  ,   J.    Gong  ,   Y.    Lai  ,   C.    Lin  ,   Z.    Lin  ,  J. Am. Chem. Soc.    2012 ,  134 , 

 15720 .  
[31]     S. U. M.    Khan  ,   M.    Al-Shahry  ,   W. B.    Ingler  ,  Science    2002 ,  297 , 

 2243 .  
[32]     R.    Asahi  ,   T.    Morikawa  ,   T.    Ohwaki  ,   K.    Aoki  ,   Y.    Taga  ,  Science    2001 , 

 293 ,  269 .  
[33]     M.    Ye  ,   H. Y.    Liu  ,   C.    Lin  ,   Z.    Lin  ,  Small    2013 ,  9 ,  312 .  
[34]     X.    Feng  ,   J.    Zhai  ,   L.    Jiang  ,  Angew. Chem. Int. Ed.    2005 ,  44 ,  5115 .  
[35]     M.    Lv  ,   D.    Zheng  ,   M.    Ye  ,   L.    Sun  ,   J.    Xiao  ,   W.    Guo  ,   C.    Lin  ,  Nanoscale   

 2012 ,  4 ,  5872 .  
[36]     J. H.    Park  ,   S.    Kim  ,   A. J.    Bard  ,  Nano Lett.    2006 ,  6 ,  24 .  
[37]     G. M.    Wang  ,   H. Y.    Wang  ,   Y. C.    Ling  ,   Y. C.    Tang  , 

  X. Y.    Yang  ,   R. C.    Fitzmorris  ,   C. C.    Wang  ,   J. Z.    Zhang  ,   Y.    Li  ,  Nano Lett.   
 2011 ,  11 ,  3026 .  

[38]     S.    Hoang  ,   S. P.    Berglund  ,   N. T.    Hahn  ,   A. J.    Bard  ,   C. B.    Mullins  ,  J. 
Am. Chem. Soc.    2012 ,  134 ,  3659 .  

[39]     Z. Y.    Liu  ,   D. D. L.    Sun  ,   P.    Guo  ,   J. O.    Leckie  ,  Nano Lett.    2007 ,  7 ,  
1081 .  

[40]     D. R.    Baker  ,   P. V.    Kamat  ,  Adv. Funct. Mater.    2009 ,  19 ,  805 .  
[41]     K.    Zhu  ,   N. R.    Neale  ,   A.    Miedaner  ,   A. J.    Frank  ,  Nano Lett.    2007 ,  7 , 

 69 .  
[42]     P.    Roy  ,   S.    Berger  ,   P.    Schmuki  ,  Angew. Chem. Int. Ed.    2011 ,  50 , 

 2904 .  
[43]     E.    Hosono  ,   S.    Fujihara  ,   K.    Kakiuchi  ,   H.    Imai  ,  J. Am. Chem. Soc.   

 2004 ,  126 ,  7790 .  
[44]     Z.    Zhang  ,   C.-C.    Wang  ,   R.    Zakaria  ,   J. Y.    Ying  ,  J. Phys. Chem. B    1998 , 

 102 ,  10871 .  
[45]     J.    Ng  ,   S.    Xu  ,   X.    Zhang  ,   H. Y.    Yang  ,   D. D.    Sun  ,  Adv. Funct. Mater.   

 2010 ,  20 ,  4287 .  
[46]     H. Y.    Yang  ,   S. F.    Yu  ,   S. P.    Lau  ,   X. W.    Zhang  ,   D. D.    Sun  ,   G.    Jun  ,  Small   

 2009 ,  5 ,  2260 .  
[47]     V.    Iliev  ,   D.    Tomova  ,   S.    Rakovsky  ,   A.    Eliyas  ,   G. L.    Puma  ,  J. Mol. 

Catal. A-Chem.    2010 ,  327 ,  51 .  
[48]     P. Q.    Li  ,   G. H.    Zhao  ,   X.    Cui  ,   Y. G.    Zhang  ,   Y. T.    Tang  ,  J. Phys. Chem. C   

 2009 ,  113 ,  2375 .  
[49]     B.    Sun  ,   P. G.    Smirniotis  ,   P.    Boolchand  ,  Langmuir    2005 ,  21 ,  11397 .  
[50]     Y. S.    Hu  ,   L.    Kienle  ,   Y. G.    Guo  ,   J.    Maier  ,  Adv. Mater.    2006 ,  18 , 

 1421 .  
[51]     T.    Cao  ,   Y.    Li  ,   C.    Wang  ,   C.    Shao  ,   Y.    Liu  ,  Langmuir    2011 ,  27 ,  2946 .  
[52]     C.    Wang  ,   L.    Sun  ,   K.    Xie  ,   C.    Lin  ,  Sci. China Ser. B    2009 ,  52 ,  2148 .    

Received:  September 6, 2014 
Revised:  September 22, 2014 
Published online: October 31, 2014   




