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TiO2 Flowers
Hierarchical Rutile TiO 2  Flower Cluster-Based High 
Effi ciency Dye-Sensitized Solar Cells via Direct 
Hydrothermal Growth on Conducting Substrates

  Meidan   Ye  ,     Hsiang-Yu   Liu  ,     Changjian   Lin  ,   *      and   Zhiqun   Lin   *   
 Dye-sensitized solar cells (DSSCs) based on hierarchical rutile TiO 2  fl ower clusters 
prepared by a facile, one-pot hydrothermal process exhibit a high effi ciency. Complex 
yet appealing rutile TiO 2  fl ower fi lms are, for the fi rst time, directly hydrothermally 
grown on a transparent conducting fl uorine-doped tin oxide (FTO) substrate. The 
thickness and density of as-grown fl ower clusters can be readily tuned by tailoring 
growth parameters, such as growth time, the addition of cations of different valence 
and size, initial concentrations of precursor and cation, growth temperature, and 
acidity. Notably, the small lattice mismatch between the FTO substrate and rutile 
TiO 2  renders the epitaxial growth of a compact rutile TiO 2  layer on the FTO glass. 
Intriguingly, these TiO 2  fl ower clusters can then be exploited as photoanodes to 
produce DSSCs, yielding a power conversion effi ciency of 2.94% despite their rutile 
nature, which is further increased to 4.07% upon the TiCl 4  treatment. 
  1. Introduction 

 Semiconductor nanocrystals have emerged as new building 

blocks to construct desired functional assemblies for mini-

aturized devices. Among them,  n -type wide band gap semi-

conductor TiO 2  stands out as one of the most widely studied 

nanocrystals for use in gas sensors, photocatalyst, catalyst 
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supports, Li-ion battery materials, and solar cells due to its 

outstanding physical and chemical properties, including 

chemical stability, photostability and appropriate electronic 

band structure. [  1–5  ]  Over the past decades, great interest has 

been received in controlling the size, shape and dimension 

of nanostructured TiO 2  materials as many potential applica-

tions are correlated heavily with these parameters. [  6–13  ]  To 

date, various TiO 2  nanostructures in the forms of spheres, 

tubes, wires, rods, sheets, belts, fl owers, and trees have been 

produced. [  14–24  ]  Recently, hierarchically structured TiO 2  com-

posed of nanoscale building blocks has received consider-

able attention due to its elaborate shape-dependent features 

stemming from different morphological nanostructures. [  25–27  ]  

More importantly, hierarchical structures directly improve 

the photocatalytic activity of TiO 2 -based catalysts. Because 

they possess abundance of voids as a result of the stacking 

growth of building blocks that largely increases their specifi c 

surface area, such three-dimensional structures have been 

proven to serve as effi cient photocatalyst as compared to low 

dimensional counterparts. [  27–30  ]  In particular, when employed 

as the photoanode in a dye-sensitized solar cell (DSSC), hier-

archical architectures effectively enhance light scattering and 

trapping for effi cient photon harvesting and offer a larger sur-

face area for dye adsorption, thereby resulting in improved 
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     Figure  1 .     FESEM images of hierarchical rutile TiO 2  fl owers. (a) Top view of fl ower clusters; inset 
show the close-up of nanopetals. (b) Top view of a fl ower. (c-d) Flower clusters removed from 
the FTO substrate by mechanical scratching; (c) cross-sectional view of fl ower clusters, and 
(d) bottom view of fl ower clusters.  
power conversion effi ciency. [  31  ,  2  ]  Notably, in most cases, the 

mechanism of the formation of these unique hierarchical 

structures is complicated and far less understood. 

 Hydrothermal synthesis is a simple yet effective method 

among other various strategies to produce a wide diversity 

of hierarchical TiO 2  architectures. The variation of hydro-

thermal conditions such as temperature, pH, concentration 

and molar ratio of reactants and additives imparts tunable 

morphologies and crystalline fi lms of TiO 2  at the nano- and 

micro-scale. [  26  ,  28  ,  33  ,  34  ]  For example, rectangular parallelepiped 

rutile TiO 2  was synthesized via hydrothermal treatment in 

aqueous TiCl 3  solutions containing a large amount of NaCl 

that retarded the formation of TiO 2  and infl uenced the mor-

phology through the adsorption of Cl ¯  onto the (110) plane of 

rutile TiO 2 . 
[  35  ]  By changing the reaction solution to dilute HCl 

containing TiCl 3  and sodium dodecyl sulfate (SDS), a nano–

micro chestnut-like morphology composed of rutile nanopin 

TiO 2  on the octahedral anatase TiO 2  surface was obtained. [  25  ]  

Recently, an acid vapor oxidation (AVO) strategy was devel-

oped to yield multilayered rutile TiO 2  nanostructures [  15  ]  and 

ordered tree-like TiO 2  nanoarrays [  16  ]  by reacting the Ti sur-

face with vapor generated from a HCl solution in a Tefl on 

lined autoclave. In this work, the use of HCl played an impor-

tant role in the growth of hierarchical rutile superstructures, 

serving as both a catalyst and a chemical corrosive agent to 

enable the generation of rutile phase and in the meantime 

induce defects on the surface for the introduction of twin 

structures, respectively. [  16  ]  

 Herein, we report on, for the fi rst time, a facile, one-step, 

bottom-up hydrothermal route to directly grow a wide range 

of hierarchical TiO 2  fl ower-shaped clusters made of rutile 
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheismall 2013, 9, No. 2, 312–321
nanorod petals on transparent conducting 

FTO glasses assisted by the addition of 

cations of different valence and size. The 

infl uence of growth parameters on the 

resulting complex structures was system-

atically scrutinized. A growth mechanism 

was proposed in which the small lattice 

mismatch between the FTO substrate and 

rutile TiO 2  rendered the epitaxial growth 

of a compact rutile TiO 2  layer on the FTO 

glass, while the intercalation of added cat-

ions and their interaction with the rutile 

chains composed of [TiO 6 ] units led to 

hierarchical fl ower-like architectures. The 

hierarchical TiO 2  fl ower clusters were 

then utilized as a photoanode and assem-

bled into DSSCs. Rutile TiO 2  had remark-

ably close photocurrent-voltage responses 

as compared to anatase TiO 2  in DSSC 

with additional advantages such as better 

chemical stability and higher refractive 

index. [  36  ]  A power conversion effi ciency, 

PCE of 2.94% was achieved despite their 

rutile nature, which was further increased 

to 4.07% upon the TiCl 4  treatment. 
   2. Results and Discussion 

   Figure 1  a shows a typical fi eld emission scanning electron 

microscopy (FESEM) image of TiO 2  fl ower-like clusters 

synthesized in a tightly sealed 45 mL Tefl on-lined autoclave 

containing a mixture of 15 mL deionized water and 10 mL 

HCl ( ∼ 4.78 M) with the addition of 0.5 g (CH 3 COO) 2 Ba and 

0.5 mL precursor TTIP at 140  ° C for 9 h. Such fl ower-like 

clusters were developed by preferentially oriented nuclea-

tion and densely distributed over the surface of the FTO sub-

strate. A close-up of a fl ower revealed that this superstructure 

resembled a natural chrysanthemum (Figure  1 b). Each fl ower 

was composed of a large number of tetragonal nanorod petals 

with top square-shaped facets. These spokewise nanopetals 

radiated from a common central zone. The nanopetals were 

roughly 2  μ m long and 250 nm wide with an aspect ratio of 

about 8. Moreover, the top surface of a nanopetal appeared 

to contain many step edges (inset in Figure  1 a), which are 

the substrates for further growth of sub-nanorods, while the 

side surface was smooth. Quite intriguingly, the morpholog-

ical feature of an individual nanopetal resembled that of the 

oriented TiO 2  nanorod grown normal to the FTO substrate, 

which was produced under the same experiment condition 

but without the addition of barium salt (Figure S1). Clearly, 

a fully grown fl ower possessed a spherical symmetry with 

an average diameter of approximately 7  μ m (Figure  1 c; the 

clusters were removed from the FTO substrate by a gentle 

mechanical scratching, and the bottom of fl ower clusters was 

shown in Figure  1 d).  

 To scrutinize the detailed structures of an individual 

fl ower, transmission electron microscopy (TEM) was per-

formed. The sample was subjected to mild ultrasonication 
313www.small-journal.comm
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     Figure  2 .     TEM images of hierarchical rutile TiO 2  fl owers. (a) A fl ower. (b) A single nanopetal; 
inset shows the close-up of a nanopetal top. (c) Close-up of the bottom of a few nanopetals. 
(d) HRTEM image of a nanopetal.  

     Figure  3 .     XRD patterns of (a) TiO 2  nanorod fi lm prepared on an FTO 
substrate at 140  ° C for 9 h in a mixture of 15 mL deionized water and 
10 mL HCl with the addition of 0.5 mL precursor TTIP only, and (b) TiO 2  
fl ower fi lm prepared on an FTO substrate under the same reaction 
condition as in (a) but with the addition of 0.5 g (CH 3 COO) 2 Ba.  
in ethanol solution to yield an individual fl ower.  Figure    2  a 

shows a single fl ower made of several nanorod petals. Close 

examination revealed that each petal was composed of 

numerous parallel ultrathin nanoneedles (inset in Figure  2 b) 

and had a sharp wedged bottom and an obtuse cambered 

top (Figure  2 b). Notably, the sharp wedged bottom was ben-

efi cial to place the nanopetal fi rmly on the substrate surface 

and facilitated the growth together with other nanopetals 

from a focused center (Figure  2 c), ultimately forming a stable 

bouquet. The nanopetals were completely crystalline as con-

fi rmed by high-resolution TEM (HRTEM). Lattice fringes 

with interplanar spacings, d 110   =  3.17 Å and d 001   =  2.91 Å can 

be indexed to tetragonal rutile phase (Figure  2 d). The (110) 

crystal plane was perpendicular to the (001) plane, indicating 

that the nanorod petals grew along the (110) crystal plane 

with a preferred [001] orientation.  

 Subsequently, X-ray diffraction (XRD) analysis in con-

junction with energy dispersive X-ray spectroscopy (EDS) 

and X-ray photoelectron spectroscopy (XPS) were per-

formed to investigate the composition of TiO 2  fl owers. XRD 

studies suggested that both ordered nanorod arrays and hier-

archical fl ower fi lms were pure rutile TiO 2  ( Figure    3  ). They 

possessed the same diffraction peaks regardless of a differ-

ence in intensity, and were indexed to tetragonal rutile phase 

(space group, P4 2 /mnm; JCPDS No.21-1276, a  =  b  =  0.459 nm 

and c  =  0.294 nm), in accordance with the HRTEM measure-

ment (Figure  2 d).  

 In addition, the chemical stoichiometry of the fl ower fi lm 

was measured by EDS (Figure S2) and XPS (Figure S3), 

showing that the atomic ratio of the added cation (i.e., Ba 2 +  ) was 

minimal ( ∼ 0.1%, which was likely due to a noisy signal). Accord-

ingly, it can be concluded that the fl owers were completely 

made of rutile TiO 2 , and no cation doping or formation of 
4 www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA,
other crystals (e.g., BaTiO 3 ) occurred, 

suggesting that the added cation served 

most likely as a catalyst. In the work that 

follows, the growth parameters were scru-

tinized in order to reveal the prominent 

factors that governed the formation of 

hierarchical architectures. 

 As noted above, the presence of 

(CH 3 COO) 2 Ba in hydrothermal synthesis 

resulted in hierarchical fl ower-like struc-

tures (Figure  1  and Figure S4a), while its 

absence only gave rise to the nanorod 

arrays (Figure S1), signifying that the Ba 2 +   

salt play a crucial role in the creation of 

hierarchical TiO 2  architectures. Thus, the 

effect of Ba 2 +   amount was fi rst examined. 

As clearly evidenced in  Figure    4  , at the 

low (CH 3 COO) 2 Ba amount ( c   =  0.01 g), 

numerous fl ower bud-like structures 

emerged (Figure  4 a). As the Ba 2 +   amount 

increased ( c   =  0.2 g), the buds began to 

extend and gradually evolved into fl ower-

like features (Figure  4 b). Finally they came 

into full blooms at the high Ba 2 +   amount 

( c   =  0.5 g; Figure  4 c). The fl ower features 

remained unchanged as the Ba 2 +   amount 
exceeded 0.5 g ( c   =  1.0 g; Figure  4 d). Obviously, the addition 

of (CH 3 COO) 2 Ba signifi cantly disrupted the oriented growth 

of rutile nanorods and remarkably imparted versatile hierar-

chical morphologies by varying its amount.  

 It is noteworthy that the density and thickness of TiO 2  

fl ower fi lms depended heavily on the hydrothermal reaction 

time. When 0.5 mL precursor TTIP and 0.5 g (CH 3 COO) 2 Ba 

were allowed to react at 140  ° C in the mixture of 15 mL 

deionized water and 10 mL HCl for less than 3 h, the FTO 

substrate remained transparent, and no TiO 2  nanostructures 
 Weinheim small 2013, 9, No. 2, 312–321
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     Figure  4 .     FESEM images of hierarchical rutile TiO 2  fl ower fi lms grown at 140 °  C for 9 h in a mixture 
of 15 mL deionized water and 10 mL HCl with the presence of 0.5 mL precursor TTIP and different 
amount of (CH 3 COO) 2 Ba. (a) 0.01 g, (b) 0.20 g, (c) 0.50 g, and (d) 1.00 g (CH 3 COO) 2 Ba.  
were observed, consistent with the report on the preparation 

of vertical nanorod arrays. [  23  ]  This was attributed partially to 

the need of a supersaturated process of TiO 2  precursor as a 
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

     Figure  5 .     FESEM images of hierarchical rutile TiO 2  fl ower fi lms grown at 140 °  C in a mixture 
of 15 mL deionized water and 10 mL HCl with the addition of 0.5 g (CH 3 COO) 2 Ba and 0.5 mL 
precursor TTIP at different times. (a) 3 h, (b) 6 h, (c) 9 h, and (d)15 h.  

small 2013, 9, No. 2, 312–321
precondition in order to provide a nuclea-

tion region for the formation of rutile 

nucleus. [  37  ]  Thus, a compact TiO 2  layer 

began to grow fi rst on the FTO substrate 

at 3 h ( Figure    5  a). This compact layer 

acted as the blocking layer in contact with 

the transparent substrate to facilitate the 

charge transport when the TiO 2  fi lm was 

employed as photoanode in DSSCs. More 

importantly, a few scattered bud-like pro-

tuberances appeared distinctly on the sur-

face of the compact TiO 2  layer and grew 

via congregation of a bunch of rods radi-

ally with their axis signifi cantly misori-

ented with respect to the surface normal 

of the substrate (Figure  5 a). These protu-

berances served as the seeds to guide the 

subsequent growth of TiO 2  fl owers. As the 

hydrothermal reaction time increased to 6 

h, more buds formed on the surface of this 

compact layer (Figure  5 b). In the mean-

time, some buds further grew into fi ne 

bouquets (Figure  5 b). Quite interestingly, 

sprouting from bigger protuberances, sev-

eral fl owers bloomed concurrently and 

then gradually evolved into a fl ourish tuft 

of fl owers as time progressed, completely 

spreading across the substrate (Figure  5 c 
and Figure S4a). The prolonged reaction to 15 h yielded denser 

and thicker fl ower clusters comprised of homogeneous nano-

rods (Figure  5 d), due primarily to the crystal growth and 
Ostwald ripening process. [  38  ,  39  ]  However, 

when the growth time was extended more 

than 20 h, a white fi lm composed of TiO 2  

fl owers started to detach from the FTO 

substrate (Figures S4c and S4d), most 

likely because of a competition between 

the crystal growth due to the hydrolysis of 

Ti 4 +   and the dissolution of TiO 2  by acidic 

solution. [  23  ]   

 In general, the TiO 2  fl ower-like mor-

phology can be tuned by the hydrothermal 

temperature that profoundly infl uenced 

the crystal growth rate. When the temper-

ature was lower than 100  ° C, well defi ned 

fl ower clusters cannot be developed. 

Instead, some agglomerations on the FTO 

substrate were observed (Figure S4b). As 

the temperature increased to 120  ° C, bud-

like clusters emerged ( Figure    6  a). With 

further increase in temperature (140  ° C in 

Figures  6 b and 160  ° C in Figures  6 c), the 

hierarchical structure underwent inten-

sive fl ourish due to a faster crystal growth 

rate. However, when the temperature 

was at 180  ° C, the fi lm started to detach 

from the substrate due to a faster equilib-

rium between the crystal growth and the 

chemical dissolution of TiO 2 . In particular, 
315www.small-journal.com
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     Figure  6 .     FESEM images of hierarchical rutile TiO 2  fl ower fi lms grown for 9 h in a mixture of 
15 mL deionized water and 10 mL HCl with the presence of 0.5 g (CH 3 COO) 2 Ba and 0.5 mL 
precursor TTIP at different temperatures: (a) 120  ° C, (b) 140  ° C, (c) 160  ° C, and (d) 180  ° C.  

     Figure  7 .     FESEM images of hierarchical rutile TiO 2  fl ower fi lms grown at 140  ° C for 9 h in a mixtu
0.5 mL precursor TTIP and 0.1 M different cation salts were present. (a) CH 3 COONa, (b) MgCl 2 ,
at this temperature, fruit-like structures 

composed of hundreds of nanoneedles 

emerged (inset in Figure  6 d) and adhered 

on the clusters (Figure  6 d), refl ecting that 

high temperature was favorable for the 

formation of smaller-scale building blocks.  

 Of particular interest is that the addi-

tion of (CH 3 COO) 2 Ba resulted in the for-

mation of fl ower clusters, however, there 

was no special trace of Ba 2 +   detected in 

the fl owers in light of the collective results 

from HRTEM, XRD, EDS, and XPS 

measurements. Therefore, in the hydro-

thermal synthesis, Ba 2 +   most likely only 

acted as a catalyst to promote the produc-

tion of hierarchical structures. As such, it 

is of key importance to explore the effect 

of cation salts on the structure transforma-

tion. Remarkably, the addition of a multi-

tude of cation salts, including CH 3 COONa, 

NaCl, KCl, MgCl 2 , (CH 3 COO) 2 Ca, 

(CH 3 COO) 2 Sr, (CH 3 COO) 2 Zn, CuCl 2 , 

FeCl 3 , ErCl 3 , and (CH 3 COO) 4 Sn, exerted 

a noteworthy infl uence on the creation 

of TiO 2  fl ower-like fi lms ( Figures    7   and 

 Figure    8  ), although a detailed study to 

account for the obtained varied fl ower-like 
, Weinheim

re of 15 mL deionized water and 10 mL HCl in which 
 (c) CH 3 COOK, and (d) (CH 3 COO) 2 Ca.  
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     Figure  8 .     FESEM images of hierarchical rutile TiO 2  fl ower fi lms grown at 140  ° C for 9 h in a mixture of 15 mL deionized water and 10 mL HCl in 
which 0.5 mL precursor TTIP and 0.1 M different cation salts were present. (a) FeCl 3  · 6H 2 O, (b) CuCl 2  · 2H 2 O, (c) (CH 3 COO) 2 Zn, (d) (CH 3 COO) 2 Sr, 
(e) (CH 3 COO) 4 Sn, and (f) ErCl 3 .  
features is yet to be unraveled and may be rather complex. 

Specifi cally, the use of cations from the same main group (e.g., 

Ca 2 +  , Ba 2 +  , Sr 2 +  , belonging to IIA in the periodic table of ele-

ments) with the same valence state yielded similar features 

(Figure  7 d,  6 b, and  8 d). Moreover, the addition of Fe 3 +   and 

Er 3 +   with the same valence state but different molar weight 

produced kindred fl ower features (Figure  8 a and f). Sn 4 +   

having high valence induced exquisite bouquets composed of 

smaller nanorod petals (Figure  8 e). Despite the complexity, 

an important piece of information can be already gained 

from these entertaining experimental observations: these 

fl owers were formed as a direct consequence of a synergistic 

effect of the valence state (i.e., ionic strength) and the molar 
© 2013 Wiley-VCH Verlag Gmb

     Scheme  1 .     Schematic illustration of the growth mechanism. (a) Forma
TiO 2  nucleus layer on the FTO glass. (b) Emergence of initial fl ower buds
bouquets of fl owers. (d) Interaction between rutile [TiO 6 ] octahedraand c

small 2013, 9, No. 2, 312–321
weight (i.e., the size of cation) of added cations. On the basis 

of these results, we anticipate that the use of other types of 

cation salts would produce similar fl ower structures.   

 We note that the infl uence of other growth parameters, 

including initial TTIP amount (Figure S5), acidity (Figure S6), 

anion species (Figure S7), and two-step hydrothermal growth 

process (Figure S8) on the resulting complex structures was 

also scrutinized (see Supporting Information). 

 We now turn our attention to elucidate the possible 

growth mechanism of the hierarchical fl ower-like archi-

tecture, which probably involves three steps: (1) forma-

tion of a compact TiO 2  nucleus layer (panel a in  Scheme    1  ); 

(2) growth of initial bouquets of fl owers (panel b and c in 
H & Co. KGaA, Weinheim

tion of a compact 
. (c) Growth of the 

ation.  
Scheme  1 ); (3) ripening into fl ower clus-

ters. The SEM images corresponding to 

panels a-c are shown in panels a’-c’. It is 

widely recognized that the epitaxial and 

anisotropic nucleation and growth can 

be induced by the atom arrangement at 

the nucleation site on substrate and pre-

cursor. [  15  ,  40  ]  Notably, the FTO substrate 

has a tetragonal rutile structure and the 

lattice mismatch between the tetragonal 

FTO (a  =  b  =  0.4687 nm) and rutile TiO 2  

(a  =  b  =  0.4594 nm) is only 2%. [  23  ]  Such 

small lattice mismatch promoted the epi-

taxial nucleation and growth of rutile TiO 2  

fi lm compactly on the FTO substrate. At 

the early stage of hydrothermal reaction, 

the high concentration of precursor led to 

a burst of homogeneous nucleation. Then 

the supersaturated TiO 2  nuclei tended to 

aggregate to minimize the surface energy. 

As a result, the anisotropic growth process 

was restricted, and a compact TiO 2  layer 
317www.small-journal.com
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   Table  1.     The performance of dye-sensitized solar cells prepared at 
different conditions. 

Sample Voc 
[V]

Jsc 
[mA cm  − 2 ]

FF PCE 
[%] a)  

TiO 2  nanorods (15 h) 0.76 5.25 0.46 1.84

TiO 2  nanorods  + TiCl 4  

treatment (15 h)

0.80 6.88 0.55 3.03

TiO 2  fl owers 3 h 0.67 2.10 0.70 0.98

6 h 0.69 4.55 0.63 2.00

9 h 0.76 7.32 0.44 2.47

15 h 0.76 9.59 0.40 2.94

TiO 2  fl owers  + TiCl 4  

treatment

3 h 0.77 3.68 0.57 1.61

6 h 0.77 6.15 0.53 2.51

9 h 0.79 8.78 0.54 3.72

15 h 0.79 10.98 0.47 4.07

    a) ( PCE  (%)  =   Jsc  ∗  Voc  ∗  FF / P in  , where  P in    =  100 mW cm  − 2  (AM 1.5)).   
was thus  fi rst  developed on the FTO substrate (panel a in 

Scheme  1  and the corresponding SEM images are shown 

in panel a’ and Figure  6 a), from which the fl owers grew 

subsequently.  

 It is well known that the formation of each phase in TiO 2  

nanostructures is governed by the arrangement of distorted 

[TiO 6 ] octahedra. [  41  ]  Previous work suggested that, in strong 

acidic solution under hydrothermal condition, tetragonal rutile 

TiO 2  phase was formed by the mode of edge sharing. [  42–44  ]  

The structure of rutile constitutes chains of [TiO 6 ] octahedra 

along the  c -axis. The [TiO 6 ] octahedra in the chain are linked 

to one another through a shared edge to form a zigzag chain-

like structure, while the [TiO 6 ] octahedra between two chains 

connect each other through a point, as depicted in panel d 

in Scheme  1 , implying that the chemical bond in the chain 

is stronger than that between the chains. [  6  ,  42  ]  According to 

periodic bond chain (PBC) theory, [  45–47  ]  periodic bond chains 

construct the crystal, and the direction of the strongest chem-

ical bond is usually the one at which the crystal has the fastest 

growth rate. Moreover, theoretical calculation shows that for 

a rutile lattice, the surface energy is on the order of  E  (110)   <  

 E  (100)   <   E  (101)   <   E  (001) . 
[  48  ]  Thus, crystal growth along the [001] 

direction (i.e.,  c -axis) would have the fastest growth rate 

compared to other directions. On the other hand, it has been 

demonstrated that Cl ¯  played an important role in the growth 

of TiO 2  grains into nanorods instead of nanoparticles. [  42  ]  

This is because the (110) plane of rutile has a positive polar-

face and Cl ¯  can be preferentially adsorbed on its surface to 

restrain the contact of the TiO 2  grains on the (110) surface 

and thus greatly retarded the crystal growth along the (001) 

plane. [  42  ]  As a result, TiO 2  grain growth was suppressed in the 

[110] direction and accelerated in the [001] direction, thereby 

forming a rod-like structure. [  23  ,  35  ,  42  ]  In this work, the addition 

of cation salt led to the creation of hierarchical fl ower-like 

TiO 2  architectures instead of vertical nanorod arrays. We 

propose that [TiO 6 ] octahedra in a chain tended to connect 

with another octahedra in an adjacent chain through a point 

(dashed black circle in panel d, Scheme  1 ), thus the cation 

may easily locate in the interchain spaces due to the electro-

static interaction between [TiO 6 ] and cation, and formed a 

diffusion barrier around the chains, retarding the diffusion of 

the precursor TTIP to the surface of [TiO 6 ] chains. Moreover, 

the addition of cation greatly increased the ionic strength of 

the reaction solution, which favored the formation of small 

crystals of TiO 2  through electrostatic screening. [  23  ,  49  ]  Conse-

quently, several crystal nuclei developed from active sites that 

possess many defects on the preformed compact TiO 2  layer 

(panel b in Scheme  1 ; the corresponding SEM image is shown 

in panel b’) and were separated due to the intercalation of 

cation. The grain growth from these crystal nuclei tended to 

tilt from the original nucleation center zone at an identical 

speed along the [001] direction and branched out into multi-

arms (i.e., nanorod-like petals) due to the space limitation as 

evidenced in Figure  2 c where the bottom of nanopetals were 

closely contacted each other, and eventually grew into radi-

ally symmetric fl ower-like features. [  37  ,  50  ]  

 On the basis of the principle of crystal growth, sec-

ondary nucleation occurs preferentially at sites with more 

defects. [  39  ]  The nanorod petals provided many step edges for 
18 www.small-journal.com © 2013 Wiley-VCH V
the subpetal growth (inset in Figure  1 a). Thus, it is not sur-

prising that individual fl ower fi rst grew from the formed bou-

quet layers. As the reaction progressed, such process caused 

the assembled fl owers to fl ourish, and ultimately transform 

into considerably dense fl ower clusters. The use of different 

cations yielded diversifi ed fl ower features (Figures  7  and  8 ). 

In the light of the intriguing experimental observations, these 

fl owers may be formed as a direct consequence of a syner-

gistic effect of the valence state (i.e., ionic strength) and the 

molar weight (i.e., the size of cation) of added cations. For 

example, the cation size of Na  +   was small than K  +  , and thus 

was unable to effectively isolate the grain, thereby resulting 

in fl owers made of coarse nanopetals (Figure  7 a). It is worth 

noting that regardless of the small size of the added cation, 

the infl uence of its valence state dominated, that is, a cation 

with higher valence state favored stronger interaction with 

the grain to promote the formation of thinner nanopetals 

(e.g., fl owers produced using Sn 4 +   shown in Figure  8 e). 

 The rutile TiO 2  fl ower fi lms prepared at different times 

were then exploited as photoanodes to produce DSSCs (see 

Experimental section). As noted in  Table    1  , the power con-

version effi ciency (PCE) of the resulting DSSCs increased 

from 0.98% to 2.94% with a short circuit current,  Jsc  of 

9.59 mA cm  − 2 , an open circuit voltage,  Voc  of 0.76 V, and a 

fi ll factor,  FF  of 0.40 when the time for TiO 2  fl ower growth 

extended from 3 h to 15 h. The largely enhanced PCE can 

be attributed to the increase in fi lm thickness as the growth 

time increased, leading to higher dye loading. However, as 

mentioned above, extreme reaction could induce the sepa-

ration of fl ower fi lm from the substrate; thus, in the present 

study even thicker fi lm was not used for producing DSSCs. 

Furthermore, TiCl 4  treatment has been employed as an effec-

tive strategy to increase the surface roughness of nanostruc-

tured TiO 2  and improve the device performance by providing 

an increased surface area for dye adsorption in conjunction 

with a modifi cation of structural defects on TiO 2 . 
[  51  ]  Thus, the 

TiCl 4  treatment was performed; the samples then exhibited 
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     Figure  9 .     (a) Current-Voltage (J-V) characteristics of dye-sensitized solar cells assembled from (a) rutile TiO 2  fl ower fi lms with TiCl 4  treatment. The 
fi lms were hydrothermally grown for 3 h, 6 h, 9 h, and 15 h, respectively. (b) J-V characteristics, (c) IPCE curves, and (d) Nyquist plots of rutile TiO 2  
fl ower fi lm (open circles) and rutile TiO 2  nanorod fi lm (solid circles) fi tted based on the equivalent circuit (shown in the inset), respectively. The 
lower inset in (d) is the close-up in the low Z’ region. Both fi lms were prepared by hydrothermal growth for 15 h. The fi lms were then treated by 
TiCl 4  prior to the fabrication into DSSCs.  
substantially improved PCEs ( Figure    9  a). For example, TiCl 4 -

treated fl ower fi lm prepared by hydrothermal growth for 15 

h showed a highest PCE of 4.07% with  Jsc  of 10.98 mA cm  − 2 , 

 Voc  of 0.79 V, and  FF  of 0.47 (Table  1 ).   

 It is interesting to note that the DSSCs fabricated by 

capitalizing on rutile TiO 2  nanorod fi lms (prepared  =  under 

the same condition but without the addition of cation salts; 

see Experimental section) as photoanodes had PCEs of only 

1.84% ( Jsc   =  5.25 mA cm  − 2 ,  Voc   =  0.76 V, and  FF   =  0.46 without 

the TiCl 4  treatment) and 3.03% ( Jsc   =  6.88 mA cm  − 2 ,  Voc   =  

0.80 V, and  FF   =  0.55 with the TiCl 4  treatment), respectively 

(Table  1 , Figure  9 b). Obviously, the hierarchical fl ower fi lm 

(20  μ m, Table S1) was thicker than the nanorod arrays (5  μ m, 

Table S1) under the same growth time, implying that the 

cation addition supported thicker fi lm for higher dye adsorp-

tion as confi rmed by the measurement of dye loading (i.e., 

1.82  ×  10  − 8  mol cm  − 2  and 2.27  ×  10  − 8  mol cm  − 2  for the fl ower 

fi lm vs. 1.15  ×  10  − 8  mol cm  − 2  and 1.75  ×  10  − 8  mol cm  − 2  for the 

nanorod fi lm, without and with TiCl 4  treatment, respectively; 

Table S1).It is worth noting although the thickness of the 

hierarchical fi lm was 4 times the nanorod fi lm, the amount of 

dyes adsorbed was only 1.58 times that of the nanorod fi lm, 

indicating that the existence of interspaces between the fl ower 

clusters restrained the corresponding increase of their surface 

area. Accordingly, the 3D hierarchical architecture may also 

promote the scattering of photons for light harvesting. As 

dye molecules situated on the TiO 2  fl ower surface, the hierar-

chical TiO 2  architecture can scatter and trap light to enhance 

the light harvesting via the dye absorption. A comparison of 
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UV-vis spectra of these two different photoanodes composed 

of fl owers and nanorods respectively is shown in Figure S9. 

It is clearly evident that the absorbance of the fl ower-based 

photoanode was larger than the nanorod-based counterpart, 

especially in the long wavelength region, which may be due 

primarily to the enhanced light scattering resulting from the 

presence of voids in the 3D hierarchical fi lm. 

 To understand the different photovoltaic performance 

of two TiCl 4 -treated DSSCs (i.e., fl ower-based and 

nanorod-based DSSCs), the incident-photon-to-current effi -

ciency (IPCE) spectra were measured (Figure  9 c). The IPCE 

spectra of both cells with N719 dye displayed a maximum at 

approximately 535 nm. Moreover, the IPCE over the entire 

wavelength region for the fl ower-based DSSC was higher 

than the nanorod-based DSSC, suggesting that the fl ower-

based DSSC generated more photoelectrons because of 

greater dye loading, which was correlated well with the afore-

mentioned dye-loading measurement. 

 To further elucidate the electrochemical characteristics 

of both fl ower- and nanorod-based DSSCs, electrochemical 

impedance spectroscopy (EIS) measurements were per-

formed. Figure  9 d depicts the Nyquist plots under the open-

circuit voltage condition for DSSCs. The fi tted results are 

summarized in Table S2 (see Experimental section). The 

EIS spectra exhibited three semicircles with a contact series 

resistance ( R s  ) on the FTO substrate of approximately 0.9  Ω  

for both cells. The fi rst semicircle in the high frequency range 

represents the resistance at the counter electrode ( R 1  ) for 

the reduction reaction of I 3  
 −   ions in the electrolyte using Pt 
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as the counter electrode. The second semicircle in the inter-

mediate frequency range refl ects the charge transfer resist-

ance ( R 2  ) at interfaces among the electrolyte, dye, and TiO 2 . 

The third semicircle in the low frequency range offers the 

information regarding the resistance of fi nite diffusion of 

the electrolyte ( R 3  ). [  22  ,  32  ]  The close values of  R 1  , 0.83  Ω  and 

0.65  Ω  for fl ower- and nanorod-based DSSCs, respectively 

were obtained as the counter electrodes (i.e., Pt) were pre-

pared in the nearly same manner. Interestingly, the  R 2  , widely 

considered to be primarily determined by the charge recom-

bination resistance with a partial contribution from the trans-

port resistance, exhibited distinct difference, i.e., 32.09  Ω  and 

26.94  Ω  for fl ower-and nanorod-based DSSCs, respectively, 

signifying a higher recombination rate for the nanorod-based 

cell, which may due most likely to their dense array-like fea-

ture constructed with tightly connected nanorods for easy 

recombination (Figure S1a-c). Finally, appreciably larger  R 3   
was found for the fl ower-based cell, which can probably be 

ascribed to its considerably thickness as compared to that of 

the nanorod-based cell, thus imposing a mass diffusion dif-

fi culty for electrolyte. 

   3. Conclusion 

 In summary, a simple yet robust, one-step, bottom-up hydro-

thermal method was developed, for the fi rst time, to directly 

grow hierarchical rutile TiO 2  fl ower clusters on transparent 

conducting substrates. This in-situ growth technique dis-

pensed with the need for transferring and deposition of 

formed hierarchical structures onto transparent conducting 

substrates later as in copious past work. [  15  ,  26  ,  27  ,  33  ,  49  ]  A compre-

hensive study on the effects of growth parameters, including 

growth time, the addition of cations of different valence and 

size, initial concentrations of precursor and cation, growth 

temperature, and acidity, on the creation of diversifi ed forms 

of TiO 2  fl ower-like fi lms with different thickness and density 

was presented. The small lattice mismatch between the FTO 

substrate and rutile TiO 2  allowed epitaxial growth of a com-

pact TiO 2  layer on the FTO substrate and the intercalation 

of added cations and their interaction with the rutile chains 

composed of [TiO 6 ] units led to the nucleation and growth 

of hierarchical fl ower-like architectures on the preformed 

TiO 2  layer. Intriguingly, despite their rutile nature, a PCE of 

2.94% of DSSCs were yielded by capitalizing on TiO 2  fl ower 

clusters as photoanodes. The PCE was further increased to 

4.07% upon the TiCl 4  treatment, which contrasted the PCE 

of 3.03% from a nanorod fi lm prepared under the same syn-

thesis conditions, representing a 34% effi ciency improvement. 

While only TiO 2  fl ower-like architectures were studied here, 

this viable, one-pot hydrothermal method is not restricted 

to them alone, but can be easily extended to a broad range 

of other functional materials (e.g., ZnO, SnO 2 , etc.) to craft 

fi ne hierarchical architectures that provide a tremendous 

potential for use in optoelectronic devices, solar cells, solar 

hydrogen generation, hydrogen storage, self-cleaning and 

environmental remediation through solar excitation, gas sen-

sors, photocatalysis, fuel cells, batteries, supercapacitors, and 

cell separation. 
0 www.small-journal.com © 2013 Wiley-VCH V
   4. Experimental Section 

  Fabrication of Hierarchically Structured TiO 2  Flower Clusters : 
Hierarchical TiO 2  fl ower-like fi lms on transparent conducting sub-
strates were prepared based on a hydrothermal procedure [  23  ]  with 
modifi cations. In a typical synthesis, a small amount of cation 
salts (i.e., (CH 3 COO) 2 Ba, (CH 3 COO) 2 Sr, (CH 3 COO) 2 Ca, CH 3 COONa, 
KCl, CH 3 COOK, MgCl 2 , (CH 3 COO) 2 Zn, CuCl 2 , FeCl 3 , ErCl 3 , and 
(CH 3 COO) 4 Sn) were dissolved in deionized water (15 mL), which 
was further mixed with concentrated hydrochloric acid (HCl; 
15 mL, mass fraction  =  36.5–38%). The mixture was stirred under 
ambient conditions for 5 min before adding titanium isopropoxide 
(TTIP - TiO 2  precursor; 0.5 mL, Sigma-Aldrich Co.). After stirring 
for an additional 5 min, an FTO substrate (F:SnO 2 , 2 cm  ×  2 cm, 
14 Ω/square; Pilkington Glass, USA), which was ultrasonically 
cleaned for 30 min in a mixed solution of acetone and ethanol 
with a volume ratio of 1:1, followed by deionized water rinsing for 
15 min, was placed in the mixture noted above at a 45  °  angle 
against the wall of the Tefl on-lined stainless steel autoclave with its 
conducting side facing up (the volume of autoclave  =  45 mL). The 
hydrothermal reaction was performed at 140  ° C for 9 h in an oven. 
The autoclave was then cooled to room temperature in air. Subse-
quently, the FTO substrate was taken out, rinsed extensively with 
deionized water, and dried in air. The effects of growth parameters, 
including growth time (from 2 h to 20 h), initial concentrations of 
precursor and cation, growth temperature (from 90–180  ° C), and 
acidity on the resulting hierarchical structures were systematically 
investigated. TiO 2  nanorod fi lms were also fabricated under the 
same condition without the addition of cation salts and used as 
controls to assess the infl uence of the presence of cation on the 
formation of hierarchical architectures. 

  TiO 2  Film Solar Cell Fabrication : Dye-sensitized solar cells 
(DSSCs) were assembled using nanostructured TiO 2  fi lms (both 
nanorod fi lm and fl ower cluster fi lm) grown on the FTO glass as 
photoanodes. Prior to dye adsorption, the photoanode was placed 
in TiCl 4  solution (0.2 M, 100 mL) at 70  ° C for 1 h. After rinsing 
with deionized water, the TiCl 4 -treated sample was annealed at 
450  ° C for 30 min inside a furnace. The sample was then soaked 
in anhydrous ethanol containing commercially available N719 dye 
(0.2 mM, cis-diisothiocyanato-bis(2,2′-bipyridyl-4,4′-dicarboxylato)
ruthenium(II) bis(tetrabutylammonium); Solaronix Co.), and kept for 
24 h at room temperature. Platinum (Pt)-coated counter electrode 
was prepared by dropping H 2 PtCl 6  (0.5 mM) isopropanol solution 
on another piece of FTO glass, followed by heating at 400  ° C for 
20 min. The dye-sensitized TiO 2  fi lm with an active area of approxi-
mately 0.12 cm 2  was assembled together with the Pt-coated FTO 
glass by applying a 25  μ m thick hot-melt sealed fi lm as the spacer 
(SX1170-25; Solaronix). The liquid electrolyte used here was ace-
tonitrile solution containing the I 3   −  /I  −   redox couple and commer-
cially available (CJX-EH, CasJuxin Solar Technology Co., LTD., China). 
The electrolyte was injected between two electrodes and driven by 
capillary force through the hole on the hot-melt sealed fi lm. [  51  ]  

  Characterization : The morphology and lattice structure of TiO 2  
fi lms were examined by fi eld emission scanning electron micros-
copy (FESEM; FEI Quanta 250, operated at 10 kV in high vacuum) 
and transmission electron microscopy (TEM; JEOL 2100, operated 
at 200 kV). An SEM equipped with an energy dispersive X-ray spec-
trometer (EDS) was used to analyze the composition of TiO 2  nano-
structures. Phase identifi cation of TiO 2  was conducted by X-ray 
erlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 2, 312–321
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