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  1   .  Introduction 

 Since the prototype of dye-sensitized solar cells (DSSCs) was 
developed by the Gratzel group in 1991, they have attracted a 
lot of attention as an alternative to silicon solar cells due to their 
high photoconversion effi ciency, low cost, and facile fabrica-
tion process. [  1  ]  Despite the high energy conversion effi ciency 
of DSSCs with a I − /I 3  −  liquid electrolyte, [  2  ]  solid-state DSSCs 
(ssDSSCs) have recently received much attention due to the 
need for long-term stability, fl exible design, and lightweight 
cells. [  3–8  ]  Several approaches have been reported for ssDSSCs 
based on a hole conducting polymer [  9–14  ]  or a solid polymer 
electrolyte. [  15–17  ]  However, most of the reported effi ciencies of 
ssDSSCs are less than 7%, which is less than the effi ciencies 
of their counterparts using a liquid electrolyte. [  3–17  ]  Recently, 

the Kanatzidis group reported a high 
effi ciency of 8.5% of a ssDSSC using a 
CsSnI 3  perovskite as a hole conductor. [  18  ]  
High effi ciencies of 10.9% and 9.7% were 
also independently reported by the Snaith 
and Park groups, respectively, using 
(CH 3 NH 3 )PbX (X = Cl, I) perovskite and 
spiro-MeOTAD as a light harvester and a 
hole conductor, respectively. [  19  ]  However, 
these high effi ciencies in ssDSSCs were 
all based on the development of a novel 
hole conductor or sensitizer, implying 
that the cell performance could be fur-
ther improved if it is combined with the 
development of a more effective TiO 2  
photoanode. 

 Typically, a nanocrystalline TiO 2  photo-
anode is fabricated with randomly-organ-
ized, disordered nanoparticles, which pro-
vides a large surface area for anchoring 
suffi cient dye molecules, resulting in an 
increase of the current density. However, 
high charge recombination with I 3  −  in the 

electrolyte due to the large grain boundary of nanoparticles and 
the random walk of photoinjected electrons through the nano-
particulate fi lm may reduce the charge collection effi ciency in 
DSSCs. Recently, well-aligned photoanodes have been fabri-
cated based on nanorods (NRs), [  20  ]  nanowires (NWs), [  21  ]  nano-
tubes (NTs), [  22  ]  nanosheets, [  23  ]  and nanospheres [  24  ]  to improve 
the cell performance. In particular, vertically aligned one-
dimensional (1D) nanostructured photoanodes such as NWs 
and NTs are considered to be ideal to promote charge transport 
because they provide a direct transport pathway for photoin-
jected electrons. [  25  ]  However, the low specifi c surface area of 
1D-nanostructured photoanodes results in a limited low energy 
conversion effi ciency due to insuffi cient dye loading and thus, a 
low current density. 

 One of the approaches to increase the surface area to 
improve cell performance is to increase the length of TiO 2  NWs 
or NTs. Energy conversion effi ciencies of 2.87% for a 25  μ m 
TiO 2  NW array fi lm [  26  ]  and 4.82% for a 35  μ m TiO 2  NT array 
fi lm [  27  ]  were reported. Although enlarging the length increases 
the surface area for dye adsorption, the effi ciency is still lower 
than 5% even in liquid-state DSSCs, indicating that there are 
some limitations to improve the cell performance by only 
enlarging the TiO 2  length. The extremely long length makes 
it diffi cult to transport charges because the photoinjected 
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current-voltage curves, the incident photon-to-electron conver-
sion effi ciency (IPCE), electrochemical impendence spectros-
copy (EIS), and intensity-modulated photovoltage spectroscopy 
(IMVS)/intensity-modulated photocurrent spectroscopy (IMPS) 
measurements.  

  2   .  Results and Discussion 

 Hierarchical PTT arrays comprising a vertically-oriented long 
NT stem and short NR branches were directly grown on a 
fl uorine-doped tin oxide (FTO) substrate via a one-step hydro-
thermal method. It is well known that a 1D well-aligned, 
nanostructural photoanode is effective in enhancing charge 
transport but the low surface area of such a structure limits the 
improvement of the current density. [  29  ]  Photoanodes derived 
from hierarchical PTT arrays can be one solution to simultane-
ously enhance the surface area and charge transport. Vertically 
aligned NTs can improve charge transport while the dendritic 
NR branches grown on the NTs can enhance the specifi c sur-
face area, resulting in an improved charge collection effi ciency. 

  Figure    1   shows SEM images of the cross-sectional view of 
PTT arrays at low and high magnifi cations, in which the NTs 
grew almost perpendicularly from the FTO substrate and 
are covered by a large number of NR branches. Preferen-
tial growth in the y-axial [001] direction over the x-axial [110] 
direction could be facilitated without pre-formation of a seed 
layer, which is commonly employed for the growth of NRs or 
NTs on FTO substrates. [  29  ]  The structure of the PTT arrays 
was strongly dependent on the water/DEG volume ratio. NTs 
with lengths of approximately 13.5  μ m and NR branches with 
lengths and diameters of approximately 430 nm and 40 nm, 
respectively, were obtained at a water/DEG ratio of 1:4.7 ml 
(named PTT1, Figure  1 a,b,c). Changing the water/DEG ratio 

to 1:3.4 (increasing water amount) pro-
moted the growth of PTTs from a length of 
13.5 to 16  μ m (named PTT2), which repre-
sents a tremendous increment of about 19%. 
In this case, there was a slight decrease of 
the NR size with a length and diameter of 
300 nm and 30 nm, respectively, as shown in 
Figure  1 d,e,f. When using a larger amount 
of water, i.e., the water/DEG ratio = 1:2.6 
(named PTT3, Figure  1 g,h,i), the length of 
the NT stem further increased to approxi-
mately 19  μ m, which is 19% and 40% larger 
than that of PPT2 and PPT1, respectively, and 
is one of highest ever reported for NTs. [  29  ]  The 
length and diameter of the NRs (PTT3) were 
approximately 230 nm and 20 nm, which are 
smaller than those of PPT1 or PPT2. Thus, 
it is concluded that the length of the NTs 
increased while the size of the NR branches 
decreased with increasing water content. A 
larger amount of water leads to more and 
stronger interactions between the water and 
PTO precursor through hydrogen bonding, 
which results in a decrease of the hydrolysis 
of the PTO precursor and eventually retards 

electrons have to travel a long distance and therefore, losses 
of electrons can easily occur through the photoanode. In par-
ticular, in ssDSSC applications, the pore-fi ltration of large 
molecular volume polymer electrolyte in such a thick fi lm is 
less effective, [  28  ]  which increases the cell resistance leading 
to reduced cell performance. To overcome the drawback of a 
low specifi c surface area, dendritic NRs with a larger surface 
roughness and surface area were developed on the surface of 
NWs and NTs. [  29  ]  NWs or NTs surface-modifi ed with dendritic 
NRs could improve both the specifi c surface area and charge 
transport properties, resulting in an improvement of the energy 
conversion effi ciency in DSSCs. However, these structures are 
based on a complicated two-step process in which NWs are fi rst 
prepared, followed by the growth of dendritic branches on the 
NW surfaces. To the best of our knowledge, there have been no 
reports of a one-step method for the preparation of such struc-
tures and their application in ssDSSCs, in which the effect of a 
1D well-aligned structure is more obvious. 

 Here, we report hierarchical anatase pine tree-like TiO 2  
nanotubes (PTT) arrays with NR branches directly grown on a 
transparent conducting oxide (TCO) substrate. The synthesis 
was based on a one-step hydrothermal method using potas-
sium titanium oxide oxalate dehydrate (PTO), diethylene glycol 
(DEG), and water. The vertically aligned anatase TiO 2  NT arrays 
can enhance the charge transport while the NR branches pro-
vide a large surface area for a high dye loading. The resulting 
PTT arrays were characterized in detail using fi eld-emission 
scanning electron microscopy (FE-SEM), energy-fi ltering 
transmission electron microscopy (EF-TEM), and X-ray diffrac-
tion (XRD). Three different types of PTT fi lms were used as 
a photoelectrode in ssDSSCs with a solid polymerized ionic 
liquid (PIL). [  5  ]  Careful adjustment of the water/DEG ratio was 
utilized to systematically vary the TiO 2  structure and its effect 
on the cell performance. The ssDSSCs were characterized via 

      Figure 1.  Cross-sectional FE-SEM images of the PTT arrays: (a) whole, (b) top, and (c) bottom 
regions of PTT1, (d) whole, (e) top, and (f) bottom regions of PTT2, and (g) whole, (h) top, 
and (i) bottom regions of PTT3. 
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more advantageous than solidly packed NWs 
in DSSC applications because the sensitizer 
can be adsorbed outside as well as inside the 
NTs, [  30  ]  leading to a higher dye loading and 
current density. The wall thicknesses among 
the PTT arrays were not signifi cantly different 
(approximately 25 nm). The magnifi ed images 
reveal that PTT1, PTT2, and PTT3 contained 
a large number of NRs with lengths of 430, 
300, and 230 nm and diameters of 40, 30, and 
20 nm, respectively, which is consistent with 
the above SEM results. These 1D porous NT 
stems with NR branches would enhance the 
surface area and facilitate effective charge 
transport. Furthermore, they can be effective 
for facile pore infi ltration of a solid electrolyte 
with a large molecular volume.  

 The crystal phase of TiO 2  is one of 
the important factors that directly affects the 
DSSC performance since it is related to the 
electron transfer properties and the amount 
of dye adsorption. The phase purity and 
structure of the PTT arrays were investigated 
by XRD analysis in the 2 θ  range of 15 o  to 
80 o , as shown in Figure S1. The sharp peaks 
at 25.4, 37.8, 48.1, 54.6, 55.3, 63.0, 69.7, and 
75.4° correspond to the refl ections from the 
(101), (004), (200), (105), (211), (204), (220), 
and (215) crystal planes of anatase TiO 2 , 
respectively. A pure anatase phase of the 
PTT arrays is a very effective structure in 
DSSC applications due to its excellent elec-
tron transport, lower charge carrier recom-
bination rate, and larger surface area. [  31  ]  The 

full width at half-maximum (FWHM) of the anatase (101) 
peak gradually increased in the order PTT1 < PTT2 < PTT3, 
indicating the reduced average crystalline size in the reverse 
order. The crystallite sizes of PTT1, PTT2, and PTT3 were 
determined from the Scherer equation to be 28.0, 23.3, and 
20.0 nm, respectively. 

 The current density of DSSCs is closely related to the sur-
face area of the TiO 2  photoanode, which in turn determines 
the amount of adsorbed dye. The amount of adsorbed dye was 
determined by adsorption–desorption measurements of the 
sensitizer on the PTT fi lms and the results are summarized in 
 Table   1 . The dye loading amounts of photoanodes derived from 
PTT1, PTT2, and PTT3 were 83.5, 94.1, and 106.3 nmol/cm 2 , 
respectively. The dye adsorption amount of PTT3 was the 
greatest among the PTT arrays, which is due to the extremely 
long NT stem and a large number of dendritic NR branches, as 
confi rmed by the SEM and TEM analyses. The dye loading of 
the PTT3 fi lm is approximately 28% greater than the amount 
of the PTT1 fi lm, which appears to be low when compared to 
the 40% increase of the NT length. This is because an increase 
of the NT length accompanies a decrease of the length of the 
dendritic NR branches.  

 The current density-voltage (J-V) curves of the ssDSSCs 
fabricated with the PTT fi lms and PIL as a photoanode and a 
solid electrolyte, respectively, were measured at 100 mW/cm 2 , 

the nucleation and crystallization of TiO 2 . This may help to pro-
duce a greater amount of TiO 2  sol participating in the nuclea-
tion of PTT, resulting in an increase of the PTT length.  

 The extremely long NTs and a large number of NRs in PTT3 
are signifi cant factors to increase not only the surface area but 
also the light scattering ability, resulting in an enhancement of 
the light harvesting effi ciency of DSSCs. Although the length 
of the NR branches in PTT3 decreased, there was a signifi cant 
increase in the number of NRs, which could offset the loss and 
thus, help to increase its specifi c surface area. As shown in 
the magnifi ed SEM images, all of the PTT arrays exhibited an 
asymmetric structure in which more packed NT structures with 
a higher density are present in the bottom layer. The NTs con-
sisted of multi-NWs with diameters of approximately 20 nm, 
which is more effective in improving the surface area and 
charge collection effi ciency due to the well-developed structure 
with 1D growth on the FTO substrate.  Figure    2   shows SEM 
images of a top-down view of PTT arrays at low and high mag-
nifi cations. The PTT arrays were arranged homogeneously and 
fully covered the FTO glasses without crack formation, indi-
cating uniform growth anisotropy and large-scale processability.  

 The morphological and structural properties of the PTT 
arrays were further characterized by EF-TEM analysis. As 
shown in  Figure    3  , a large number of NR branches were directly 
grown on the NT stems in all of the PTTs. The NT structure is 

      Figure 2.  Top-down FE-SEM surface images of the PTT arrays at low and high magnifi cations: 
(a, b) PTT1, (c, d) PTT2, and (e, f) PTT3. 
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as shown in  Figure    4  (a). Poly((1-(4-ethe-
nylphenyl)methyl)-3-butyl-imidazolium 
iodide) (PEBII) was synthesized via free 
radical polymerization as a PIL and utilized 
as a solid electrolyte for I 2 -free ssDSSCs 
without using any additives. [  5  ]  The synthe-
sized PEBII showed a high mobility and 
ionic conductivity (2.0 × 10 −4  S/cm at 25 °C) 
due to facile ion transportation through the 
well-organized structure with  π – π  stacking 
interaction and a low glass transition tem-
perature ( ∼  –4 °C). The detailed photovol-
taic properties including the open-circuit 
voltage (V oc ), short-circuit current density 
(J sc ), fi ll factor (FF), and energy conversion 
effi ciency ( η ) are summarized in Table  1 . 
The energy conversion effi ciencies of all 
three PTT-based cells were much greater 
than that of the less organized TiO 2  cell 
(4.0%) fabricated using commercially avail-
able Dyesol paste 18NR-T. It should be 
noted that the effi ciency of the less organ-
ized TiO 2  cell increased with increasing 
TiO 2  fi lm thickness up to 8.5  μ m, above 
which the effi ciency gradually decreased 
due to ineffective pore infi ltration of the 
large volume solid electrolyte, leading to 
poor electrode/electrolyte interfacial con-
tact. The higher effi ciencies of the PTT-
based cells result from higher J sc  and FF 
values as the V oc  values among the cells are 
similar. The improved J sc  values result from 
the larger dye loading due to the larger sur-
face area and very long NT structure. Also, 
the 1D well-developed organized structure 
allows for deep penetration of solid elec-
trolyte to improve the electrode/electrolyte 
interfacial contact, leading to improved FF 
values. These results indicate the impor-
tance of a 1D well-aligned structure of a 
photoanode with large pore volumes in 
ssDSSCs, where deep penetration of solid 
electrolyte is most important and thus, the 
effect of an organized structure is obvious. 

      Figure 3.  EF-TEM images of the PTT arrays at different magnifi cations: (a, b) PTT1, (c, d) PTT2, 
and (e, f) PTT3. 

 Table 1.   Dye loading, photovoltaic properties, and internal resistances determined from J–V curves and EIS analysis at 100 mW/cm 2  of the ssDSSCs 
fabricated with the PTT arrays 

   Thickness 
[ μ m]  

Dye loading 
[nmol/cm 2 ]  

V oc  
[V]  

J sc  
[mA/cm 2 ]  

FF   η  
[%]  

R s  
[ Ω ]  

R 1  
[ Ω ]  

R 2  
[ Ω ]  

PTT1  13.5  83.5  0.75  13.8  0.63  6.6  9.7  8.9  39.5  

PTT2  16.0  94.1  0.74  16.0  0.62  7.3  10.7  8.2  31.2  

PTT3  19.0  106.3  0.74  17.7  0.62  8.0  10.2  8.1  25.8  

Dyesol a)   8.5  83.2  0.73  11.0  0.50  4.0  –  –  –  

   a)  Dyesol: commercially available Dyesol paste (18NR-T).   
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was maintained at a nearly constant value for up to 200 h at 
room temperature. The effi ciencies of liquid electrolyte-based 
DSSCs was only slightly higher than those of PEBII-based 
ssDSSCs, indicating more effectiveness of 1D nanotube 
structures in solid-state system.  

 The internal resistances in the ssDSSCs assembled with 
the PTT arrays were further characterized by EIS analysis. 
As shown in Figure  4 b, two semicircles were achieved in the 
Nyquist plots of the ssDSSCs derived from the PTT arrays. 
The sheet resistance (R s ) is attributed to the ohmic resistance 
of the substrate. The fi rst small semicircle (R 1 ), in the high-
frequency region, is attributed to the charge transfer resistance 
at the counterelectrode/electrolyte interface. The second large 
semicircle (R 2 ), in the low-frequency region, is attributed to 
the charge transfer resistance at the photoelectrode/electrolyte 
interface. [  32  ]  These resistance values (R s , R 1 , and R 2 ) are sum-
marized in Table  1 . There was no large differences among the 
R s  values of all three devices, indicating a similar ohmic resist-
ance of the substrate. However, the R 1  and R 2  values decreased 
from PTT1 to PTT3 due to the different electrode structures. In 
particular, the R 2  value of the PTT3-based cell was the smallest 
(25.8  Ω ), indicating the greatest charge transfer properties at 
the photoelectrode/electrolyte interface. 

 The light scattering properties were also evaluated by meas-
uring the IPCE spectra of the ssDSSCs based on PTT arrays 
as a function of wavelength, as shown in Figure  4 c. The 65% 
external quantum effi ciency (EQE) value of the PTT1 cell at 
around 530 nm improved to 77% for the PTT2 cell and further 
improved to 87% for the PTT3 cell. The tremendous increase 
of the IPCE value of the PTT3 cell is attributed to the larger 
dye loading amount, resulting in a higher short-circuit cur-
rent density. The approximately 19  μ m long NT arrays and a 
large number of NR branches provide a larger surface area 
and greater dye adsorption. The normalized IPCE curves in 
Figure S2 show that there was no signifi cantly large difference 
of the quantum effi ciencies of the PTT cells at longer wave-
lengths (>550 nm) but there was a tendency of the light scat-
tering effect in the order of PTT3 > PTT2 > PTT1. Thus, it is 
concluded that the enhanced light scattering property of the 
PTT3 array contributed to the improvement of the energy con-
version effi ciency of the ssDSSC. 

 IMPS/IMVS measurements were performed to analyze 
the charge transport dynamics and charge recombination of 
the ssDSSCs derived from the PTT arrays. A diode laser with 
variable power and modulation control was used as the light 
source (635 nm) for these studies. The time delay in the IMPS 
measurement corresponds to the transport time of the injected 
electrons through the TiO 2  photoanode. The transport time 
can be estimated from the relationship  τ  d  = 1/2 π f dmin , where 
f dmin  is the characteristic frequency at the minimum of the 
imaginary IMPS. The electron diffusion coeffi cient, D n , was 
determined from the equation D n  = d 2 /(2.35  τ  d ), where d is the 
thickness of the photoelectrode. The electron lifetime ( τ  r ) can 
be calculated from the expression  τ  r  = 1/2 π f rmin , where f rmin  is 
the characteristic frequency minimum of the IMVS imaginary 
component. [  33  ]  

  Figure    5  a and b show the D n  and  τ  r  values obtained from 
the IMPS and IMVS measurements, respectively, plotted as 
a function of the current density. A higher electron diffusion 

These explanations are also supported by the result that the 
J sc  and FF values of PTT1 are much greater than those of 
Dyesol cell despite similar dye loading. The conversion effi -
ciency of the ssDSSC derived from PTT3 reached 8.0% at 
100 mW/cm 2 , which is one of the highest values observed for 
N719-based ssDSSCs [  3–17  ]  and is two-fold greater than that of 
commercially available TiO 2 . Also, the obtained cell effi ciency 
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      Figure 4.  (a) J-V curves, (b) EIS data, and (c) IPCE spectra of ssDSSCs 
fabricated with the PTT arrays at 100 mW/cm 2 . 
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short NR branches in PTT3 is effi cient to shorten the elec-
tron transfer path and can easily concentrate electrons from 
dendritic NRs to NT stems. The fast electron transport rate 
improves the charge collection effi ciency. On the other hand, 
the electron life time of the PTT3 cell was slightly shorter 
than those of the other cells. This is because the larger sur-
face area of the PTT3 fi lm provides more trapping sites and 
thus, leads to a larger charge recombination with I 3  −  in the 
electrolyte. [  34  ]  As a result, a slight reduction of the V oc  (by 
0.01 V) was observed in the cell derived from PTT3. The 
effective electron diffusion length (L n ) was obtained from 
L n  = (D n · τ  r ) 0.5 , which is the average distance an injected elec-
tron can travel through the photoanode prior to undergoing 
recombination. A long electron diffusion length is an impor-
tant element for DSSCs because only a small loss of injected 
charge occurs in the photoanodes with a longer electron dif-
fusion length before it is collected. As shown in  Figure   5 c, the 
electron diffusion lengths of the cells derived from all of the 
PTT arrays were greater than 40  μ m, which is much longer 
than the actual PTT length, demonstrating that the generated 
electrons can reach the electrode without losses and thus, a 
much thicker fi lm can be fabricated without extra loss due to 
recombination.   

  3   .  Conclusion 

 Hierarchical anatase PTT arrays were prepared directly on 
a FTO substrate  via  a one-step hydrothermal method using 
PTO, DEG, and water. The resultant PTT consisted of long 
NT stems grafted with a large number of NR branches, which 
is an effective structure to improve the charge transport and 
specifi c surface area. The SEM analysis revealed that the PTT 
arrays possess asymmetric structures with the long NTs and 
short NR branches at the top layer and closely packed NWs 
or NTs at the bottom layer. Three different PTT arrays, PTT1, 
PTT2, and PTT3, were obtained by adjusting the water/DEG 
ratio. The diameter of the NTs and size of the NRs decreased 
with increasing water amount but the length of the PTT 
increased. This is because a larger amount of water leads to 
more and stronger interactions between water and the PTO 
precursor, which reduces the hydrolysis of PTO and retards 
the nucleation/crystallization of TiO 2 , resulting in an increase 
of the PTT length. The largest length of the NTs (19  μ m) was 
obtained for PTT3, which resulted in an enhanced surface 
area and a suffi cient dye adsorption amount. The effi ciencies 
of the PTT-based cells were always much greater than that 
of the less organized TiO 2  cell (4.0%) assembled using com-
mercially available Dyesol paste 18NR-T, indicating the impor-
tance of a 1D well-aligned structure of the photoanode with 
large pore volumes in ssDSSCs. The conversion effi ciency of 
the ssDSSC assembled with the PTT3 array reached 8.0% at 
100 mW/cm 2 , which is one of the highest values observed for 
N719-based ssDSSCs and is two-fold greater than that of com-
mercially available TiO 2 . The higher cell effi ciency is attrib-
uted to the enhanced J sc  and FF values due to the well-aligned, 
interconnected structure with large pores and a high porosity, 
which is effective for solid electrolytes with large molecular 
volumes.  

coeffi cient was obtained from the PTT3 cell, indicating that 
the PTT3 arrays are more effi cient in transporting electrons 
and thus, the travel time of photoinjected electrons from 
the excited dye to the electrode is short. A large number of 
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      Figure 5.  (a) Diffusion coeffi cient (D n ), (b) electron lifetime ( τ  r ), and 
(c) electron diffusion length (L n ) of ssDSSCs fabricated with the PTT 
arrays, as determined from IMPS/IMVS measurements. 
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(IPCE) spectra were obtained as a function of wavelength from 400 to 
800 nm. The amount of adsorbed dye was determined by adsorption–
desorption measurements of the sensitizer on the fi lms. Dye desorption 
occurred after immersion of the TiO 2  fi lm in a 10 mM solution of NaOH 
in an ethanol–water (1:1) mixture. The concentration of the desorbed 
dye solution was analyzed using a UV-visible spectrophotometer.  
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