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T
he soaring global energy demand
and possible exhaustion of fossil fuels
in the near future have driven the

development of new types of renewable
and sustainable alternatives. Of particular
interests are the photovoltaic devices,
which can directly and safely convert the
solar light into electricity for widespread
sustainable energy production. To rival the
low-cost fossil-fuel-based electricity, solar
energy must be utilized in a cost-effective
fashion.1 Compared with traditional silicon-
based solar cells, the per-watt cost of dye-
sensitized solar cells (DSCs) was significantly
decreased, although lower power efficiency
(η) was obtained.2�4 The ordered TiO2 na-
notube arrays (TNAs) synthesized by the
anodization method have been employed
for DSCs due to the potential for the rapid
unidirectional electron percolation since
many particle boundaries were present
in the disordered interstices of TiO2 nano-
particles (TPs) interrupting transport of
electrons.5,6 Although novel structures of
3-dimensional DSCs,7 bifacial DSCs,8 shell/
core DSCs,9 layered TNA-TP DSCs,10 and Ti-
substrate flexible DSCs11 have been recently
developed based on TNAs, the back-illumi-
nated geometries have inevitably resulted
in a great energy loss by the light passage
through the translucent electrolyte and
counter electrode.12 The front-illuminated
DSCs could be fabricated by sputtering thin
Ti film on a fluorine doped tin oxide (FTO)
glass followed by anodization, but there
was a limitation in increasing the thickness
and area of TNAs and this procedure brought
in additional production cost.13 It is still a
formidable challenge to improve the design

of photoanodes with an elevated η and at
the same time lower cost, since many hybrid
structures do not possess high light harvest-
ing efficiency, long photoelectron lifetime,
desirable electron extraction, and facile op-
eration simultaneously. To tackle these pro-
blems, here we combine the better light
harvesting of front-illuminated geometries,
unidirectional photoelectron transport
through TNAs, and desirable electron extrac-
tion fromhierarchical structures. The prepara-
tion, characterization, and photoelectric
properties of hybrid morphologies and
their application in DSCs are described in
detail below.

RESULTS AND DISCUSSION

Invertible hierarchical structures of TNAs
andTPs onFTOglasses are shown inFigure 1.
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ABSTRACT We report on the influence of hierarchical structures, constructed via layer-by-layer

assembly of self-standing titania nanotube arrays and nanoparticles, upon charge recombination

and photoelectric performance of front-illuminated dye-sensitized solar cells. Both nanotubes and

nanoparticles were produced by anodization rather than additionally employing other methods,

providing low cost and great simplicity. Electrochemical impedance spectroscopy under AM 1.5

illumination indicates the construction of hybrid morphology has superior recombination char-

acteristics and a longer electron lifetime than nanoparticulate systems. This enhancement with the

incorporation of anodized titania nanoparticles with 1D architectures is unprecedented for solar

cells. Owing to the better light harvesting efficiency, extended electron lifetime and desirable

electron extraction, the short-circuit photocurrent density of solar cell is 18.89 mA cm�2 with an

overall power conversion efficiency of 8.80% and an incident photon-to-current conversion efficiency

of 84.6% providing a very promising candidate for sustainable energy production with a high

performance/cost ratio.

KEYWORDS: self-standing TiO2 nanotube arrays . anodized TiO2 nanoparticles .
layer-by-layer assembly . dye-sensitized solar cells . morphology
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To fabricate these junctions, there are two prerequi-
sites; (1) the brittle TNAs should keep their vertically
aligned interconnected morphology during the an-
nealing, film detachment, and transplanting process.
(2) TPs should hold their place without clogging
the open tops of TNAs to construct the FTO�TP�TNA
junction.
The fabrication processes of layer-by-layer (LBL)

hierarchical junctions are demonstrated in Figure 2.
TNAs were self-assembled by electrochemical anodi-
zation in polar organic electrolyte, glycerol, containing
a small amount of fluoride ions due to the dynamic
equilibrium of top-to-bottom oxide formation and
fluoride selective etching mechanism.14,15 The two-
step anodization was employed to produce highly
ordered tube arrays with large aspect ratios.16 The
self-standing TNAs with an average inner diameter of
110 nm and a length of 9 μmwere obtained by rinsing,
annealing, and H2O2 etching of the anodized film
(Figures 2a, b). A total number of 41 000 000 tubes
were employed on the area of photoanodes (0.15 cm2)
as will be discussed shortly. TNAs could be employed
as tube parts in the hierarchical structure or subse-
quently disintegrated by ultrasonication to produce
TPs. This approach can provide low cost and great
simplicity since both TNAs and TPs were produced by
anodization rather than additionally employing other
methods.
A postultrasonication treatment of TNAs in ethanol

produced well-dispersed nanotubes in random orien-
tation (Figure 2c). The tube length was decreased to
1�3 μm after ultrasonication at 150 W for 10 min.
Further sonication at 280 W for 30 min could disinte-
grate nanotubes into TPs with a diameter of 20�35 nm
which is in agreement with the crystallite size of
TNAs.17 Although a small number of residual nano-
tubes were observed at this condition (Figure 2d),
prolonged sonication at stronger intensity would con-
vert all the tubes into nanoparticles. The viscous paste
was prepared by mixing TPs, terpinol, and ethyl cellu-
lose. The paste was applied on the FTO glass by the
doctor blade technique and annealed at 500 �C for
2 h to form a porous photoanode. Vigorous stirring
and strong ultrasonication was used to prepare the

homogeneous paste, and no serious aggregation of
TPs was observed (Figure 2e). The self-standing TNAs
were transplanted on top of the TP paste film to
construct the FTO�TP�TNA junction (Figure 2f,g).
Interestingly, some nanoparticles were found to posi-
tion in the holes of nanotube arrays after annealing,
which could be caused by the force of organic eva-
poration. However, the structure of interconnected
network of vertically oriented nanotubular arrays was
successfully protected and most of tubes were not
clogged. The image of the FTO�TNA�TP junction is
provided in Figure 2h.
After LBL assembly of TP films, the average thickness

of layers 1, 2, and 3 (L) was 4, 8, and 11 μm, respectively,
determined by a surface profilometer (Figure 3a). The
X-ray diffraction (XRD) pattern of the TNAs on titanium
substrate after the annealing process and before de-
tachment is shown in Figure 3b. After annealing at
500 �C for 2 h, all TiO2 tube structures were trans-
formed into anatase, and Bragg Ti peaks could also be
observed. The SnO2 peaks were observed instead of Ti

Figure 2. SEM images of the TNAs and TPs: (a) cross-
sectional view of self-standing TNAs; (b) top view of TNAs;
(c) randomly oriented TiO2 nanotubes after sonication;
(d,e) mesoporous TiO2 nanoparticulate film at different
magnifications; (f) top view of the FTO�TP�TNA junction;
(g) side view of the FTO�TP�TNA junction; (h) side view of
the FTO�TNA�TP junction. The TP layer on top of the TNA
layer was partly removed for visualization.

Figure 1. Schematic of layer-by-layer photoanode
construction.
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peaks after the construction of LBL hierarchical junc-
tions on FTO substrates. According to Scherrer's equa-
tion,18 the calculated average diameter of TPs is 32 nm,
which is in agreement with the SEM observation.
The open-circuit photovoltage, Voc, during the dy-

namic relaxation from the standard global air mass
(AM) 1.5 illuminated quasi-equilibrium state (EFn) to the
dark equilibrium (EF0) can be derived by the following
expression19,20

Voc ¼ EFn � EF0
e

¼ KBT

e
ln

n

n0
(1)

where n is the free electron concentration in titania
nanostructures, n0 is the electron concentration in the
dark equilibrium, KB is the Boltzmann constant, T is the
absolute temperature, and e is the positive elementary
charge. Equation 1 indicates the free electron concen-
tration is related with the open circuit voltage. The Voc
was initially at a steady state under the illumination at a
constant intensity, and it gradually decreased to zero
in the dark. The charge recombination rate U(n) was
defined as20

U(n) ¼ � dn
dt

(2)

The logarithmic change of the free electron concen-
tration, which can be defined as a modified charge

recombination rate Rk (s
�1), can be obtained using eq 3

by neglecting the change in T since n0 is constant and n
varies during the relaxation.

Rk ¼ � d ln(n)
dt

¼ � e

KBT

dVoc
dt

(3)

Figure 3c shows transient RK in the dark, and initial
values of FTO�(2 L)TP, FTO�TNA�(2 L)TP and FTO�
(2 L)TP�TNA junctions were 234.1, 83.2, and 47.9 s�1,
respectively. In comparison to the FTO�(2 L)TP photo-
anode, the incorporation of TNAs exhibited superior
recombination characteristics. The free-standing TNA
film was transparent, as shown in the inset images,
extending the light passage. The letters which were
placed below the TNA film could be clearly shown. The
front-illuminated DSCs can increase the light harvest-
ing efficiency by approximately 33% compared with
back-illuminated DSCs.21

Figure 3d shows the Bode plot of electrochemical
impedance spectroscopy (EIS) of three different junc-
tion structures measured with an alternating-current
(AC) amplitude of 10mV under the AM1.5 illumination.
The correspondingNyquist plot is shown in the inset. In
all the EIS Nyquist spectra, twowell-defined semicircles
were observed in the high frequency (>1 kHz) and
medium frequency (1�100 Hz) regions. The high-
frequency semicircle represents the redox reaction

Figure 3. (a) Thickness of TP films (1�3 L) on FTOglass. (b) XRD patterns of the TNAs on Ti substrate (after annealing at 500 �C
for 2 h) and hierarchical structures on FTO substrates. (c) Modified charge recombination rate. The transparency of the self-
standing TNA film is demonstrated in inset images. (d) EIS data. Nyquist plot is shown in the inset.
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of I�/I3
� at the counter electrode, and the medium-

frequency semicircle reflects the electron transfer at
the FTO/TiO2/dye/electrolyte interface.22 The lifetime
of photoelectrons (τ) in a photoanode can be calcu-
lated according to the equation τ = 1/ωpeak =
1/(2πfpeak),

22 where ωpeak and fpeak are the peak angu-
lar frequency and oscillation frequency of the impe-
dance semicircle at the medium frequency region.
From the Bode plot, fpeak of FTO�(2 L)TP�TNA,
FTO�TNA�(2 L)TP, and FTO�(2 L)TP junctions was 6,
8, and 20 Hz, respectively, and the corresponding τwas
27, 20, and 8ms, respectively. The Nyquist plot revealed
that the interfacial resistance FTO�TNA�(2 L)TP junc-
tion was significantly greater than those of other archi-
tectures leading to a lower η aswill be discussed shortly.
Electron diffusion length Ln represents the average

travel distance of electrons before recombining with
acceptors.23 It is related with the range of suitable
thicknesses for semiconductor layers24 and electron
collection efficiency25 in photovoltaic devices. Ln can
be obtained by26

Ln ¼
ffiffiffiffiffiffiffiffi
τDn

p
¼

ffiffiffiffiffiffiffiffiffiffiffi
τ
d2

RtCu

s
¼ d

ffiffiffiffiffiffiffiffiffi
τ

RtCu

r
(4)

where Dn is the electron diffusion coefficient, Rt and Cu
are the equivalent resistance and capacitance of
photoelectrodes, and d is the thickness of titania films.
The calculated Ln of FTO�(2 L)TP�TNA, FTO�TNA�
(2 L)TP, and FTO�(2 L)TP junctions is 42.97, 26.42, and
9.59 μm, respectively. The incorporation of self-stand-
ing TNAs with a high aspect ratio of∼80 into anodized
TPs was favorable for electron diffusion through a
longer distance with less grain boundaries. By fitting
intensitymodulated photocurrent spectroscopy (IMPS)
and intensity modulated photovoltage spectroscopy
(IMVS) data using a multiple trapping model,27 the
estimated electron diffusion length of TNAs was much
longer than TPs, which is in agreement with our result.
Figure 4a shows the photocurrent density�voltage

(J�V) characteristics of DSCs fabricated using various
LBL structures of photoanodes under the AM 1.5 solar

condition with an intensity of 100 mW cm�2. The η of
the TNA film (∼9 μm thickness) on the FTO glass
(FTO�TNA) was 2.33%. For the TP-coated FTO glasses,
the increased layers of mesoporous TP films lead to an
increase in η (from 3.84% of 1 L to 7.45% of 3 L). The
construction of TNAs on top of TPs (FTO�TP�TNA
junctions) was beneficial for the enhancement of η
up to 2 L TPs. It was reported that the photoanode film
thickness of 10 μm is optimal for TP based DSCs since
nearly all of incident photons were absorbed.28 The
addition of TNAs on 3 L TPs with a thickness of 11 μm
could hardly increase photon harvest and the unillu-
minated layer probably provided additional trapping
sites for charge recombination. The η of FTO�(2 L)TP�
TNA junction was 45.9% superior to its reverse struc-
ture of FTO�TNA�(2 L)TP suggesting the electron
extraction from TPs to the FTO glass was better than
that from TNAs to the FTO substrate due to the smaller
interfacial resistance confirmed from the Nyquist
spectra.
The photovoltaic characterization results are sum-

marized in Table 1. To the best of our knowledge,
maximum performances of the self-standing TNA-
based DSC are a Voc of 0.81 V, fill factor (ff) of 0.641,
short-circuit photocurrent density (Jsc) of 15.46
mA cm�2 and η of 8.07%.29 We achieved a Voc of
0.75 V, ff of 0.621, Jsc of 18.89 mA cm�2 and η of
8.80% by the LBL assembly of self-standing TNAs and
anodized TPs. This performance is quite remarkable

Figure 4. (a) J�V characteristics of DSCs fabricated using LBL assembly of TNAs and TPs; (b) IPCE characteristics of
representative junction structures.

TABLE 1. The Photovoltaic Characterization Results of

DSCs Based on Different Photoanodes

photoanode junctions TiO2 thickness (μm) Voc (V) Jsc (mA cm
�2) ff (%) η (%)

FTO�TNA 9 0.75 5.08 61.2 2.33
FTO�(1 L)TP 4 0.74 8.31 62.4 3.84
FTO�(2 L)TP 8 0.76 14.05 58.8 6.28
FTO�(3 L)TP 11 0.73 16.33 62.5 7.45
FTO�(1 L)TP�TNA 13 0.73 11.69 60.5 5.16
FTO�(2 L)TP�TNA 17 0.75 18.89 62.1 8.80
FTO�TNA�(2 L)TP 17 0.75 13.07 61.5 6.03
FTO�(3 L)TP�TNA 20 0.74 14.70 65.8 7.16
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considering commercial Ru535-bisTBA was used with-
out further purification.
Figure 4b shows transmittance of FTO glass and

incident photon-to-current conversion efficiency
(IPCE) spectra obtained from representative structures.
The FTO�(2 L)TP�TNA junction shows an impressive
response over a wide spectral range, even up to the
long wavelength of 750 nm. This could be due to the
enhanced photoelectron collection and light scatter-
ing through TNAs compared with the FTO�(2 L)TP
junction. In the wavelength range between 420 and
630 nm, the peak IPCE value was as high as 84.6%
resulting in the high Jsc of 18.89 mA cm�2 since Jsc can
be approximately expressed by6

Jsc ¼ qηlhηinjηccI0 (5)

Where q is the elementary charge; ηlh is the light-
harvesting efficiency; ηinj is the charge-injection effi-
ciency; ηcc is the IPCE; I0 is the illuminated light
intensity. Divided by the FTO transmittance, the internal

quantum efficiency approached 90�97% in the wave-
length region of 470�570 nm showing the effective
functions of hierarchical construction in highly efficient
DSCs.

CONCLUSION

A layer-by-layer hierarchical assembly of self-stand-
ing TiO2 nanotube arrays onto TiO2 nanoparticles
extended the photoelectron lifetime by 237.5%. The
better light harvesting of front-illuminated geometries,
unidirectional electron transportation through nano-
tubes and desirable electron extraction from nanopar-
ticles to the FTO layer resulted in a high performance of
DSC (η = 8.80%, Jsc = 18.89 mA cm�2, maximum IPCE =
84.6%). Both the TiO2 nanotubes and TiO2 nanoparti-
cles were prepared by anodization providing a facile,
cost-effective fabrication route. The efficiency would
be further elevated by modulating the thickness of
TNA and TP layer or improving the absorption property
of sensitizing dyes.

METHODS
The Synthesis of TNAs and TPs. Potentiostatic anodization of Ti

foils (99.99% purity, 0.25 mm thickness, Nilaco) was performed
at 50 V in glycerol electrolyte containing 0.1 MNH4F and 2 vol %
deionized water using a platinum cathode.30 After 1 h anodiza-
tion, the developed TNA film was peeled off by sonication to
produce a nanobowl array footprint. The second-step anodiza-
tion was carried out under the same condition for 6 h to obtain
highly ordered TNAs.16 Before the termination of anodization,
voltagewas gradually decreased from 50 to 20 Vwithin 20 s and
then increased to 100 V immediately, holding constant for 5 s.
The film was then washed by ethanol and deionized water and
then annealed in a muffle furnace at 500 �C for 2 h. The
annealed TNA/Ti foil was immersed in 33 wt % H2O2 solution
for 5 min followed by rinsing and drying. The self-standing TNA
film (∼8mm� 10mm) could be separated from the Ti substrate
by bending back and forth and peeling off using a razor blade.
The TNA film was then cut by the razor blade into the size of
3 mm� 5 mm. TPs were obtained by sonicating TNAs at 280 W
for 30 min in ethanol solution. The viscous TP paste was
prepared by mixing TPs, terpinol, and ethyl cellulose at 20:70:
10 wt %. Vigorous stirring and sonication was further used to
ensure homogeneity and inhibit particle aggregation.

The Characterization of Hierarchical Junctions. The morphology
was observed with a field-emission scanning electron micro-
scope (JEOL, JEM2100F), and the crystal phase was character-
ized by an X-ray diffractiometer (Bruker, AXS-8 ADVANCE). The
transmittance was investigated by a UV�vis spectrometer
(Agilent, RSA-HP-8453) and the transient Vocwas recorded every
36 millisecond by a computer interfaced data logger (Agilent,
34970A). Film thicknesswasmeasured by a surface profilometer
(KLA-Tencor, Alpha-Step IQ). EIS analysis was performed by a
multichannel potentiostat/galvanostat (Biologic, VMP3).

The Fabrication of DSCs. For the preparation of the counter
electrode, Pt was sputtered onto the clean FTO glass (8Ω/cm2,
NSG) at a constant current of 20 mA for 5 min (Cressington,
108auto) using Ar as a jet gas. For the photoanode preparation,
the FTO glass was pretreated by 45 mM TiCl4 solution at 70 �C
for 30 min. To immobilize the self-standing TNA film onto the
FTO substrate, a drop of glycerol was first applied onto the FTO
glass. The TNA film was transferred onto glycerol using a
tweezer. After the vacuumization at 120 �C (Neuronfit, DZF-
6020) for 30 min, good adhesion between the TNA film and the
FTO substrate could be obtained which could be further

improved by TiCl4 treatment and annealing. To construct the
FTO�TP�TNA junction, the doctor blade technique was first
employed to coat thin viscous TP film onto the FTO glass. The
TP-coated FTO glass was placed on a hot plate and the
temperature was increased to 150 �C. In the next step, the
TNA film was gently placed on the viscous TP layer using a
tweezer followed by annealing in a muffle furnace at 500 �C for
2 h. To construct the FTO�TNA�TP junction, TPs were coated
onto the annealed TNA�FTO anode, and followed by solidifica-
tion and further annealing. All the annealed TiO2 photoanodes
were repeatedly treated by TiCl4 and annealing followed
by irradiation under the simulated solar light for 20 min.
The photoanodes were then immersed into 0.5 mM cis-di-
(thiocyanato)-bis(2,20-biprydil-4.40-dicarboxylato)ruthenium(II)-
bis-tetrabutylammonium (Ru535-bisTBA, Solaronix) in 1:1 acet-
onitrile and tert-butanol for 24 h. The sandwich type cells were
fabricated by assembling the photoanodes, counter electrodes,
and electrolyte together. The electrolyte, containing 0.6 M 1,2-
dimethyl-3-propyl imidazolium iodide, 0.5 M LiI, 0.05 M I2, and
0.5 M 4-tert-butylpyridine in acetonitrile, was introduced into
the cell cavity via a vacuum filling method. The hot melting
plastic thin film (Dupont, Surlyn 1702) was used as a spacer to
combine two electrodes with the cavity inside.

Solar Cell Characterization. J�V characteristics of DSCs were
measured by a Keithley 2400 source meter under the AM 1.5
simulated sunlight (Oriel, Sol 3ATM). The active area of working
electrodes was about 0.15 cm2 with a relative error of (5%
determined by a computer calibrated optical microscope
(Olympus, SZ61) equipped with a digital camera (Artray,
130MI-DS). A 5 mm � 3 mm illumination mask was also used
to further define the testing area. The IPCE plots were obtained
by Oriel IQE 200.
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