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Straight-stranded anatase TiO2 nanotubes were produced by anodic oxidation on a pure titanium substrate
in an aqueous solution containing a 0.45 wt % NaF electrolyte (pH 4.3 fixed). The average length of the TiO2

nanotubes was approximately 3µm, which had an effect on the level of dye adsorption in the dye-sensitized
solar cells. The anodic TiO2 nanotubes were applied as a working electrode in a solid-state dye-sensitized
solar cell. An approximately 1 nm ZnO shell was coated on the TiO2 nanotube to improve the open-circuit
voltage (Voc) and conversion efficiency of the solar cell, and to retard any back reaction. Although theVoc

and short-circuit current (Jsc) of the cell were improved, there was a low fill factor as a result of the formation
of a thick TiO2 barrier layer in the anodic TiO2/Ti substrate. A parameter on the degradation of fill factor
(37%) is related to the formation of a thick TiO2 barrier layer in the anodic TiO2/Ti substrate interface. A
hydrogen peroxide treatment was performed in an attempt to narrow the TiO2 barrier layer. This treatment
was found to influence not only fill factor (37-49%) but also the conversion efficiency (0.704-0.906%) of
the cell by eliminating the remnant after anodic reaction and barrier narrowing through an etching effect.
This result was confirmed by X-ray photoelectron spectroscopy (XPS) and photocurrent-voltage measurements.
The longer electron lifetime on the ZnO coated TiO2 film was measured by the open-circuit voltage decay.
The improvement in the electron lifetime from the thin ZnO coating affects the number of electrons collected
on the Ti substrate and the retardation of charge recombination. Therefore, the ZnO coating on the TiO2

nanotube film improves the efficiency of dye-sensitized TiO2 solar cells from the extendedVoc from ZnO
coating confirmed by the Mott-Schottky plots and the increasedJsc through the inhibition of charge
recombination confirmed by IPCE measurements.

1. Introduction

Self-organized porous metal oxides (Al2O3, TiO2, ZrO2, etc.)
with a nanotubular structure have attracted significant interest
in recent years. In particular, the favorable physical, optical,
and electrical properties of TiO2 make it possible to apply
anodically formed TiO2 nanotubes to various fields requiring
an interconnected and large internal surface area, such as
photovoltaic devices,1-3 electrochromic windows,4 photocata-
lyts,5 and Li ion batteries.6-7 Although considerable research
has been concentrated on the development of nanotubular TiO2

layers, there is no simple synthesis route to obtain a uniformly
stretched nanotubular structure with the exception of an
electrochemical anodization process.8-9 This fabrication tech-
nology is quite useful due to its low cost, large area fabrication,
good mechanical adhesion, and electrical conductivity due to
the nanotubes being directly connected to the substrate.10

Furthermore, straight-stranded TiO2 nanotubes suppress the loss
of electron transport originating from many grain boundaries
in a film composed of interconnected titania particles, which
leads to an improvement in efficiency due to the increased
surface area on the interior and exterior walls of the nanotubes
in dye-sensitized solar cells.

An efficiency >15% is required to accelerate the practical
use of dye-sensitized solar cells and make them competitive
with Si-based solar cells. Up to now, the efficiency of dye-

sensitized solar cell has reached as much as 11%.11 One of the
factors limiting the performance of dye-sensitized solar cells is
related to electron transport in nanoparticle TiO2 films.12 The
10 µm-thick nanostructured TiO2 film is now being used as the
electron transporting layer consists typically of interconnected
nanometer-sized TiO2 particles (in the size range of 5-50 nm)
with a high internal surface area. The large surface area increases
with increasing thickness of the nanoporous TiO2 film, while
the loss of electron transport through the randomly distributed
3-D network also increases due to the presence of more grain
boundaries and limited diffusion length.13 A vertically oriented
anodic TiO2 film might be appropriate for enhancing electron
transport in TiO2 films.14

However, Frank’s group15 examined the characteristics of
electron transport in TiO2 nanotube and nanoparticle-based
dye-sensitized solar cells. Surprisingly, the transport times for
both samples were comparable, reflecting the similar average
crystallite size. This may also be the result of the similar
nanostructured morphology, except for the dimensional differ-
ence in composed TiO2 materials. In particular, the grown TiO2
nanotube showed the typical wall thickness (15-20 nm)
intertube spacing (8-10 nm) and pore diameter (30 nm), and a
similar morphology with the exception of directly stretched
configuration. Electrons in the nanotube also encounter many
grain boundaries, defects, and trap sites, becoming a factor that
retards the electron transport time. This means that there are
limitations in length in the TiO2 nanotube for application to
dye-sensitized solar cells, which is comparable to nanoparticle-
based dye-sensitized solar cells.
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Furthermore, charge recombination at the interface of the
electrode/electrolyte may lead to the use of more sophisticated
device architectures for improved efficiency and long-term
stability. One of interesting methods for suppressing the charge
recombination is to coat the TiO2 film with wide band gap metal
oxides (ZnO, Al2O3, SnO2, Nb2O5, MgO, etc.).16-18 Because
the main reason for using nanodimensional TiO2 nanoparticles
is to enlarge the dye uptake, the surface states on the TiO2

nanoparticles, which provide shorter pathway to easily recom-
bine with the cations of the redox electrolyte due to the close
distance in the energetic band gap, may be not ignored, as shown
in Figure 1. Since the photoinjected electrons flow not only
through the conduction band of TiO2, but also through the trap
sites (e.g., surface states) distributed below the conduction band,
thousands of trapping/detrapping events of photoinjected elec-
trons occur before the electrons reach the transparent conducting
oxide (electron collector). The electrons in the trap sites easily
recombined with the redox electrolyte before the detrapping
event, because the detrapping rate is slower than the trapping
rate.19 The formation of an inherent energy barrier by coating
with wide band gap materials as a shell at the electrode/
electrolyte interface is essential for increasing the physical
separation of the injected electrons from the cations of the redox
electrolyte, thereby decreasing the rate of charge recombination.

In this study, an approximately 1 nm-thick ZnO shell, as a
barrier layer, was coated on the anodic TiO2 nanotubes using
electrochemical deposition, contributing to the suppression of
charge recombination and the increase in theVoc through a
negative shift (toward vacuum level) ofVCB in the TiO2. The
negative shift (toward vacuum level) ofVCB in the TiO2 was
verified by the Mott-Schottky plots. In particular, the thin ZnO
layer also reduced the number of Ti3+ in the surface region.
Moreover, the low fill factor was overcome by a hydrogen
peroxide (10 mM) treatment, which reduced the TiO2 barrier
thickness and etching effect of the TiO2 surface.

2. Experimental Section

2.1. Preparation of Anodic TiO2 Film. A 0.5 mm-thick
titanium sheet (99.9% purity, Nikko Metal, Japan) was cleaned
by sonicating it successively in acetone, ethanol, and deionized
(DI) water, for 10 min each, followed by drying in an air stream.
A 1.5 cm× 2 cm specimen of the Ti sheet was cut and a copper
wire was attached to the upper front side using a conducting
epoxy adhesive. After drying, all areas except for the actual 1
cm2 exposure area on the front side were pasted with a

nonconducting epoxy adhesive on both sides and dried in an
oven. Constant voltage anodization was then performed using
a two-electrode configuration with a working electrode made
from a Ti sheet and a counter electrode made from Pt wire.
The reason for using the three-electrode configuration system
is to minimize the ohmic drop (IRs), which is as a type of voltage
drop in the interface of the working and counter electrodes that
influences the electrochemical reaction.20 The representative
causes are due to the resistance of electrolyte and the distance
between the working and counter electrodes. However, the
anodic reaction is positioned to overcome the problems of the
two-electrode configuration because the electrolyte used is
sufficiently conductive in the 0.5 M Na2SO4 supporting
electrolyte, and the applied voltage as a driving force for ions
motion is sufficiently large to minimize the resistance of the
electrolyte.

All the experiments were carried out at approximately 23°C
at an applied voltage of 20 V for 18 h. The composition of the
electrolyte was 0.5 M Na2SO4, 0.5 M H3PO4, 0.2 M sodium
citrate and 0.45 wt % NaF solution under slow magnetic
agitation (150 rpm). The pH was adjusted to approximately 4.3
((0.05) by NaOH. The anodized samples were washed and
sonicated in DI water for 5 min to remove the remnants of the
anodic reaction and annealed at 450°C (heating/cooling rate
of 1.5 °C/min) for 4 h under air ambient.

2.2. Electrode Assembly.The annealed nanotubular TiO2

film was treated with 10 mM hydrogen peroxide (H2O2) (Junsei,
Japan, diluted from 30 wt %) for 10 min and washed with DI
water, followed by drying in an air stream. All the chemicals
were of analytical grade. The photoelectrodes were immersed
in an acetonitrile solution containing 5× 10-4 M cis-bis-
(isothiocyanato)bis(2,2′-bipyridy-4,4′-dicarboxylato)-ruthenium-
(II)bis-tetrab utylammonium (Ru 535-bisTBA, Solaronix) for
at least 12 h at 60°C in an oven. The electrode was then rinsed
with acetonitrile and dried under an air stream.

The nanofiller particle-inserted (nanosized SiO2 or TiO2

particles) polymer electrolyte was actively investigated in an
attempt to improve the ionic conductivity and cause a high
interfacial contact. The nanofiller particles prevented recrystal-
lization and decreased the level of crystallinity. The solid-state
polymer electrolyte for the silica nanoparticles was prepared
consisting of low molecular weight poly(ethylene oxide dimethyl
ether) (PEODME,Mw ) 500 g/mol,Rg ) 1.4 nm), fumed silica
nanoparticles (20 nm, Degussa), imidazolium iodide, iodine, and
acetonitrile as a volatile solvent.21 This mixture was stirred for
more than 12 h and the solvent was evaporated at a temperature
of 60 °C in an oven. The Pt coated counter electrodes were
prepared by spreading a drop of 5 mM H2PtCl6 in 2-propanol
onto fluorine-doped SnO2 (FTO) films (Pilkington TEC Glass,
sheet resistance 8Ω/square, transmittance 77% in the visible
range) and heating it to 400°C for 15 min under air ambient.
Only one-side of the dye-adsorbed TiO2 electrodes (active area
0.25 cm2) was pressed using a thermal adhesive film (Serlyn,
thickness: 60µm). It should be noted that all areas containing
the space where the electrolyte was connected directly to the
Ti substrate, except for the active area, must be covered by a
Serlyn film to prevent a decrease inVoc. Finally, the polymer
electrolyte solution was cast on the dye adsorbed TiO2 electrode
that had been covered by the Pt coated counter electrode in the
aid of clamps.

2.3. Photoelectrochemical Measurements.The photovoltaic
characteristics were analyzed using a 500 W xenon lamp (XIL
model 05A50KS source units laid on AM 1.5 filter) with a light
intensity of 1 sun (100 mW/cm2), which was adjusted using a

Figure 1. Interfacial charge-transfer process at the ZnO coated TiO2/
dye/electrolyte of DSSC. Trapping/detrapping events of photoinjected
electrons between the conduction band and trap sites of TiO2 were
described in the region of EFn.
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NREL fabricated Si reference solar cell. A 50µm thick polyester
film was coated on the cell as a UV cutoff filter (up to 400
nm).

The incident photon to current conversion efficiency (IPCE)
were collected under short circuit conditions with a tungsten
lamp source and a 10 nm bandwidth monochromator, which
resulted in an illumination intensity of approximately 1 mW/
cm2.

2.4. Electrochemical Measurements.The electrochemical
measurement was performed using a three-electrode system at
25 °C. The anodic TiO2 electrode (geometric surface area 1
cm2), a saturated Ag/AgCl electrode and a platinum wire were
used as the working, reference, and counter electrode, respec-
tively. In this case, the three-electrode configuration was used
to minimize the ohmic drop because of the limited range of the
scanned voltage. The anodic TiO2 film was then heated in an
oven at 80°C for 10 min to remove any adsorbed moisture and
organics before scanning the potential. Nitrogen bubbling was
essential for removing any oxygen present in the electrolyte
that would influence the potential of the redox reaction by acting
as an oxidizing agent.22 In order to detect the interfacial electron
transfer related reaction in the anodic TiO2 film/electrolyte,
cyclic voltammetry (CV) was performed at a potential ranging
from +0.8 to-0.8 V versus Ag/AgCl in a 0.1 M NaOH solution
(pH 13) at a scan rate of 50 mV/s. Electrochemical deposition
carried out in solution containing 0.15 M LiNO3, 0.005 M Zn-
(NO3)2 hydrate, and 0.05 M ZnCl2 in propylene carbonate was
applied to coat a thin ZnO material on the TiO2 surface. After
nitrogen bubbling to remove the water and moisture in the
organic based solvent, one cycle between 0 and-1.4 V versus
a saturated Ag/AgCl reference electrode was scanned at a scan
rate of 50 mV/s according to the procedure reported elsewhere.23

After scanning, the sample was washed thoroughly in an ethanol
solution and annealed at 450°C (heating/cooling rate 1.5°C/
min) for 30 min under air ambient to promote a chemical
reaction.

In order to determine the flatband potential (VFB) of the
semiconducting TiO2 film, Mott-Schottky plots were obtained
in a three-electrode cell using bare TiO2 and ZnO coated TiO2
photoanodes, a platinum wire, and an saturated Ag/AgCl as the
working, counter and reference electrodes, respectively. To make
the active cell, all area except for the active area (1 cm2), was
cast using a nonconducting epoxy in both sides. The electrolyte
containing 0.2 M LiClO4 in acetonitrile (AN) (pH 6.2) was used
and nitrogen bubbling was carried out before taking the
measurements.24 The electrochemical impedance spectra were
obtained applying a sinusoidal perturbation of( 10 mV at a
frequency of 1 kHz and a cell voltage of 0 V using a Zahner
impedance analyzer controlled by a PC.

The electron lifetimes in the bare and ZnO coated anodic
TiO2 films were determined by measuring the open-circuit
voltage decay (OCVD) as soon as the stationary illumination
had been interrupted, and the change inVoc(t) was recorded.
The electron lifetime was calculated using the following eq 1:25

wherekBT is thermal energy,e is the electronic charge, and
dVoc/dt is the derivative of the open-circuit voltage transient.
The decays were recorded during relaxation from an illuminated
quasi-equilibrium state to a dark equilibrium. The transient of
Voc induced by the large variation in the photophysical
magnitudes provides information on the properties of the
recombination process, which coincides with the results mea-

sured using the small signal frequency domain technique
(incident-modulated photovoltage spectroscopy, IMVS).26 Ac-
cordingly, the process for interfacial charge recombination along
the all ranges of the scanned potential was interpreted using
this technique.

2.5. Characterization. X-ray photoemission spectroscopy
(XPS) (PHI 5200 mode) was performed to examine the chemical
bonding states at the anodic TiO2/ZnO interface and the
passivation effect of oxygen vacancies induced by the Ti3+ state
after the hydrogen peroxide treatment using an AlKR X-ray
source in a chamber base pressure of∼10-10 Torr. High-
resolution transmission electron microscopy (HR-TEM) (JEOL
JEM-2010) at 200 keV was used to examine the morphology
of the anodic TiO2 nanotubes. The surface compositions of the
samples were analyzed using energy dispersive spectroscopy
(EDS). The thickness and morphology of the anodic TiO2

nanotubes were confirmed using a JSM-6330F field emission
scanning electron microscope (FE-SEM, JEOL Inc.) operating
at 10 kV and 20 mA. The crystalline phase and structure was
confirmed using high power X-ray diffraction (Rigaku D/MAX
2500 V diffractor) with Cu KR radiation operating at 40 kV
and 100 mA. Atomic force microscopy (AFM) using a Nano-
scope IIIa (Dimension 3100) with an etched silicon cantilever
in the tapping mode was used to examine the surface roughness
of the anodically grown TiO2 film. The scans were extended
over 5× 5 µm2 areas. The absorbance spectra were obtained
using a Shimadzu model 3100 UV-vis spectrophotometer at a
wavelength ranging from 350 to 800 nm at room temperature.

3. Results and Discussion

3.1. Morphological Characterization. Figure 2 shows the
FE-SEM images of the self-ordered porous TiO2 with a length
of approximately 3µm. The average diameter of the nanotubes
was 100 nm ((20 nm) with a wall thickness of 20 nm ((5
nm). The image shows a morphology consisting of a wide range
of TiO2 nanotube lengths. This surface roughness caused by
the difference in nanotube length increased with increasing pH
in the electrolyte, shown in Figure S1. It was reported that the
growth of the rough TiO2 nanotubes were processed repetitively.
Initially, pore formation was initiated at the breakdown sites,
followed by the growth of pores with various growth rates. The
porous TiO2 nanotubes are grown as the samples were continu-
ously anodized. It is possible that small pores are formed in
the tubes during the repetitive processes, i.e., the formation of
a barrier oxide layer, the breakdown of oxides, passivation of
the breakdown sites, breakdown of the passivated oxide layer,
and repassivation, etc.27 The nanotubes containing small pores
become partially swollen on the bottom of the pores due to the
sudden increase in the anodic current. These swollen pores also
continued to grow under the equilibrium state between the
chemical oxidation and chemical dissolution process.

At a specific point (e.g., where the anodic current suddenly
increased), the swollen pores separated to produce two TiO2

nanotubes, one long and one short. As a result, the separated
short TiO2 nanotubes induced the formation of an irregular
surface morphology. The pores were interconnected, while the
dominantly stretched TiO2 nanotubes were bent in the downward
direction, which suggests that the nanotubes continued to grow
competitively under a constant stress.28 The TiO2 ridges that
formed at constant intervals links the independently separated
nanotubes, which might be essential for electron transport in a
dye-sensitized solar cell. In addition, an open pore mouth and
closed pore bottom were observed, which is similar to the
previously reported results.29 A thin compact TiO2 layer between

τ ) -
kBT

e (dVoc

dt )-1

(1)
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the TiO2 nanotube and the Ti substrate viewed in closed bottom
was formed, and became a pathway for the phoinjected electrons
to tunnel to the Ti substrate. From the bottom view, all the
nanotubes are connected, terminating the anodic reaction in the
same configuration of the nanotube.

HR-TEM analysis was carried out to observe the detailed
growth process. Figure 3 shows the morphology of nanotubular
TiO2 and thin ZnO covering on the titanium oxide surface. An
approximately 1 nm-thick ZnO shell (0.4 at %) was coated on
the TiO2 nanotubes, as confirmed by electron diffraction
spectroscopy (EDS). Selective area electron diffraction (SAED)
analysis demonstrated that the annealed TiO2 nanotubes were
anatase.

3.2. Crystal Structure of Anodic TiO2 Film. As shown in
Figure 4, the XRD pattern of the as-anodized nanotubes showed
no crystalline phases; only the peaks associated with the Ti
substrate. This suggests that an amorphous phase had formed.
The amorphous phase transformed to anatase phase after the
long-term thermal treatment in air ambient, as shown by the
(101), (004), (200), and (105)(211) planes. The annealing
process also provides the high crystalline properties of the anodic
titania film, while the intensity of the peaks related to the Ti
substrate was reduced. The average crystallite size (35.2 nm)
was calculated using the Scherrer equation30 (L ) 0.9·λkR/B(2θ)‚
cosθmax, where L is the average crystallite size,λkR is the
wavelength (1.54056) of the CuKR line, B(2θ) is the full width

at half maximum (fwhm) in radians, andθ is the Bragg angle)
from the anatase (101) peak at 2θ ) 25.3°. This size corresponds
to about two times, compared with that of conventional TiO2

nanoparticles (15-20 nm).
3.3. XPS.The chemical changes caused by the thin ZnO

coating on the surface region of anodic TiO2 nanotube was
examined by XPS, (Figure 5) after sputtering (5-6 Å) to remove
all surface contamination. In the lightly sputtered samples, there
was no change in the peak width and shift in the peak position,
compared with the bare samples. Figure 5a shows the spectra
of the bare and ZnO coated TiO2 film over the wide scan range.
The composition of both samples was composed of mainly Ti
(458.5 eV of Ti 2p3/2), O (531.6 eV of O 1s) and F (684.9 eV
of F 1s), C (284.3 eV of C 1s) at extremely small surface
concentrations. Zn (1021.7 eV of Zn 2p3/2) was observed on
the ZnO coated TiO2 nanotube, which provides evidence for
the formation of a ZnO layer on the anodic TiO2 nanotube.

Figure 5b shows the Zn 2p3/2 core level peak of the bare and
ZnO coated TiO2 samples. The Zn 2p3/2 peak at approximately
1021.7 eV was assigned to the Zn-O bond as the main peak in
the XPS spectra of ZnO.31 This demonstrates that the electro-
chemical deposition of Zn material in the nanodimensional scale
encourages ZnO covering on the TiO2 surface after thermal
treatment in air ambient. The narrow range scans of the Ti 2p
core level peaks were also performed on both samples, as shown
in Figure 5c. The Ti 2p core peak (458.5 eV of Ti 2p3/2) of the
bare sample conforms to that of the published data.29 On the
other hand, the Ti 2p core level of ZnO coated sample shifted
to a higher binding energy side (approximately 0.3 eV) is from
the high electron affinity of ZnO.32 Moreover, the slightly
asymmetric peak with a weak shoulder on the low binding
energy side (approximately 457 eV) of the main peak indicated
the partial presence of Ti3+.33 The presence of Ti3+ is attributed
to the increase in the concentration of oxygen vacancies. The
Ti3+ centers with a strong chemical activity allow the migration
of the excessive electrons to the oxygen of the carboxylate group
in the dye molecules, forming a chemically strong coordination
bonding and offering additional space for the adsorption of dye
molecules, which might increase the amount of dye adsorption.
This result was confirmed in the following section. In addition,
the minor formation of Ti3+ suggests the formation of two
different oxidation states of oxygen (data not shown), which
influence on charge transfer and the adsorption of dye molecules.

3.4. Solar Cell Characterization.Figure 6 shows theI-V
characteristics of the solid-state dye-sensitized solar cells under
illumination and in the dark state. The bare anodic TiO2

electrode showed aVoc of -0.64 V, aJsc of 2.38 mA/cm2, a fill
factor of 38%, and an efficiency of 0.578%. On the other hand,
the ZnO coated TiO2 electrode showed aVoc of -0.71 V, aJsc

of 2.68 mA/cm2, a fill factor of 37%, and an efficiency of
0.704%. The thin ZnO coating enhances the conversion ef-
ficiency of the solid-state dye-sensitized solar cell. In particular,
the increase inVoc (V) might be due to the movement of the
TiO2 conduction band to negative direction, which is related to
the formation of a barrier layer at the TiO2 surface.34 Moreover,
the thin ZnO barrier layer suppresses charge recombination
between the photoinjected electrons of TiO2 and the triiodide
ions of the redox electrolyte, resulting in an improvement in
the Voc of the cell.

According to a previous study,35 the improvement in photo-
current was attributed to the decrease in electron loss in the
electron transfer in the interface of the anodic TiO2 electrode/
electrolyte. Although the improvement in photocurrent does not
correspond to any significant increase in the amount of dye

Figure 2. FE-SEM images showing the formation of highly ordered
TiO2 nanotubes based on the aqueous electrolyte (0.45 wt % NaF+
0.5 M H3PO4 + 0.5 M Na2SO4 + 0.2 M sodium citrate) with the pH
adjusted to 4.3 ((0.05) by the NaOH reagent; (a) top-view, (b) cross-
sectional view, and (c) bottom view of the TiO2 nanotubes.
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adsorbed (Figure 8), it might be related to electron transfer of
the photoinjected electrons. In addition, electron transport of
the photoinjected electrons in the nanotubular structure might
partially contribute to the enhancement of the photocurrent.36

This means that the average crystallite size (35.2 nm) is
approximately double that of the conventional TiO2 nanoparticle
size (15-20 nm), which suggests that electron transport time
in the TiO2 nanotube is slightly higher.15 Furthermore, both
samples show dominantly Ti4+ states (in the range of 458.5 eV
of Figure 5c), indicating the formation of a TiO2 structure with
a minor concentration of Ti3+ (in the range of 457 eV of Figure
5c), which are considered to be defect states in the TiO2 film.
Since the XPS analysis could sensitively analyze the surface
region (in the depth of 10 nm), Ti3+ states such as trap sites
can be regarded as surface states. The decrease in the concentra-
tion of Ti3+ defect states in the ZnO coated anodic TiO2

electrode (approximately 10% according to XPS analysis) retards
charge recombination, resulted from the shorter route to
encounter cations (I3

-) from the redox electrolyte and simul-
taneously causes an increase in the electron density in the region
of the local Fermi level of the TiO2 film along the inhibition of
photoinjected electron loss by Ti3+ states, which is a factor
associated with the increase inVoc in the cell. Furthermore, more
photoinjected electrons flow through the electron-transporting
layer, which affects the yield of collected electrons.

In contrast to theVoc andJsc, the decrease in the fill factor in
both cells can be explained by a thickening of the barrier oxide
layer in the TiO2/Ti interface37 and the resistance of the polymer
electrolyte.38 It was reported that a thin ZnO coating on an
nanoporous TiO2 film improved the fill factor in the dye-
sensitized solar cell, thereby retarding charge recombination.39

However, an improvement in the fill factor in the anodic TiO2

film modified by ZnO coating was not expected due to the
second-step thermal treatment. This might increase the TiO2

barrier layer thickness in the Ti/TiO2 interface, which would

Figure 3. HR-TEM images of the anodic TiO2 nanotubes, together with an enlarged view of the ZnO coated surface in the right down inset. Left
top inset shows SAED pattern of an annealed TiO2 film. The left side indicates quantitative surface composition of ZnO coated TiO2 film by EDS.

Figure 4. XRD patterns of Ti substrate, as-anodized TiO2 nanotubes,
and TiO2 nanotubes annealed at 450°C for 4 h in an airambient.

Figure 5. XPS of bare TiO2 and ZnO coated nanotubes in (a) the
wide scan range and (b) the Zn 2p core level peak and (c) the Ti 2p
core level peak of both samples after sputtering for 10 s.
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impede electron tunneling to the electron collecting layer (Ti
substrate).40-42 It should be noted that the slow heating and
cooling rate in the process of high-temperature thermal treatment
is a key factor. A thicker barrier layer might be formed if such
conditions are not present. Besides, the long-term annealed
samples experienced shrinkage on the bottom layer of the tubes
due to fusion of the adjacent nanotubes. This event continues
to rise up to the pore mouth during the long-term thermal
treatment. Hence, there is a decrease in the active area for the
adsorption of dye molecules, which blocks electrolyte penetra-
tion. The low photocurrent of the cell composed of an anodically
formed TiO2 working electrode, compared with a nanoporous
TiO2 film suggests that the total area, containing the interior
and exterior walls of the nanotubes cannot contribute to the
active area for dye adsorption. This leads to an obstruction of
the favorable penetration of polymer electrolyte to the space
between the adjacent pores and Ti metal as an electron collector.

These points can explain the reasons for the low efficiency of
the solid-state dye cell, compared with the nanoporous TiO2

film at the same thickness. The low conductivity of the
composite polymer electrolyte (∼10-4 S‚cm-1) and the latent
solvent not being evaporated can be a reason for the low fill
factor.43-44 The approximately 20% increase in the fill factor
in liquid electrolyte-based cell was confirmed to induce to a
22% increase in efficiency in the dye solar cell, which
corresponded to no change in the photovoltage and photocurrent.

Back-side illumination through the solid-state electrolyte side
is needed to measure the conversion efficiency of the cell, which
results from the nontransmittance of light through the Ti
substrate. Generally, a 20% increase in the efficiency of a DSSC
was expected with illumination occurring through transparent
front side illumination.45 The degraded efficiency on the back-
side illumination can be explained by the high recombination
loss during the transport of photoinjected electrons in the inner
part of the nanostructured film. This shows that the photons at
a longer wavelength have a weak influence on the photocurrent
due to the decreased absorption through the many scattering
events and the low extinction coefficient of the dye. In contrast,
the photons at wavelengths ranging from 500 to 600 nm with
a high absorption coefficient can travel a long distance within
the film before reaching the current collector. For a film
composed of nanoporous TiO2 particles, a large proportion of
the photoinjected electrons are lost due to charge recombination
during electron transport, similarly, the electrons in the nano-
tubes experience similar electron transport events between the
grain boundaries originating from the polycrystalline TiO2 film,
even though electrons are inclined to travel directly along the
wall of the straight-lined nanotube instead of the configuration
of a randomly distributed 3-D sphere.

Therefore, in order to compensate for the amount of charge
recombination under back-side illumination, a gain of more light
by adsorbing more dye molecules or an increase in the number
of favorable surface states of the anodic TiO2 nanotubes for
the adsorption of dye molecules are important. The absorption
of the electrolyte and reflection losses of the Pt counter electrode
are responsible for only 5% of the degradation of the efficiency.
The possible point of TiO2 nanotubes in the application of a
DSSC is the reduced loss of electron transport induced by the
grain boundaries, and structural disorder between nanopar-
ticles.46 It is expected that this may compensate for the decreased
efficiency through back-side illumination. On the other hand, a
high efficiency of approximate 2.9% has been reported using
only a 500 nm thick-TiO2 nanotube coating in the conducting
front side.47 Hence, optimization of each part in the cell is

Figure 6. Photocurrent-voltage (I-V) characteristics in the illumina-
tion and dark states. (Light intensity, 100 mW/cm2; AM, 1.5 filter;
illumination area, 0.25 cm2.)

Figure 7. (a) Photocurrent-voltage (I-V) characteristics of 10 mM
H2O2 treated TiO2 and ZnO coated TiO2 nanotubes in the light intensity
of 100 mW/cm2 with AM 1.5 filter (Active area: 0.25 cm2). The inset
of panel a indicates the XPS data before and after the H2O2 treatment
of the nanotubular TiO2 film. (b) IPCE spectra of 10 mM H2O2 treated
TiO2 and ZnO coated TiO2 nanotubes (active area: 0.6 cm2).

Figure 8. UV-vis spectra of desorbed dye molecules in 1 M NaOH
solution with 10 mM H2O2 treated bare TiO2 and ZnO coated TiO2
samples. Inset shows magnified view in the range of 535 nm
wavelength.
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essential. In particular, the role of the TiO2 blocking layer in
the TiO2/Ti interface and the formation of Ti3+ states to a DSSC
need to be recognized.

3.5. Effects of the H2O2 Treatment. An acidic H2O2

treatment was carried out to determine the roles of the thick
TiO2 barrier in the TiO2/Ti interface. After the first thermal
treatment, the sample was dipped in a 10 mM H2O2 solution
for 10 min. After washing with deionized water and drying in
an oven at 60°C for 30 min to remove the adsorbed moisture,
the sample was dipped into an acetonitrile-based dye solution.
Figure 7a shows theI-V curve of the samples of TiO2 and
ZnO coated TiO2 treated with the acidic H2O2 solution. Table
1 shows the results concerning the properties of the solid-state
dye-sensitized solar cell. The H2O2 treatment influences the
factors affecting the efficiency, particularly the improved fill
factor (about 30%), which is linked directly to an increase in
conversion efficiency. This may result from the etching effect
of the acidic H2O2 treatment on the TiO2 film, causing a decrease
in the thickness of the barrier layer, complete separation of each
nanotube in the bottom region of the pore, and the elimination
of the remnants anodic reaction (F and S elements), as confirmed
by XPS (not shown here).

In the case of the H2O2 treated uncoated sample, the slightly
reduced photocurrent may be due to the passivation of Ti3+ state
which supplies the additional sites for dye adsorption through
the formation of oxygen vacancies in the TiO2 lattice. The inset
in Figure 7a shows the XPS result before and after the 10 mM
H2O2 treatment. The sample after the H2O2 treatment shows a
well-passivated TiO2 surface state with a binding energy of
457.7 eV. It also was reported that the carboxylate group of
the dye molecules coordinates the surface TiO2 atoms, resulting
in the overlap of the ligand orbitals with the titanium atom.48

The partially passivation of Ti3+ states on the TiO2 surface was
then induced and the remaining defect sites on the surface may
be eliminated during the process of dye adsorption. Moreover,
the oxidizing agent, H2O2, supplies oxygen with anionic
properties to fill the vacant oxygen spaces, resulting in a negative
shift in the band edge and a decrease in the photocurrent induced
by the removal of the adsorption sites of the dye molecules. In
contrast, the photovoltage of the cell was barely changed in the
H2O2 treated uncoated sample.

This is from the compensation effect between the negative
shift in the band edge from the filling of oxygen molecules and
the adsorption of dissolved protons (H+) in the acidic hydrogen
peroxide. Similar to the adsorption of Li+ ions as an adsorptive
hard cation,49 enough H+ ions influence the local photovoltage
of the cell. The ZnO coated sample after the hydrogen peroxide
treatment after an additional annealing process shows a minor
decrease in the photovoltage. Overall, the acidic H2O2 treatment
improves the fill factor, linking to the increase in conversion
efficiency (about 30%) in the solid-state dye-sensitized solar
cells, not corresponding to the significant decrease in the
photovoltage and photocurrent.

Figure 7b shows the incident photon to current conversion
efficiency (IPCE) as a function of the illumination wavelength
for the bare TiO2 and ZnO coated TiO2 samples treated in an
acidic H2O2 solution. The bare TiO2 show a maximum value
of 9.96% at a wavelength of 540 nm, while the ZnO coated
TiO2 sample shows an approximate 30% increase to 12.8% at
the same wavelength (540 nm). This value is significant high
using the polymer electrolyte, compared with the previously
reported 3.3% IPCE using the liquid electrolyte.50 Since the
IPCE is defined as the ratio of the number of electrons in the
external circuit produced by an incident photon at a given
wavelength, and is uncorrected for reflective losses for optical
excitation through the conducting glass electrode, the IPCE can
be rationalized using the following equation.51

where LHE(λ) is the light harvesting efficiency,æinj is the
quantum yield of the electron injection from the excited dyes
to the conduction band of TiO2, and ηc is the collection
efficiency of the photoinjected electrons at the back contact.
The factor, LHE, related to the dye uptake in the TiO2 surface,
and is not expected to be significant in this test. For comparing
the amount of adsorbed dye in both samples, the level of dye
desorption in the basic 1 M NaOH solution was examined by
UV-vis spectroscopy, as shown in Figure 8. Using an extinction
coefficient ofε ) 3748 cm-1‚M-1 at 535 nm (N719 dye), the
number of dye molecules adsorbed on the bare TiO2 and ZnO
coated TiO2 electrodes was found to be approximately 1.38×
1016 and 1.32× 1016, respectively. Similar adsorptive dye
amount demonstrates that the LHE factor cannot explain the
different conversion efficiency between samples.

Because theæinj is related to the energetic discrepancy
between the conduction band of TiO2 and the excited level of
the dye, the large energetic difference creates a driving force,
which facilitates charge transfer from the excited dye molecules
to the conduction band of TiO2.52 Furthermore, the negative
shift of VCB by the ZnO coating can interrupt the electron
tunneling of electrons excited in the lower level than the lowest
unoccupied molecular orbital (LUMO) level (-3.85 eV vs
Evac)53 in the dye molecules.54 A similar effect was discussed
in the Al2O3 coating reported by Hagfeldt et al., who explained
the negative shift in theVCB in the Al2O3 coated sample by a
blue shift in the wavelength showing a maximum intensity, even
though the thick Al2O3 coating degraded the conversion
efficiency.51 However, in this experiment, a blue shift of the
IPCE spectra was not observed due to the thin ZnO coating in
the cell.

The ηc is a critical factor for the enhanced conversion
efficiency after the ZnO coating. Two factors should be
considered; charge recombination in the electrode/electrolyte
and electron transport in the nanostructured TiO2 electrode.
Since charge recombination in the electrode/electrolyte interface
can cause a loss of electron collection along the nanotubular
TiO2 layer, the thin ZnO coating can retard the recombination
reaction to form a thin barrier layer. Electron transport in the
nanostructured TiO2 electrode is affected by the morphology
of the nanotubular structure. Compared with the commercial
3-D nanoparticles, the anodic TiO2 nanotubes can contribute to
the increase in the electron transport rate in the distribution of
the reduced grain boundaries from a larger average particle size
and defects. As reported previously,15 this may have a minor
effect in this system. Therefore, the improvement in the IPCE
can be attributed to the suppression of charge recombination
by the thin ZnO coating. It was reported that a thin ZnO coating

TABLE 1: The Summarization of I-V Properties in the
Sample before and after Hydrogen Peroxide Treatment
Measured under Solar Illuminated Statea

Voc

(V)
Jsc

(mA/cm2)
fill factor

(%)
efficiency

(%)

bare no treated -0.64 2.38 38 0.578
ZnO coating 0.71 2.68 37 0.704
bare 10 mM H2O2

treated
-0.646 2.17 45.7 0.640

ZnO coating -0.693 2.67 49 0.906

a The intensity of 100 mW/cm2 with AM 1.5 G and active area of
0.25 cm2 is used.

IPCE(λ) ) LHE(λ) × æinj × ηc (2)
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blocks electron flow in the back-direction (triiodides of redox
electrolyte and cations of dye), which contributes to the increase
in theVoc of the cell. The shift toward the vacuum level of the
edge potential after the ZnO coating was supported by the
Mott-Schottky measurements. The behavior of charge transfer
in the electrode/electrolyte interface was examined by cyclic
voltammetry and open-circuit voltage decay measurements.

3.6. Mott-Schottky Plots.To confirm the negative shift of
the band-edge potential, the Mott-Schottky plot of the bare
and ZnO coated TiO2 electrodes was performed at a frequency
of 1 kHz at room temperature. In the Mott-Schottky analysis,
a linear relationship is predicted between the applied potential
and inverse square of the capacitance (1/C2), arising from the
space charge layer in the semiconductor.55 Under the biasing
conditions where the semiconductor space charge region is in
depletion, the capacitance of the space charge region can be
described as follows:

where e is electronic charge (1.6× 10-19 C), ε0 is the
permittivity of free space (8.86× 10-12 F/m),ε is the dielectric
constant (48) of the TiO2 material, Nd is dopant (donor or
acceptor) concentration,∆æ is the difference between the
applied potential and the flat-band potential (E - Efb), k is the
Boltzmann constant, andT is the absolute temperature.56 From
the fact that the term ofkT/e is 0.026 eV at room temperature,
and was insufficient to influence the original value, the eq 4
was briefly summarized to the following:

The slope is inversely proportional to the effective donor or
acceptor concentration in the semiconductor, and the flatband
potential can be determined by extrapolatingC ) 0. The two
assumptions were satisfied by applying the above relationships.57

The first is that the capacitance is assumed to be the space charge
capacitance. The contribution of the double layer capacitance
to the total capacitance is negligible because the space charge
capacitance is much smaller than the double layer capacitance
(2-3 orders of magnitude). The second is that the equivalent
circuit is a series combination of a resistor and a capacitance
(space charge capacitance).

From Figure 9, the flatband potential of both samples was
obtained. The calculatedVFB for the bare and ZnO coated TiO2

electrodes were-0.735 and-0.79 V versus Ag/AgCl (in
saturated KCl), respectively. TheVFB of nanostructure TiO2 at

the pH 6.2 electrolyte was reported to be approximately-0.79
V versus SCE.58 The agreeable results were obtained in this
anodization system by voltage conversion between different
reference electrode scales. The coating with a wide-band gap
material, e.g., ZnO, built in an inherent barrier layer to block
electron transfer from the conduction band or trap sites of the
TiO2 to the triiodide of the redox electrolyte. Moreover, the
positive-directed slope shows that the TiO2 materials are n-type
semiconductors and a similar donor concentration from the
parallel relationship of the slopes was contained in both samples.
Using eq 4 and the physical constants for the TiO2 material,
the donor concentration of the bare TiO2 and ZnO coated TiO2
was calculated to be 1.71× 1016 and 2.22× 1016 cm-3,
respectively, using a linear fitting method.

3.7. Interfacial Reaction Obtained From Cyclic Voltam-
metry. Figure 10 shows the cyclic voltammetry curves of the
bare and ZnO coated TiO2 electrode in the 0.1 M NaOH
solution. Since cyclic voltammetry is a useful method for
detecting interfacial electron flow in the TiO2/electrolyte, the
change or modification of the surface region was well caught
up. Both voltammograms show hysteretic shape characteristics,
which suggest that electron charging/discharge occurs in the
anodic TiO2 film/electrolyte interface, indicating Faradic currents
in the electrolyte. The thin ZnO coating on the TiO2 surface
induces a shift to a more negative potential region (-0.4 V vs
Ag/AgCl) at the starting point of the cathodic current. This
demonstrates that the ZnO coating plays a role as a blocking
layer, which suppresses electron flow to the electrolyte. In
addition, the ZnO coating appears to passivate the surface state
or trap sites on the surface of the anodic TiO2 nanotubes.59 This
is because the current in the positive potential ofVFB originates
from charge transfer through the trap/surface states in the band
gap of TiO2. At this point, the Ti3+ states leaving the surface
region participate in electron transfer. This clearly influences
the electron lifetime of the photoinjected electrons in the
interfacial electron transfer.

As shown in Figure 1, the electrons in the distributed trap
sites were limited to react with the triiodide of the redox
electrolyte due to the formation of a thin ZnO barrier layer.
The result shown in Figure 6, which was measured in the dark
state, demonstrates the decrease in charge recombination on the
ZnO coated sample. Indeed, the magnitude and onset of the
dark current indicate the extent of charge recombination between
the photoinjected electrons from the excited dye molecule
positioned in the LUMO, and the I3

- ions in the electrolyte,
assuming negligible charge recombination between the photo-
excited electrons in the TiO2 film and dye cations due to the

Figure 9. Mott-Schottky plots of bare TiO2 and ZnO coated TiO2
electrodes. The measurements were conducted at the frequency of 1
kHz with the 0.2 M LiClO4 in acetonitrile (pH 6.2).

1
Csc

) 2
eε0εNd

(-∆æ - kT
e ) (3)

1
Csc

) 2
eε0εNd

(E - EFB) (4)

Figure 10. Cyclic voltammograms of the bare and ZnO coated TiO2

nanotubes in the 0.1 M NaOH solution (pH 13). The scan direction
with a scan rate of 50 mV/s is positive to negative potential. The active
area is approximately 1 cm2.
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fast kinetics in the range fromµs to ns.60 The onset of the dark
current on the ZnO coated sample was shifted to a negative
value, which complies with the constraint of charge recombina-
tion.

3.8. Influence of ZnO Coating.The electron lifetime was
also measured using the open-circuit voltage decay (OCVD)
technique. Since the electron lifetime is related to electron
recombination, the OCVD technique provides information on
the kinetics of charge recombination in the low photovoltage
domain because the stationary illumination was abruptly dis-
turbed. The change in the open-circuit voltage was measured
as a function of time. The evolution proceeded without memory
of the preceding states, which shows that the OCVD corresponds
to a succession of steady states.

Figure 11a shows the exponential decay curves ofVoc (V) in
the bare and ZnO coated TiO2 electrodes. After 10 s illumina-
tion, exponential decay of the photovoltage occurred im-
mediately, which was followed by a steady decrease. The ZnO
coated sample showed no significant change, while the bare
TiO2 film contains an irregular curve in the low photovoltage
region. From the decay curve of the photovoltage, the electron
lifetime was calculated by applying eq 1. The electron lifetime
as a function ofVoc (V) was plotted in Figure 11b. The ZnO
coated TiO2 nanotube shows a linear relationship on a loga-
rithmic scale, which means that charge recombination is related
to the first-order dependence on the electron concentration of
the TiO2 electrode. The longer electron lifetime was obtained
in the scanned potential range and indicates that more electrons
surviving from the back-reaction contribute to the improvement

in photocurrent. On the other hand, the linear curve of the bare
TiO2 nanotube arrays showed some deviation in the low
potential region, from-0.25 to -0.35 V, indicating the
formation of interfacial charge transfer from the trap/surface
states to the cations of the redox electrolyte.61 Essentially, the
recombination reaction in dye sensitized solar cells that occurs
in a nanoporous TiO2 film and is mediated by the electron
acceptor, I2, is a nonlinear property that shows a second order
behavior with respect to the electron concentration. This means
that the effective recombination contains contributions from not
only the free carriers but also the trapping, detrapping and
charge-transfer mechanisms. Moreover, the minor delay in the
electron lifetime through trapping and detrapping events is also
expected considering the various phases TiO2 crystallinites along
the column of the nanotubes. Mostly, a charge-transfer related
delay in the domain of the low photovoltage should be
considered. Hence, the recovery of interfacial charge transfer
was confirmed by the chemical modification in the surface
region of the anodic TiO2 nanotubes with the ZnO coating. This
means that the thin ZnO coating affects the electron transfer in
the anodic TiO2/electrolyte and enhances the electron lifetime
by the blocking the back-reaction. In addition, retardation of
the back-reaction becomes a factor for the improved photocur-
rent in the cell. This is because more electrons are collected in
the conducting substrate due to a reduced loss of photoinjected
electrons to the trapping sites.

Therefore, the improvement in the conversion efficiency in
the anodic TiO2 nanotube coated with the ZnO material is due
to the following reasons. First, the increase inVoc is caused by
a negative shift in the local Fermi level by the thin ZnO coating
on the anodic TiO2 surface, which forms an inherent barrier
layer that retards charge recombination in the TiO2/electrolyte
interface. Second, the enhancement inJsc may be due to electron
transport of the nanotubular TiO2 electrode resulted from the
nanotubular TiO2 assembly of the increased average crystallite
size and the retardation of the unfavorable electron transfer to
the back-direction (redox electrolyte) due to the barrier effect
of the thin ZnO layer. If this does not occur, electron transfer
is organized in the widely distributed trap sites, particularly in
the low photovoltage region of-0.25 to-0.35 V. Third, the
low fill factor of ZnO coated film is caused by a thickening of
the TiO2 barrier layer in the TiO2/Ti substrate as a result of the
second-step thermal treatment, despite the blocking of theVoc

drop, when the redox electrolyte is closely connected to the
transparent conducting substrate. The low fill factor is recovered
by up to 30% through a surface treatment with acidic H2O2 (10
mM). From this treatment, the elimination of the remnants
remaining on the nanotubular wall after the anodic reaction and
the etching effect on the TiO2 barrier layer are considered to
be the major causes of the enhanced photocurrent. Therefore,
the thin ZnO coating with the subsequent acidic hydrogen
peroxide treatment on the anodic TiO2 nanotubes enhance the
efficiency of the solid-state dye-sensitized solar cells by
approximately 30%. Under back side illumination (Pt coated
side), the ZnO coating and the surface treatment with 10 mM
H2O2 on the short nanotubular TiO2 film under the composite
polymer electrolyte shows a similar behavior in the operation
of a dye cell.

4. Conclusions

Several 3µm-thick anodic TiO2 nanotube arrays were grown
in a 0.45 wt % NaF-based electrolyte, an applied potential of
20 V, and a time of 18 h under slow magnetic agitation. This
study examined the effect of a ZnO coating on the nanoporous

Figure 11. The curves of the open-circuit photovoltage decay (OCVD)
of the bare and ZnO coated TiO2 nanotubes. The profile of theVoc

decay as a function of time (a) and the log-plot of the electron lifetime
as a function ofVoc (b).
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TiO2 film on the conversion efficiency of a dye cell. The solid-
state dye-sensitized solar cells consisted of an anodic TiO2 film
as a working electrode under backside illumination had aVoc

of -0.64 V, aJsc of 2.38 mA/cm2, a fill factor of 38%, and an
efficiency of 0.578%. On the other hand, the ZnO coated TiO2

electrode showed aVoc of -0.71 V, aJsc of 2.68 mA/cm2, a fill
factor of 37%, and an efficiency of 0.704% under back-side
illumination. The almost 20% improvement from the ZnO
coating was attributed to the suppressed electron flow to the
back-direction, which enhanced the open-circuit voltage (Voc).
Moreover, the suppression of electron loss due to straight
electron flow and the hindrance of charge recombination in the
TiO2/electrolyte enhanced the photocurrent, even though a
polymer electrolyte with a low conductivity was used. However,
the low fill factor of both samples resulted from the TiO2 barrier
layer, the application of solid-state polymer electrolyte and
backside illumination, which affects the loss of charge recom-
bination. The improvement (approximately 30%) in the fill factor
was explained by the 10 mM H2O2 surface treatment reducing
the thickness of the TiO2 barrier layer and removing the remnant
of the anodic reaction. The increased fill factor is directly related
to the improvement in the conversion efficiency in the solid-
state dye-sensitized solar cells. In conclusion, an approximately
1% efficiency was achieved using an anodic TiO2 film after
the surface modification by covering the thin ZnO layer in the
solid-state electrolyte under back-side illumination.
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