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ABSTRACT: We systematically investigated the charge
transport properties of doubly or singly open-ended TiO,
nanotube arrays (DNT and SNT, respectively) for their utility
as electrodes in dye-sensitized solar cells (DSCs). The SNT or
DNT arrays were transferred in a bottom-up (B-up) or top-up
(T-up) configuration onto a fluorine-doped tin oxide (FTO)
substrate onto which had been deposited a 2 ym thick TiO,
nanoparticle (NP) interlayer. This process yielded four types
of DSCs prepared with SNTs (B-up or T-up) or DNT (B-up
or T-up). The photovoltaic performances of these DSCs were
analyzed by measuring the dependence of the charge transport
on the DSC geometry. High resolution scanning electron
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microscopy techniques were used to characterize the electrode cross sections, and electrochemical impedance spectroscopy was
used to characterize the electrical connection at the interface between the NT array and the TiO, NP interlayer. We examined
the effects of decorating the DNT or SNT arrays with small NPs (sNP@DNT and sNP@SNT, respectively) in an effort to
increase the extent of dye loading. The DNT arrays decorated with small NPs performed better than the decorated SNT arrays,
most likely because the Ti(OH), precursor solution flowed freely into the array through the open ends of the NTs in the DNT
case but not in the SNT case. The sSNP@DNT-based DSC exhibited a better PCE (10%) compared to the SNP@SNT-based
DSCs (6.8%) because the electrolyte solution flow was not restricted, direct electron transport though the NT arrays was
possible, the electrical connection at the interface between the NT array and the TiO, NP interlayer was good, and the array

provided efficient light harvesting.
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B INTRODUCTION

Nanocrystalline titanium dioxide (TiO,) is frequently used as a
photoanode material in dye-sensitized solar cells (DSCs) due to
its excellent electrical properties and high thermal and chemical
stability.'~® Mesoporous TiO, films composed of nanometer-
sized particles provide a large surface area for anchoring high
numbers of sensitizers.” However, random photoinduced
electron diffusion through a disordered architecture increases
the possibility of interfacial recombination with oxidized species
(e.g, 1;7) or cationic sensitizers.® Recombination is one of the
main factors limiting the photovoltaic performance of a DSC.”
Well-aligned one-dimensional (1-D) nanostructures, such as
nanowires,'® nanorods,"' and nanotubes,'> offer promising
alternatives to the randomly distributed nanoparticle (NP)
photoanodes."®> A 1-D structure is advantageous in that it
provides a direct pathway along which to collect the
photoinduced electrons. TiO, nanotube (NT) arrays form
vertically aligned structures with a large inner surface area.
Zwilling et al. reported a pioneering electrochemical anodiza-
tion approach that has since become the most widely used
method for fabricating vertically oriented TiO, NT arrays.'*
Frank et al. demonstrated that charge recombination among
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photoinduced electrons was retarded in anodic NT arrays.'®
Therefore, highly ordered TiO, NT arrays are anticipated to
provide an alternative electron transport material with a lower
charge recombination rate and a higher electron collection
efficiency relative to conventional disordered TiO, NP
channels.'

Despite the outstanding properties of NTs, DSCs employing
a Ti substrate bearing NTs that had been fixed through
anodization exhibited very low power conversion efficiencies
(PCE) of 1.9-6.89%'""*° because the opaque Ti substrate
required back-side illumination. New approaches, including the
use of free-standing NT arrays with closed ends formed by
detaching the NTs from the Ti substrate, have been tested in
DSCs.*"** The DSCs prepared with such closed-ended (or
singly open-ended NT (SNT)) arrays yielded PCEs as high as
8.07%.%> The PCEs, however, were lower than those of the
corresponding conventional DSCs prepared using TiO,
nanoparticles (NP). Recently, Schmuki et al. reported the
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Figure 1. Schematic illustration of the preparation of the singly open-ended TiO, nanotube (SNT) and doubly open-ended TiO, nanotube (DNT)
arrays, and the four types of DSCs prepared with SNTs (B-up or T-up) or DNTs (B-up or T-up).

preparation of doubly open-ended NT arrays.** Diau et al.
applied the doubly open-ended TiO, NT (DNT) arrays to
DSCs and achieved a PCE of 6.24%.>° Huang et al. exhibit a
PCE of 6.3% for a DSC using TiO, DNT, NP and NR
(nanorod) hybrid electrode.”® Chien et al. reported a PCE of
9.1% for a DSC employing DNT arrays that were 63 ym thick.
These arrays provided a performance comparable to that
obtained using conventional NP-based DSCs.”’

DNT-based DSCs generally yield higher PCEs than SNT-
based DSCs. The reasons underlying this performance
difference have not been elucidated. The low PCE of SNT-
based DSCs may result from the inefficient flow of electrolytes
into the closed-ended SNT array layer. The closed ends could
restrict the penetration of electrolytes into the inner region of
the NT arrays. Electron transport may depend on the electrical
connection between the NT arrays and the TiO, NP interlayer,
which may be poor in the SNT arrays. The electrical
connection is likely to be important for increasing the PCE.
NPs appear to infiltrate the inner regions of open-ended DNT
arrays, but not SNT arrays, to form strong connections between
the DNT arrays and the NPs.

Here, we report the preparation of DSCs using DNT or SNT
arrays. We systematically investigated the structural geometry
and charge transport in these DSCs to determine why DNT-
based DSCs display a higher PCE than SNT-based DSCs. DNT
and SNT arrays decorated with small NPs (sNP@DNT and
sNP@SNT, respectively) were prepared in an effort to enhance
the light harvesting properties by increasing the dye loading
capacity. The DNT arrays may have been more easily decorated
with small NPs using a Ti(OH), precursor solution” >°
compared to the decoration of the SNT arrays because the
precursor solution was able to flow freely into the arrays
through the open ends. The small NPs covered the DNT array
surfaces more easily than they did the SNT array surfaces.
Therefore, in addition to improving the redox flow from the
photoanode to a counter electrode and electrical connections at
the interface between the NT arrays and the TiO, NPs
interlayer, the sSNP@DNT-based DSCs may provide direct
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electron transport though the NT arrays, enhanced light
harvesting, and a higher PCE.

B RESULTS AND DISCUSSION

TiO, NT arrays were grown through direct anodization of a Ti
foil at room temperature in an ethylene glycol solution
containing 0.3 wt % NH,F under a 60 V DC potential over
120 min. Doubly open-ended TiO, NT arrays (Figure 1)*
were prepared after the first anodization step by annealing the
resulting membrane at 250 °C for 2 h to achieve a physically
and chemically stable amorphous phase. A second anodization
step was applied at room temperature under a 60 V DC
potential for S min to allow the first thick NT layer to connect
to the second thinner NT layer.”® The double-layered NT
membrane was easily detached from the Ti foil by immersing
the NT membrane into a 33 wt % H,O, solution for S min.
The membrane remained physically stable during the detach-
ment process and did not curl. The upper first layer was more
chemically stable than the second thin layer. The first layer had
previously been annealed at 250 °C. Thus, the second thin layer
could be easily and selectively removed by prolonged etching
for 60 min to yield a DNT array. The process and properties of
the doubly open-ended TiO, NT arrays are described in detail
in a previous report.”" Figure 2a shows a cross-sectional high
resolution scanning electron microscopy (HR-SEM) image of
the 11 pym thick DNT membranes. The thin second bottom
layer of the membranes had been selectively removed using the
simple selective etching process. The diameter of the top
surface was 110 nm, larger than that of the bottom surface (60
nm), as shown in Figure 2a,b.

SNT membranes were prepared by ultrasonically washing the
membrane in ethanol after the first anodization step (Figure 1)
to remove the electrolytes. The membrane was then annealed
at 450 °C for 120 min, then anodized again at room
temperature by applying a 60 V DC potential for 10 min.
After rinsing with ethanol, the secondary anodized Ti foil was
then immersed in a 33% H,0, solution for 60 min to resolve
the amorphous TiO, underlayer. The NT array from the first
layer was separated from the substrate to form a closed-ended

dx.doi.org/10.1021/am503934s | ACS Appl. Mater. Interfaces 2014, 6, 15388—15394



ACS Applied Materials & Interfaces

Research Article

Figure 2. HR-SEM images: Top (a) and bottom (b) surfaces of the
DNT arrays. Bottom (c) surface and cross-section (d) of the SNT
arrays.

SNT array (Figures 2¢,d). The inner diameter of the SNT ends
was 30—40 nm, smaller than the inner diameter of the DNT
ends.

The SNT and DNT membranes were transferred to a
fluorine-doped tin oxide (FTO) substrate, onto which had been
spread a 2 um thick TiO, NP layer. Two methods of
assembling the SNT or DNT arrays on the FTO glass substrate
are available for preparing a front-illuminated DSC: the top
surface upright method (denoted T-up) and the bottom surface
upright method (denoted B-up) (Figure 1). The assembled
electrodes were annealed at 550 °C for 30 min to induce the
formation of good electrical connections between the NT
arrays and the TiO, NPs. The TiO, NPs (and amorphous
DNTs) were crystallized during this annealing step.”” The
electrodes were dye-sensitized by immersion in a 0.3 M ethanol
solution of (Bu,N),Ru(dcbpyH), (NCS), (N719 dye) for 24 h.
A semitransparent Pt-coated ITO counter electrode was used in
the DSC. A liquid electrolyte solution,”*~>* composed of 0.03
M L, 0.6 M 1-butyl-3-methylimidazolium iodide (BMII), 0.1 M
guanidinium thiocyanate, 0.5 M Lil, and 0.5 M 4-tert-
butylpyridine in acetonitrile and valeronitrile (85:15) was
introduced between the sensitized and counter electrodes using
a syringe. The photovoltaic performances of the optimized
devices were measured under AM 1.5 solar illumination (Figure
3) and are summarized in Table 1.

The highest PCE (6.8%), with a Jsc = 13.7 mA/cm? a V¢ =
0.752 'V, and a FF = 0.663, was obtained in a DSC employing a
B-up DNT array. These values were slightly higher than those
obtained from a DSC employing a T-up DNT array, probably
due to the difference between the inner diameters of the top
(ca. 110 nm) and bottom (ca. 60 nm) surfaces. TiO, NPs 20
nm in size easily passed through the larger array openings. The
interfacial gap between the DNT arrays and the TiO, NPs was
filled to a greater degree in the B-up DNT arrays than in the T-
up DNT arrays, as shown in Figure 4a,b. The interstitial filling
formed good electrical connections between the DNT arrays
and the TiO, NPs.

DSCs prepared from SNT arrays (denoted SNT-based
DSCs) exhibited much lower photovoltaic activities than the
DSCs prepared from DNT arrays (denoted DNT-based
DSCs). Although the SNTs and the NPs formed good
electrical connections, as observed in the DNT-based DSCs
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Figure 3. Photocurrent—voltage characteristics of the four types of
DSCs employing SNT (B-up or T-up) or DNT (B-up or T-up) arrays
under AM 1.5 irradiation.

Table 1. Photovoltaic Parameters for the Four types of DSCs
Employing SNT (B-up or T-up) or DNT (B-up or T-up)
Arrays under AM 1.5 Irradiation

TiO, t*(um) Type® Voo (V) Jsc (mA/em?) EE (%) 7 (%)

DNT 11 B-up 0.752 13.7 0.663 6.8
DNT 11 T-up 0.740 134 0.656 6.5
SNT 11 B-up 0.699 10.5 0.608 4.5
SNT 11 T-up 0.711 12.6 0.620 S.S

“Thickness of the NT arrays. The SNT or DNT arrays were placed on
2 um thick TiO, NP layers (with NPs 20 nm in size). bT-up, top
surface upright; B-up, bottom surface upright. Cell size: 0.25 cm* with
black mask.

Figure 4. Cross-sectional HR-SEM images: (a) The DNT (B-up)
arrays on the surfaces of the 2 pm thick TiO, NP layer. (b) The
interface between the DNT (B-up) arrays and TiO, NPs. (c) The
interface between the SNT (T-up) arrays and the TiO, NPs. (d) The
SNT (T-up) arrays, showing that the bottom surface was not
completely flat.

employing a B-up geometry, the SNT-based DSCs prepared
with a B-up geometry exhibited the lowest photovoltaic activity,
with a Jgc = 10.5 mA/cm?, a Vo = 0.699 V, and a FF = 0.608,
giving a PCE of 4.5%. The poor performance was ascribed to
the limitations in the redox efficiency resulting from the
electrode geometry. I;~ ions generated through dye regener-
ation by I” inside the SNT arrays were required to migrate
rapidly to the counter electrode or risk recombination with
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photoinduced electrons on the SNT array surfaces. Recombi-
nation was apparent through a comparison of the FF values:
0.656 for B-up DNT versus 0.608 for B-up SNT. The resulting
drop in Jsc (12.6 mA/cm? for B-up DNT versus 10.5 mA/cm*
for B-up SNT) caused by the recombination reaction also
decreased Vc: 0.740 V for B-up DNT versus 0.699 V for B-up
SNT, as reported by Frank et al.>* V¢ is given by (nkT/q) X
In(Jsc/Js), where n is the device ideality factor, k is the
Boltzmann constant, T is the temperature in Kelvin, g is the
fundamental charge, and Jg is the saturation current density.*®
The low PCE in the SNT-based DSC prepared using a B-up
geometry indicated that recombination reactions in the SNT
array dominated the device performance.

The SNT-based DSCs employing a T-up geometry exhibited
Jsc = 12.6 mA/cm?, a Voc = 0.7111 V, and a FF = 0.620,
yielding a PCE of 5.5%, which is slightly larger than the value
for the SNT-based DSCs prepared using a B-up geometry
(4.5%), although this is smaller than the value for the DNT-
based DSCs prepared using a B-up geometry (6.8%). Figure 4c
shows a cross-sectional HR-SEM image collected at the
interface between the SNT arrays and the 2 um thick TiO,
NPs. The image reveals the presence of a significant interfacial
gap, which was generated after annealing at 550 °C for 30 min
to crystallize the TiO, NPs. Unlike the other electrodes, the 20
nm sized TiO, NPs could not enter the SNT array prepared in
the T-up geometry. Therefore, photoinduced electrons could
not be effectively transferred from the ends of the SNTs to the
TiO, NPs. Instead, the electrons accumulated at the ends of the
SNTs. The bottom surface of the SNT arrays was slightly
rougher than that of the DNT arrays as a result of the different
detachment processes used for the two arrays (Figure 4d). The
surface roughness resulted in a lower photovoltaic performance
compared to the DNT-based DSCs prepared using a T-up
geometry.

We further fabricated DSCs using DNT (B-up type) or SNT
(T-up) arrays in an effort to improve the photocell efficiency.
The electrodes were immersed in a 0.2 M acidic Ti(OH),(aq)
prepared by adding TiCl, to water. The solution was then
heated at 70 °C for 60 or 80 min, respectively, to induce the
formation of TiO, NPs a few nanometers in size on the surfaces
of the TiO, NTs. After the decoration step, the DNT (B-up
type) or SNT (T-up) electrodes were reannealed to create
small anatase TiO, NPs (denoted SNP@DNT or sNP@SNT,
respectively).

Figure Sa,b shows top surface HR-SEM images of DNT (B-
up) electrodes decorated with TiO, NPs a few nanometers in
size, prepared by immersion in a 0.2 M acidic Ti(OH),(aq) for
60 or 80 min, respectively. The extent of decoration clearly
increased with the immersion time. By contrast, the TiO, NPs
aggregated on the edges of the SNTs arrays, as indicated by the
arrows in Figure Sc. The aggregate sizes increased with the
immersion time (Figure 5d), although small TiO, NPs did also
grow on the side walls of the SNTs, as shown in the inset in
Figure 5d. The TiO, NPs formed islands or very thin layers that
possibly increased the dye loading.

Figure 6a shows the UV—vis absorption intensities of the
N719 dye solutions after detaching the dyes from the TiO,
electrodes in the presence of 0.1 M KOH. The dye-loading
amount for each electrode was estimated by Beer—Lambert law,
where the molar extinction coefficient of N719 is 1.4 X 10* M™!
cm ™" at 515 nm.*” The dye-loading amount obtained from the
DNT (0.104 gmol cm™2) and SNT (0.101 gmol cm™2) arrays
were almost identical. After decorating the surfaces of the DNT
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Figure S. HR-SEM images: (a) Top surfaces of the sNP@DNTs (B-
up, 60 min). (b) Top surfaces of the SNP@DNTs (B-up, 80 min). (c)
Top surfaces of the sSNP@SNTs (T-up, 60 min). (d) Top surfaces of
the sSNP@SNTs (T-up, 80 min). Inset: outside wall of the SNP@SNT's
(T-up, 60 min).
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Figure 6. (a) UV—vis spectra of the N719 dyes detached from the
electrodes using a 0.1 M KOH solution. (b) Photocurrent—voltage
characteristics of four types of DSCs prepared using SNT, DNT,
SNP@SNT, or sNP@DNT arrays under AM 1.5 irradiation.

or SNT arrays with the small TiO, NPs, the dye-loading
amount (for the sNP@DNT and the sSNP@SNT electrodes)
increased slightly by 6.7% (0.111 ymol cm™2) and 5.9% (0.107
umol cm™?), respectively. These results indicated that more dye
molecules had adsorbed onto the larger surface areas of the
electrodes due to decoration with the nanoparticles.

Figure 6b shows a comparison of the photocurrent—
photovoltage (J—V) properties of the sSNP@DNT and the
SNP@SNT-based DSCs, along with their corresponding DNT
and SNT-based DSCs (also see Table 2). The PCE values of
the SNP@DNT and the sSNP@SNT-based DSCs were 10.0 and
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Table 2. Photocurrent—Voltage Characteristics of the DSCs
Fabricated with Various TiO, NTs under AM 1.5 Irradiation

t* B Voc Jsc FF
TiO, (pm)  type V) (mA/em®) (%) 7 (%)
sNP@DNT* 11 B-up 0.744 19.8 0.676 10.0
sNP@SNT* 11 T-up 0.696 16.2 0.549 6.2

“Thicknesses of the NT arrays. The SNT and DNT arrays were placed
on a 2 um thick TiO, NP layer. “T-up, top surface upright; B-up,
bottom surface upright. Cell size: 0.25 cm? with black mask.

6.2%, respectively, 47 and 13% greater than the PCE values of
the corresponding DNT and SNT-based DSCs. The improve-
ments mainly arose from the higher Jic caused by the greater
dye loading on the TiO, electrode surface. For example, the Jqc
values of the DNT and SNT-based DSCs were 13.7 and 12.6
mA/cm?, respectively. These values increased to 19.8 (45%)
and 16.2 mA/cm? (28%), respectively. The remarkable increase
of Jsc values in SNP@DNT and sNP@SNT electrodes might
be affected by increased surface area but also enhanced the
bonding between the TiO, and dye molecule,®® and the
connection between TiO, NP layers and TiO, NT films,*'
resulting in improved charge transfer.

The improvement in the PCE (13%) for the sNP@SNT was
relatively small compared to the increase in Jgo (28%), as
compared to the values obtained from the SNT array. These
results arose mainly from the reduction in the FF (0.608, for
the SNT, and 0.549, for the sNP@SNT). As mentioned
previously (see Figure 2d), the inner diameter of the SNT
narrowed in the bottom region. The sNPs in the SNTs were
more aggregated in the narrow bottom region (Figure 7b) than

mo -

Figure 7. HR-SEM images: (a) Inside wall of the sNP@SNT. (b)
Cross-sectional image of the bottom region of the sNP@SNT
electrode. Inset: cross-sectional image of the bottom region of the
SNT electrode. (c) Inside wall of the SNP@DNT. (d) Cross-sectional
image of the bottom region of the SNP@DNT electrode. Immersion
time in Ti(OH),: 60 min.

in the wide middle (or top) region (Figure 7a), unlike the sNPs
in the SNP@DNT (Figure 7c,d). The inset in Figure 7b clearly
shows the aggregated growth of sNPs in the SNTs. The
aggregated sNPs in the narrow bottom region hampered the
flow of electrolytes to the counter electrode, which enhanced
recombination of the photoinduced electrons with I;~. We
concluded that the decrease in FF resulted from clogging of the
narrow bottom region by the aggregated sNP growth. This

result was confirmed by fabricating SNP@SNT in Ti(OH), for
an extended immersion time. Indeed, the FF values decreased
to 0.42 as the immersion time increased to 80 min (Figures S1
and S2, Supporting Information).

The photoinduced electron loss mechanism operating in the
sNP@NT-based DSC was further investlgated using electro-
chemical impedance spectroscopy (EIS).>** Figure 8 shows
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Figure 8. Nyquist plots for the SNT, DNT, sNP@SNT, and sNP@
DNT-based DSCs, measured at —0.69 V in the dark. The
recombination resistances (R2) were calculated by fitting to a
simplified circuit (see the Supporting Information for details).

Nyquist plots of the DNT, sNP@DNT, SNT, and sNP@SNT-
based DSCs, measured at —0.69 V in the dark. The
recombination resistance (R,.) between the DNTs and I~
was 515 Q, much greater than the resistance between the SNT's
and I;~ (225 Q). The electron recombination time (or lifetime,
7..) of the DNT-based DSC (z,,. = 92.6 ms), which was
calculated according to the equation 7, = 1/2xf,,,, where f,.,
is the frequency at the maximum theta, was longer than that of
the SNT-based DSC (7. = 49.9 ms). This result indicated that
the photoinduced electron loss mechanism dominated the
SNT-based DSC to a greater extent than it did in the DNT-
based DSC due to incomplete contact between the TiO, NP
interlayer and the SNT arrays. This result was consistent with
the photovoltaic performances. Decorating the DNT or SNT
arrays with the TiO, NPs slightly decreased R, (e.g, S15 Q,
DNT versus 405 Q sNP@DNT; and 225 Q, SNT versus 130
Q, sNP@SNT) and the electron recombination time (7, =
92.6 ms, DNT versus 79.2 ms sSNP@DNT, and 49.9 ms SNT
versus 42.8 ms SNP@SNT). The electron recombination times
in the DSCs prepared using the NT arrays were significantly
greater than those (27 ms) obtained using the conventional
TiO, NPs (Figure S3, Supporting Information). Thus, the
improved photovoltaic performance of the SNP@DNT-based
DSC (or sSNP@SNT), compared to the DNT-based DSCs (or
SNT), mainly resulted from the higher dye loading.

B CONCLUSIONS

In conclusion, (i) rapid electron transport at the interface
between the TiO, NT array and the TiO, NP interlayer, and
(ii) better electrolyte diffusion, thereby promoting the redox
process, were found to be important for extracting electrons
from a DSC and improving the FF value. A variety of DSC
geometries were tested using SNT or DNT arrays. The
presence of an even distribution of few nanometer-sized TiO,
NPs decorating the inner and outer surfaces of the DNT arrays
increased the dye loading (6.5% increase). The SNP@DNT-
based DSC exhibited the best PCE (10%), representing an
increase of 47% relative to the DNT-based DSC. The TiO,
NPs formed aggregates on the edges and bottom areas of the
SNT arrays. The aggregated NPs reduced the FF and charge
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collection efficiency. The PCE of the sSNP@SNT-based DSC
was lower than that of the sSNP@DNT-based DSC, although
the PCE of the sNP@SNT-based DSC (6.2%) did improve
relative to the SNT-based DSC (5.5%).

B ASSOCIATED CONTENT

© Supporting Information

Experimental section, characterization, I—V characteristics of
devices, the FF values as a function of the TiCl, treatment time,
and Nyquist plots of electrochemical impedance spectropho-
tometer. This material is available free of charge via the Internet
at http://pubs.acs.org.
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