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In the present work, we introduce a facile mechanical approach for fast removal of closed bottom-caps of
anodized TiO2 nanotube arrays (TNTAs) to fabricate open-ended TiO2 nanotube arrays (O-TNTAs). The
end-opening process is carried out by mechanically grinding the closed ends on an abrasive paper for a
short time of around 15 s. TiCl4 treatment is conducted prior to the opening process to not only enhance
the interaction among tubes but also improve surface area of the obtained O-TNTAs membranes. Surface
homogeneous, ﬂat and mechanically robust O-TNTAs ﬁlms with through-hole can be obtained over a
large area. The obtained ﬁlms are exploited as photoanodes for front-illuminated dye-sensitized solar
cells. Compared with the close-ended TiO2 nanotube arrays (C-TNTAs) based device, the solar cell based
on O-TNTAs yields an impressive solar power conversion efﬁciency of 7.7% under one sun illumination,
corresponding to a 66% enhancement. The improved cell performance results from both the enhanced
light-harvesting and promoted charge collection. The developed through-hole membranes are also
favorable for many other potential applications, such as bioinﬁltration, ﬂow-through photocatalytical
reactors, growth templates and sensors.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Dye-sensitized solar cells (DSSCs), which possess major advances of easy-fabrication, low-cost, high-efﬁciency and
environmental-friendly, have emerged as a powerful photovoltaic
technology. Thanks to the enormous research efforts focusing on
developing new pigments (Y123, ADEKA-1, LEG4, etc.), efﬁcient
redox shuttles (Cuþ/Cu2þ and Co2þ/Co3þ, besides I/I
3 ), and electrode/device structure optimization as well, [1e7] the power conversion efﬁciency (PCE) of DSSCs has so far reached 14.3% under one
sun of AM 1.5G illumination [1,2]. Importantly, DSSCs are demonstrated to perform better under weak light [3,7], an PCE of 32% was
recently achieved under light-intensity of 1000 lux [7]. The photoanode, commonly composing of a TiO2 scaffold, of a DSSC takes
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charge of anchoring dyes and transporting the photo-generated
electrons to the current collector. Therefore, efﬁcient electron
transport is one of the most favorable properties of a photoanode,
apart from high speciﬁc surface area [8e15]. Well-ordered onedimensional TiO2 nanotube arrays (TNTAs), commonly achieved by
anodization, perform excellently in electron transport in DSSCs,
keeping more than 90% of charge collection efﬁciency even with a
ﬁlm thickness up to tens of micrometers [15e21].
The anodized TNTAs feature hexagonal-close-packed and closeended nanotubes. These closed-ends will block mass (such as dyes
and electrolyte) diffusion [22]. Besides application in DSSCs, freestanding TNTAs membranes with through-hole (open-ended)
structure would also be favorable for extensive applications such as
bioinﬁltration, ﬂow-through photocatalytical reactions, sensors,
and deposition templates [16,23e27]. Additionally, the barrier layer
of the closed caps would hinder the electron transport, degrading
the performance of a DSSC [28e30]. Poor interface interaction is
commonly formed when bonding the close-ended bottoms onto a
secondary electrode using TiO2 nanoparticles (NPs) as a binding
layer, which hampers the efﬁcient electron transfer from TNTAs to
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the TiO2 NPs layer and leads to electron accumulation and thus
recombination at the interface [29,30]. Moreover, this interface also
causes front-surface light reﬂection, leading to considerably
directed energy loss [22]. Therefore, removing of the closed-ends is
of great importance to achieve a device with improved performance [28e33].
To open the closed bottoms, Wang and co-workers developed a
potential-shocking technique which introduces a large voltage
pulse (180 V) at the end of anodization process [26]. Lin et al. reported a two-step anodization method by subjecting a preannealed (200  C) TNTAs to a 2nd anodization [34]. However, the
peeling-off process is tedious and the NTNAs membrane is prone to
splinter into small pieces. Wet chemical etching is another effective
method to produce open-ended TNTAs (O-TNTAs) apart from
electrochemical techniques. Albu et al. exposed the closed bottom
of freestanding TNTAs to HF vapors to remove the closed ends [23].
This process involves the use of HF which is toxic to human body
and also environmentally unfriendly. By replacing HF with HCl,
H2O2 or oxalic acid solution, many approaches were successfully
developed to prepare O-TNTAs [22,27,33,35]. However, there are
some inherent disadvantages of the wet chemical etching process.
Firstly, this process is an isotropic etching treatment occurred not
only at the closed bottoms but also at any surface exposed to the
solution, which might result in inhomogeneity or even destruction
of the TNTAs [29]. More importantly, it is commonly observed that
the plat wet TNTAs membrane is prone to fracture and then curl
into tight rings upon air drying [26], limiting the size of device for
future applications. To address the aforementioned problems, Li
and co-workers developed a dry-etching technique by bombarding
the closed bottoms with highly dense plasma [29]. However, this
procedure requires not only special equipment but also harsh
processing condition, impeding the extended low-cost application.
Therefore, there is still great challenge in preparing ﬂat and mechanically robust TNTAs membranes over large area through facile
approaches.
Here we report a simple strategy for the fabrication of freestanding O-TNTAs membrane over large size, via a mechanical
grinding. In contrast to the isotropic wet chemical approaches, our
method provides an anisotropic technique to open the closed-ends
of TNTAs without employing any harmful chemicals and the potential destruction of arrays can also thus be avoided. The resulting
DSSCs based on the obtained O-TNTAs yield a PCE up to 7.7%.
2. Experimental
2.1. Fabrication of C-TNTAs
The freestanding C-TNTAs membranes were fabricated through
a typical anodization method [15,36]. Ti foil (Sigma Aldrich, thickness 0.25 mm, 99.99%) was ultrasonically cleaned by detergent,
acetone and DI water in sequence prior to use. The well-cleaned Ti
foil with a typical size of 1  5 cm2 was served as anode and a Pt foil
with similar size was employed as cathode. The distance between
the anode and cathode is 3 cm. During the anodization, the temperature of anodic cell was kept at around 25  C by a water-cooling
system. The Ti sheet was pre-anodized in an ethylene glycol (EG)
solution containing 0.5 wt% NH4F and 3 vol% DI water at 60 V for
2 h. The resulting TiO2 ﬁlm was removed by ultrasonication in DI
water to achieve a textured surface. The treated substrate was then
subjected to a 2nd anodization in the same condition for 1.5 h. The
obtained TNTAs electrodes were annealed at 450  C for 1 h. The
sintered electrodes were subjected to a 0.1 M TiCl4 treatment at
70  C for 30 min followed by another annealing with the same
procedure. The pretreated TNTAs electrode was anodized again in
the same condition for 10 min and then emerged in 30 wt% H2O2

solution for around 60 s to detach the C-TNTAs from the Ti sheet to
form the freestanding C-TNTAs.
2.2. Fabrication of open-ended TNTAs
The freestanding C-TNTAs were attached onto a stainless steel
mould with the closed bottom upwards, employing a hot-melted
parafﬁn (80  C) as binder. During the solidiﬁcation of the parafﬁn,
a polished silicon wafer was pressed on the sample to enable a ﬂat
attachment of C-TNTAs membrane onto the mould. The ﬁxed
membrane was gently abraded on an abrasive paper (3000 mesh).
The abrading direction of each grinding-cycle (5 times of grinding
as one cycle) is perpendicular to each other. As an alternative, the
manual grinding can also be replaced by machine grinding using a
polisher (operating at around 100 rpm). The grinded TNTAs ﬁlm
was detached form the mould and the parafﬁn was removed by
emerging the ﬁlm in hot acetone (50  C) or sintering at 500  C.
2.3. Device fabrication and characterization
Prior to TNTAs ﬁlm transfer, a ~2 mm TiO2 nanoparticular thinlayer was coated on the transparent FTO substrate by a doctorblading method, using a TiO2 NPs paste (Dyesol, 18NR-T, ~20 nm
in nanoparticle diameter). The obtained TNTAs were cut into
designed small pieces by a blade and stamped onto the wet TiO2NPs binding layer, followed by a sintering at 450  C for 1 h. Electrodes which cool down to ~80  C were sensitized in 0.5 mM N719
dye/ethanol solution overnight and then sandwiched with a sputtered Pt counter electrode to assemble the DSSCs. The electrolyte
composes of 0.5 M LiI, 0.05 M I2, 0.3 M 1-methyl-3hexylimidazolium iodide (HMII), 0.3 M N-methylbenzimidazole
(NMB), and 0.5 M 4-tert-butylpyridine in 3-methoxypropionitrile.
The active area of the devices is 0.16 cm2.
The morphology of TNTAs were observed by a ﬁeld-emission
scanning electron microscope (Merlin 1530). JeV characteristics
of DSSCs were measured using a digital source meter (Keithley
2420) under AM 1.5 G illumination (100 mW cm2) supplied by a
Newport-Oriel solar simulator (Model 69911) which was calibrated
using a silicon reference cell (NIST). Reverse scan (from 1.0 V
to 0.1 V, 50 mV/s) was adopted for collecting the JeV curves. The
Electrochemical impedance spectroscopy (EIS) was collected at a
bias of 0.5 V in the dark, employing a Solartron 1255B frequency
response analyzer and a Solartron SI 1287 electrochemical interface
system. An ac perturbation signal of an amplitude 10 mV was
applied during the EIS measurements and the frequency range was
100 kHze0.1 Hz.
3. Result and discussion
The preparation of freestanding O-TNTAs ﬁlms includes two
major steps, fabricating of freestanding C-TNTAs membranes and
removing of the closed ends by mechanical grinding, as sketched in
Fig. 1. Mechanically robust C-TNTAs were obtained over large area
by a combined process of multi-step anodization, TiCl4-treatment
and detachment (details in Experimental Section). After that, the CTNTAs membrane was attached onto a stainless steel mould and
grinded gently on a DI water-wetted abrasive paper to remove the
closed bottoms. Fig. 2a illustrates the bottom surface of pristine CTNTAs with closed ends. The diameter of the nanotube is around
160 nm. The periods of mechanical grinding were selected to be 0,
5, 10 and 15 s. As illustrated in the SEM images (Fig. 2), the closed
ends of nanotubes were removed gradually by increasing the
grinding time. A homogenously and thoroughly open-ended
morphology of O-TNTAs was obtained with 15 s of grinding
(Fig. 2d).
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Fig. 1. Schematic representation of the procedure used to fabricate the freestanding open-ended TiO2 nanotube arrays (TNTAs), including the preparation of close-ended TNTAs by
multi-anodization and mechanical grinding of the closed cap layer on an abrasive paper.

Fig. 2. Bottom-viewed SEM images of a) close-ended TNTAs and b-d) open-ended TNTAs prepared by mechanical grinding with a grinding period of 5, 10 and 15 s, respectively.

In the developed approach, the TiCl4-treatment before C-TNTAs
peeling off plays a signiﬁcant role in enhancing the interaction
between individual nanotubes, as shown in Fig. 3a and b. This is
because the small TiO2 particles can be formed at any available
surface of TNTAs by TiCl4 hydrolysis to weld the adjacent nanotubes. The improved mechanical interlock among nanotubes enables the formation of mechanically robust and non-curled OTNTAs membranes with desirable size, depending on the size of CTNTAs by anodization (Fig. 3c and d). Additionally, the TiCl4-treatment also increases the surface area to improve dye-loading
amount for enhanced light-harvesting and thus cell efﬁciency
[15,37,38].
Three types of photoanode, namely the C-TNTAs ﬁlm with top
surface (opened surface) upright (C-TNTAs T-up), O-TNTAs with top
surface upright (O-TNTAs T-up) and O-TNTAs with bottom surface
upright (O-TNTAs B-up), were constructed to estimate the performance of obtained TNTAs ﬁlms in DSSCs. The device architectures
are schematically illustrated in Fig. 4a. Photocurrent density-

voltage curves (J-V) of the corresponding DSSCs are shown in
Fig. 4b and detailed photovoltaic parameters are summarized in
Table 1. To understanding the contribution of the TiO2-NPs binding
layer to the cell performance, device with only NPs ﬁlm (2 mm) was
also prepared and tested as a control, giving a total PCE of 2.5%. For
T-up structured devices with C-TNTAs, the short-circuit current
density (Jsc), the open-circuit voltage (Voc), and the ﬁll factor (FF) are
10.1 mA cm2, 0.68 V, and 0.67, respectively, giving an efﬁciency of
4.6% at a tube length of around 18 mm. After the removal of closed
bottoms, the Jsc improves considerably to 14.2% mA cm2 while the
Voc also increases from 0.68 to 0.71 V. As a result, a remarkably
greater PCE of 6.9% is yielded for the O-TNTAs based device with Tup structure. By inverting the O-TNTAs ﬁlm to form a B-up architecture, the PCE of the resulting cell is further improved to 7.7%,
resulting mainly from the additionally enhanced Jsc of
15.5 mA cm2. This PCE is even much higher than that of the DSSC
with a 20 mm TiO2-NPs-ﬁlm based photoanode (Table 1, note that
20 mm may not be the optimized thickness for efﬁcient DSSCs based
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Fig. 3. Cross-section viewed SEM images of the a) as prepared TiO2 nanotube arrays (TNTAs) and b) TiCl4 treated TNTAs, showing the enhanced interaction among the individual
tubes. Digital images of c) as prepared TNTAs/Ti electrodes and d) freestanding open-ended TNTAs membranes with various size.

Fig. 4. a) Schematic illustration of DSSCs with various TiO2 photoande architectures. b)
Photocurrent-voltage characteristic curves of DSSCs measured under 100 mW cm2 of
AM1.5G illumination.

on TiO2-NPs photoanode). The enhanced light-harvesting might be
one of the factors contributed to the improved Jsc of B-up based
device. Because the nanotubes derived from the EG electrolyte
feature a hollow conical columnar structure and the inverted
electrode architecture (B-up) will induce a more pronounced lighttrapping effect for enhanced light absorption [39,40], as schematically illustrated in Fig. 4a.
As listed in Table 1, the dye-loading amount among various
TNTAs based devices shows only small difference. The signiﬁcantly
greater Jsc of the O-TNTAs based devices compared with that of CTNTAs based cells is not interpretable according to the effect of dye
loading. The optical property of the photoanodes was therefore
conducted to study any reasons for the improved Jsc and PCE of the
DSSCs. As schematically represented in Fig. 5a and b, the bottom
surface of C-TNTAs with compactly packed closed-ends might
cause front light-reﬂection when the closed bottoms were faced to
TiO2 binding layer to build the photonaode for front-illuminated
DSSCs. The digital image displayed in Fig. 5 c (right panel) clearly
shows the colorful interferometry fringe of the reﬂected light at the
bottom surface of C-TNTAs while no observable reﬂection interference can be found on the bottom surface of O-TNTAs (left panel).
Compared with the C-TNTAs, the UVeVis transmission spectra
shown in Fig. 5d demonstrate a remarkably enhanced luminousness of the O-TNTAs electrode, especially at shorter wavelength
range of 350e600 nm where the N719 dyes possess strong lightextinction. Because the incident light with shorter wavelength is
more prone to be reﬂected. The photograph shown as inset of
Fig. 5d also conﬁrms the improved transparency of O-TNTAs electrode. The decreased front light-reﬂection will reduce the direct
energy loss and increase the light utilization consequently. As a
result, an improvement in Jsc and PCE can be thus obtained.
To understand further factor for the enhanced device performance, electrochemical impedance spectroscopy (EIS), conducted
at a moderate bias potential of 0.5 V in the dark, was measured to
reveal the charge transport behavior within the devices. The

W. Zhu et al. / Electrochimica Acta 299 (2019) 339e345

343

Table 1
Photovoltaic characteristics of the DSSCs based on various TiO2 photoanodes and different device architectures.
Devices

da/mm

Device type

Dye-loading/107 mol cm2

Jsc/mA cm2

Voc/V

FF

h/%

TiO2 NPs
TiO2 NPs
C-TNTAs
O-TNTAs
O-TNTAs

2
20
18 þ 2
18 þ 2
18 þ 2

NA
NA
T-up
T-up
B-up

0.31
3.2
1.1
1.2
1.2

4.3
18.1
10.1
14.2
15.5

0.76
0.57
0.68
0.71
0.72

0.77
0.63
0.67
0.68
0.69

2.5
6.5
4.6
6.9
7.7

a

Thickness of the TiO2 ﬁlms. The TNTAs were structured on a 2 mm thick TiO2 NPs binder layer.

Fig. 6. a) The equivalent circuit of the completed DSSCs represented by a transmission
line model. b) Nyquist plots of the corresponding DSSCs, measured at a bias of 0.5 V
in the dark. The inset of b) shows the magniﬁcation of the high frequencies region of
the Nyquist plots.

Fig. 5. Schematic illustration of the light reﬂection at the bottom surface of a) openended TNTAs and b) close-ended TNTAs with regular packed caps. c) Digital photographs comparing the interferometry fringe of reﬂected light at the bottom surface of
two kinds of TNTAs. d) Transmission spectra of the close-ended TNTAs and openended TNTAs based electrodes. The inset showing the digital images of the two
electrodes

corresponding results are shown in Fig. 6 and the concerned parameters are extracted by ﬁtting the EIS results, according to the

equivalent circuits represented by a transmission line model
(Fig. 6a). More details for data extraction and calculation can be
found in reported works [9,12,41e43]. The electron transport
resistance, Rw (¼rw*L, where L is the thickness of the TiO2 ﬁlm),
within the TiO2 ﬁlms is tested to be 141.2, 74.3 and 32.8 U for the CTNTAs T-up, O-TNTAs T-up and O-TNTAs B-up based DSSCs,
respectively. The removal of impurity enriched barrier layer
(mainly closed bottoms) of C-TNTAs will facilitate the electron
transfer from TNTAs to NPs layer, since the impurities will scatter
the electron diffusion. Additionally, the hollow conical columnarstructure of nanotubes with larger inner diameter at top (than at
bottom) enables TiO2 particles in binding layer easily to enter into
the nanotube (top surface pores) and forms a reinforced interfacial
interlock in B-up structure. In contrast, the interaction between NPs
and overlying O-TNTAs with T-up structure is relative poor, due to
the limited contact area. The enhanced bonding strength between
O-TNTAs and NPs is evidenced by the SEM images shown in Fig. S1,
apparent interfacial gaps between the TNTAs and NPs binder layer
are formed for both the C-TNTAs and O-TNTAs electrodes with T-up
structure due to the stress occurred during SEM sample preparation
by mechanical cutting. Owing to the removal of impurity enriched
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Table 2
Electron transport characteristics extracted from the electrochemical impedance
spectra results shown in Fig. 6.
Devices

da/mm

Device type

Rw/U

Rk/U

hcc/%

[5]

C-TNTAs
O-TNTAs
O-TNTAs

18 þ 2
18 þ 2
18 þ 2

T-up
T-up
B-up

141.2
74.3
32.8

308.4
318.3
330.5

68.6
81.1
90.9

[6]

barrier layer and formation of compacted interface, the O-TNTAs
based devices demonstrates fast electron transport and increased
interfacial recombination resistance (Rk ¼ rk*L, Table 2) at the TiO2/
electrolyte interface and thus an alleviative charge recombination,
which is consistent with the increased Voc of O-TNTAs based devices. The C-TNTAs based DSSC shows a low charge collection efﬁciency, hcc (¼1-Rw/(Rk þ Rw)), of 68.6%, this value increases to
81.1% by removing the closed caps. The O-TNTAs based DSSC with
B-up architecture shows the highest hcc value of 90.9%. This result
keeps in line with the observed cell performance in that the OTNTAs based device with B-up structure yields the best Jsc and
highest PCE, indicating that the improved hcc of the O-TNTAs based
device, especially the B-up ones, contributes to the impressive
enhancement in performance, besides the optical factors
aforementioned.
4. Conclusion
In summary, we develop a new mechanical approach for facile
fabrication of open-ended TiO2 nanotube arrays over a large area.
The tube-opening process can be completed in a time scale of 10 s,
without involving any precision equipment and harmful chemicals.
The obtained freestanding O-TNTAs ﬁlm is exploit as photoanode in
front-illuminated DSSCs and the resulting device yields an
impressive PCE of 7.7%. The improved performance of O-TNTAs
based device arises from both the enhanced optical properties
(decreased front light reﬂection and improved light-trapping
within nanotubes) and promoted electron collection efﬁciency.
The developed sizable O-TNTAs membranes can be applied to
extended TNTAs applications, such as bioinﬁltration, ﬂow-through
photocatalytical reactions and sensors.
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