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Current promoted micro-annealing in anodic TiO2 tube
arrays and its application in sensitized solar cells†

Yan Xiong,a Liang Tao,b Hong Liu*ab and Wenzhong Shen*ab

Crystallization in nanostructured materials is an important basis of solar cells and other nanoscience fields.

For instance, crystalline TiO2 for photovoltaic and photocatalysis applications is normally formed by high-

temperature annealing above 450 �C for a long period of time (normally more than one hour). In this

work, we have established a method to artificially induce crystallization in ordered anodic TiO2 tube

arrays at around room temperature for the first time. Assisted by the existence of an electric field in the

reaction system, crystallization could take place at a much lower temperature than isothermal annealing.

Aided by the low thermal conductivity of TiO2, the sample surface temperature could be limited to an

even lower value (below 130 �C). The as-fabricated samples could show significant efficiencies of up to

2.05% after being installed into back-side illuminated dye sensitized solar cells. Furthermore, a nearly

monocrystalline-like structure could be formed through some simple physical and chemical manipulation.

As a result, an efficiency of 3.51% could be achieved, together with VOC ¼ 0.63 V, JSC ¼ 13.03 mA cm�2,

and FF ¼ 0.47. This method can easily realize high quality crystallization in nanostructures like TiO2 tube

arrays of a particular size. It can be helpful for the development of new solar cells and other opto-

electronic devices, and hopefully for mechanistic studies of other materials as well.
1 Introduction

Crystallized semiconductor oxides such as TiO2, ZnO and Cu2O
have demonstrated excellent characteristics for opto-elec-
tronics, new energy devices and other nanosciences. Among
them, TiO2 has attracted extremely intense attention due to its
high thermostability,1 exibility for nanostructure formation,2–4

tunable band structure,5 photo catalytic properties6 and lower
cost compared to traditional semiconductors, aided by high
internal quantum efficiencies,7 large surface-to-volume ratios8

and a tunable absorption range.9,10 Among its wide applications,
dye sensitized solar cells (DSSC) are among the most important.
Since the rst report on DSSCs by O’Regan and Grätzel in 1991,8

they have attracted considerable interest as low-cost alternatives
to silicon solar cells. A decade later, porous titania lm and
ordered TiO2 nanotube (NT) arrays were reported,11,12 having
good dye absorption abilities and carrier conductivities.
Recently, DSSCs on exible substrates have also been developed
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which are suitable for mobile devices and easy to produce with
roll-to-roll processes.13

Until now, the highest efficiency of a DSSC of 12.3% has been
achieved using porous nanocrystalline TiO2 as the photoanode
and Co/ as the oxidation/reduction pair.14 The efficiency of
DSSCs based on nanotube arrays is still lower, possibly due to
the trapping effect on electrons in the TiO2 bulk by electro-
chemical oxidation.15,16 However, compared to nanocrystalline
porous lms,17–19 NT arrays are easier to control with uniform
order, which means they are more exible for multiple uses. In
general, beside the sensitizer absorption and oxidation/reduc-
tion pair of the electrolyte, the carrier conductivity in the TiO2

substrate (porous or as NT arrays) also plays an important role
in DSSCs, no matter whether it is porous or based on NT arrays.
Hence the crystallinity of the TiO2 material becomes very
important. As is commonly known, there are generally three
kinds of structures of crystalline TiO2: anatase, rutile and
brookite, among which anatase has the best performance as a
photoanode in DSSCs.20,21

To resolve this issue, it is important to obtain better crys-
tallinity and a smaller boundary effect. Normal experimental
methods consist of homogeneous conditions in thermal equi-
librium, e.g., sintering the sample in an oven at 450–550 �C, to
achieve structures with good crystallinity and smaller boundary
effects in TiO2 photoanodes.22,23 These kinds of conditions not
only result in environmental problems and the increased
complexity of fabrication procedures, but also create certain
limits in the development of cell architectures, e.g., for normal
J. Mater. Chem. A, 2013, 1, 783–791 | 783
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high transparency exible plastic substrates due to structural
damage above 150 �C.24,25 In recent research from different
groups, crystallization phenomena at low ambient tempera-
tures (less than room temperature) were discovered during
electrochemical anodization.26–29 We have found that the size
and quantity of crystal grains in the anatase or rutile phase are
increased by a greater temperature gradient over the TiO2 lm
and named this effect “micro-annealing” due to its overall
localized thermal behavior.26 However, the crystallization in
such a spontaneous process was so weak that it did not lead to a
signicant photovoltaic conversion efficiency in a solar cell.
Moreover, the size of the tubes was limited to a small range
since anodization and micro-annealing take place simulta-
neously at the same voltage. Due to those problems, the
samples that underwent spontaneous micro-annealing showed
no signicant efficiencies aer being installed in DSSCs.
Furthermore, the so called current annealing method has been
applied in metallurgy and some material processes by intro-
ducing an external current directly into the target material.30–32

It introduces a certain kind of structural modication from
normal thermal annealing, and has shown very good low
temperature behavior. However, due to the high electronic
resistivity and surface behavior of TiO2, its application in TiO2

nanotubes and solar cells remained a challenge.
In this work, we have investigated a novel experimental

approach to obtain a crystalline TiO2 tube array which can be
directly applied in photovoltaic devices at low ambient
temperatures. Current injection was carried out in the liquid
phase with reversed polarity to avoid structural destruction by
electrochemical reactions. Crystalline grains which generally
had the anatase structure were formed at low temperatures,
which are normally formed by thermal annealing in an oven at
above 450 �C. In the meantime, though slowly increasing, the
overall temperature of the sample was not higher than 130 �C
during experiment. It exhibited a strong current annealing
effect together with localized heat transfer, which was possibly
aided by the high electronic resistivity and low thermal
conductivity of TiO2.33–36 The as-fabricated TiO2 resulted in
improved efficiency aer being installed into back-side illu-
minated DSSCs. With controlled thermostatic bath tempera-
ture, anodization voltage and subsequent chemical treatment,
the crystallization was much enhanced. The sample has shown
an improved efficiency of 3.51% aer being directly installed
into a back-side illuminated dye sensitized solar cell.
Furthermore, unlike spontaneous micro-annealing in which
the tube size is limited, crystallization using current injection
can be performed for a controlled size of tubes. This novel
method can shed light on the development of new thin lm
solar cells, and might stimulate the study of this nanomaterial
in general.
2. Experimental
2.1 Fabrication of TiO2 nanotube arrays

Ti sheets (0.25 mm thick, 99.7% purity, Sigma-Aldrich Co. Ltd,
USA) were cleaned with methanol, ethyl alcohol, acetone and
isopropyl alcohol in an ultrasonic bath in sequence prior to
784 | J. Mater. Chem. A, 2013, 1, 783–791
the experiments. Highly ordered TiO2 NTs were prepared by
two-step anodization of the Ti sheet in a two-electrode cell
(detail can be found in Fig. S1 in the ESI†). The rst anodization
was performed at 160 V at 5 �C for 60 min in ethylene glycol
(with 0.18 M NH4F and 1.0% H2O). The second anodization was
performed at 160 V/160 � 5 V at 5 �C for 10 min in the same
solution. The TiO2 NT lms used in following experiments
have a standard inner and outer diameter of about 120 nm and
200 nm, respectively.
2.2 Current treatment and chemical modication of TiO2

NTs

The current treatment was executed by reversing the polarity of
the electrolysis pool with the original electrolyte for the two-step
anodization of TiO2 tubes. The reversed voltage was increased
with a ramping speed of 1 V s�1, and then kept constant at 300 V
for 300 s. Then the TiO2 lm was carefully cleaned in deionized
water in an ultrasonic bath. Chemical treatment with HF was
applied between the two-step anodization and the current
treatment. The TiO2 lm was rstly soaked in a 0.1% HF
aqueous solution for 10 min at room temperature within
airtight bottles and then cleaned with deionized H2O. Digital
pictures of TiO2 NT lms at different stages can be found in
Fig. S2 in the ESI.†
2.3 Fabrication of DSSCs

Aer the chemical and current treatments, the TiO2 NTs were
immersed in 0.5 mM N719 dye (ruthenium 535-bisTBA) solu-
tion in ethanol for 12 h. The tested dye sensitized solar cells
were back-side illuminated, using TiO2 NT lms based on Ti
sheet as photoanodes and Pt covered glass as the counter
electrode (platinum black, prepared by coating FTO glass with a
4 mM H2PtCl6 solution in ethanol and then heating in air at
200 �C for 60 min). The liquid electrolyte was injected into the
cells by a syringe, and consisted of 0.1 M iodine (I2), 0.1 M
lithium iodide (LiI), 0.6 M tetra-butylammonium iodide and
0.5 M 4-tert-butyl pyridine in acetonitrile (CH3CN, 99.9%).
2.4 Characterization of the materials and the solar cells

The surface morphologies of the samples were characterized by
a eld emission scanning electron microscope (FE-SEM, JEOL
JSM). The elemental analysis was performed by energy disper-
sive X-ray (EDX) analysis during the FE-SEM observation. The
detailed structural information of the TiO2 NT materials was
investigated by a transmission electron microscope (TEM, JEM-
2100F, JEOL USA Inc.) and by selected area electron diffraction
(SAED) during the HR-TEM measurements. The microstruc-
tures of the samples were also characterized by X-ray diffraction
(XRD, D/max-2200/PC) with high intensity Cu Ka radiation
(l ¼ 1.5406 Å). The photocurrent density–photovoltage (J–V)
characteristics of the DSSCs with an effective area of 0.1 cm2

were measured under AM 1.5 (100 mW cm�2) illumination
provided by a solar simulator (Oriel Sol 2A) with a Keithley 2400
source meter. Beside the data mentioned in the manuscript, the
whole dataset can be found in Table S1 in the ESI.†
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 XRD pattern of TiO2 NTs: (a) after current annealing at�5 �C; (b) after two
step anodization. A: anatase, R: rutile.
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3 Results and discussion
3.1 Effect of current promoted micro-annealing

Ordered TiO2 tubes were rstly fabricated by two-step anodic
oxidation at a medium voltage (160 V) to produce ordered TiO2

NTs of a suitable size.37–39 To realize the micro-annealing arti-
cially, the most applicable source of heat is direct current
injection. However, direct current ow through the dry sample
with the contact being the top-evaporated electrode led to no
signicant result since TiO2 has a high electrical resistivity at
around room temperature. The liquid electrical contact has
signicantly reduced the conductivity trouble caused by the
TiO2 due to its large contact area with the electrolyte. In this
work, the as-fabricated TiO2 tube arrays were treated with a
voltage of 300 V in the original electrolysis pool for 300 s (plus
300 s ramping period). In order to avoid the side effects caused
by continued anodization and dissolution in this process, the
polarity of the voltage was reversed. The samples were then
morphologically and structurally studied by scanning electron
microscopy (SEM), high resolution transmission electron
microscopy (HR-TEM), selected area electron diffraction (SAED)
and X-ray diffraction (XRD), as shown in Fig. 1 and 2.

Before the current treatment, the NTs have an average length
of �20 mm and diameter of �120 nm, as shown in Fig. 1(a) and
(b). Meanwhile, the HR-TEM and SAED images in Fig. 1(c) and
(d) show that the as-fabricated tubes were amorphous. Aer
current injection at an ambient temperature of �5 �C, as shown
in Fig. 1(c0) and (d0), certain crystalline structures had formed in
the tubes. The characteristic distance of those structures was
a¼ 0.375 nm, which is comparable with the lattice constant a¼
0.378 nm of the anatase structure.26,40,41 Further evidence can be
found in Fig. 2 which shows XRD measurements. The peaks in
the range 24.0–25.5� should belong to the (101) surface of the
anatase phase and structures close to the anatase phase.42 The
diverse shis should be due to different lattice spacings in the
(101) direction (in most cases longer than the standard anatase
phase)43 which were possibly induced by inhomogeneous heat
distribution from the annealing current. The peak at 47.5�
Fig. 1 Morphological and structural studies of TiO2 NTs at different stages: (a)
and (a0) top view of as-prepared TiO2 NTs before and after current treatment,
respectively; the insets give an overview on a larger scale; (b) and (b0) lateral view
of TiO2 NTs before and after current annealing at �5 �C, respectively; (c) and (c0)
HR-TEM images of as-prepared TiO2 NTs before and after current treatment,
respectively; (d) and (d0) SAED of the TiO2 NTs before and after current annealing
at �5 �C, respectively.

This journal is ª The Royal Society of Chemistry 2013
corresponds to the (200) crystal surface of the anatase phase.
The peak at 27.5� is the (110) crystal surface, which belongs to
the rutile phase.41,44 These facts indicate the formation of
certain anatase-like and rutile-like crystalline grains inside the
current treated samples. In the meantime, the macroscopic
temperature increase inside the sample chamber did not exceed
130 �C (the detailed data can be found in Fig. S3 in the ESI†).
Additionally, it can also be seen that some peaks of the standard
anatase or rutile diffraction patterns were missing in the XRD
shown in Fig. 2, which indicates some kind of anisotropic effect
of this crystallization process, though the SAED pattern still
shows a nanocrystalline phase. One possible origin of this
anisotropy might be the anisotropic heat generation by the
current ow under the inuence of the tube morphology.

Due to the involvement of articially applied current and the
localized heat effect in the crystallization process, this
phenomenon was thus named current promoted micro-
annealing (which can be abbreviated to CPMA). Compared to
spontaneous micro-annealing (can be abbreviated to SMA) at a
constant voltage of 210 V over a long time period (3600 s), the
voltage during the tube growth was relatively low (160 V), and
that in the subsequent current treatment was higher (300 V) and
over a much shorter time period (300 s ramping + 300 s
constant).26,29,45 It should also be noted in Fig. 1(a0) that some
kind of sediment was formed at the top surface of the tube
arrays aer the current treatment, which might negatively
inuence the carrier transport and also decrease the effective
absorption of the sensitizers in the tube arrays. This roughness
might have been contributed to by chemical etching by redis-
tributed F� anions and the precipitation of TiF6

2� anions both
owing from the inside of the tubes driven by electrical forces.
3.2 CPMA under different temperatures and its performance
in dye sensitized solar cells

As shown in the previous section, the crystallization of TiO2

inside the initially amorphous TiO2 tubes can occur with a
direct reversed current applied to the TiO2 tube arrays over a
short time period at a low ambient temperature. It is therefore
important to investigate the key factors in this process to enable
the possibility of manipulating it. In the SMA process, the
J. Mater. Chem. A, 2013, 1, 783–791 | 785
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temperature gradient over the TiO2 sheet (from the inside of
the sample chamber to the outer electrolyte) is an important
factor.26 To test its relevance in CPMA, the temperature gradient
could be increased either by lowering the ambient temperature
controlled by the thermal bath or raising the temperature in
the sample chamber using a heat source implanted inside the
chamber. According to the real experimental conditions, the
former method was more applicable. Therefore these experi-
ments with CPMA were generally carried out by varying the
ambient temperature to investigate the temperature effect.

The results are illustrated by the structural study of samples
under different ambient temperatures in Fig. 3. It can be
observed that TiO2 treated at an ambient temperature of 5 �C
was still amorphous-like, as shown in Fig. 3(a) and (b). On the
contrary, when TiO2 tubes were treated at a lower temperature
of �10 �C, the crystallization became more signicant than
at �5 �C, as shown in Fig. 3(a0) and (b0). This result clearly
supported the assertion that a larger temperature gradient can
enhance the whole crystallization process. Moreover, more XRD
peaks appeared at lower ambient temperature as shown in
Fig. 3(c). The peak at about 54.2� (related to the anatase (211)
direction) was enhanced compared to that in Fig. 2.41 This has
further proved the enhancement of the crystallization by a
greater temperature gradient.

Subsequently, the lms consisting of TiO2 tube arrays
fabricated at different temperatures were installed into back-
side illuminated dye sensitized solar cells (with N719 dye as the
sensitizer). As shown in Fig. 3(d), the solar cells containing TiO2

tubes fabricated at �5 �C and �10 �C had efficiencies of 1.34%
and 2.05%, respectively. The TiO2 lm processed at�10 �C with
a higher efficiency had an open circuit voltage (VOC) of 0.52 V, a
short circuit current density (JSC) of 11.24 mA cm�2, and a ll
factor (FF) of 0.36. The higher efficiency at lower treatment
temperature is in a large part due to the better crystallinity of
the TiO2 photoanode. Furthermore, as commonly known in
solar cell measurements, the absolute values of the slopes near
the short circuit current (kSH) the open circuit voltage (kS)
Fig. 3 Analysis of the TiO2 NTs fabricated under different ambient temperatures
and the performances of the cells assembled with them: (a) and (a0) HR-TEM of
TiO2 NTs after current annealing at 5 �C and �10 �C, respectively; (b) and (b0)
SAED of TiO2 NTs after current annealing at 5 �C and �10 �C, respectively; (c) XRD
pattern of the sample after current annealing at �10 �C; (d) J–V characteristics of
the DSSCs made from TiO2 NTs annealed at �5 �C and �10 �C. kSH and kS are the
absolute values of the slopes of the J–V curves near JSC and VOC, respectively.

786 | J. Mater. Chem. A, 2013, 1, 783–791
correspond reciprocally to the shunt and series resistance of
the cell, respectively. From the J–V curves shown in Fig. 3(d) kSH
and kS of the sample annealed at �10 �C were calculated to be
1.28 � 10�2 U�1 cm�2 and 2.80 � 10�2 U�1 cm�2, respectively,
both higher than the corresponding values of 6.29 � 10�3 U�1

cm�2 and 2.48 � 10�2 U�1 cm�2 at �5 �C, which indicated that
both the cell series and shunt resistances were lower at lower
temperature with higher efficiency. The lower series resistance
was apparently due to better carrier conductance in the better
crystallized TiO2 photoanode, which is advantageous for the ll
factor and the real output of the cell. However, the lower shunt
resistance could reduce the ll factor and output of the cell,
which is possibly related to lateral contacts due to roughness of
the tube surface whose conductance was improved by the better
crystallization. Despite the resistance problem, �10 �C still
emerged as the best condition due to the signicant increase in
efficiency and therefore was the basic condition used for the
manipulation experiments. Yet there are still possibilities for
making further improvements by certain chemical or physical
treatments.

3.3 CPMA processed TiO2 tubes under chemical treatment

Previous sections have discussed the current stimulated micro-
annealing effect and its application in DSSCs, as well as some
disadvantages. To resolve the existing problems, some chemical
treatment could be applied, e.g., a certain amount of HF was
helpful to increase the effective area of TiO2 tube arrays due to
the formation of secondary structures, according to previous
work from our and other groups.42,46,47 It was also expected that
a high concentration of F� anions could inuence the
morphological properties at the TiO2 surface. So HF will hope-
fully reduce the problems described in the previous sections
and improve the as-fabricated DSSCs. To assess this, HF of
different concentrations was applied on the TiO2 sample aer
anodization and before the inverse current injection. As an
example, the morphological and structural studies of the
sample treated with 0.1% HF are shown in Fig. 4. First, as
shown in Fig. 4, aer being immersed in HF for 10 min and
before the current injection, the tube surface was etched slightly
Fig. 4 Morphological and structural studies of TiO2 NTs with HF treatment at
different stages: (a) and (a0) top and lateral view of TiO2 NTs after two-step
anodization; (b) and (b0) top and lateral view of TiO2 NTs with 0.1% HF treatment;
(c) and (c0) top and lateral view of TiO2 NTs with 0.1% HF treatment after current
annealing; (d) and (d0) HR-TEM and SAED images of the TiO2 NTs with 0.1% HF
treatment after current annealing.

This journal is ª The Royal Society of Chemistry 2013
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compared to the initial sample. Second, aer the current
injection, the irregular morphological change at the top surface
of the tube arrays shown in Fig. 1(c) disappeared when the
sample was treated by current injection with HF, as illustrated
by Fig. 4(c) and (c0). In the meantime, certain island-shaped
secondary structures developed at the surface of the tubes. The
HR-TEM and SAED images in Fig. 4 show that the microstruc-
ture of the TiO2 with HF treatment remained well organized
compared to that treated by current injection without HF
treatment.

These behaviors were quite similar to those for samples
treated by HF at other concentrations in the experimental range
(0–0.35%). To further investigate the changes under these
different conditions, the performances of these samples needed
to be characterized aer being installed into solar cells. The J–V
curves of the as-fabricated DSSCs are shown in Fig. 5. From 0 to
0.1% HF, the cell efficiency increased with increasing HF
concentration and from 0.1% to 0.35% HF, the cell efficiency
decreased. Apparently, the cell achieved its highest efficiency of
2.74% at 0.1% HF concentration, with VOC ¼ 0.56 V, JSC ¼
15.96 mA cm�2, and FF ¼ 0.34. Compared to the efficiency of
2.05% for the sample without any HF treatment, it was a
signicant improvement. This improvement can be at least
partly attributed to more effective dye absorption due to the
removal of the top surface sediment shown in Fig. 1(a0).

Furthermore, slope measurements of the J–V curves have
exposed more complicated facts behind the change in effi-
ciency. From 0 to 0.1% HF, kS increased from 2.80 � 10�2 U�1

cm�2 to 3.63 � 10�2 U�1 cm�2, while kSH increased from 1.28 �
10�2 U�1 cm�2 to 1.84 � 10�2 U�1 cm�2, which meant both the
series and shunt resistance decreased with increasing HF
concentration. The decrease in the series resistance can be
attributed to the removal of the top covering. Despite that, the
shunt resistance was also reduced, which was negative. From
0.1% to 0.35% HF, kS decreased from 3.63 � 10�2 U�1 cm�2 to
2.08 � 10�2 U�1 cm�2, while the kSH decreased from 1.84 �
10�2 U�1 cm�2 to 2.69 � 10�3 U�1 cm�2. This indicates that
Fig. 5 J–V characteristics of dye-sensitized solar cells (using N719) with TiO2 NTs
treated by HF aqueous solutions of various concentrations, at a constant illumi-
nation of 100 mW cm�2.

This journal is ª The Royal Society of Chemistry 2013
both series and shunt resistance increased with increasing HF
concentration. In this range of conditions, a high concentration
of HF was helpful to increase the shunt resistance, however, the
series resistance was also increased and the efficiency was
lower. Apparently, such effects can both be induced by the
structural destruction by the etching effect of F� anions on the
tubes. Overall, although the samples treated at 0.1% HF had
the highest efficiencies, they didn’t have the highest shunt
resistances, which meant their ll factors and real outputs were
still not optimized. Considering the results in this and previous
sections, it will be necessary to nd a way to improve the cell
efficiency without signicant sacrice of the ll factor, for
example, improving the structural ordering and the morpho-
logical homogeneity.
3.4 CPMA treated TiO2 tube arrays with modulated anodic
voltage and HF

Previous results have demonstrated that DSSCs fabricated with
crystallized TiO2 NT arrays treated by a reversed current show
signicantly efficiencies, and can be improved by chemical
treatment with HF prior to the inverse current injection. It has
also been found that chemical treatment was not enough to
optimize the ll factor due its possible damage of the bulk of
the tubes at high concentrations and the limited increase of the
shunt resistance. Fortunately, it has been discovered in our
previous work that the morphology of the TiO2 NTs can be
adjusted by controlling the mechanical stirring rate or the
rapidly periodically modulated anodic voltage.48 Combining
this nding with the CPMA andHF treatment, it is expected that
better ordered, straight and compact TiO2 NTs with secondary
ne structures will be obtained so that the negative inuence of
the chemical treatment might be reduced and the shunt resis-
tance increased without sacricing the efficiency.

To ensure better identity of this study, all the following
experiments were preliminarily carried out with an HF
concentration of 0.1% based on the result from the previous
section. As demonstrated in Fig. 6(a) and (a0), the as-fabricated
tube arrays with an oscillating voltage (160 � 5 V) were well
Fig. 6 Morphological and structural studies of TiO2 NTs at different stages: (a)
and (a0) lateral and top view of TiO2 NTs with modulated voltage (160 � 5 V); (b)
and (b0) lateral and top view of TiO2 NTs with modulated voltage after 0.1% HF
treatment; (c) and (c0) lateral and top view of TiO2 NTs with modulated voltage
and 0.1% HF treatment after annealing at �10 �C; (d) back view of the TiO2 NTs
and (e) the TEM image of the TiO2 NTs after current annealing with modulated
voltage and HF treatment.
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Fig. 8 J–V characteristics of dye-sensitized solar cells (using N719) with TiO2 NTs
treated by current injection with 0.1% HF and a modulated voltage (160 � 5 V),
and with 0.1% HF treatment without a modulated voltage and with 500 �C
annealing with a modulated voltage, at a constant illumination of 100 mW cm�2.
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ordered and had good surface quality. Aer HF treatment and
before the current injection, the tubes shown in Fig. 6(b) and
(b0) show a similar change to the samples with only HF at this
stage. Finally, as shown in Fig. 6(c) and (c0), the tubes aer
current injection were apparently quite straight and ordered,
containing more signicant and homogeneously distributed
secondary structures at the surface compared to the result with
only HF treatment (shown in Fig. 4). The TEM image in Fig. 6(e)
demonstrates the inner morphology of the TiO2 NTs aer
current annealing, showing that the secondary structures were
also formed at the insides of tube walls.

Furthermore, structural studies by HR-TEM, SAED and XRD
showed good crystallinity of the TiO2 tubes anodized by a
modulated voltage aer HF and current annealing, which can
be observed in Fig. 7. The crystallinity was more ordered so that
even a monocrystalline-like phase could be detected from the
SAED pattern in Fig. 7(a0). Furthermore, as is shown by the XRD
study in Fig. 7(b), the anatase (101) peak at 25.4� and the (211)
peak at 54.2� were signicantly enhanced, which suggested that
the crystallization was improved over a large range of the
sample and not localized in certain areas. Consequently, these
samples showed signicantly improved performances aer
being mounted into back side illuminated DSSCs, as shown by
the J–V characteristics in Fig. 8 in comparison with previous
results obtained by high temperature annealing under similar
conditions. A nal efficiency of 3.51% could be achieved, with
VOC¼ 0.63 V, JSC¼ 13.03 mA cm�2, and FF¼ 0.47. The efficiency
is about 28.10% higher than for the CPMA treated sample with
only HF chemical treatment and 56.0% higher than the sample
annealed at high temperature (500 �C) as normal under a
similar anodization voltage (also shown in Fig. 8). This result
shows that CPMA can achieve quite a signicant efficiency even
when compared to the normal experimental method.

Moreover, the absolute values of the slopes near the open
circuit voltage and short circuit current have shown signicant
improvement to a greater extent than the efficiency, as can be
seen from Fig. 8. For the sample optimized with an oscillating
voltage and 0.1% HF, on the one hand, kS was 3.83 � 10�2 U�1

cm�2, higher than the value of 3.6 � 10�2 U�1 cm�2 for the
sample with only HF, which corresponded to a lower series
Fig. 7 Morphological and structural studies of CPMA treated TiO2 NTs prelimi-
narily anodized by a modulated voltage (160 � 5 V) at �10 �C, with 0.1% HF: (a)
and (a0) HR-TEM and SAED; (b) XRD pattern.

788 | J. Mater. Chem. A, 2013, 1, 783–791
resistance. On the other hand, kSH was 1.07 � 10�3 U�1 cm�2,
much smaller than the value of 1.84 � 10�2 U�1 cm�2 for the
sample only treated by HF, indicating a much increased shunt
resistance. As a result, the ll factor was signicantly increased
over that for the sample with only chemical treatment, and the
efficiency was better. This has proved that a signicant
improvement in both the efficiency and ll factor can be
simultaneously achieved by the combination of simple physical
and chemical manipulations.
3.5 Related discussions on the formation and manipulation
of CPMA

The CPMA using a high reversed current at a low ambient
temperature has been demonstrated in the above sections.
Signicant crystallization can be achieved through this experi-
mental method and can be enhanced by lowering the ambient
temperature. To get better indication of the mechanism of this
process, it can be helpful to consider current annealing which is
normally applied in metallurgy and the previously reported
spontaneous micro-annealing (SMA).26,30–32 In current anneal-
ing, the application of current signicantly encourages crystal-
lization to take place, in comparison with normal isothermal
annealing.30 In the SMA process, the heat comes from both the
current ow and the oxidation reaction,49,50 and the grains form
during the growth of oxide, which enhances the heat localiza-
tion, but somehow limits the further development of the crys-
tallization process.26

Due to the limit of the current advance in mechanistic
investigations so far, some details of these processes are still not
totally understood. However with the current knowledge, a
possible general description of CPMA can be sketched out as
follows: rst, the heat was mainly generated by the strong
current at the oxide layer due to its high electrical resistance,
which offered energy for the atoms to overcome the activation
energy for crystallization. At the same time, compared to
thermal annealing, the current provided a noticeable reduction
This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 EDX spectroscopy of the TiO2 NTs at different stages: (a) after anodization;
(b) after HF treatment; (c) after current annealing.
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in the thermal budget and a decrease of the exponent of crys-
tallization.30 Therefore the temperature which is necessary for
crystallization will be signicantly lower than the normal value
for thermal annealing. Second, due to the low heat conductance
of the TiO2 (3 W m�1 K�1 at �10 �C, 3.5 W m�1 K�1 at RT and
3.75 W m�1 K�1 at 130 �C),34 the Ohmic heat was localized to
some degree so that the temperature at the probed position
(where TiO2 contacted the Ti substrate) remained even lower
(Tmax < 130 �C). Finally, the activated TiO2 became crystallized
and released energy at the low temperature side (where TiO2

contacted the electrolyte), as happened in the SMA process.26 If
the ambient temperature is lower, such a relaxation process is
then enhanced and so is the annealing process.

Moreover, the electronic and heat resistance is higher in
amorphous TiO2 than in anatase or rutile,51 therefore more heat
can be generated in the amorphous part between the crystal
grains, which enhanced the crystallization at these positions.30

In SMA, the crystallization was rapidly terminated when the
nanocrystals moved away from the heat source at the bottom of
the tube due to the tube growth.26 Consequently, crystallization
in CPMA can take place over larger time and space scales than
in SMA, and amuch stronger crystallization effect is induced. By
suitably adjusting the ambient temperature, a nearly mono-
crystalline-like structure could be formed. It was also partly
contributed to by the stronger current ow in CPMA under a
higher voltage of 300 V, compared to the voltage of 210 V during
spontaneous micro-annealing (data can be found in Fig. S4 in
the ESI†). Finally, in SMA, the anodization and crystallization
take place at the same voltage, so the size of the tubes is limited
to a small range. But in CPMA, localized crystallization could
result in the formation of different sizes of tubes, taking a much
shorter treatment time. Therefore current injection is generally
quite an efficient method which can be easily applied not only
to TiO2 treatment, but also to other similar materials.

Nevertheless, compared to the annealing process at a high
ambient temperature (>450 �C) in the oven, CPMA can also
induce some negative effects in the application of TiO2 NTs in
DSSCs, i.e., some morphologically very disordered surface
coverings were formed aer treatment by a high current for a
short time, as shown in Fig. 1. This effect was likely to be related
to the dissolution and re-precipitation of TiO2 near the top
surface of the tube arrays, although the whole sample was
negatively polarized during current annealing. Compared to the
mechanism studies fromprevious works, this effect was possibly
contributed to by the redistribution of F� anions that ow from
the electrolyte that originally lled the tubes to the area near the
top surface driven by the electrical force of the applied
voltage.26,48Fortunately, this negative effect was compensated for
by the addition of HF, which was widely applied for different
purposes in the nanostructure fabrication. As is commonly
known, a typical reaction occurring during TiO2 tube formation
is as below, which can be reversible under some conditions:42

TiO2(s) + 4H+ + 6F� 4 TiF6
2� + 2H2O (1)

During the study of TiO2 NTs, this chemical can be used as a
surface modier to produce secondary structures in order to
This journal is ª The Royal Society of Chemistry 2013
increase the effective surface for DSSCs.42,46,52 In this work, it
was found that HF diminished the very disordered layer on the
top surface aer current annealing, as shown in Fig. 1 and 4.
This might be related to another difference between this
experiment and the normal high temperature annealing: as
shown in the EDX spectra in Fig. 9, F� anions still existed aer
annealing, instead of leaving the reaction system due to high
temperatures of over 450 �C. Therefore, the simplest explana-
tion for this is the inhibition of the re-precipitation of TiO2 at
the top surface of the TiO2 tube arrays under a high F�

concentration during current annealing, according to previous
related work.42

Though the addition of HF can remove the porous layer and
increase the shunt resistance, it can also lead to a negative effect
on the series resistance, as has been shown in previous sections.
According to the previous work,42 such an inuence by HF
treatment is due to structural damage on the tubes due to
chemical etching by F� anions, which decreases the electronic
conductivity of the tube arrays and increase the series resistance
of the solar cell. In this experiment, although the sample was
negatively polarized during the current annealing, the temper-
ature near the sample surface was also increased compared to
normal conditions, which accelerated the chemical etching
process. When the preliminary periodically modulated voltage
was applied, signicantly smoother and better ordered tube
arrays were produced due to the reaction–diffusion processes of
some species (TiO2, TiF6

2�, F�, O2�) under the inuence of the
periodic electric eld.44 As commonly known for corrosion
processes, chemical etching is enhanced when the surface is
more irregular.53 Therefore a plausible consequence is that less
structural damage can be induced by HF treatment at the tube
surfaces, which can lead to signicant improvement for the
performance of as-fabricated DSSCs.42 It is also plausible to
consider that with less structural damage on the tube surfaces, a
more homogeneous current ow can be induced, therefore the
crystallization induced by current annealing can be improved.

Finally, it will naturally be a risk in current annealing to
apply an inverse applied pool potential with copper as the
counter electrode in a two-electrode system due to subsequent
Cu contamination of the TiO2 material by the anodization of
J. Mater. Chem. A, 2013, 1, 783–791 | 789
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Fig. 10 Elemental analysis of the as-fabricated TiO2: (a)–(c) XPS spectra of Ti, O
and Cu; (d) XRF spectrum.
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copper. It has been found by inductively coupled plasma (ICP)
measurements that the concentration of the Cu component in
the electrolyte exhibited a slight increase of 0.75 to 1.95 ppm
aer current treatment. However, no Cu contamination was
detected in the as-fabricated TiO2 sample by elemental analysis
methods such as EDX shown in Fig. 9, X-ray photoemission
spectroscopy (XPS) or X-ray uorescence (XRF) shown in Fig. 10
(with sensitivity at the ppm level). Since the sample surface was
subsequently cleaned by stirred deionized water aer current
treatment and before installation into a solar cell, the possible
dominant inuence of Cu is its doping into the TiO2 bulk
during the current treatment. Considering the results of the
above measurements, the low diffusivity of Cu in the solid,54 the
short treatment time and the relatively low sample temperature,
the possible Cu contamination of TiO2 can be excluded in this
work. Additionally, due to the semiconducting nature of TiO2,
the possible effect of the polarity shi on the absolute value
of the current has also been measured (can be found in Fig. S5
in the ESI†). It was found that the polarity shi had no big
inuence on the absolute value of the current (in fact, the
current with an inverse potential was a bit higher). Therefore
the thermal effect of the current annealing was not negatively
inuenced by the inverse current injection.
4 Conclusion

To summarize this work, the following three points can be
concluded here: (1) by reversed current annealing in a short
period of time, anodic TiO2 nanotube arrays can be effectively
crystallized and show signicant conversion efficiency aer
being assembled into sensitized solar cells; (2) crystallization in
the TiO2 nanotubes can be enhanced resulting in nearly crys-
talline structures by changing the ambient temperature and
thus the efficiencies of as-fabricated solar cells are improved; (3)
chemical and physical treatment by HF and an oscillating
voltage can counteract the negative morphological change
brought about by current annealing and further improve the
crystallization and the cell performance. Generally, this
phenomenon offers an effective method to fabricate a
790 | J. Mater. Chem. A, 2013, 1, 783–791
nanostructured TiO2 substrate without a high temperature
process, therefore it will hopefully expand the application of
this material or similar materials to wider conditions, for
example, on fragile or exible substrates. Finally, studies on the
localization effect of heat might be considerably helpful for the
investigation of structural formation in other electrochemical
and thermochemical reaction systems.
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