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Abstract This work employs a simple anodization to develop
free-standing TiO2 nanotubes with controllable sizes via a
self-detaching technique, and the resulting close-bottom-up
free-standing TiO2 nanotubes are faced Degussa P25 particle
film, precoated on a fluorine-doped SnO2 conductive glass, to
fabricate a TiO2 composite. The resulting composites, whose
sizes can be controlled by modulating the reanodizing time,
were used as the photoanode films and oxidative catalyst to
investigate their corresponding photoelectrochemical proper-
ties. Compared with P25 particle film, these resulting com-
posites reveal the improved photocatalytic and photovoltaic
performance, which results from the effective transfer of
photo-generated charges by these characteristic nanotubular
arrays. The composite, based on the free-standing TiO2 nano-
tubes (~10.88 μm), indicates the highest photovoltaic conver-
sion efficiency (7.64 %) under a standard AM 1.5 solar
simulator and degradation rate (95.20 %) under the UV irra-
diation of 75 min, and these results are probably attributed by
the positive synergistic effect of the transport of photo-
generated charges, the diffusion path of reactants, and the

penetration length of incident light into films in comparison
to other free-standing TiO2 nanotubes. In addition, the higher
photoelectrocatalytic activity is acquired by electrochemically
assisted photocatalytic degradation.
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Introduction

One-dimensional TiO2 nanotubes (TNTs), which are fabricat-
ed by anodizing a Ti substrate, have been significantly
attracted because of their low cost, photochemical stability,
environmental friendliness, and unique nanotubular structure.
These structured properties facilitate photo-generated electron
transport and then reduce charge recombination compared to
conventional TiO2 nanoparticle film. Since Grimes et al. first
reported the growth of TNT arrays on anodized Ti substrates
in electrolytes such as HF [1], the influence factors of TNT
growth, such as electrolyte composition [2], work voltage
[3–5] and current [3], reaction time [4, 6] and temperature
[6, 7], and electrode materials [8], have been widely investi-
gated. Up to date, their corresponding applied investigations
on photocatalysis [4, 9–11], dye-sensitized solar cells
(DSSCs) [12], water splitting [13], sensors and transducers
[2, 14], nanostructure templates and drug release platform
[15], and nanocapacitors [16] have been consequently con-
ducted, and the results showed that these materials exhibited
some amazing properties. However, conventional TNTs
grown on an opaque Ti substrate has already limited their
wider application. For instance, these TNTs, which are used
as the photoanode films, only require a back-illuminated
DSSC and thus result in a less photovoltaic conversion effi-
ciency, the probable reasons are attributed to the incident light
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adsorption and reflection by the photoanode and electrolyte
[17], and the trap-limited diffusion pattern by photo-generated
electron transport [18]. In addition, TiO2 barrier layer between
TNT arrays and a Ti substrate aggravates photo-generated
charge recombination [19, 20] or/and obstructs molecular
diffusion [21–23].

Therefore, several techniques [21–31] have been devel-
oped to fabricate free-standing TNTs (FS-TNTs), and subse-
quently, these FS-TNTs are integrated or attached on any
foreign substrates by adhesion layer of TiO2 particle paste or
sol [17, 20, 32, 33], as these configurations have already
showed the fascinating properties in photovoltaic [17, 18,
31, 33–36] and catalytic [25, 29, 30, 37–39] applications. In
2006, Grimes group [33] fabricated the DSSC based on the
anodizing presputtered Ti layers on a transparent FTO sub-
strate as the photoanode, and then achieved the photovoltaic
conversion efficiency of 2.90 %, but these lower TNTs and
corresponding expensive procedure largely limited its further
investigation. In the meantime, FS-TNTs by stripping TNTs
from a Ti substrate was first reported and used in flow-through
photocatalysis with a very high efficiency [30], the subsequent
techniques ofmechanical delamination [21, 22, 25, 26], chem-
ical dissolution [19, 20, 30, 31, 34, 38], and reactive condi-
tions [6, 27, 40, 41] are performed to remove TNTs from Ti
substrates, and the corresponding investigations evidently
indicate that these resulting FS-TNTs can promote photo-
generated electron transport, facilitate electron collection,
and then improve their photoelectrochemical performance
[19, 30, 38]. Besides, FS-TNTs also display other functional
properties in some applied fields [21].

Recently, the front-illuminated DSSCs with the close-
bottom-up (CBU) FS-TNTs facing TiO2 nanoparticles (CBU
FS-NPs, configuration) exhibit an enhanced photovoltaic
properties than those of the front-illuminated cells based on
the open-top-up (OTU) FS-NPs (OTUFS-NPs, configuration)
[31, 35] and the corresponding back-illuminated cells based
on TNTs on a Ti substrate [19]. The characteristic nanotubular
structures can effectively promote the photo-generated carrier
transport [18, 31, 42, 43] in the photoanode and, thus, improve
their photovoltaic conversion efficiency, and the CBU FS-NP
configuration reveals the improvement in suppression photo-
generated electron/hole recombination compared to a conven-
tional TiO2 nanoparticle film. Nevertheless, few reports com-
prehensively focus on the effect of FS-TNTs with controllable
sizes on their relevant catalytic and photovoltaic properties.

In this work, FS-TNTs with controllable sizes were syn-
thesized according to our previous work [6] and were further
characterized via FE-SEM, FE-TEM with EDX, XRD, XPS.
The as-synthesized FS-TNTs were transferred to a pretreat-
ment FTO substrate by using a thin layer of P25 (anatase and
rutile TiO2) particle paste as the “adhesive,” and the resulting
TiO2 composite was used as the photoanode and a catalysis to
investigate their photovoltaic and catalytic properties,

respectively. The investigations indicate that the length of
TNTs, the transport of reactants, and the penetration length
of incident light into films cooperatively contributed to the
improved photovoltaic and catalytic performance of resulting
FS-P25 composites.

Experimental section

Fabrication of FS-TNTs

Vertically oriented and self-detaching FS-TNTs with con-
trollable sizes were fabricated via three-step anodization
and following by heat treatment [6]. Prior to anodization,
Ti substrates were orderly washed using anhydrous etha-
nol, isopropanol, and distilled water for 10 min in an
ultrasonic bath. The anodizing process at a direct current
of 60 V was conducted in a two-electrode electrochemical
cell containing Ti substrates (0.5 mm, 1 cm×4 cm, 99.7 %)
as the work electrode, Pt wire (99.7 %) as the counter
electrode, and ethylene glycol electrolyte with 0.5 wt.%
NH4F and 3.0 vol.% tri-distilled water. First, cleaned Ti
substrates were anodized for 30 min at room temperature,
and then, the anodized substrates were ultrasonically treat-
ed to remove these as-formed TNT layers. Next, the
pretreated Ti substrates were used as the templates and
implemented the reanodizing reaction with the time of 1,
2, 3, and 4 h, and subsequently, these substrates were put
into the muffle furnace and annealed at 450 °C in air for 2 h
with a temperature ramp of 2 °C/min. Last, the annealed
TNT arrays on a Ti substrate were tri-anodized in the
original electrolyte of 45 °C and then were peeled off from
the as-forming amorphous TiO2 film on this substrate
during this tri-anodizing treatment, and this process lasted
about 15 min, and then, the detached TNTs were
reannealed at 250 and 450 °C for 1 h. Corresponding to
the reanodized time of 1, 2, 3, and 4 h, these detached
TNTs were labeled as FS1-TNTs, FS2-TNTs, FS3-TNTs,
and FS4-TNTs (see Table 1), respectively.

Table 1 These anodizing films with characteristic parameters

Film Reanodizing
time (h)

Temperature
(°C )

Length (μm)

P25 film 0 450 9.50±0.08

FS1-TNTs 1 450 7.10±0.05

FS2-TNTs 2 450 10.88±0.06

FS3-TNTs 3 450 13.93±0.08

FS4-TNTs 4 450 19.58±0.06
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FS-P25 composites

Fluorine-doped SnO2 conductive glasses (thickness of
2.2 mm, NSG, Japan) with a size of 2.0 cm×2.0 cm were
bathed in ultrasonic ethanol, isopropanol, and thrice-distilled
water for 5 min after they were bathed in a detergent solution
for 15 min, and then, these substrates were dried in the oven.
The substrates were pretreated with 40-mM TiCl4 solution at
70 °C and further printed with a P25 particle paste containing
6 g of P25, 16 mL of absolute ethanol, 0.1 mL of acetic acid,
0.6 g of polyethylene glycol (PEG-600, Aldrich), 2 g of
ethocel (Aldrich) via a doctor-blading technique. The prepre-
pared FS-TNTs were transferred on a precoated P25 paste (as
the adhesive between FS-TNTs and substrates) on the sub-
strates (marked FS-P25 composite, see Fig. 1) under a slight
pressure with a slide glass. These resulting TiO2 composites
were annealed from 125 to 450 °C, similar to the method by
Gräztel et al. [44]. When the heat treatment had cooled down
to 120 °C, these composites were taken out and quickly put
into the same TiCl4 solution to keep for 30 min. Subsequently,
they were separately rinsed with thrice-distilled water and
annealed at 450 °C for 30 min. According to FS1-TNTs,
FS2-TNTs, FS3-TNTs, and FS4-TNTs, these composites were
marked as FS1-P25, FS2-P25, FS3-P25, and FS4-P25 (see
Table 1) composite, respectively.

DSSC fabrication

When the above treatment was dropped to 120 °C, the
annealed composites immediately immersed into 30 μM of
N719 (DYESOLD Limited) solution in a mixture of acetoni-
trile and tert-butanol (vol=1:1) for 30 h to 32 h to ensure
complete sensitizer uptake, the redundant dyes over these
composite were washed with the mixture solution and dried
at room temperature under the dark. The sensitized
photoanode composites (active area 0.80 cm×0.80 cm) were
sandwiched with Pt photocathode (1.20 cm×1.80 cm,
Heptachroma, China), which was already pretreated in an
ultrasonic absolute alcohol for 10 min, separated by 60 μm

of surlyn1702 (Solaronix, Switzerland) spacer. The space was
filled with the high-performance electrolyte DHS-E23
(Heptachroma, China). Similar to the front-illuminated
DSSCs, P25 paste was used to fabricate the reference cell
and was further investigated.

Characterization and measurement

FS-TNTs were characterized via FE-SEM (5.0 kV, S4800),
FE-TEM with EDX (CuKa, 200 kV, Tecnai G2 F20), and
XRD (Rigaku D/max 2500v/pc, CuKa). The bond energy of
FS-TNTs and TNT with Ti substrate was measured via XPS
(PHI1600). The thickness of P25 particle films was measured
using a surface morphology instrument (DEKTAK6M,
VEECO). The photocurrent-potential (J-V) measurements of
DSSCs were performed using a Keithley 2400 digital source
meter controlled by a computer and a standard AM 1.5 solar
simulator (300 W, Oriel 91160-1000 SOLAR SIMULATOR
2×2 BEAM), which was calibrated by anOriel reference solar
cell. The monochromatic incident photon-to-electron conver-
sion efficiencies (IPCE) of DSSCs were determined using a
commercial setup (QTest Station 2000 IPCE Measurement
System, CROWNTECH, USA).

Photoelectrocatalytic performance

Photocatalytic (PC) degradation was performed in a home-
made quartz reactor with a water cooling jacket and an arc
xenon lamp (HSX-F300, 300 W, Beijing NBelt Technology
CO., Ltd., China) along with collimated, filtered light (CuSO4

filter, λ=365 nm). The aligned samples were vertically placed
into this reactor containing 100 mL of 10 mg/L methylene
blue (MB) aqueous solution containing 0.1 M NaCl solution
(supporting electrolyte) and fixed a distance of 28.0 cm from
the light source with the irradiating intensity (10.0 mW/cm2)
measured by a spectroradiometer (USR-40; Ushio Inc.,
Japan). Before the degradation, N2 was introduced into the
reactor to keep the MB solution homogenous, and the degra-
dation solution was kept in the dark for 30 min to maintain the

Fig 1 Schematic diagram of
assembling DSSCs based on FS-
TNTs
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MB absorption-desorption equilibrium. The MB concentra-
tion was measured every 15 or 30 min by using a UV-Vis
spectrophotometer (T6, PERSEE, China) at an intensity of
665 nm during the process.

The photoelectrocatalytic (PEC) and electrocatalytic (EC)
degradation were implemented in the same solution using a
three-electrode configuration with a resulting TiO2 composite
as a photoanode, saturated Ag/AgCl as a reference electrode,
and a Pt silk as a counter electrode, and the pH of this solution
was regulated to be 5.0 by 1 M HCl or NaOH solution. A
scanning potentiostat (CH Instruments, model CH 660E) was
used to provide the applied voltage (0.5 V) for PEC and EC
degradation.

Results and discussion

Fabrication of the FS-TNT films

FS-TNTs were fabricated by anodizing a Ti substrate at a
direct current of 60 V [6]. Based on FE-SEM measurements,
FS-TNTs with an open top and a closed bottom are shown in
Fig. 2a–b. With the reanodizing time, their corresponding
length is extended and labeled in Fig. 2c–f, and all samples

executed three time to measure their thicknesses via FE-SEM,
and their measurement errors are listed in Table 1. FS2-TNTs
are also characterized via FE-TEM with EDX, and the inner
diameter and outer diameter of FS2-TNTs are denoted in
Fig. 2g, and Ti, O species were further detected for the sample
in Fig. 2h.

To confirm the crystalline and crystal planes of FS-TNTs,
FS2-TNTs annealed at 250 and 450 °C were characterized via
XRD and FE-TEM with electron diffraction, as shown in
Fig. 3. The curve A and curve B indicate the XRD spectra
of FS2-TNTs annealed at 250 and 450 °C, respectively.
Compared with JCPDS (No. 21-1272), the sample sintered
at 250 °C is almost amorphous except for a weak characteris-
tic peak of (101) plane in the curve A, and the peaks at 450 °C
are indexed to (101), (004), (200), (105), (211), (204), (116),
(200), (215), (214) planes of anatase TiO2 in the curve B. In
Fig. 3b–c, the selected area electron diffraction (SAED) of FS-
TNTs is indexed to the polycrystalline anatase TiO2, which is
consistent with the result of XRD.

To further investigate their chemical states, FS2-TNTs
annealed at 450 °C were measured via XPS measurement,
and the full spectra (a), C1s (b), O1s (c), Ti2p (d) binding
energy are shown in Fig. 4. The C1s (~284.7 eV) peak of
Fig. 4a stems from the measurement correction of standard
C1s (~284.7 eV) and/or the carbonization of the residual
electrolyte. Compared with O1s at ~530.0 eVof the standard
spectra [45], O1s at ~529.7 eVof Fig. 4c slightly deviate the
standard, which is probably caused by chemical configuration,
and further confirms the Ti–O bond at TiO2 [46, 47]. Ti2p3/2 at

Fig. 2 Top (a) and bottom (b) FE-SEM images of the FS2-TNT film, the
insets showmagnified top and bottom images, respectively. Cross-section
FE-SEM images of these resulting composites annealed at 450 °C. FE-
TEM image (g) of FS2-TNTs based on EDX measurement (h)

Fig. 3 a XRD spectra of FS2-TNTs annealed at 250 °C (A) and 450 °C
(B). b FE-TEM image of FS2-TNT film annealed at 450 °C and c selected
reagion for electron diffraction
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~458.7 eV and Ti2p1/2 at ~465.5 eV of Fig. 4d also deviate
from the standard Ti2p3/2 at ~458.0 eV and Ti2p1/2 at
~464.0 eV [45], respectively, which are also attributed to the
chemical configuration [46, 47].

Photovoltaic properties

Based on the previous work [6, 31], FS-P25 CBU configura-
tion displayed the better contact properties between TNTs and
P25 particle film than OTU FS-P25 configuration.
Accordingly, the cell with CBU configuration exhibited better
contact properties, higher photovoltaic efficiency, greater
charge transfer resistance from the interface of FTO/TiO2 to
the electrolyte, and more dye loading than the cell with OTU
configuration [31]. Furthermore, the cell with FS-TNTs facing
the TiO2 particle film also displayed an improvement over the
corresponding back-illuminated DSSC with TNTs on an
opaque Ti substrate [18, 35]. Before the fabrication of DSSC
with a FS-P25 CBU configuration, the cell with FS-TNTs
signifies a larger photovoltaic efficiency (η) in comparison
to P25-based cell in our previous work[6]. Therefore, CBU
configuration in this work was fabricated by combining FS-
TNTs with P25 particle film. Based on FS-TNTs, the front-
illuminated DSSC with an FS-P25 CBU configuration is
fabricated in Fig. 1.

The J-V and IPCE curves of Fig. 5a–b show that shout-
circuit current (Jsc), open-circuit voltage (Voc), fill factor
(FF), η, and IPCE of CBU-based DSSCs are higher than
those of the corresponding P25-based DSSC, and the re-
sults are probably attributed to the significant increase of
electron lifetime and diffusion length for the CBU-based
cells by the unique nanotubular structure [17]. Their spe-
cific photovoltaic parameters of DSSCs are shown in
Table 2. Compared to the photovoltaic properties of P25-
based cell, the CBU-based cells exhibit the powerfully
enhanced photovoltaic performance. With the length of
FS-TNTs from ~7.10 μm to ~10.88 μm, ~13.93 μm and
~19.58 μm, Jsc gradually increases from 15.03 mA/cm2 to
15.64 mA/cm2 and 17.93 mA/cm2 and then decreases to
13.73 mA/cm2. The thicker TNTs first facilitate the photo-
generated electron transport by unique nonotubular and
improve light-harvesting efficiency by more dye loading,
then the further prolongation probably sharply decreases
the intensity of incident light penetration to reduce light-
harvesting and, thus, produces additional length of photo-
generated charge transport to enhance the dark current [48]
and subsequently reduce the value of Jsc [18, 42]. The
corresponding Voc gradually reduces from the peak value
of 759.00 to 704.00 mV with the more length of TNTs,
which may be caused by the augmentative surface area and

Fig. 4 XPS full spectra (a) and C1s (b), O1s (c), Ti2p (d) binding energies of FS2-TNTs annealed at 450 °C
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following additional recombination sites of electron/hole
pairs. The longer TNTs have larger surface areas to adsorb
more dye molecules and then improve incident light har-
vesting to generate more photo-generated electrons. On the
other hand, more length of TNTs with the more dyes
cannot contribute to the light harvest because the thickness
of solid film severely attenuate the light penetration [49],
and inversely weaken the transport mechanism of these
ca r r i e r s by redundan t TNTs and load ing dye .
Furthermore, the diffusion and photo-excitation of dye
molecules are affected by the thickness of film and light
intensity [49], respectively. The above results indicate that
the length of TNTs, adsorbing reactants, and incident light

penetration synergistically determined the photovoltaic
performance and the CBU-based cells, based on FS2-
TNTs, exhibit the optimal photovoltaic efficiency (η=
7.64 %). In addition, the subsequent IPCE characteristic
is also shown in Fig. 5b, and the IPCE values of FS-P25
composites are bigger than those of P25 film. With the
length of FS-TNTs, the IPCE value of FS-P25 composites
with the wavelength (λ) from 400 to 800 nm show the
same trend of η, and the peak value of IPCE is approxi-
mately 69.00 % at λ=550 nm for FS2-P25 composite.

Photoelectrocatalytic properties

PEC and corresponding PC and EC properties of these FS-
P25 composites were evaluated, and their degradation re-
sults and corresponding fitting curves of reaction kinetics
are shown in Figs. 6, 7, and 8. Before the degradation,
these adsorption-desorption processes were performed to
keep the adsorption equilibrium of MB molecules over
composites [50], the adsorption decoloration, PEC and
PC degradation are shown in Figs. 6a and 7a (A, B indi-
cates the decoloration from the adsorption and degradation,
respectively). The slight decoloration occurs in the adsorp-
tion and degradation of blank, and the decoloration of
PEC, PC adsorption is less than 3.00 % in comparison to
their degradation (see Table 3); thus, the adsorption of MB
over composites is neglected in the following degradation.
In Figs. 6b and 7b, PEC and PC degradation rate of MB
gradually increases with the irradiation time, and their data
are listed in Table 3. Compared to P25 film, the activities
of FS-P25 composites are distinctly enhanced, and FS2-
P25 composite displays the highest rates in PEC and PC
degradation, which are probably attributed to the optimal
thickness and their structured features [51, 52]. With the
increase of TNT length, the longer TNTs can load more
MB molecules to improve light harvesting and, mean-
while, extend the diffusion length of photo-generated
charges, and the opposite trend is also brought because
the incident light intensity penetrates into the extending
film. With the extension over one certain value, the ex-
tending TNTs probably provide more recombination sites
of photo-generated electron/hole pairs by weakening light

Fig. 5 J-V (a) and IPCE (b) curves of the front-illuminated DSSCs based
on the CBU FS-P25 configuration and P25 film.

Table 2 The photovoltaic
properties of FS-TNT-based
DSSCs

Photoanode Loading N719
(10−8mol/cm-2)

Jsc (mA/cm2) Vo (mV) FF η (%)

P25 film 15.85±1.10 10.88±0.12 735.00±13 0.60±0.03 4.78±0.23

FS1-P25 22.45±1.62 15.03±0.10 689.00±10 0.59±0.01 6.12±0.13

FS2-P25 25.47±1.56 15.64±0.15 759.00±15 0.64±0.02 7.64±0.24

FS3-P25 29.05±1.52 17.93±0.09 705.00±12 0.56±0.02 7.06±0.20

FS4-P25 31.25±1.58 13.73±0.12 704.00±12 0.52±0.03 5.00±0.22
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intensity and reactant diffusion [49], and thus, less carriers
participate in the degradation to decrease the reactive rate
[51, 53]. In addition, the nanotubular features effectively
accelerate the photo-generated charges transport and re-
duce the gain boundary to improve their rates in compar-
ison to P25 film.

To determine the kinetics of catalytic reaction, the linear-
relationship fitting curves of the degradation versus the corre-
sponding irradiation time are shown in Figs. 6c and 7c. The
dye degradation rate can be depicted by the Langmuir-
Hinshelwood mechanism as follows:

Fig. 6 a The adsorption-desorption equilibrium and PEC process of
these composites and reference P25 film. Blank A and B indicate the
adsorption-desorption equilibrium and PEC process, respectively. b–c
PEC properties of these composites, reference P25 film, blank and the
corresponding pseudo-first-order PEC kinetics

Fig. 7 a The adsorption-desorption equilibrium and PC process of these
composites and reference P25 film. Blank A and B indicate the
adsorption-desorption and PC process, respectively. b–c PC properties
of these composites, P25 film, blank and the corresponding pseudo-first-
order PC kinetics
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r ¼ dC=dt ¼ kKC= 1þ KCð Þ ð1Þ

where r represents the initial rate of photo-oxidation, C is the
concentration at t, k′ is the reaction rate constant, and K is the
dye adsorption coefficient on the catalyst. If the dye concen-
tration is low enough, the pseudo-first-order reaction condi-
tions can apply, and KC is very small compared with 1 in the
denominator of Eq. 1. Thus, Eq. 1 can be simplified as follows

lnC=C0 ¼ kKC ¼ kt ð2Þ

where k=k′K is the pseudo-first-order reaction constant andC0

is the initial dye concentration. Based on the degradation of
FS-P25 composites and P25 film, the reactions are fitted into
the pseudo-first-order reaction to decolorize MB solution
under the irradiation, as shown in Figs. 6c and 7c.
Accordingly, these rate constants of FS-P25 composites are
clearly larger than those of P25 film (see Table 3), which
indicates that FS-P25 composites reveal the higher activities,
and their matching rate constants are listed in Table 3. The
highest PEC and PC constants are accomplished by FS2-P25
composite in the degradation. Besides, PEC, PC, and EC
activities of FS2-P25 composite with the irradiation time of
75 min are also implemented to investigate the coupling effect
of PC and EC degradation in Fig. 8, and their corresponding
data of degradation and first-order reaction fitting are listed in
Table 4. The result indicates that PEC degradation rate is
higher than PC, EC degradation, which is described to inten-
sify photo-generated charge separation by external applied
voltage when these composites are excited under UV
irradiation.

Compared with P25 film, FS-P25 composites exhibit the
improved catalytic properties, and the highest photovoltaic
efficiency and degradation rate are further achieved by FS2-
P25 film based on FS2-TNTs. With the first increase of TNT
length, the longer TNTs adsorb more MB molecules to im-
prove light harvesting, and the positive diffusion of reactants
also distinctly accelerates the photo-generated carrier transport
on TNTs; these results cooperatively enhance the photovoltaic
efficiency and degradation rate. With the further extension
over the given length, however, redundant TNTs providemore
photo-generated charges recombining sites and less dyes load-
ing than the former by the attenuation of reactant diffusion,
and also leads to weaken the penetration of incident light into
TNTs. As a result, the length of TNTs, diffusion path of
reactants, and light penetration are collectively contributed
to the photovoltaic and catalytic properties. In addition, PEC
degradation is caused by the coupling mechanism of the PC
and EC operation.

Fig. 8 a PEC, PC, EC activities of FS2-P25 composite and blank (PEC)
with the irradiation time from −30 to 75 min. b Their corresponding
pseudo-first-order kinetics

Table 3 PEC, PC, adsorption docoloration of the resulting composites and reference P25 film

Catalysis PC
adsorption

PC
degradation

k of PC
(min−1)

PEC
adsorption

PEC
degradation

k of PEC
(min−1)

Blank 0.39 % 1.99 % 1.32694 E-4 0.91 % 1.01 % 1.34857 E-4

P25 film 1.59 % 48.28 % 0.00388 1.58 % 56.69 % 0.01089

FS1-P25 1.86 % 67.37 % 0.00928 1.84 % 75.05 % 0.01827

FS2-P25 2.29 % 94.73 % 0.02429 2.32 % 95.20 % 0.04022

FS3-P25 2.66 % 79.04 % 0.01286 2.68 % 86.58 % 0.02634

FS4-P25 2.99 % 74.43 % 0.01127 2.96 % 83.68 % 0.02388
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Conclusion

FS-TNTs with controllable sizes are synthesized via three-step
anodization, and their structural features, crystal phase, and
chemical constitution are further characterized, and FS-P25
composites and the corresponding DSSCs are also fabricated
based on the above FS-TNTs. The photovoltaic measurement
and PEC, PC, EC degradation draw conclusions: (1) FS-TNT
sample with the length of tubes 10.88 micros is characterized
with the highest photovoltaic efficiency 7.64%, comparing with
value 4.78 for P25 film. (2) The composite, based on FS-TNT
sample with the value 10.88, displays the improved PEC and
PC activities by the degradation ofMB solution, and the highest
rate is 95.20 % for PEC degradation and 94.73 % for PC
degradation over this composite. (3) With the increase of TNT
length, the catalytic degradation and photovoltaic efficiencies
first increase and then decrease, the probable reasons are attrib-
uted to the synergistic effect of the length of TNTs, the reactant
diffusion and the penetration length of incident light into films.
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