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A chemical-free, environmentally friendly and harmless water immersion method is developed to
delaminate anode oxidation titania nanotube (TNT) arrays from Ti foils to obtain a free-standing
TNT membrane. The as-synthesized TNT membrane with tunable thickness which is controlled by
anodization time are used in low-temperature dye-sensitized solar cells (DSSCs) as a second layer to
improve the DSSC efficiency. Compared with the common titania nanoparticle electrode, a water-
delaminated TNT membrane electrode of 16 um in thickness can significantly enhance the DSSCs
photovoltaic performance with a short-circuit current density from 3.87 to 7.63 mA cm > and a fill
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factor from 0.637 to 0.708, which combinatorially lead to a remarkable increment of photo
conversion efficiency from 1.70% to 3.68%. The results show that, owing to its vertically aligned
ordered nanotube structure, the TNT arrays exhibit trifunctional behavior when used as an electrode,
which are charge generation, light scattering and I3~ diffusion improvement.

1. Introduction

Since the first report by O’Regan and Gritzel in 1991, high-
efficiency dye-sensitized solar cells have drawn much attention as
potential replacements of silicon solar cells.! One of the key
point of the Gritzel cell is the use of high-surface-area titania
nanoparticles as the photoanode. However during the research
on improving the DSSC performance, the nanoparticle electrode
is believed to limit the cell efficiencies mainly owing to two key
problems, i.e. their poor absorption of long-range wavelength
light and the presence of many electron—hole recombination
centers. Therefore, considerable efforts have been devoted to
fabricate more efficient nano-structured titiania photoanodes,
such as ordered meso-structured titania,” 1D nanostructured
titania (nanowire, nanotube, nanorod),>® and 3D sphelres.7
Among these nanostructures, the 1D nanostructure has shown
the greatest potential for producing a direct electron-transport-
ing path and consequently reducing the electron—hole recombi-
nation probability. A member of 1D titania nanostructures, the
titania nanotube (TNT) array, has become the focus of research
because of its highly-ordered structure and convenient and
controllable synthesis, e.g. the anode oxidation method.*® In
recent years, the TNT arrays have been demonstrated to
effectively solve the above-mentioned two problems of nano-
particle photoanode-based DSSC.’
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1 Electronic supplementary information (ESI) available: SEM images
and XRD patterns of TNT arrays. See DOI: 10.1039/c2ra00731b/

Generally, the TNT used in DSSC employs a back-side
illumination mode which is not optimal for DSSC.'*!' Because
the incident light has to go through the Pt counter electrode and
the electrolyte before reaching dyes, there is much light loss in
the back-side illumination mode. In contrast, the front-side
illumination mode allows the incident light to directly reach dyes
on the titania electrode, and therefore could make the best use of
incident light. In order to employ a front-side illumination mode,
two main methods can be used to fabricate the TNT electrode,
the sputtering method and the chemical delamination method.
By the sputtering method, the Ti metal is firstly sputtered on a
transparent conducting oxide (TCO), and then anodized directly
into TNTs on the TCO. It is found that the sputtering method is
high cost, material consuming and difficult to obtain both high-
quality Ti and high aspect-ratio TNTs.'>'* By the chemical
delamination method, the TNTs are delaminated from the Ti foil
substrate mainly by using some highly corrosive chemicals
such as HCL' Br,,"> H,0,'° erc. 1t is obvious that chemical
delamination method is dangerous, material consuming and not
well-suited for wide application. Recently, Wang et al. applied a
methanol immersion method to delaminate TNT arrays.!”
However, methanol is highly toxic and only membranes thicker
than 100 um were obtained by this method, which is not suitable
for DSSCs. Therefore, it is of great importance for DSSCs to
find a harmless and convenient way to fabricate a thin free-
standing TNT membranes. Here, we developed a convenient,
low-cost and harmless way to obtain a free-standing TNT arrays
just by using a water immersion process. This process can
produce free-standing TNT arrays as thin as 16 pm.

Low temperature fabrication of DSSCs on flexible substrates
has attracted much attention in recent years due to its low cost
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and more extensive applications.'® Studies on low-temperature
DSSCs mainly focus on improving charge transportation and
collection by enhancing nanoparticle necking and reducing
organic residues by techniques such as chemical sintering,'® high
pressure processing?’ 2! and UV illumination®® efe. Improving
charge generation from light harvesting and light scattering
seems to be being ignored which is another important factor that
affects DSSC efficiency. In high-temperature DSSCs, a nano-
crystal/scattering TiO, particle bilayer structure is usually used
to improve the DSSCs light harvesting ability by the sequential
casting of TiO, paste with an organic binder on glass
substrate.>>* Furthermore, it would be better if the scattering
TiO, particles showed the ability of both charge generation and
light scattering.>> However, the bilayer structure of scattering
TiO, particles in high-temperature DSSCs is not applicable to
low-temperature DSSCs because of the organic binder residues
in the scattering layer. We believe that the free-standing TNT
array film is suitable for the bilayer structure of low-temperature
DSSCs because of the TNT film’s prominent properties of being
binder-free, having a direct electron transportation pathway and
an ordered porous structure. Here, we report of using the free-
standing TNT array membrane as a second layer in the low-
tempature fabrication of DSSCs. The present application of
TNTs gives three impressive positive effects to the DSSCs: (1)
generating charges; (2) scattering light to absorb more long-
wavelength light; (3) enhancing I3~ diffusion in the electrolyte.

2. Experimental section
2.1 Preparation of TNT arrays

Vertically aligned and highly-ordered TNT arrays were grown at
20 °C by an anodic oxidation of Ti foil at 60 V in an electrolyte
of 0.25 wt% NH4F and 2 vol% H,O containing ethylene glycol.
The Ti foil was pressed into an O-ring in a configured polyflon
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cell. Ti foil and Pt foil served as the anode and the cathode,
respectively. The distance between the Ti foil and the Pt foil was
set to be 3 cm. After anodization, the Ti foil was washed with
deionized water several times, and then ultrasonificated for 70 s
to remove the covered disordered porous layer. The free-
standing TNT array membrane was obtained by immersing the
anodizated Ti foil in deionized water overnight, and then dried
slowly in air at room temperature. The as-prepared free-standing
TNT array membrane was then sandwiched between two quartz
glass slides followed by annealing at 450 °C for 30 min in air.

2.2 Preparation of NP-TiO, paste

TiO; nanocrystalline particles in the form of a viscous paste were
prepared by the chemical sintering method as described in the
literature.'® Typically, 74 ml titanium(1v) isopropoxide (Aldrich,
99.9%) in 20 ml of 2-propanol was slowly dripped into a mixture
of 160 ml acetic acid and 500 ml deionized water at 0 °C under
stirring. The resulting solution was heated to 80 °C and kept at
constant temperature of 80 °C for 8 h. Then, it was transferred to
a Teflon lined autoclave for a 12-hour hydrothermal process at
240 °C. The prepared titania colloid was concentrated at 40 °C in
a rotary evaporator to a TiO, concentration of 15 wt%. The NP-
TiO, viscous paste was prepared by adding 0.1 g of 10 M
ammonia solution into 5 g 15 wt% TiO, colloid.

2.3 Solar cell fabrication

A layer of NP-TiO, was doctor-bladed onto the FTO. After that,
the annealed TNT array membrane was adhered immediately onto
the NP-TiO, viscous paste. The electrodes were then heated for 4 h
at 180 °C, and then immersed in a 0.3 mM N719 (Solaronix) dye
solution (solvent mixture of acetonitrile and zerz-butyl alcohol in
volume ratio of 1 : 1) for 12 h. The N719-sensitized electrode was
further covered with a sputtered-Pt FTO glass, separated by a
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Scheme 1 Scheme for incorporating TNT arrays in the low-temperature fabrication of DSSCs.
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Parafilm spacer. The electrolyte (0.5 M Lil, 0.05 M I,, and 0.5 M
tert-butylpyridine in acetonitrile) was injected to the electrode. The
fabrication process is illustrated in Scheme 1.

2.4 Characterization

The morphology and the structures of the TNT array membrane
were characterized by scanning electron microscopy (SEM; JSM-
6700F, Japan) and X-ray diffractometry (D/max 2550V, Rigaku
Tokyo, Japan). Photovoltaic measurements were performed
using an AM 1.5 solar simulator (100 mW c¢cm 2, model YSS-
80a, Yamashita). The photocurrent—photovoltage relationship
was recorded with an electrochemical workstation (CHI 660C,
CH Instrucments). The incident photon-to-current conversion
efficiency (IPCE) was recorded with a specially designed IPCE
system (CEP-1500, Bunkon-Keiki., Japan). Electrochemical
impedance spectra (EIS) were observed under the bias of the
DSSC open-circuit voltage (V,.). The frequency was tunable
from 0.1 Hz to 100 kHz. The dye desorbing was conducted with
0.1 M NaOH solution and the dye concentration was measured
using a UV-vis spectrometer (Perkin Elmer, Lambda 950).

3. Results and discussion

For DSSCs, high-aspect-ratio TNT arrays are desired. However,
during the preparation of high-aspect-ratio TNT arrays, the
freshly prepared TNTs are generally covered with a disordered
porous layer (Fig. 1a). By virtue of ultrasonication in deionized
water, this disordered porous layer on the TNT film could be
completely removed without damage to the sublayer ordered
TNTs. After ultrasonication for 30 s, the disordered uplayer had
partly been removed. The disordered uperlayer could be
removed completely by 70 s of ultrasonication. However, the
TNT membrane would crash and detach from the Ti foil after
ultrasonication for a longer time.

After getting rid of the upper disordered layer, the TNT/Ti foil
was immersed in deionized water overnight and then dried slowly

200 nm:
==

Fig. 1 Surface SEM images of the prepared titania nanotube after
different time of ultrasonication. (a) Fresh prepared without ultrasonica-
tion, (b) ultrasonication for 30 s, (c) ultrasonication for 70 s.

10 pm
—

200 nm

Fig. 2 Digital and SEM images of the as-synthesized TNT membrane.
(a) Digital image of a free-standing TNT membrane. (b), (c), and (d) are
the top, bottom, and cross-section SEM images of the TNTs respectively.

in air at room temperature to get a free-standing TNT array
membrane. Fig. 2a shows a free-standing TNT array detached
from the Ti foil. The diameter of the round membrane is 18 mm
and the thickness is 35 pm. Fig. 2b, ¢ and d show the top, bottom
and cross-section images of the TNT film, respectively. By analysis
of 50 nanotubes, the average inner diameter and wall thickness are
about 115 nm and 10.6 nm, respectively. The aspect-ratio of the
nanotube is as high as 257. Each nanotube is adjacent to 6 other
ones and there are interspaces between adjacent nanotubes. The
corresponding bottom image is shown in Fig. 2¢. The bottom of
the nanotubes is closed and there are also interspaces between
adjacent nanotubes. This shows that the interspaces penetrate
across the entire membrane. The detachment of the nanotube array
membrane should be related to the interspaces. Although the TNT
film was washed several times with water, there should be F~ left in
the nanotubes and the interspaces. The F~ residue could diffuse to
slowly etch the thin “barrier layer” which formed between the
TNT array membrane and the Ti foil during anodization, and
finally leading to the detachment of the TNT membrane from the
Ti foil.'” A phenomenon of the slow process is that when just a few
hours of water immersion is applied, some of the membrane was
still well attached to the Ti foil, and on drying, the film can not be
detached completely. When no water immersion is introduced just
leaving the TNT/Ti in the air, after drying, the TNTs are firmly
attached on the Ti substrate. Furthermore, control of the
evaporation rate is also very important for complete delamination,
because fast evaporation induces strong residual stress in the Ti foil
and causing cracking of the TNT membrane. When we tried other
solvents such as ethanol and acetone instead of water, the
detaching process was so quick that the film was easily curled
and cracked. The detailed detachment mechanism needs further
investigation.

The length of the TNTs can be easily tuned by controlling the
anodization time. When the reaction times were 1, 1.5, 2, 3, 12 h,
the length of the nanotube were about 10.5, 16, 22, 35, 120 pm,
respectively. The results are shown in Fig. 3. The length of the
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Fig. 3 SEM images of the cross-section of the samples prepared with
different anodization time. (a) 1 h, (b) 1.5 h, (c) 2 h, (d) 12 h.

nanotube increased with the reaction time at an average speed of
about 10 pm h™'. In other words, the aspect-ratio of the
nanotubes can be facially controlled over a large range by
changing the anodization time.

It is worth noting that the water immersion process is very
simple, safe, materials saving and totally free of any chemicals.
After detachment of the first layer by water, the Ti film could be
directly used for a second anodization to fabricate anodized titania
nanotube array (Fig. S1, ESIT). By this method, a free-standing
TNT membrane as thin as 16 um can be prepared. Thicker
membranes are easier to detach from the Ti foil completely.

The as-synthesized TNT array was amorphous and could be
crystallized into the anatase phase by calcination, as revealed by
XRD patterns in Fig. S2F. Calcination for 30 min at 450 °C did
not change the nanotube structure, while at 500 °C, the nanotube
structure was destroyed (Fig. S31). The crystallized free-standing
TNT membrane and a chemical sintering low-temperature
nanoparticle paste were used to fabricate low-temperature
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Fig. 4 Photocurrent-voltage characteristics of the photoanodes. (a)
NP-TNT-16, (b) NP-TNT-28, (c) NP.

Table 1 The photovoltaic performances of the dye-sensitized solar cells
with electrode of NP, NP-TNT-16 and NP-TNT-28

Jso! Adsorbed dye/

Anode VoV mAcm ? FF n (%)  umol cm 2
NP 0.690  3.87 0.637  1.70 0.226
NP-TNT-16  0.680  7.63 0.708  3.68 0.479
NP-TNT-28  0.685  5.52 0722 2.73 0.663

DSSCs. Three electrodes, 10 pm thick NP-TiO,, and two 10 pm
thick NP-TiO, overlain with 16 pm and 28 um thick TNT
(denoted as NP, NP-TNT-16 and NP-TNT-28, respectively) were
prepared. The /-7 measurements of the DSSCs were carried out
under simulated AM 1.5 light. The measured -V curves are
shown in Fig. 4. The photovoltaic performances of the three
electrodes were summarized in Table 1. The dye absorption results
were also shown in Table 1. Without adding TNT arrays, the NP
exhibited an open circuit voltage (¥,.) of 0.69 V, a short circuit
current density (Jy.) of 3.87 mA cm 2, a fill factor (FF) of 0.63 and
conversion efficiency () of 1.7%. When a 16 pm TNT array
membrane was introduced, the electrode NP-TNT-16, the
conversion efficiency is enhanced to 3.68%, a more than 100%
increase. The NP and NP-TNT-16 electrodes have very approx-
imate V. values; however the Jy. and FF values are all remarkably
enhanced. It is well known that the amount of dye absorption
could influence the light harvesting efficiency and consequent
charge generation. As to the NP-TNT-16, the higher dye
absorption induced by TNTs is expected to generate more charges
which would enhance the J. value. Moreover, it is believed that
the improvement in FF should be highly related to the highly
ordered TNTs which reduces the series resistance by providing
direct pathways for electrolyte diffusion and better contact
between the electrolyte and the titania.?® Compared to the NP-
TNT-16 sample, the NP-TNT-28 electrode showed a smaller Jg.
value, although it had a higher dye loading (almost same V. and
FF values), probably because the NP-TNT-28 electrode is so thick
that it enhances electron—hole recombination centers that conse-
quently affect the J,. value in a negative way. It should be noted
that just using the chemical sintered nanoparticle paste to make a
NP electrode with thickness comparable to the NP-TNT-16
electrode so that it takes more dye and absorbs more light is not
applicable because the NP paste is binder free, leading to the
electrode film cracking during the heating process.

Fig. 5 displays the IPCE curves and integrated photocurrents
of these DSSCs. The IPCE shows the external quantum
efficiency of the solar cell which is determined by light
harvesting, electron injection, and electron collection efficiency.
The IPCE of the NP-TNT-16 based cell is the highest compared
to the other two electrodes, which is in good agreement with the
highest measured Jy.. The three photoanodes NP, NP-TNT-16,
NP-TNT-28 have IPCE peaks at 550 nm of 19.25%, 57.28% and
40.67%, respectively. The results also show that the TNTs
improve the IPCE of the NP photoanode. However when longer,
28 um, TNTs are used, the IPCE is reduced which directly
indicates that too thick a film would produce more recombina-
tion centers which decrease the electron collection efficiency. The
theoretical J. for these cells were calculated by convolution of
the IPCE spectra with photo flux density distribution for 1 sun
with the following equation.?” 23
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Fig. 5 Measured IPCE curves of the three electrodes (a) and integrated
photocurrent to wavelength curves (b).

Je= JqF(/l)IPCE(A)dA (1)

Where ¢ is the electron charge and F(A) is the incident photon
flux density (AM 1.5, ASTM G173) at wavelength 1. Here, the
incident light loss factor is ignored. The calculated results are
shown in Fig. 5b. We divided the calculated Jy into two parts, one
is wavelength greater than 600 nm (J. = 600 nm) and the other is
wavelength lower than 600 nm (J;. < 600 nm). From Fig. 5b, we
can calculate that the J,. > 600 nm contribution is 0.484, 1.797,
1.322 mA cm 2 for the NP, NP-TNT-16, NP-TNT-28 photo-
anodes respectively, which accounts for 19.87%, 23.99%, 24.53%
to the calculated J,. The differences between calculated and
experimental J;. are probably due to the omission of incident light
loss factor r(1).?® So, it could be concluded that the contribution
of long wavelength light to the conversion efficiency is increased
when TNT arrays are incorporated in the DSSCs. The improve-
ment of the long wavelength light adsorption by the electrode
implies a light scattering effect of the TNTs in the DSSCs as the
scattering efficiency is higher in the long wavelength region.”* The
Jsc = 600 nm contribution to the total Jy. of electrode NP-TNT-
28 is larger than that for NP-TNT-16, which implies that the
scattering effects of 28 um TNTs are better than those of 16 um
TNTs. However, the J,. of NP-TNT-16 is larger than that of NP-
TNT-28 which shows that charge generation of the 16 um TNTs
should account for the improvement in Jy.. This further confirms
that the charge generation effect of the TNT membrane and the
scattering of the 28 um TNTs is caused by the film thickness that
induces charge recombination.

Electrochemical impedance spectroscopy (EIS) is a powerful
characterization technique to investigate electronic and ionic
processes in DSSCs. In order to confirm the effect of TNT arrays
on the conversion efficiency improvement, EIS measurement was
conducted on the NP and NP-TNT-16 electrodes. The results
were shown in Fig. 6. The electronic processes in the DSSCs are
described well elsewhere as shown in the inset of Fig. 6a.° The
first semicircle was assigned to electron transport and back
reaction at the TiO,/electrolyte interface, and the second
semicircle was assigned to diffusion of I3~ ions in the electrode.
It can be seen that the equivalent circuit consisting of a series
resistance (R1), a Warburg impedance arise from electron
diffusion (W1) in the TiO, films, a charge transfer resistance
(R2) represents the interfacial charge recombination between the
electrons in the semiconductor and electron acceptor (I3~ ions)
in the electrolyte, and a constant phase element (CPE) con-
nected in parallel with the (W1R2) element. Besides, a Nernst
impedance originating from the mass transport of the electrolyte
should be added to the circuit to form the R1(W1R2)CPE)W2
network. By fitting the impedance spectra with the equivalent
circuit, the detailed impedance parameters for charge recombi-
nation (R2) and electrolyte diffusion (W2) were evaluated. The

100
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(8) A
80 4 A NP \
v NP-TNT-16 /7
_ 604 | —Fit CPRE
£
=
L 40 .
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N \ 4
20 4
o frrv—or—r—r—p-—-r-——rr—rr—r———r
30 60 90 120 150 180 210 240
Z'(ohm)
-50
1 (b) ——NP
404 —4— NP-TNT-16
’g’? 4
_ 304
o
(O] |
e}
o 21
[72]
8 )
o -104
0 vy — - S —|
10 10" 10° 10" 10° 10° 10* 10°

Frequency (HZ)

Fig. 6 EIS of DSSCs with the NP and NP-TNT-16 electrodes. (a)
Nyquist diagram, (b) Bode diagram. The inset in (a) shows an equivalent
circuit of the device.
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R2 value for the cell with NP-TNT-16 is 175 Q cm?, which is
about 2 times larger than that of the NP cell (67.8 Q cm?). The
larger charge recombination resistance for the NP-TNT-16 cell
suggests that it can effectively suppress the electrons from
recombining on the semiconductor—electrolyte interface, result-
ing favorably in a higher charge collection efficiency and
photocurrent density, which is in good agreement with the
photocurrent-voltage characteristics and IPCE curves (shown in
Fig. 4 and Fig. 5). However, the V. of NP-TNT-16 shows no
increase in comparison with that of NP. This phenomenon is also
frequently observed in many previous titania nanotube based
DSSC works.**! It is most likely related to the existence of a
sub band gap in the anodic oxide titania nanotube,*? which
downshift the titania Fermi level and lead to the reduction of the
Voo By virtue of effective suppression of charge recombination,
the characteristic frequency related to charge transfer shifted
toward a lower value, as shown in Fig. 6b, suggest that the cell
with the NP-TNT-16 electrode exhibits a much longer electron
lifetime, according to the equation:*

Te = 1/2 tfmia (@)

where 7. is the electron lifetime and f;,;q is the middle frequency.

Besides, the coefficient of electrolyte diffusion for the two cells
was also investigated. By describing W2 as a Nernst diffusion
impedance Zy, one can able to obtain:?’

N= .Loa tanh (itgw)” (3)
(itam)

RT

0= A FCAVD ®

Where w is the angular frequency, 14 and Z, are the diffusion
time constant and Warburg parameter, respectively. R is the molar
gas constant, T the temperature, F the Faraday constant, 4 the
electrode area, D the diffusion coefficient of I5 ™, and d the diffusion
length. Cy is the concentration of I3~ which is 0.05 M in our case. A
modified Nernst diffusion impedance with o deviating from 0.5 is
used to fit the diffusion of I~ By fitting Z, and 74, we obtained the
diffusion coefficient of the NP and NP-TNT-16 as 1.57 x 10~ and
7.04 x 10™°, respectively. The diffusion coefficient of the NP-TNT-
16 is larger than the NP electrode and comparable to the high-
temperature sintered titania nanoparticles electrode reported in
literature.™ The higher coefficient for electrolyte diffusion can
reduce the internal resistance of the cell, leading to a higher FF
which is consistent with the experimental results.

Conclusions

A water immersion process was developed to produce a free-
standing titania nanotube array membrane. The process was
harmless, material saving and free of chemicals. The free-standing
membrane was used in low-temperature dye-sensitized solar cells.
By introducing a 16 pm-thick TNT array into the NP low-
temperature DSSC, the conversion efficiency is improved from
1.70% to 3.68%. The TNT membrane shows trifunctional behavior,
namely: scattering light, generating charge and improving I3~
diffusion, which combined contribute to the improvement of

photovoltaic performance. It is reckoned that the bilayer nano-
particle/TNT structure in this study will shed new light on the
development of high-performance low-temperature DSSCs.
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