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Abstract: In this paper, free-standing TiO, nanotube membranes are
transferred onto ITO/PET substrates using binder-free TiO, pastes.
Followed by laser sintering, the electrical contacts between the TiO,
nanotube membrane, nanoparticles and substrate can be efficiently
promoted, which prevents from damaging to the plastic conductive
substrate. The efficiency of 4.65% is achieved without traditional high
temperature sintering and mechanical compression, which shows great
potential application in TiO, nanotube based flexible dye-sensitized solar
cells (DSSCs).
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1. Introduction

With the development of science and technology, there is a growing need for energy
consumption worldwide. To date, fossil fuels offer majority energy in the planet and have
been excessively exploited [1]. In order to realize sustainable development while maintaining
the environment from pollution, recycling and renewable energy have attracted much
attention in recent studies [2, 3]. Dye sensitized solar cell (DSSC) is one of the underlying
alternative owing to its good solar energy conversion efficiency with convenient fabrication
processes [4—7]. In addition, flexible DSSCs have been widely researched since their unique
properties such as portability, light weight and flexibility [8, 9]. Flexible DSSCs are usually
fabricated on the limber materials. Contrary to traditional solar cells which require high
temperature sintering to enhance the charge collection efficiency of the photoanode, flexible
DSSCs can only be sintered in a relatively low temperature due to the restriction of limber
materials [10-12]. Although a variety of methods have been employed toward the
enhancement of energy conversion efficiency in DSSCs [13—-18], some critical techniques
such as poor heat resistance and fatigue of the flexible substrate remain for further
improvement [19].
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O'Regan and Gritzel first reported the DSSCs with disordered TiO, anatase nanoparticle
films on transparent conducting oxide glass as photoanodes in 1991. The photoelectric
conversion efficiency of the cells was 7.12% [20]. However, the losses in nanoparticulate
DSSCs were large due to the high recombination of carries in TiO, nanoparticle network. In
comparison to TiO, nanoparticles (TNP), TiO, nanotube (TNT) arrays with highly ordered
structures provide a large internal surface and in the meanwhile introduce a free electron
traveling path to reduce carrier recombination possibilities [21-26]. By applying the as-
anodized TNT arrays as the photoelectrode, a flexible DSSC can be made because the as-
anodized TNT arrays were developed on a bendy titanium foil [25, 27]. However, in such a
device, the DSSC need to be illuminated backside, which is less favorable for DSSCs [28].

Recently, a self-detaching technique has been introduced for the synthesis of free-standing
open-ended anodic nanotube membranes [29—31]. The achieved membranes can work as the
front-side incident DSSCs when transferred to transparent substrates [32]. In this work, we
successfully fabricated robust anodes via membrane transfer and laser sintering [33]. The
free-standing membranes can be pre-annealed, and thus the high crystallinity will be ensured
during the subsequent low-temperature treatment. Furthermore, the free-standing TNT
membrane is transferred to plastic substrate using binder-free TiO, pastes and laser sintering.
Both the procedures avoided the damage to the flexible substrate. The ability to fabricate
these anodes of low temperature is of great necessity towards the exploitation of flexible
DSSCs.

2. Experimental section
Preparation of TNT membranes

The TiO, nanotubes were fabricated by a previously developed potentiostatic anodization
method, which leads to highly ordered nanotubes. In the experiment, the Ti foils play as the
working electrode and Pt foils play as the counter electrode. Samples was processed in the
electrolyte which consists of ethylene glycol + 3 vol% deionized water + 0.5 wt% ammonium
fluoride (NH4F). The working voltage of the three step anodization was set at 60 V using a
computer controlled source meter. The anodization process includes three steps. First, the Ti
substrate was pretreated by electrochemical method for 1 h at room temperature. Then we
peeled off the TiO, layer to expose the substrate using ultrasonic machine. Thereafter the Ti
was subjected the anodization for 1 h at room temperature again. Next the treated oxide layers
experienced thermal treatment at 450 °C. Finally, the crystallized TNT membrane was
detached via the third-step anodization at the temperature of 30 °C until the membrance and
Ti substrate were separated.

DSSC assembly

2 g TiO, nanoparticles (TNPs) (P25, Degussa) were mixed with 10 ml 3.2 vol% acetic acid
solution and 5 ml 10 M ammonia solution. The TiO, nanoparticle was spin-coated onto the
substrate followed by the transferring of the TNT membranes on the substrate. Afterwards,
the samples were treated by laser sintering. In the experiment, the focus point of the laser
beam (center wavelength 1064 nm, laser power 2.5 W) was set 1 mm in front of the sample.
The sample was put on a three dimensional translation stage as shown in Fig. 1(a). The
sample was irradiated as the scanning speed of about 1 mm/s. The spot size of the laser beam
was around 200 pm. And only 10 minutes are required to finish a size of 5*5 mm® pattern
sintering. Figure 1(b) shows the scanning trace detailedly.

For comparison, three kinds of anodes for flexible DSSCs were prepared. The first is a
photoanode composed of free-standing TNT membrane transferred onto PET substrate with
ammonia added slurry as paste. Then it would be suffered with laser sintering (A-TiO, paste-
LS). The second is a photoanode made up of free-standing TNT membrane transferred onto
PET substrate with no ammonia added slurry as paste. Then it also would be suffered laser
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sintering (NA-TiO, paste-LS). The last is a photoanode made of TNT membrane with no
ammonia added slurry as paste. But it would be annealed in traditional furnace at the
temperature of 100 °C (NA-TiO, paste-100 °C).

At last, the photoanodes were sensitized with the N719 dye (3 x 10™* M in a 1:1 (vA)
acetonitrile and tert-butylalcohol solution) for 3 days. The Pt coated counter electrodes were
fabricated by dipping H,PtCls isopropanol solution on FTO glass and thermally treated at 420
°C for 30 min. The photoanode and the counter electrode were separated by a 25-pum-thick
spacer and the interspace was filled with DMPII/Lil/I,/TBP/GuSCN in 3-
methoxypropionitrile, a liquid electrolyte.

Measurements

The morphology of the free-standing TNT membrane was characterized using field-emission
scanning electron microscopy (SEM, NOVA NanoSEM 230, FEI). The crystalline phase was
collected by X-ray diffraction (XRD, Bruker D8 Advance, Germany). The current density-
voltage (J-V) curves were measured under standard solar illumination (AM 1.5G, 100 mW
cm ™) by using an solar simulator (Model 91160, Newport-Oriel Instruments, USA) and the
data were recorded by the 2400 sourcemeter (Keithley, USA).

3. Results and discussion

(b)

Laser

Scanning trace d=50 um
B
£
I
o8
8
8

Scanning speed = 1 mm/s

Fig. 1. (a) Schematic diagram of laser sintering process. Laser is focused by a convex lens and
the red arrows represent the laser sintering scanning path. In the experiment, the focus of the
laser was set 1 mm over the TNT membranes, with the ~200 um diameter circular spot on the
surface. (b) The scanning trace of laser. The scanning speed was set at 1mmy/s.

Free-standing membranes are prepared with self-detaching method. As these TNT membranes
have already been annealed at 450 °C after the second step anodization, the performance in
charge transport remains the same, and no high temperature post-treatment is further needed.

Laser sintering employs a diode pump solid state laser to sinter the photoanode. Laser
energy will be absorbed mostly by TNT membrane and TiO, paste [33]. In this way, the inter-
nanoparticle connection will increase, which results in more fluent electron transfer path and
less electron transfer resistance. Furthermore, the setting of the laser power, focal length and
spot size are ensured to make the laser energy only be absorbed by TNT membrane and TiO,
paste. Therefore, the plastic substrate can remain undamaged.
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Fig. 2. SEM images showing free-standing nanotube layers. (a) The top view of the nanotube.
(b) The cross section of nanotube and nanoparticles. (c) The top view of the nanotube after
laser sintering.

Figure 2 shows the SEM picture of free-standing TNT membranes. The top view of the
membrane is shown in Fig. 2(a). The diameter of pore is around 100 nm, which can be
precisely tailored by employing different anodization parameters. Figure 2(b) shows the cross
section of TNT membrane with a tube length of 19 um and the TNPs which were used to
adhere the membrane to the substrate. Figure 2(c) presents the top view of the nanotube after
laser sintering. Although some damage can be observed at the surface of the nanotube, the
whole tubular morphology is kept well.
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Fig. 3. (a) XRD patterns of sample with laser sintering and sample with 100 °C annealing in
traditional furnace. (b) XRD patterns of sample with 450 °C in traditional furnace and samples
with laser sintering at different position to the focus of laser beam from 1 to 30 millimeters.

We turned to XRD patterns of the photoanode based on NA-TiO, paste-LS and NA-TiO,
paste-100 °C to characterize the laser sintering effect on the TiO, film. The results are shown
in Fig. 3(a). The crystallization behavior of photoanode which is suffered laser sintering is
much better than that of photoanode subjected to conventional 100 °C annealing. The
enhanced crystallinity that led to the reduction of defects helps the improvement of the
efficiency of the device, which would lead to the higher photoelectric conversion efficiency of
DSSC based on NA-TiO, paste-LS compared with that based on NA-TiO, paste-100 °C. As
we can see from Fig. 3(b), the effect of laser sintering was comparable to the 450 °C
annealing in traditional furnace. The peak value of 101 respectively is also presented in Fig.
3(b). In addition, the effect of the samples at different position to the focus of laser beam from
1 to 30 had no obvious change. So, we could infer that the laser sintering was not only fast but
also insensitive with the sintering condition.
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Fig. 4. J-V curves of solar cells based on A-TiO2 paste-LS, NA-TiO2 paste-LS and NA-TiO2
paste-100 °C. The inset present the picture of the free-standing membrane attached with PET
substrate.

Table 1. The values of Jsc, Voc, FF, and n for the three types of DSSCs.

Photoanode Ji. (mA/cm?) Ve (V) FF 7 (%)
A-TiO; paste-LS 9.35 0.73 0.68 4.65
NA-TiO, paste-LS 8.66 0.71 0.61 3.75
NA-TiO, paste-100°C 2.99 0.67 0.65 1.35

The photocurrent-voltage (J-V) properties of DSSCs based on A-TiO, paste-LS and NA-
TiO, paste-LS as well as NA-TiO, paste-100 °C are shown in Fig. 4 and Table 1. The NA-
TiO, paste-100 °C -based DSSCs showed an efficiency () of 1.35% accompanied with a
short-circuit photocurrent density (J,.) of 2.99 mA/cm®, open circuit voltage (V,.) of 0.67 V,
fill factor (FF) of 0.65. The NA-TiO, paste-LS-based DSSCs showed improved performance,
with J. of 8.66 mA/cmz, Vo of 0.71V, FF of 0.61 and 5 of 3.75%. Efficiency increased by
178% compared to NA-TiO, paste-100 °C-based DSSC. The significant efficiency
improvement is mainly due to the enhancement of inter-nanoparticle connection, which is
caused by laser sintering. On the contrary, the paste of TNPs must be subjected to above 400
°C annealing in order to burn out the organic substances and then the electrical interconnect
could be enhanced.

With A-TiO, paste-LS as the photoanode, J,. of the DSSCs increased to 9.35 mA/cm?,
with V,. of 0.73 V, FF of 0.68, and 7 of 4.65%. Efficiency increased by 24.1% compared to
NA-TiO, paste-LS-based DSSC. The higher efficiency of A-TiO, paste-LS-based DSSCs was
likely to be attributed to the addition of the ammonia which increased the viscosity of the
TiO, colloid solution. The viscosity of the two kinds of paste was tested by bohlin CVO
which was found that TiO, colloid solution with ammonia added was twice as much as the
one without ammonia added. They were 1.97%10° cP and 0.87%10° cP respectively. (1cP = 1
mP s7') Therefor the interconnection among particles was enhanced and film resistance was
decreased, enabling fast charge transport. Meanwhile the increased TiO,-loading for film of
the same thickness, led to increased total surface area of TiO, and hence a higher dye-loading.
For the 19-pm-thick film, the TiO, loadings were 0.5195 mg-cm™ and 0.3152 mg-cm™ for
with and without the addition of the ammonia. Compared with Jen’s work [27], which
developed high-performance large-scale flexible DSSCs based on anodic TiO, nanotube
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arrays of about 35 pm length, our efficiency was a little lower than theirs, which may due to
the shorter length of the nanotube. The inset of Fig. 4 presents the picture of the free-standing
membrane attached with ITO/PET flexible substrate, which shows the flexibility is very good.

4. Conclusion

In conclusion, we successfully demonstrate the application of pre-annealed TiO, nanotube
membranes as the photoanode materials and the laser sintering technique employing low-
power and near-infrared diode pump solid state laser to adhere the membranes with
conductive plastic substrates for flexible DSSC applications with good performance. This
approach overcomes the high temperature limit of the flexible substrates. By using pre-
annealed membranes, the crystallinity of photoanodes can be improved. The addition of
ammonia to the TiO, nanoparticles (P25) slurry changes the flocculation of nanoparticles,
thereby increasing the viscosity of the slurry. Furthermore, by laser sintering, the solvents
present in the paste which links the TiO, nanotube membranes and flexible substrate can be
removed. By applying these methods to DSSCs, the efficiency of the DSSCs can be greatly
enhanced from 1.35% to 4.65%.
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