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Abstract

One-dimensional TiO, nanotube (TNT) arrays were fabricated on fluorine-doped tin oxide
glass substrate as the photoanodes for dye-sensitized solar cells (DSCs) using one-step ZnO
nanorods template method. The depth profile analysis using X-ray photoelectron spectroscopy
and ion sputtering indicated that a small amount of Zn species was attached on the TNT surface.
Relationship of the properties of the TNT surface with the Zn residue and the photovoltaic
characteristics of DSCs were investigated. Residual Zn species on TNT improve the open
circuit voltage of the DSCs. A maximum open circuit voltage of 0.876 V was achieved, which
is close to the theoretical maximum of the TiO,-based DSCs. However, photocurrent density
was decreased significantly for the high-Zn-amount sample. It was revealed that the surface
Zn species were divalent oxides and the amount of surface hydroxyl group was increased in
conjunction with the Zn amount. Slight increase of the dye amount was found for the high Zn
amount sample. It was expected that decrease in injection probability of the photo-excited

electrons into TNT was the dominant reason for the photocurrent decrease.
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1. Introduction

Solar energy is one of the most promising sources of energy and has the potential to provide
solutions for the current energy crisis. Dye-sensitized solar cells (DSCs) are inexpensive and
versatile alternatives to convert solar energy to electrical energy [1]. The most studied DSC
contains a ruthenium-based dye adsorbed onto a layer of interconnected TiO, nanoparticles
deposited on a fluorine-doped tin-oxide-coated glass (FTO) as the working electrode, with
lightly platinised FTO as the counter electrode and a liquid electrolyte having I /I;” sandwiched
between the two electrodes.

The solar energy conversion efficiency of DSC is determined by the product of the open-
circuit voltage (Voc), short-circuit current density (Jsc), and fill factor (FF). Ve of DSC is
determined by the energy difference between the quasi-Fermi level of the TiO, and the I /I3

redox potential in the electrolyte. The efficiency of the TiO,-based DSCs has been limited
owing to the maximum diffusion length of an electron in the TiO, network [2][3]. The photo-
generated electrons transport in a randomly oriented TiO, nanoparticle network via diffusion
with many trapping and de-trapping processes [4]. This process decelerates the flow of photo-
electrons, increasing the recombination with oxidised dye molecules and I5- at the TiO, particle
boundaries [5]. When electrons are trapped by numerous surface states existing on the surface,
the quasi-Fermi level of TiO, and the V¢ obtained decrease.

One-dimensional (1D) TiO, nanostructures can be used to replace TiO, nanoparticle
networks in DSCs to avoid this random walk problem [6]. Accordingly, TiO, 1D structures
such as nanotubes [7][8][9] and nanorods [10][11][12] have been used. The use of TiO, 1D
structures reduces the number of boundaries to be passed by a photo-exited electron, providing
a direct path to the FTO substrate [13][14]. Furthermore, light scattering and light harvesting

can also be improved [15].



Anodic oxidation of titanium metal in an electrolyte containing fluoride is the most common
technique used to prepare TiO, 1D nanostructures [16][17]. There are numerous other methods
of preparing TiO, 1D structures such as sol-gel techniques [18][19] and hydrothermal
techniques [20]. Although TiO, 1D nanostructures can be fabricated using these techniques,
high efficiencies can only be expected from nanotubes vertically aligned to the conducting
substrate. Nevertheless, DSCs based on TiO, 1D nanostructures have not exhibited a significant
increase in efficiency as expected. Comparably, TiO, nanotube (TNT) arrays have limited
surface area for dye loading and therefore, the photocurrent of the device is also small, yielding
lower efficiencies.

In contrast to conventional anodisation methods, the preparation of TNT arrays using a
template-assisted technique is an easy, effective, and inexpensive method [21]. In this study, a
template-assisted one-step synthesis process is used for the fabrication of TNT arrays with
different lengths. Vertically aligned ZnO nanorod (ZNR) arrays —prepared using the aqueous
solution method at low temperature —are used as the template, and the formation of TNT and
template etching of ZNR occur simultaneously. ZNR arrays are used as the template because
they can be grown at low temperature and can grow continuously [22][23][24][25][26]. Liquid
phase deposition (LPD) process [21], which is used to deposit TiO,, has several benefits over
other deposition techniques. TiO, can be deposited at room temperature (~300 K) by simply
immersing the template in the solution mixture. As the deposition of a metal oxide thin film
occurs via a chemical equilibrium reaction between the metal fluoride complex and metal oxide,
homogenous and thickness-controllable films can be deposited on substrates with complex and
larger surface areas [27]. The length and diameter of the ZNR template were controlled by
changing the duration of growth time. The fabricated TNT reflects the shape of the ZNR

template and has a hollow shape with its top capped. The surface effects are predominant in



this system as the TNT arrays are formed owing to the deposition of TiO, nanoparticles on the
ZNR template.

In the LPD method, a small amount of Zn species derived from the template can remain on
the TNT surface because the dissolution of ZNR template and the deposition of TiO, occur
simultaneously. As mentioned earlier, these TNT arrays are formed with TiO, nanoparticles
and are significantly influenced by their surface structure when used as a photoanode for DSCs.
It has been reported that the DSC performance changes significantly owing to the existence of
a small amount of element on the surface of the TiO, photoanode [28][29][30]. Therefore, the
influence of the residual Zn on the TNT surface cannot be ignored.

DSCs were fabricated using TiO, 1-D nanostructures with different lengths, and the effect
on the efficiency of the device was investigated. Furthermore, the residual amount of Zn was

also varied, and the influence of the photovoltaic parameters was observed.

2. Experimental

2.1.Preparation of TNT arrays

In order to fabricate the ZNR template, ZnO seed layers were prepared by spin coating of an
ethanolic seed layer solution on thoroughly cleaned FTO plates. The seed layer solution was
prepared by dissolving 0.2 M Zn(CH;COO), * 2H,0 (Wako, 99.0%) and 02 M 22’-
Iminodiethanol (DEA, Wako, 99.0%) in ethanol. The plates were subsequently baked at 100 °C
for 10 min, and this step was repeated three times in order to obtain a uniform seed layer. These
seeded FTO plates were subsequently annealed at 350 °C for 1 h [31]. Subsequently, the seeded
FTO plates were cooled down to room temperature and suspended in an aqueous solution of
0.02 M Zn(NO:3), * 6H,O (Wako, 99.0%) and 0.02 M hexamethylenetetramine (Wako, 99.0%)
for 3 h at 90 °C. The solution mixture was changed every 3 h and the process was carried out

for 9 h [22]. One three-hour period was considered as a growth process, and three growth



processes were carried out in total. The plates were removed after the growth process, washed
with distilled water, and dried in air. In order to prepare TNT arrays, the template was
suspended in a solution containing 0.05 M (NH,),TiFs (AHFT, Aldrich, 99.99%) and 0.15 M
boric acid (Wako, 99.5%) at room temperature for 3 h [21]. FTO plates with TNT arrays were
removed from the solution after the LPD, allowed to dry in air, and annealed at 500 °C for 30
min.

Samples prepared after three ZNR template growth processes were used to investigate the
effects of the surface residual Zn on the TNT arrays and photovoltaic properties of DSCs
fabricated using these TNT arrays. The amount of residual Zn was controlled by changing the
volume of the AHFT and boric acid solution (10, 30, and 60 mL) in the TiO, deposition and

Zn0 dissolution phase.

2.2. Fabrication of DSCs

Cells prepared with the TNT arrays were immersed in a 0.3 mM N719 ruthenium dye
(Solaronix S.A.) solution for 20 h and used as the working electrode to fabricate DSCs. An
electrolyte containing I'/I; redox couple (0.39 M 1,2-dimethyl-3-propylimidazolium iodide
(Wako), 0.064 M lithium iodide (Wako), 0.17 M 4-tert-butyl-pyridine (TCI chemicals), 0.065
M iodine (Wako), and 0.12 M guanidine thiocyanate (Wako) dissolved in acetonitrile (Wako)
was sandwiched between the working electrode and lightly platinised FTO counter electrode.

The I-V characteristics of the fabricated DSCs were subsequently determined by using a

JASCO CEP-25BX solar simulator.

2.3. Characterisation
The fabricated TNT samples were characterised by using field-emission scanning electron

microscope (FE-SEM, JEOL, JSM-6320F, JSM-7001F), X-ray diffractometer (XRD, Rigaku,



RINT-Ultima IIl), and transmission electron microscope (TEM, JEOL, JEM-2000RX I ). X-

ray photoelectron spectroscopy (XPS, SHIMADZU, AXIS ULTRA DLD) analysis was carried
out for TNT samples with different amounts of surface Zn residues using a monochromated Al
K o source.

In the XPS analysis, the standard Shirley approach was adopted for the background
subtraction, and the Voigt function was used for the curve fitting of the XPS spectra. The peak
of the surface-contaminated carbon was shifted to 285.00 eV to neutralise the charging
occurring during the XPS measurements. The TNT arrays obtained after a single growth
process were etched using an argon gas cluster ion beam (Ar-GCIB) to identify the depth
direction of the surface Zn residues. The Ar-GCIB was irradiated at an accelerating voltage of
5 kV, and the sputtering range was fixed at 1 x 1 mm?. The gas cluster contained Ar 1000*
atoms and sputtering was carried out for 100 min. The XPS data were obtained at certain time
intervals during the sputtering process.

In order to compare the dye adsorption capabilities of different samples, adsorbed dye on an
area of 1.5 cm? was desorbed into 4 mL of 0.05 M NaOH solution, and adsorption

measurements were carried out using a UV—-Vis spectrometer (SHIMADZU, UV-3100PC).

3. Results and discussion
3.1. Characterisation of the TNT arrays of different lengths
The wurtzite crystal structure of ZnO exhibited partial polar characteristics and the (001)
plane of the structure was the basal polar plane. The opposite ends of the basal polar plane had
partially positive Zn lattice points and partially negative oxygen lattice points as shown in
Figure 1(a). Hexamethylenetetramine preferentially became attached to the non-polar facets of
the ZNR as a non-polar chelating agent, exposing only the (001) plane [32]. Moreover, the

(001) plane exhibited a lower surface free energy of 1.6 J/m?, when compared to the (100) and



(101) planes, which had surface free energies of 3.4 J/m? and 2.0 J/m?, respectively [22]. These
facts contributed to the prominent and continuous epitaxial growth along the (001) direction,
as shown in Figure 1(b), resulting in longer ZNR when the growth process was continued by

replacing the reaction mixture.
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Figure 1 (a) Partial polar characteristics of ZnO wurtzite structure and (b) the growth

process of the ZNR template in each growth cycle

Figure 2(a)—(c) show the SEM images of the ZNR templates obtained after one growth cycle
(1GC), two growth cycles (2GC), and three growth cycles (3GC), respectively. ZNR templates
with the average lengths of 0.7, 1.6, and 3.0 ym were obtained by increasing the reaction time
and replacing the reaction mixture. The continuous growth process increased the length of the

ZNR templates.
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Figure 2 Cross-sectional SEM images of ZnO nanorod arrays and TiO, nanotube arrays of

(a)(d) 1GC, (b)(e) 2GC, and (c)(f) 3GC

Ti0O, was believed to be deposited via the ligand-exchange reaction of metal-fluoro complex
ion and the reaction of F~ ion with boric acid. The following equilibrium reaction is proposed
for the metal-fluoro complex in the reaction mixture [33].

TiF¢*~ + 2H,0 = TiO, + 6F~ + 4H* (1

Boric acid acted as a F~ scavenger, thus shifting the equilibrium reaction (1) to the right-hand
side, forming more stable complex ions.

H;BO; + 4H* + 4F~ = BF,” + H;0" + 2H,0 (2)

Moreover, the additional boric acid in the solution contributed to the etching process of the
ZNR template, which was covered with a thin layer of TiO, nanoparticles, forming a ZnO/TiO,
core-shell structure, as shown in equation (3).

ZnO + 2H* - Zn?* 4+ H,0 3)

The SEM images of the TNT arrays obtained using the ZNR templates after each growth

process are shown in Figure 2(d)—(f). The diameter of the ZNR templates increased when the

reaction time was extended in the growth process. Therefore, an increase in the diameter of
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TNT arrays was also observed when the corresponding ZNR templates were used. The
diameter of TNT arrays varies in the range of 80-200 nm, which was confirmed by the TEM
analysis. As the deposition time of TiO, was constant (3 h) regardless of the length of the ZNR
template, the average wall thickness of TNT remained fixed at approximately 30 nm in every
situation. The TNT arrays were formed with nanoparticles of size 5—15 nm as shown in Figure
3, which can be attributed to the large surface area. This can be advantageous in the dye
adsorption process. Although TNT had a hollow structure, the inner wall could not be utilised
for dye adsorption as TNT was capped at the end, which is a disadvantage. As TiO, precipitated
on the entire surface of the ZNR template during the TiO, deposition process, it was difficult
to develop TNT with an open upper end. The dye adsorption could be improved by removing
the upper end cap of TNT by using a glycerol solution with a small amount of HF and water
[34].

The average length of TNT was approximately 2.8 ym. It was 200 nm shorter than that of
the template owing to the fast etching process of the template. The formation of TNT arrays
and dissolution of ZNR template occurred simultaneously when the LPD method was used.
This may be the reason for the difference between the lengths of the template and TNT arrays.

A longer deposition time provides TNTs with a thicker outer shell.

12



Figure 3 TEM images of the TNT after 3GC. The area indicated by the square in (a) is

magnified and shown in (b) with the corresponding dimensions of the TNT.

The photovoltaic characteristics of the DSCs fabricated using N719 dye-adsorbed TNT
arrays with different lengths (0.6, 1.5, and 2.8 ym) are listed in Table 1 and the corresponding
I-V curves are shown in Figure 4(a). (Used TNT samples are denoted as LZC (low zinc
concentration) as the residual Zn amounts on the surface were small, which was confirmed by
XPS measurement.) It can be clearly observed that the efficiency of the DSCs increased
significantly when the photoanode was fabricated with longer TNT arrays. A power conversion
efficiency of 3.62% was obtained for the DSCs prepared using TNT arrays with an average
length of 2.8 ym. This is an impressive result as the average film thickness of the photoanode
was only 2.8 ym. A higher surface area was available when longer TNT arrays were used, thus
enhancing the photocurrent. Moreover, as mentioned above, TNT arrays were formed owing
to the deposition of TiO, nanoparticles on the template. Therefore, the TNT system had higher
surface energy compared to other systems, allowing more dye molecules to become attached
to the surface and fully exploiting the available surface area. Conventional DSCs fabricated
with TiO> nanoparticles are invisible to light, and therefore, they cannot effectively utilise the
incident light. The use of 1-D nanostructures prevents this problem by enhancing the light

scattering effect and allowing the dye molecules to fully utilise the incident light. Longer TNT
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arrays increase the light scattering effect and this improvement in light harvesting property may

also have contributed to the higher photocurrent.
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Figure 4 [-V characteristic curves of DSCs fabricated using TNT arrays of (a) 1 to 3GC
with low zinc concentration (1GC-LZC, 2GC-LZC, 3GC-LZC) and (b) 3GC samples with
low, middle, and high zinc concentration (3GC-LZC, 3GC-MZC, 3GC-HZC), measured

under AM-1.5 illumination.
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Table 1 Photovoltaic parameters of the DSCs fabricated using the TNT arrays of (a) 1 to 3GC
with low zinc concentration (1GC-LZC, 2GC-LZC,3GC-LZC) and (b) 3GC samples with low,

middle, and high zinc concentration (3GC-LZC, 3GC-MZC, 3GC-HZC).

Sample Jsc [mA/cm?] Voc [V] FF [-] Efficiency [ %]
1GC-LZC 3.54 0.758 0.700 1.86
2GC-LZC 4.67 0.747 0.751 2.51
3GC-LZC 6.23 0.737 0.754 3.62
3GC-MZC 4.30 0.851 0.692 2.52
3GC-HZC 1.30 0.876 0.711 0.83

3.2. Effect of the amount of surface Zn species on the electronic states and photovoltaic
characteristics

Zn species can exist on the TNT arrays prepared using the one-step template method owing
to the TiO, deposition/ZnO dissolution reactions. The existence of the surface Zn residue was
confirmed using the XPS data. These Zn residues on the TNT surface were formed as a result
of the ZNR dissolution reaction. In order to investigate the distribution of the surface Zn
residues, a depth direction analysis was performed on the TNT arrays fabricated with 1GC
ZNR template via the GCIB of Ar 1000* atoms. During the measurement, an angle of 45° was
maintained between the sample surface and Ar-GCIB. Before the etching process was started,
1.3% of the surface Zn residue (Zn/Ti=0.063) was observed on the TNT array surface of 1GC-
LZC, which was fabricated in 60 mL AHFT and boric acid solution. As the etching with Ar-
GCIB progressed, the intensity of the Zn 2p peak decreased and the peak completely
disappeared after 40—70 min of etching, as shown in Figure 5(a). Figure 5(b) illustrates the

plots of the atomic ratio of Zn/Ti as a function of the depth from the TNT surface. The depth
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was calculated using the etching rate correlation on a SiO, film (0.17 nm/min) and most of the
Zn residue was expected to exist at approximately 3.3 nm from the TNT surface.

The amount of surface Zn residue on the TNTs was controlled by varying the volume of the
reaction solution containing AHFT and boric acid. As shown in chemical equation (3), during
the TiO, deposition and ZNR template dissolution reaction, Zn** ions were released into the
reaction solution. The growth area of the ZNR template on the FTO substrate was maintained
constant (1.5 cm?), and different volumes (10, 30, and 60 mL) of the reaction mixture were
used. Therefore, different amounts of Zn residues remained on the surface of TNTs. The XPS
composition analysis of the TNT arrays obtained by changing the volume of the AHFT and
boric acid solution mixture is shown in Figure 6. The data obtained from the XPS spectra are
listed in Table 2, and it was observed that the amount of surface Zn residue increased when the
volume of the AHFT and boric acid reaction mixture decreased. The atomic ratio of Zn/Ti were

determined to 0.12, 0.22, and 0.29 for the three different volumes of the solution.
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Figure 5 (a) XPS of Zn 2p narrow spectra (b) the corresponding depth profile of Zn/Ti atomic
ratio for the TNT arrays of 1GC-LZC obtained at different sputtering times. Sputtering
conditions were Ar cluster size of 1000, an acceleration voltage of 5 kV, and an irradiation area

of Ix1 mm?2 .
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Table 2 Surface elemental composition of 3GC TNT arrays.

Atomic concentration [ %] ] .
Zn/Ti atomic

Sample
ratio
Ti 7n (0) C Sn Total
3GC-HZC 19.7 5.7 60.3 134 0.8 100 0.29
3GC-MZC 199 44 60.6 13.6 1.6 100 0.22
3GC-LZC 213 2.5 60.6 13.7 19 100 0.12

However, as shown in Figure 7, the XRD analysis of the TNT samples with various amounts
of the surface Zn residue only revealed peaks corresponding to the FTO substrate and anatase
TiO,. The XRD peaks derived from ZnO or ZnTiO; were not observed even for the samples
with a high amount of surface Zn residue. It can be concluded that the amount of residual Zn
was low and localised on the TNT surface, and the ZNR template dissolved almost completely.
The amount of Zn available on the TNT surface was below the detection sensitivity of the XRD
as it is a bulk-sensitive technique. However, a significant amount of surface Zn was available

and could only be detected by a sensitive measurement method such as XPS.
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Figure 7 XRD patterns of the TNT arrays of 3GC-HZC, 3GC-MZC, 3GC- LZC, and the

pristine ZnO nanorod arrays.

The I-V characteristics of the fabricated DSCs with various amounts of surface Zn are shown
in Figure 4(b) and the respective photovoltaic data are listed in Table 1. The photovoltaic
characteristics exhibited a drastic change with the increase in the amount of Zn on the TNT
surface. A Ve value of 0.876 V, which is closer to the ideal maximum of 0.9 V, was achieved
for the DSC fabricated with Zn/Ti = 0.29. Such a high V¢ value has not been reported with the
cells fabricated using typical TiO, nanoparticles. The ZnO nanorod/TiO, nanoparticles-
core/shell structures obtained by changing the conditions of the LPD process are described in
reference [35], and an increase of V- was observed in the ZnO nanorods with the TiO,-shell.
Large variations in both Jsc and V¢ values were observed in the DSCs prepared using Zn-
doped TiO, microspheres, as reported in reference [28]. However, the Vo value obtained for
the DSC systems fabricated in this study was significantly higher than the values reported in

the aforementioned studies. Although it is possible to obtain a remarkably high Vo value from
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the current DSC system, the Jsc value decreased drastically with the increase in the surface Zn
residue.

For further investigation of the influence of the residual Zn, the chemical states of the
residual Zn species on the TNT surface were analysed. As the XPS Zn 2p peak showed a very
small chemical shift between the Zn° and Zn?* contributions, the Zn L;M4sM,s Auger electron
peaks were used to study the chemical states of Zn [36]. Figure 8 shows the Zn L;M,sM,s Auger
electron peaks of 3GC-HZC and pristine ZNR excited by the Al K, X-ray source. The Auger
peaks of these samples were located at the same kinetic energy of approximately 988.5 eV.
Therefore, the peak of residual Zn is mainly attributed to Zn?*, and thus, the residual Zn species
on the TNT surface were principally divalent oxides. From the curve fitting results, the Zn°
(metal) Auger peak, which is expected to appear at approximately 993.0 eV [36], was in the

negligible range. The peaks of Sn 3ds,, and 3d;, in 3GC-HZC were obtained from the exposed

FTO substrate.
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Figure 8 Comparison of XPS Zn L;M,sM,s Auger peak of the TNT 3GC-HZC (Zn/Ti=0.29)
with pristine ZNR.
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As shown in the XPS spectra in Figure 6(b)—(d), the XPS peaks tended to be shifted toward
lower binding energy when the amount of Zn residue on the TNT surface increased. The
positions of the Zn 2p;, and O 1s peaks of the TNT samples were different from these peak
positions of pristine ZNR (Zn 2ps,: 1021.61 eV, Ols: 530.33 eV). Moreover, these Zn and O
peaks obtained from the TNTs were also different from the peak positions of the ZnO
nanoparticles in the ZnO seed layer. The height of the energy barrier (AE:) formed owing to
the band bending at the TiO,/ZnO interface could be estimated using the energy difference
between the XPS Zn 2p;, and Ti 2p;,, core levels at the TiO,/ZnO interface, AE¢y,. In our study,
AE¢;, had an almost constant value of 563.2 eV, and hence, AE: was also constant. The value
of AE.;, was approximately 0.8 eV larger than that reported in the previous work [37]. From
the comparison of the Zn 2ps, and Ti 2p;,, peak positions, it was evident that the local structure
of the Zn residues was not fully equivalent to the well-crystallised ZnO. Thus, the bond lengths
and/or bond angles of the residual Zn on TNT were expected to be different from those of bulk
Zn0O. As the residual Zn was observed only on the TNT surface, which was confirmed using
the Ar-GCIB experiment, local stresses or bond distortions must exist at the Zn sites. The Ols
peak of TNT was observed at a lower binding energy side compared to that of stable ZNR and
was expected to have a non-stoichiometric structure such as Zn,Oy (x <y).

Three components were observed from the XPS spectrum of O 1s as illustrated in Figure
6(d). The main component at approximately 529.9 eV can be attributed to the lattice oxygen
and the shoulder peak at 531.8 eV was assigned to the surface hydroxyl (-OH) group. The other
shoulder peak at 530.7 eV was assigned to the surface oxygen defects of Ti-O in some literature
[37]1[38]. However, this peak may exist owing to other factors and may not be solely due to the

oxygen vacancy. The atomic concentration of -OH group calculated from the peak area
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increased (6.8%,7.2%, and 8.0%) as the Zn/Ti ratio was increased. Because of active sites near
the Zn residue, the surface -OH groups tended to be adsorbed near the sites and became
stabilised. The surface -OH groups promoted the adsorption of dye molecules by the reaction
with the carboxyl group of N719 dye [39].

Figure 9 shows the band alignment of the TNT with the Zn residue. It has been reported that
the differences of the isoelectric points and electron affinity between TiO, and ZnO in the
TiO,/ZnO-core/shell structure enhance the open circuit voltage [40]. The electron affinity of
ZnO (= 4.15) is smaller than that of TiO, (= 4.33) and therefore, the conduction band minimum
of ZnO is located at a higher position than that of TiO,. Moreover, the isoelectric point of ZnO
(=9.5) is larger than that of TiO, (= 6.2) [41].Hence, electrons are easily transferred from ZnO
to TiO,, resulting in an energy barrier in the reverse direction at the ZnO/TiO, interface. The
energy barrier suppresses the electron leakage to I in the electrolyte and the quasi-Fermi level
is shifted negatively. In this case, the main reason for the enhancement of Vi is the quasi-

Fermi level shift owing to the Zn residue on the TNT surface.
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Figure 9 Conduction band alignment of the TiO,/ZnO species structure owing to the difference

between the electron affinity and the isoelectric point of TiO, and ZnO. The electron back

transfer to I; in the electrolyte can be suppressed owing to the energy barrier at the interface.

Figure 10 shows the UV-Vis absorption spectra of the desorbed dye from the TNT arrays.
Slight increase of the absorbance values of the N719 dye and no peak shifts were found for the
sample of Zn/Ti = 0.29 as expected from the increase of number of -OH groups at the surface.
Therefore, it can be excluded that the dye amount change causes the photocurrent decrease for

the high-Zn-amount TNT samples.
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Figure 10 Absorbance spectra of NaOH solution with N719 dye desorbed from the TNT
arrays.

It is expected that the main reason for the reduction of Jsc is the poor electron injection
probability from N719 dye to ZnO species. The N719 is an acidic dye and thus, it can form
N719/Zn* aggregates by reacting with the surface Zn species, thus reducing the dye efficiency
[42]. According to the time-dependent density functional theory (TDDFT) calculations, the
geometrical overlap with the lowest unoccupied molecular orbital (LUMO) of N719 and the
conduction band of ZnO is very small [43]. The photoexcited electrons of N719 dye on ZnO
were localised on the bipyridine ligands of the dye, and the electron injection probability from
the dye to ZnO was low. Although the amount of dye on the TNT surface was almost same,
the electron injection probability was still low, thus reducing Jsc drastically.

Another possible reason for reduced Jc is the effect of the electrolyte. 4-tert-butylpyridine
(TBP) and Li* present in the electrolyte are capable of affecting Voc and Jyc significantly

[44][45][46]. These effects of TBP and Li* varied depending on the difference between the
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electrical characteristics, such as carrier density and dielectric constant, of TiO, and ZnO [47].
If the amount of Zn residue increases, the effect of TBP and Li* is expected to change
significantly, but the electrolyte remains adjusted for ideal TiO,. Therefore, further
improvement of photovoltaic performance can be expected by changing the electronic structure
of the sensitising dye molecules and adjusting the composition of the electrolyte for the TNT-

based DSCs with surface Zn residue.

4. Conclusions

The LPD method was used to fabricate TiO, nanotubes, and the length of the nanotubes was
controlled successfully by controlling the height of the ZnO nanorod template. TiO, nanotube
arrays with an average maximum length of 2.8 u m were fabricated, and it was observed that
the TiO, nanotube was formed with fine particles of 5-15 nm. This is advantageous to dye
adsorption owing to its large surface area. DSCs were fabricated by using these TiO, nanotube
arrays as the photoanode, and a maximum power conversion efficiency of 3.62% was achieved
with film thickness of the 2.8 u m TNT arrays. Residual Zn species with the divalent chemical
state were observed on the TiO, nanotube surfaces, which were a result of the dissolution of
Zn0O nanorod template. This residual Zn species shifted the quasi—Fermi level of TiO, in the
negative direction, thus improving open circuit voltage of 0.876 V was successfully achieved,
which is close to the theoretical maximum of the TiO,-based DSCs. For the high Zn amount
samples, increase of the number of surface -OH groups on TNT and slight increase of the dye
adsorption amount were found. However, the photocurrent of DSCs decreased as the amount
of Zn on the surface of TNT. Therefore, it was concluded that injection probability of the photo-
excited electrons from adsorbed dye into TNT was significantly decreased by the surface Zn

residue.
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