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Doping metal-ion into TiO, materials is an effective method for enhancing the performance of dye-
sensitized solar cells (DSSCs). In order to develop materials that are easy to produce even in industrial
quantities, we established a facile method by hydrothermal synthesis and subsequent heat treatment
to prepare bismuth doped titanium dioxide nanofibers (Bi-doped TiO, NFs). At first, we adopt Bi-doped
TiO, NFs as the working electrode to further study in DSSCs. Serving as working electrode, Bi-doped
TiO, NFs can remarkably improve open-circuit voltage (Voc). The Voc was significantly enhanced from
0.633 V to 0.800 V compared with pristine TiO, does. However, this leads to a smaller Jsc and a poorer
overall performance for such devices. In order to improve the performance of DSSCs, we adopt Bi-
doped TiO, NFs as the scattering layer of DSSCs, and various thicknesses of meso-TiO, nanoparticles
(meso-TiO, NPs) were used as working electrode to increase the short-circuit current (Jsc). The incorpo-
rated Bi-doped TiO, NFs can help the electron transport and may reduce the possibility for electron-hole
recombination. After optimizing the device's parameter, the overall performance of the meso-TiO, NPs/
Bi-doped TiO, NFs devices was dominated by Jsc until a maximum efficiency was attained with a meso-
TiO, NPs thickness of 12 um. Such optimized DSSCs exhibited high open circuit voltage of 0.787 V, high
fill factor of 78.2%, and high power conversion efficiency of 8.89%.

© 2016 Elsevier Ltd. All rights reserved.

Keywords:
Dye-sensitized solar cells
Bi-doped TiO,

Nanofiber

Hydrothermal synthesis

1. Introduction

Dye-sensitized solar cells attract a lot of interests due to its low
cost, colorful, flexible, easy production, and acceptable efficiency
when compared to conventional silicon solar cells (O’'Regan and
Gratzel, 1991; Yella et al., 2011; Chen et al., 2009; Chiappara
et al., 2016). One of the key factors to achieve high performance
DSSCs is the choice of the mesoporous TiO, working electrode
and light scattering layer. The concept is to include a light scatter-
ing layer such that the lower photon conversion due to thin meso-
porous TiO, layer could be compensated (Hore et al., 2006). TiO,
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and its derivatives are in the mainstream of energy and environ-
mental science studies because of their availability, low cost,
tuneable electron transport behavior, high photocatalytic activity,
and thermal and chemical stability (Horvath et al, 2007,
Konstantinou and Albanis, 2004; Ong et al., 2014; Sarkar et al.,
2012; Wu et al., 2012). TiO, and its derivatives can be applied in
a number of different fields such as air purification, wastewater
treatment, photocatalytic hydrogen generation, antimicrobial coat-
ings, photovoltaic, among many others (Kudo and Miseki, 2009;
Kudo et al., 2004; Zhang et al.,, 2010). In a number of practical
applications, nanofibers can perform much better than the corre-
sponding nanoparticles. It is vital to have a percolated electrical
network of the particles in electrical devices employing nanoparti-
cles, which is much easier to achieve with elongated 1-dimensional
particles than with ordinary O-dimensional nanoparticles (Lin
et al., 2009).

Many researchers used diameter of 300-400 nm sub-micro TiO,
particle and controlled thickness of 3-4 pum as the scattering layer
of TiO,. Jun et. al. used open-ended TiO, nanotube arrays as
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scattering layer to enhance the power conversion efficiency (PCE)
of DSSCs. With the TiO, scattering layer, the PCE was increased
from 5.92% to 6.53%, which is attributed to improve the light har-
vesting of longer wavelength (600-800 nm) (Rho et al., 2014).
Chou et. al. reported that the a DSSCs achieved a PCE of 7.02%, with
a hybrid TiO, electrode consisted of 50% TiO, nanoparticles and
50% sub-micro TiO, particles, substantially exceeds that of only
with a TiO, nanoparticles electrode (PCE ~ 5.16%) due to the effect
of the light scattering in the DSSCs (Chou et al., 2012). Moreover,
the synthesized rice-like brookite TiO, submicrometer particles
and commercial nanosized anatase TiO, paste were also used to
fabricate the bilayer TiO; film-based DSSCs. Their results show that
the rice-like brookite TiO, particles can noticeably improve the
performances of the nanosized anatase TiO, film-based solar cell
when applied as scattering overlayer on nanosized anatase TiO,
(Xu et al., 2014).

Metal-doped TiO, materials used as working electrodes and
light scattering layers are studied in recent years for enhancing
performance of DSSCs (Lii et al., 2010; Ghanbari Niaki et al.,
2014; Nikolay et al., 2011; Park and Han, 2014; Moghaddam
et al., 2016). In order to improve DSSCs performance, Er** and
Yb** co-doped TiO,_,Fy was fabricated via hydrothermal method
and was subsequently calcined in atmosphere. The result exhibited
the lower band gap which contributed to a faster electrons injec-
tion and decreased the radiative recombination process of photo-
generated electrons and holes in TiO, (Yu et al., 2013). Li et. al.
reported an overall 7.8% PCE obtained for a Nb-doped TiO,, which
had a large PCE improvement relative to that of undoped TiO-, elec-
trode for DSSCs. The improvement was ascribed to the enhanced
electron-injection and electron-transfer efficiency caused by the
increased powder conductivity, and the mechanism was verified
by powder-resistance and EIS analyses (Lii et al., 2010). Nikolay
et al. had found that the photovoltaic parameters of DSSCs based
on Nb-doped TiO, can be sensitized with dyes that are closely
related to the electronic structure of Nb-doped TiO, electrode.
The changes of Jsc and V¢ of DSSCs were explained in relation to
the electronic structure of Nb-doped TiO,, and the highest PCE of
8.0% was achieved (Nikolay et al., 2011).

Dimensionality of TiO, nanomaterials is a crucial factor of car-
rier transportation. The morphology of nanofiber is confirmed to
enhance transportation of carriers, and it could lead to efficient
charge separation through interparticle charge transfer along the
nanofiber framework (Li et al., 2011). The remarkable electron dif-
fusion length on dye-sensitized solar cells based on TiO, nanofiber
photoanodes played an important role in carrier transportation, so
we can obtain high photocurrent and high PCE by utilizing thick
TiO, nanofiber photoanodes (Ding et al., 2013).

In this work, we successfully synthesized Bi-doped TiO, nanofi-
bers (Bi-doped TiO, NFs) by hydrothermal method, and Bi-doped
TiO, NFs was adopted as the work electrode and the scattering
layer for DSSCs. The optimal photovoltaic device exhibited a high
open-circuit voltage, a high fill factor, and a high PCE of 8.89%. To
our best knowledge, this is the first report to use Bi-doped TiO,
NFs as the working electrode and the scattering layer TiO, elec-
trode for DSSCs and get a high PCE of more than 8% (under
100 mW/cm?, AM 1.5G).

2. Experimental details

Bismuth doped sodium hydrogen titanate nanofibers were pre-
pared by suspending 1000.0 mg TiO, anatase powder (Acros
Organics, 98%) and 61.3 mg of bismuth nitrate (Acros Organics,
99.999%) in 25.0 mL 10.0 M NaOH aqueous solution, followed by
a treatment in a Teflon-lined stainless steel autoclave at 150 °C
for 24 h. The product was washed with deionized water, filtered

and dried in air at 70 °C, then washed with 0.1 M HCl to exchange
Na*-ion for protons. The product was washed with deionized
water, filtered and dried in air at 70 °C again. Then, the products
doped with various bismuth concentrations were calcined at dif-
ferent temperatures with a heating rate of 5 °C/min for various cal-
cination times.

The nanocrystalline TiO, was dispersed in o-terpineol with
ethyl cellulose as binder to form a TiO, paste. The mesoporous
TiO, (meso-TiO,) films were prepared on F-doped SnO, transpar-
ent conducting oxide (FTO) glass using the screen printing method.
The thickness of the TiO, film was controlled from 3 pm to 15 pm
and the area of active TiO, electrode was 0.16 cm?, and the thick-
ness of meso-TiO, films were measured by Dektak 150 Surface Pro-
filer. The film was sintered at 500 °C for 1 h in an open atmosphere
and cooled at room temperature. Then, it was immersed in a solu-
tion of 0.5 mM N719 (uniregion bio. Tec.) in a mixture of solvents
containing acetonitrile and tert-butanol (v/v=1/1) at 40°C for
12 h. The dye-loaded TiO, film was then rinsed with acetonitrile
to remove the excess dye. The reduced Pt nanoparticles from H,-
PtClg by NaBH4 solution on FTO glass was used as the counter elec-
trodes of the DSSCs. The electrolyte used for measuring J-V curve
of the DSSC consisted of 0.80 M PMII, 0.10 M Lil, 0.04 M I, and
0.50 M TBP in acetonitrile. The dye-loaded photoelectrode and
the counter electrode were separated by a 60 pm thick hot-melt
spacer (Surlyn, Dupont).

The crystalline structures of various thermally treated Bi-doped
TiO, catalysts were measured by X-ray diffractometer (XRD, Bru-
ker, D2 phaser with Xflash 430, Germany), and UV-vis absorption
spectra were measured by absorption spectrophotometer (JASCO
Analytical Instruments, V-630, Japan) in the 300-900 nm wave-
length range. The specific surface area of the used nanofibers were
measured by BET (Micromeritics ASAP2000). The microstructures
of diameter/structure of Bi-doped TiO, NFs were observed by
Spherical-aberration Corrected Field Emission Transmission Elec-
tron Microscope (JEOL, JEM-ARM200FTH, Japan). AM 1.5G solar
simulator (Yamashita Denso, YSS-100A) was used as the irradiation
source for the current density-voltage (J-V) measurement. The
intensity of the simulated sunlight was calibrated to be 100 mW/
cm? by a silicon photodiode. Related data were collected by an
electrochemical analyzer (Autolab, PGSTAT30) at 25 °C.

3. Results and discussion

In order to discover the bismuth doping effects, XRD patterns of
pristine TiO, NFs and 1.00 mol% Bi-TiO, NFs calcined at 600 °C for
12 h are shown in Fig. 1. Moreover, the XRD patterns of the hydro-
gen sodium titanate (HST) nanofibers and 1.00 mol% Bi-doped HST

—1.00mol% Bi-TiO, NFs

(101)

Intensity (arb. units)

—— Pristine TiOz NFs
10 20 30 40 50 60 70
20 (degree)

Fig. 1. XRD patterns of pristine TiO, NFs and 1.00 mol% Bi-doped TiO, NFs.
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nanofibers calcined at various temperatures for 12 h were mea-
sured to understand the correlation between crystalline structure
and calcination temperature (Fig. S1). Bi-TiO, NFs still exhibits
TiO, anatase phase when the bismuth doping concentration is
occurred. All the peaks can be indexed as the body-centered tetrag-
onal lattice structure [JCPDS No. 89-4921] of anatase phase, with
lattice constants a=b=3.78 A and c = 9.50 A. However, the inten-
sity of diffraction at 20 of 25.3° decreased as the bismuth doping
occurred, indicating the ordering of the lattice was destroyed when
bismuth ions had entered into TiO, anatase structure. The specific
surface area is an important information for preparing high-
performance photocatalyst, because it is related to the surface
reaction rate, resulting in the proportional relation between speci-
fic surface area and photocatalytic activity. The specific surface
areas of pristine TiO, NFs and Bi-TiO, NFs are ~163.088 m?/g and
~178.803 m?/g, respectively, and the differences of their specific
surface areas are less than 10%.

In order to find out the correlation between the absorption
behavior and bismuth doping, the normalized absorption spectra
of pristine TiO, NFs and 1.00 mol% Bi-doped TiO, NFs are measured
as shown in Fig. 2. We can observe that when bismuth ion was
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Fig. 2. UV-vis reflection spectra of pristine TiO, NFs and 1.00 mol% Bi-doped TiO,
NFs.

doped into TiO, anatase structure, the reflection spectrum clearly
extends into the visible region, which means that the band gap
of 1.00 mol% Bi-doped TiO, NFs decreased as Bi doping.

Microstructures of pristine TiO, NFs and 1.00 mol% Bi-doped
TiO, NFs are shown in Fig. 3. The pristine TiO, NFs had a length
of up to 10 pm and a diameter of ~100 nm as shown in Fig. 3a.
For 1.00 mol% Bi-doped TiO,, it showed a length of 5 pm and a sim-
ilar diameter of ~100nm as shown in Fig.3d. The high-
magnification lattice images of pristine TiO, NFs and 1.00 mol%
Bi-doped TiO, NFs are shown in Fig. 3b and e, respectively. The cor-
responding fast Fourier transformed patterns of these specimen are
used to check (101) crystal plane, and the increased d spacing for
the (101) crystal plane is observed for 1.00 mol% Bi-doped TiO,.
The (101) spacing changed from 3.46 A to 3.53 A, when bismuth
ion was doped into pristine TiO, NFs (Wu et al., 2014).

In order to design the high power conversion efficiency device,
we need to understand the mechanism of DSSCs firstly. The mech-
anism of DSSCs can be divided into a few parts (Fig. 4). In the
beginning, the incident light passes through the FTO substrate,
and the photons are absorbed by the dyes adsorbed on the TiO,
working electrode. Then, the excited electrons move from HOMO
to LUMO of dye. After the electrons are excited, the pathway of
excited electrons is transferred from LUMO of dye to the conduc-
tion band of working electrode and then to FTO layer. The electrons
migrate from FTO to the counter electrode, which is formed by Pt,
and react with electrolyte system. However, when the excited elec-
trons of LUMO transfer to conduction band of working electrode,
there are three negative reactions, which might be happening. First
one, the excited electrons might return to HOMO and recombina-
tion happens during the fact that incident light excite the electrons
of dye. Second one, the excited electrons transfer from LUMO of
dye to the conduction band of working electrode then return to
HOMO of dye. Third one, the excited electrons at conduction band
of working electrode might redox with electrolyte. In order to pre-
vent these negative reactions and enhance the power conversion
efficiency, 1.00 mol% Bi-doped TiO, is adopted in this study. In
Fig. 5a, the illustration shows four different DSSC structures,
including the structures having 3 pm-thick pristine TiO, NFs
(Device I) and 3 pm-thick 1.00 mol% Bi-doped TiO, NFs (Device
II) as working electrode, and the DSSC structures having 3 pm thick

Q2T

Fig. 3. (a and d) SEM micrographs, (b and e) TEM micrographs, and (c and f) high-magnification TEM micrographs of the lattice of pristine TiO, NFs and 1.00 mol% Bi-doped

TiO;, NFs.
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Fig. 4. The mechanism of dye sensitized solar cell. The electron transportation
pathways of TiO», sensitizer, and electrolyte were proposed. (1) photoexitation; (2)
electron injection; (3) electron transport (to FTO through mesoporous TiO, film);
(4) regeneration of the oxidized dye; (5) reduction of electrolyte redox species; (6)
reduction of oxidized dye by electron in E, of TiO,; (7) interception of electron in
E. of TiO, by electrolyte species, and (8) radiative or non-radiative decay of
photoexcited electron.

meso-TiO, NPs layer as working electrode, and each with a 3 pm-
thick pristine TiO, NFs (Device III) and Bi-doped TiO, NFs (Device
IV) as the scattering layer. Shown in Table 1, the variation of V¢ is
remarkable in that Voc was significantly enhanced from 0.630 V
(Device I) to 0.800 V (Device II) (Fig. 5b), and from 0.663 V (Device
III) to 0.808 V (Device IV) (Fig. 5c¢). Bi-doped TiO, NFs exhibited
higher value of the Vpc compared with pristine TiO, NFs, but Bi-
doped TiO, NFs showed the lower value of Js¢c than it of pristine
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Table 1

Device performances of DSSCs based on different working electrodes and with/
without scattering layers. (The thickness of meso-TiO, layer of device IIl and device IV
are only ~3 pum).

Structure Voc (V) Jsc (mA/cmy) FF (%) PCE (%)

Device I 0.630 + 0.001 0.54 £ 0.02 58.2+0.21 0.20 £ 0.01
Device II 0.800 + 0.001 0.41 £ 0.01 60.5+0.23 0.20+0.01
Device III 0.663 + 0.007 5.33+0.15 61.8+1.24 2.18+0.03
Device IV 0.808 + 0.008 5.75+0.27 76.9 £1.45 3.57 +£0.06

TiO, NFs. However, the TiO, NFs showed lower Jsc than TiO,
nanoparticle indicated that titanium dioxide nanofiber shows poor
adsorption ability of dye (N719) because of its minor specific sur-
face area. In order to increase the adsorption of dye on TiO, elec-
trode, the meso-TiO, NPs layers were both applied in Device III
and Device IV. After inserted the meso-TiO, NPs layer into DSSCs,
the Jsc is significantly improved due to the higher surface area and
extra amount dye adsorption. The enhanced Jsc indicates that the
Bi-doped TiO, layer can help carrier transport and can reduce
charge recombination.

In this study, we can observe an enhanced open circuit voltage,
when the DSSC incorporated with Bi-doped TiO, NFs. Fig. 6 shows
the energy level diagram of present DSSCs incorporated Bi-doped
TiO, NFs. An energy barrier would exist at the interface of two
materials, meso-TiO, NPs layer and Bi-doped TiO, NFs layer. The
electronic charge generation is caused by light irradiation from
the FTO substrate side. The meso-TiO, NPs layer and Bi-doped
TiO, NFs layer received the electron from the dye-N719. The incor-
porated Bi-doped TiO, NFs layer can increase the light scattering
and the Fermi energy of TiO, electrode, and can reduce the

Device IV

_TiO, compact layer

FTO/ % meso-TiO,NPs

—_

== meso-TiO2/TiO2 NFs (Device lll)
meso-TiO2 Bi-TiOz2 NFs (Device IV)

H’:)-(‘H—, S
el '\J‘(_)-(‘J\ﬁ
MacN

Q

. 1

Voltage (V)

Fig. 5. (a) The schematic structures of various DSSCs in our study. The two left-side DSSCs structures are fabricated with pristine TiO, NFs (Device I) and Bi-doped TiO, NFs
(Device II) as working electrode, respectively. The two right-side DSSCs structures having 3 pum thick meso-TiO, NPs as working electrode, and each with a 3 pm-thick
pristine TiO, NFs (Device III) and Bi-doped TiO, NFs as the scattering layer (Device IV), respectively. (b) Photocurrent-voltage curves of the DSSCs with pristine TiO, NFs (red
line) or Bi-doped TiO, NFs as working electrode (blue line). (c) Photocurrent-voltage curves of the DSSCs with pristine TiO, NFs (magenta line) and Bi-doped TiO, NFs as the
scattering layer (cyan line), and each with a 3 pm thick meso-TiO, NPs as working electrode. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 6. Energy level diagram of the DSSCs with Bi-doped TiO, NFs as the scattering layer and with a meso-TiO, NPs as working electrode.

possibility for electron-hole recombination. In addition, we
observed the open-circuit voltage increased from 0.663 V (Device
III) to 0.808 V (Device IV) from Table 1. The existence of incorpo-
rated Bi-doped TiO, NFs layer, which possesses a higher conduc-
tion band minimum than meso-TiO, NPs layer, led to the Fermi
level of working electrode (Bi-doped TiO, NFs/meso-TiO, NPs)
variation and raised Vpc.

According to the marked performance of meso-TiO, NPs/Bi-
doped TiO, NFs at a thin-film condition, we further tested the
effect of film thickness of meso-TiO, on device performance with
3 um Bi-doped TiO, NFs as light scattering layer. The thickness of
the meso-TiO, NPs film was readily controllable across a broad
range from 0 to 15 pm, and a thick meso-TiO, NPs film tended to
crack when thickness is larger than 15 pm. Table 2 shows DSSCs
device performance with Bi-doped TiO, NFs as the light scattering
layer and various thickness of meso-TiO, NPs as working elec-
trodes. The thickness of the Bi-doped TiO, NFs was fixed at
~3 um. Fig. 7(a) shows the illustration of DSSCs structure with
Bi-doped TiO, NFs as the scattering layer and the different thick-
nesses of meso-TiO, NPs as working electrode. The J-V curves
obtained for the meso-TiO, NPs/Bi-doped TiO, NFs system are
shown in Fig. 7(b).

Fig. 8a-d show the parameters, i.e. Voc, Jsc, FF and PCE, as a
function of the thickness of meso-TiO, NPs, respectively. The Voc
value of only Bi-doped TiO, NFs film is higher than that of meso-
TiO, NPs/Bi-doped TiO, NFs, because it has a higher conduction
band minimum than meso-TiO, NPs layer, led to the Fermi level
of working electrode variation and raised Vopc. Jsc increased with
larger amounts of dye loading on TiO, electrode as the thickness
of meso-TiO, NFs increased. When the total thickness of
meso-TiO, NPs layer is achieved ~12 pum, the DSSCs exhibits the

Table 2

Device performance of DSSCs with 3 um Bi-doped TiO, NFs as the scattering layer and
different thicknesses of meso-TiO, NPs films as working electrodes. Each DSSC
performance is checked by more than three repetitions.

Thickness of meso-  Voc (V) Jsc (mA/ FF (%) PCE (%)
TiO, NPs film (pm) cmy)
0 0.850 + 0.001 0.41+0.01 60.5+0.20 0.21+0.01
3 0.808 +0.008 5.75+0.27 76.9+1.45 3.57+0.06
6 0.777 £0.002 10.11+0.04 763 +0.15 5.99+0.02
9 0.783+0.012 13.62+0.33 763+043 8.14+0.24
12 0.787 +0.006 14.45+0.21 782+252 8.89+0.24
15 0.772+0.021 14.51+048 77.7+051 8.70%0.05

(a)
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/25
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Fig. 7. (a) The schematic structures of DSSCs with/without the working electrode of
meso-TiO, NPs layer, and each with a 3 um-thick Bi-doped TiO, NFs as the
scattering layer. (b) Photocurrent-voltage curves of DSSCs structure with different
thickness of meso-TiO, NPs as working electrode, and each with a 3 pm-thick Bi-
doped TiO, NFs as the scattering layer.

maximum Jsc value of 14-15 mA/cm?. The FF value shows no cor-
relation with the thickness of meso-TiO, NFs, but the average value
of meso-TiO, NPs/Bi-doped TiO, NFs is higher than that of only Bi-
doped TiO; NFs film, which might indicate the advantage of meso-
TiO, NPs/Bi-doped TiO, NFs film with better conductivity than that
of only Bi-doped TiO, NFs film. The increased thickness of meso-
TiO, NPs shows an increase in the short-circuit current owing to
the fact that additional amount of dye-N719 was adsorbed by
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Fig. 8. (a) The correlation between open circuit voltage (Voc) and the thickness of meso-TiO, NPs, (b) the correlation between short circuit current density (Jsc) and the
thickness of meso-TiO, NPs, (c¢) the correlation between fill factor (FF) and the thickness of meso-TiO, NPs, and (d) the correlation between power conversion efficiency (PCE)

and the thickness of meso-TiO, NPs.

working electrode and further enhanced light absorption behavior.
After optimizing the parameters of DSSCs, the overall performance
of the meso-TiO, NPs/Bi-doped TiO, NFs devices was dominated by
Jsc until a maximum efficiency was attained at 12 pm-thick meso-
TiO, NPs, which Jsc = 14.45 mA/cm?, Voc=0.787 V, FF=0.782 and
1 = 8.89%, respectively.

4. Conclusion

In summary, Bi-doped TiO, NFs have been synthesized success-
fully. From UV-vis reflection spectra, Bi doping can extend the
absorption spectra of TiO, from UV band into visible light band.
Then, we adopt Bi-doped TiO, NFs to further study in the applica-
tion of DSSCs. The Vqc is significantly enhanced from ~0.6 V to
more than 0.8V by replacing pristine TiO, NFs with Bi-doped
TiO, NFs. The incorporated Bi-doped TiO, NFs layer can increase
the light scattering and the Fermi energy of TiO, electrode, and
reduce the possibility for electron-hole recombination. After opti-
mizing the thickness of TiO, electrodes, we adopt 3 pm Bi-doped
TiO, NFs as the light scattering layer and 12 pum meso-TiO, NPs
as the working electrode to assemble the DSSCs. The overall perfor-
mance of the optimized DSSCs exhibits high open circuit voltage of
0.787 V and high power conversion efficiency of 8.89%.
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