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Abstract: Ho’*-doped titanium dioxide (TiO,:Ho’") downconversion (DC) nanowires were synthesized through a simple
hydrothermal method followed by a subsequent calcination process after being immersed in Ho(NO3); aqueous solution. Moreover,
TiO,:Ho®" nanowires (HTN'Ws) were used as the photoanode in dye-sensitized solar cells (DSSCs) to investigate their photoelectric
properties. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) were used to characterize the morphology and
structure of the material, respectively. The photofluorescence and ultraviolet—visible absorption spectra of HTNWs reveal a DC from
the near and middle ultraviolet light to visible light which matches the strong absorbed region of the N719 dye. Compared with the
pure TNW photoanode, HTNWs DC photoanodes show greater photovoltaic efficiency. The photovoltaic conversion efficiency (1) of
the DSSCs with HTNWs photoanode doped with 4% Ho,03 (mass fraction) is two times that with pure TNW photoanode. This
enhancement could be attributed to HTNWs which could extend the spectral response range of DSSCs to the near and middle
ultraviolet region and increase the short-circuit current density (J;.) of DSSCs, thus leading to the enhancement of photovoltaic
conversion efficiency.
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of the electrodes/electrolytes, it is a vital component in
DSSCs. Nevertheless, the electrons generated by
disordered TiO, films may suffer a series of trapping

1 Introduction

Because of its low cost and simple fabrication
method, clean renewable energy utilization has become
one of the primary underlying solutions for global
warming [1], and improving the dye-sensitized solar
cells (DSSC) efficiency has been of great significance for
many research groups. To date, many investigators have
pursed novel methods to enhance the battery
performance based on the development of better
elements, such as sensitizing dyes [2,3], transparent
conducting oxides (TCOs) [4], redox electrolytes [5],
nanocrystalline TiO, layers [6,7], and Pt counter
electrodes [8]. Particularly, on account of the direct
influence of nanocrystalline TiO, layer on the light
harvesting, charge recombination and interfacial contact

events between trap states on neighboring particles or
recombine with oxidizing species in the electrolyte
during random walking through the film, leading to the
limitation of the charge-collection efficiency [9,10].
Hence, many attempts have been made to study TiO,
nanofibers or nanowires for their promising
microstructure and satisfied photoelectric property in
energy utilization [11,12].

In addition, DSSCs have the maximum absorption
up to 800 nm of the total incident solar irradiation [13].
This brings out a major issue for this technology because
the unutilized ultraviolet and infrared occupy 50% of
solar irradiation, and limits the solar energy conversion
efficiency for DSSCs. Therefore, extending the spectral
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response range of DSSCs to the ultraviolet region has
become a vital approach to increase the DSSCs
efficiency. Many researchers used rare earth metal ions
as the catalysts for their incompletely occupied 4f and
empty 5d orbits [14]. Doped rare-earth compound can
not only increase the photocurrent via conversion
luminescence, but also improve the photovoltage by
p-type doping effect. So far, rare-earth doped TiO, has
been widely studied [15,16]. Compared with pure TiO,-
DSSC, all other lanthanide metal ions such as Nd, Eu,
Gd and Sm doped TiO,-DSSCs show an improvement in
the performance of DSSCs [17,18]. In the previous
work [19], SrTiOs:Ho®" nanoparticles were prepared and
it was proved that the introduction of Ho’" could increase
the efficiency by 59%. But to our best knowledge, the
investigation on the application of TiO,:Ho’" nanowire
on DSSCs has rarely been reported.

In the present study, TiO,:Ho®" nanowires (HTNWs)
were prepared through hydrothermal process in alkali
liquid-based system followed by a subsequent calcination
process after being immersed in Ho(NOj); aqueous
solutions overnight. The Ho®'-doped content that
crucially affects the microstructure and optical properties
of the synthesized nanowires was optimized. Then, the
morphology and crystal structure of the samples were
studied. Finally, the effect of produced nanowires on the
performance of DSSCs was investigated.

2 Experimental

2.1 Synthesis of HTNWs
2.1.1 Synthesis of HTNWs precursor

Appropriate TiO, (Degussa P25) was added to
NaOH solution and then transfered to teflon autoclaves
which was kept in an electric oven at 190 °C for 24 h.
After cooling down to room temperature, the sample was
washed with distilled water several times until the pH
value of the washing solution was about 7.0 and then
dried at 80 °C overnight in air. After being immersed in
0.1 mol/L HCI solution overnight, the sample was
washed and dried again using the above method, and
then TiO, nanowire precursor was obtained.

To prepare HTNWs precursor, the as-prepared TiO,
nanowires precursor was immersed in Ho(NO3); aqueous
solution at different concentrations of Ho,O; overnight.
After being filtered and washed with distilled water,
different HTNWs precursors were obtained.

2.1.2 Synthesis of HTNWs

The HTNWs with different Ho,Os-doped contents
were obtained by heating the corresponding precursor at
650 °C for 2 h in air. For the convenience of description,
the HTNWs with Ho,Os-doped contents of 0, 2%, 4%
and 6% (mass fraction) were labeled as SO, S1, S2 and
S3, respectively.

2.2 Fabrication of DSSCs

photoanodes

The TiO, blocking layer for DSSCs was prepared
according to the following strategy: tetrabutyl titanate
was mixed with diethanolamine and absolute ethyl
alcohol, and appropriate distilled water was added
dropwise, then, the obtained colloidal sol was coated on
FTO by spin-coating method, and the blocking layer film
formed after being sintered at 500 °C for 30 min. In the
next step, mesoporous HTNWs films were prepared
through screen printing method as follows: firstly,
appropriate HTNWs was added into the agate mortar in
the presence of distilled water, acetic acid and triton
X-100 to obtain the screen printing slurry. Secondly, the
obtained slurry was screen printed on the blocking layer
film and annealed at 500 °C for 30 min to remove the
binders in the slurry. To prepare dye-sensitized
electrodes, the mesoporous HTNWs film electrodes was
immersed in 0.5 mmol/L N719 ethanol
overnight at room temperature in the dark. After being
removed from the dye solution, the electrodes were
rinsed and dried. Finally, the unsealed sandwich type
solar cells, assembled with dye sensitized HTNWs
electrodes with Ho,Os contents of 0, 2%, 4% and 6%
(mass fraction) as the photoanodes, Pt coated FTO
electrode as the counter electrode, and standard iodide
electrolyte solution as a mediator, were labeled as W,
W,, W, and Wj, respectively. The area of working
electrode was 0.25 cm”.

based on HTNWs

solution

2.3 Characterization

X-ray diffraction (XRD) experiments were carried
out at room temperature using a D/max 3B
diffractometer operated at 30 kV and 100 mA with Cu
K, radiation (4=0.154 nm) to identify the crystal phase of
samples. The surface morphology was examined using a
scanning electron microscope (SEM, JSM—-6460LV).
Absorbance spectroscopy of samples was tested in an
ultraviolet—visible absorbance spectrometer (UV—Vis,
Lambda35). The photoluminescence (PL) spectra were
analyzed using a fluorescence spectrometer (LS—55). A
solar simulator (SS50) providing an illumination of
AM1.5G simulated sunlight with 100 mW/cm®
irradiation and a Keithley 2400 source meter were
employed to measure the photovoltaic properties of the
assembled DSSCs. The monochromatic incident photon—
electron conversion efficiency (IPCE) of the DSSCs was
also measured using a light meter (SM—25, Japan).

3 Results and discussion

3.1 Phase analysis
The XRD pattern of S2 with 4% Ho,05 is shown in
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Fig. 1. The peaks at 26 values of 25.26°, 36.88°, 47.78°,
62.74° and 68.99° correspond to the (101), (004), (200),
(204) and (116) crystal planes of anatase TiO,,
respectively. All the peaks can be perfectly indexed as a
pure anatase phase of TiO, (JCPDS card No. 21-1272)
with lattice constants @=3.7852 A and ¢=9.5139 A.
Moreover, no other peaks are detected, which indicates
that the crystal structure of TiO, is not changed by
doping with a small amount of Ho®" ions. Furthermore,
in the case of raw TiO, samples, the transition of anatase
to rutile phase started at around 600 °C, and the two
phases co-existed in a wide temperature range (from 600
to 900 °C) [20,21]. While, all peaks of the as-prepared
samples can be assigned to the anatase phase calcined at
650 °C. As suggested by other authors, the rare earth
element dopant influences the transition rates of anatase
to rutile TiO, phase due to perturbation in the crystal
nucleation process for either substitutional or interstitial
dopant ion incorporation within the host lattice [22,23].
Indeed, the rare earth ion incorporation within the titania
structural framework causes lattice site distortions due to
the large difference of ionic radii between Ti*'(0.68 A)
and Ho™" (90.1 A).
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Fig. 1 XRD pattern of S2 with 4% Ho,0;

3.2 Morphology analysis

Figures 2(a) and (b) show the SEM images of SO
and S2, respectively. As shown in Fig. 2(a), after
hydrothermal reaction for 24 h, the high purity TNWs
with large aspect ratio are obtained. After hydrothermal
reaction, P25 nanoparticles were transformed into
non-hollow nanowires with small size distributions both
in length and in diameter. Approximately, the lengths are
2-20 pm and the diameters are 100—200 nm. Figure 2(b)
shows the SEM image of the HTNWs with 4% Ho,0;
(S2). Compared with the pure TNWs, the HTNWs keep
the original appearance and display highly porous
network morphology. The magnified image shows that

the network consists of ultrafine HTNWs with an
average diameter of 150 nm.

Fig. 2 SEM images of SO (a) and S2 (b)

3.3 Downconversion (DC) luminescence analysis

The excitation (emission at 587 nm) and emission
spectra (excited at 412 nm) of S1-S3 with Ho,Oj; of 2%,
4% and 6% in sequence are shown in Fig. 3. It can be
seen that HTNWSs possess an obvious luminescence
function. A significant excitation peak at 412 nm and an
emission peak at 587 nm are observed. The excitation
peak at 412 nm and the emission peak at 587 nm
corresponded to the Ho*"’I3—°Gs, °S,—I; transitions,
respectively. The luminescence at 587 nm is just within
the absorption wavelength range of sensitizing dye
N719. Combining the excitation and emission spectra,
the ultraviolet irradiation can be absorbed by the N719
dye in the DSSCs via the conversion luminescence of
HTNWs and the solar light harvest of DSSCs may thus
increase. Figure 4 shows the PL intensity of HTNWs as a
function of doping content of Ho,0O;. According to the
emission spectra, the relative PL intensity of HTNWs
decreases slightly with the increase of Ho,O; content
from 2% to 4%. But larger amount of Ho,0; (6%)
because of filling the quenching sites decreases the PL
intensity obviously. Figure 5 shows the energy-level
diagram of Ho’" and DC mechanisms. According to the
energy band and energy matching between the excitation
and emission wavelength, the possible DC energy
transfer mechanism is suggested that ultraviolet photon
excitation (at 412 nm) makes the electron of Ho®" excited
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Fig. 3 Excitation (a) and emission (b) spectra of S1-S3 with
Ho,05 0of 2%, 4% and 6% in sequence
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Fig. 4 PL intensity of HTNWs as function of doping content of
Ho,0; at 587 nm

to a higher energy state (°Gs), where radiationless
transition occurs until the electron resides at the °S,
energy level in 4f shell. Then, radiative transition occurs
to the °Ig ground state (°S,—’Is) and generates green light
emission around 587 nm.
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Fig. 5 Schematic energy level diagram of Ho®" in TiO,and DC
mechanisms on excitation by 412 nm radiation (Full and dotted
arrows indicate radiative emission and energy transfer,
respectively)

3.4 Analysis of UV—Vis absorption spectra

The optical properties of TNWs with different
Ho®"-doped contents in the range of 300-700 nm were
studied by the UV—Vis absorption spectra and the results
are shown in Fig. 6. All the samples have absorbance in
the UV—Vis region. In addition, in the wavelength
around 330 nm, the photoanodes with HTNWs (S2, S3)
show more absorption. The possible reason is that the
HTNWs could absorb and convert near and middle
ultraviolet light to visible light which the N719 could
absorb easily. Furthermore, the photoanodes with strong
absorbance effects would improve the light-harvesting
efficiency resulting in a higher current density, and the
highest absorption spectrum in the case of HTNWs
doped with 4% Ho,0; is consistent with its highest
short-circuit current density (J;.) of the relevant DSSCs.
In all, the highest efficiency of 1.03% is obtained for the
DSSCs with HTNWs doped with 4% Ho,0;.

—=— S0

300 400 500 600 700
Wavelength/nm

Fig. 6 UV—Vis absorbance spectra of different photoanodes
sensitized with N719
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3.5 Photoelectric properties of DSSCs

Figure 7 shows the current density—voltage curves
of W0—W3 DSSCs based on the films of DC HTNWs
with different doping contents of Ho,Os. The open circuit
voltage (@), short-circuit current density (Js.), fill factor
(Fy) and photoelectric conversion efficiency (#) of these
DSSCs are summarized in Table 1, while Fig. 8 shows
the dependence of J. and # on the Ho,O; doping content
in TNWs. As shown in Fig. 8, the photocurrent density
and conversion efficiency first increase and then
decrease with increasing the doping content of Ho,0s,
and the open circuit voltage is similar. When the doping
content of Ho,Os reaches 4%, the photocurrent density
and the conversion efficiency of the cell peak reach the
optimum values of 5.6 mA/cm”and 1.93%, respectively.
As the doping content increases beyond 4%, both the
photocurrent density and conversion efficiency decrease.
The increase of J,. when the doping amount is less than
4% can be attributed to the DC luminescence of Ho®"
from ultraviolet light to visible light. Moreover, the
changes of TiO, energy level by doping rare-earth ions
improve the carrier transport at the interface of TiO,/Dye,
which further improves the J,.. However, when the
amount of Ho,Os5 is beyond 4%, more grains, phases and
domain interfaces are produced in the doping layer.
These interfaces can capture photo-generated electrons
and holes, hindering the charge carrier transportation,
leading to a decrease of photocurrent [24]. This is the
reason why J,. increases first and then decreases with the
increase of Ho,O3 content in the TiO, layer of the
DSSCs.
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Fig. 7 J;.—¢ curves of W0—W3 DSSCs

Table 1 Property parameters of W0—W3 DSSCs

Cell oIV Jo/(mA-cm ) Fe 0%
w0 0.74 227 0.53 0.9
Wl 0.75 3.74 0.41 1.16
w2 0.72 5.6 0.48 1.93
w3 0.75 4.04 0.45 1.37
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Fig. 8 Dependence of J;. and 7 on doping content of Ho,O3

In addition, the J,. is also reflected in the IPCE
performance (Fig. 9). The cell with 4% Ho,0; shows the
maximum IPCE of 33.25% at 520 nm, while the IPCE
value of the cell without Ho,O; is only 7.8%. This
indicates that the significant improvement of J. is due to
the enhancement of the photo-to-current efficiency.
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Fig. 9 IPCE curves of W0—W3 DSSCs
4 Conclusions

1) As a conversion luminescence medium, the
HTNWs broaden the near and middle ultraviolet light
harvest via DC
photocurrent.

2) When the doping content of Ho,0; is 4%, the
photoelectric conversion efficiency of the DSSC is
two-fold increase compared with that of the DSSC

luminescence and increase the

without Ho*" ions.
3) The research results reveal that the DC material
HTNW is helpful to improve the performance of DSSCs.
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