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ABSTRACT: An organic lanthanum solution was prepared and used for modifying the
nanoporous TiO, photoanode for dye-sensitized solar cells (DSSCs). The preliminary
characterization results demonstrate that La,O; was formed on the surface of the TiO,
photoanodes. The X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
analyses suggest that La®* was introduced into the TiO, nanocrystalline, while, the
scanning electron microscopy (SEM) and tunnelling electron microscopy (TEM) char-
acterizations suggest that a thin La,O; layer forms on surface of the TiO, nanostructure.
The La,O; layer is able to alleviate the electron recombination as a passivation layer.
Though the slight decrease in surface areas were induced by the surface modification, the
dye loading were maintained, which can be attributed to the formation of strong co-
ordination bonding between the dye molecules and the lanthanide. The bonding can also
facilitate the electron transfer between the dye molecules and TiO, conduction band.
Consequently, the open circuit potential and short circuit current were boosted

significantly and the overall energy conversion efficiency of the DSSCs was remarkably improved from 6.84% for the control film

to 9.67% for the La**-modified film.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) have been considered as a
low-cost and efficient solar-to-electricity conversion device."”
To date, nanoporous TiO, are still the most promising materials
for DSSCs photoanodes.> The nanoporous nature of the TiO,
nanomaterials provides high surface area for efficient dye adsorp-
tion, which imparts high light harvesting and energy conversion
eﬁiciency.4 However, electron recombination in the electron
transport processes, including the electron injection from the
excited dye to the TiO, conduction band and electron transport
from the conduction band to the conductive substrate, is con-
sidered as one of the major obstacles to achieve high solar-
to-electricity conversion efficiency.5

Tremendous efforts have been devoted to modify the nano-
porous TiO, photoanodes for alleviating the electron recombi-
nation.” TiO, surface modification with an insulating layer, such
as BaCO316 ALO,, and MgO,8 or a higher conduction band
edge semiconductor layer, such as ZrO,,” In,03,' Nb,Os,'" and
Zn0,"” was proven effective in reducing the recombination and
increasing the DSSCs conversion efficiency.'> However, depo-
sition of an additional surface layer could interfere the dye
loading and the electron injection processes, which could affect
the energy conversion efficiency, leading to limited improvement
in energy conversion efﬁciency.9

Lanthanide ions are known for their ability to form com-
plexes resulted from the co-ordination bonding between the
f orbitals of the lanthanides and lone electron pairs of various
Lewis bases (e.g., acids, amines, aldehydes, alcohols, thiols, etc.)
because of the abundant functional groups.> Among the
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lanthanide ions, La** was successfully incorporated into a TiO,
structure for improving the adsorption of the organic com-
pounds rate.">'*

Recently, we used an organic TiO, solution to modify the
nanoporous TiO, photoanodes to construct a compact thin
layer on the surface of the nanoporous TiO, networks."> The
dip coating method is efficient, simple and low-cost in surface
modification. It is believed that the organic property of the
solution is crucial for obtaining this compact thin layer."

Based on the aforementioned findings, we propose to intro-
duce a compact thin La,O; layer on the surface of the nano-
porous TiO, networks using an organic lanthanum solution in
this work. Considering the low viscosity nature of the organic
lanthanum solution, we expect the La’* can be introduced
throughout the photoanode, enhancing dye adsorption strength
and improving electron transport efficiency, and thus boost the
performance of the resultant DSSCs.

2. EXPERIMENTAL SECTION

2.1. Materials. Lanthanum nitrate hexahydrate (>99.9%),
chloroplatinic acid hydrate (> 37.50% Pt basis), and isopropanol
(>99.7%) were purchased from Sigma-Aldrich. TiO, paste, N719 dye
(RuL,(NCS),(TBA),-(H,0),, L = 2,2"-bipyridyl-4,4-dicarboxylic acid,
TBA =tetrabutylammonium) and organic based liquid electrolyte
(HPE, Dyesol) containing I"/I;~ redox couple were supplied by Dyesol
(Australia), compositing of gamma butyrolactone, iodine, lithium iodide
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and imidazole compound. Fluorine-doped tin oxide (FTO) transparent
conductive glass (<14 ohm/square) from Pilkington was used as the
substrate.

2.2. TiO, Films Preparation and Modification by Organic
Lanthanum Solution. TiO, films were screen-printed on pre-
cleaned FTO glass with commercial TiO, paste. The printing pro-
cesses were repeated until a thickness of 12 ym was obtained. Sub-
sequently the resultant films were sintered at 450°C for 30 min,
designated as control films. The organic lanthanum solution as a modi-
fication precursor was prepared by dissolving 2.165 g La(NO;)s:
6H,0 into 100 mL of isopropanol under vigorous stirring for 20 mins.
Modification of the control films was achieved by using a dip-coating
technique with a withdrawing speed of 2 mm/s from the lanthanum
solution, dried in air and subsequently sintered at 450 °C for 30 min.
The modified films with coating layers of 1, 2, 4, 6, 8, and 10 are
marked as M1, M2, M4, M6, M8, and M10, respectively.

2.3. Characterizations of TiO, Films. The materials character-
izations were carried out by X-ray diffraction (XRD, Philips PW3020),
X-ray photoelectron spectroscopy (XPS, Physical Electronics 549),
scanning electron microscopy (SEM, JEOL 890), transmission
electron microscopy (TEM, JEOL 4010), The XPS survey was
conducted using the position of the C 1s peak (284.6 eV) of
adventitious carbon as charge referencing UV—vis diffuse reflectance
spectroscopy and UV-vis spectrophotometry (Varian, Cary 4500).

2.4. DSSC Assembly and Characterizations. The control films
and modified films with a sensitized area of 1 cm” were immersed into
N719 dye solution (3 X 10~* M in butanol and acetonitrile, 1:1, v/v)
for 24 h. The dye-sensitized films were washed with anhydrous aceto-
nitrile after dye sensitization, and dried in N, flow before the DSSC
fabrication."”® Platinum counter electrode on FTQ substrate was
prepared by spin-coating using S mM H,PtCl4 isopropanol solution
and pyrolyzing the resulting film at 380 °C for 15 min."® Liquid solu-
tion containing I"/I;~ redox couple was used as the supporting electro-
lyte. Then the dye-sensitized TiO, film, electrolyte and platinum
counter electrode were configured into a typical sandwich cell and
sealed with a thermoplastic sealant. A mask with a window area of
0.15 cm? was used to define the active illumination area of the DSSCs.

The photovoltaic measurement of the DSSCs was conducted using
a Scanning Potentiostat (PAR362, Princeton) under 100 mW cm™
illumination via a SOOW Xe lamp (Trusttech, Beijing, China) coupled
with an AM 1.5G filter (Sciencetech, Canada). The light intensity was
measured by a radiant power meter (Newport 70260, USA) equipped
with a broadband probe (Newport 70268, USA). The measured
photovoltaic parameters including short-circuit photocurrent (J,.),
open-circuit photovoltage (V,.), fill factor (FF) and energy conversion
efficiency (17) were the average value of four cells and the corre-
sponding statistical errors were 3%, 3%, 2% and 3%, respectively. Open
circuit voltage decay (OCVD) experiment was conducted by moni-
toring the subsequent decay of V. after cutting off the illumination on
DSSCs under open-circuit condition.

3. RESULTS AND DISCUSSION

3.1. Materials Characterizations. The organic lanthanum
solution allows the La*" ions to readily penetrate the entire
nanoporous TiO, framework and enables the establishment of
a thin and uniform layer coating on the nanoporous TiO,
surface. The post-thermal treatment converts the thin coating
layer into the highly crystalline La,O; film. The thickness of the
coating layer with optimized coating times is expected not to
significantly change the porosity of the original nanoporous
structure (affecting the dye adsorption capacity and optical
property), and more importantly, to play an important part for
efficient electron transport.” The sample M8 is used as a typical
example of the modified films in the following discussion if not
otherwise stated.

The crystalline structure and element analysis of control and
modified films were analysed by the XRD spectra as shown in
Figure 1. Typical anatase (A) peaks at 26 of 25 and 37°'® were
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Figure 1. XRD patterns of the control and M8 modified films; TiO,
(A), anatase; La,05 (C), cubic La,O; phase.

observed in the spectra of both the control and modified films.
For the modified photoanodes, two diffraction peaks at about
20 of 27 and 52° (JCPDS; 22-369)"” indicate the presence of
cubic(C) La,O4 phase.

Further elementary investigation of the films was conducted
by the XPS spectra (Figure 2). The binding energy for this
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Figure 2. XPS survey of the control film (blue curves) and MS$
modified film (red curves). The insert is the magnified spectrum in the
range of 510—870 eV.

measurement was calibrated by using the C(1s) line (284.6 +
0.1 eV) from adventitious carbon. The survey spectrum of the
control film in Figure 2 show that there are no binding peaks
for the control film when the binding energy is greater than
600 eV. In contrast, for the modified film, the binding energy
peaks were observed at 834.8 + 0.1 eV, 840.4 + 0.1 ¢V, 851.8 +
0.1 eV, and 856.4+ 0.1 eV. These responses are correspondent
to the 3d states of the La element (see the high-resolution spec-
trum in the insert of Figure 2), respectively.18 Interestingly,
the effect of the La®* on the valence state of the TiO, crystallite
can be observed by the XPS study. Figure 2 shows the binding
energy peaks of Ti (2p) of the control and modified films.
Figure 3 shows the SEM and TEM images of the control and
modified films. The SEM image in Figure 3a exhibits a typical
nanoporous structure, where TiO, nanoparticles are randomly
packed across the entire layer, forming pores and gaps among
TiO, particles. Most TiO, particles were in regular cuboid
shapes with particle sizes ranging from 20 to 30 nm as confirmed
by the TEM image in Figure 3c. In contrast with the control
film, the SEM image of the modified film in Figure 3b reveals a
more densely packed nanoporous structure. The overall surface
roughness seems similar to those observed from the control film,
but the number of large pores and gaps is found to be reduced.
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Figure 3. Cross-sectional SEM images of (a) the control film and (b)
M8 modified film; TEM images of (c) the control film and (d) M8
modified film.

It also can be seen that the edges of the original cuboid particles
were smoothened. This is apparently resulted from the coating
of the La,O; film, which could be further confirmed by the TEM
analysis as shown in images ¢ and d in Figure 3. Figure 3¢ shows
the TiO, nanoparticles in the control samples have a sharp edge.
In strong contrast with this, Figure 3d shows that the TiO,
nanoparticles in the modified sample are not as sharp as the ones
in control sample. As a matter of fact, a thin layer can be ob-
served on the surface of the TiO, nanoparticles. The lattice
fringe spacing of the control and modified samples were calcu-
lated using the high resolution results. The lattice fringe spacing
of the TiO, particles for the control sample is 3.52 A corre-
sponding to the (101) facet of anatase TiO, (see Figure 3¢),"
whereas the lattice fringe spacing of the coating particles in the
modified sample is 3.05 A, which is corresponding to the (011)
face of La,O5 (see Figure 3d).”

The average thickness of the La,O; layer can be estimated
from the correspondent TEM images and are listed in Table 1.

Table 1. Average La,O; Thickness (d) Estimated by the
TEM Method, the Surface Area (s) Measured by the BET
Method, the Electron Transfer Resistance (R,) Measured by
the Photoelectrochemical Method and Dye Adsorption
Amount (Ads.) Measured by the NaOH Ethanolic Solution
Desorption Method for the Control and Modified Films

electrodes d (nm) s (m?/g) Ry (Q) Ads. (mol/cm?)
control film 61.50 399 1.67x 1077
modified film (M1) 3 59.69 407 1.72 % 1077
modified film (M2) 5 57.22 398 1.69x 1077
modified film (M4) 6 56.93 371 1.66 x 1077
modified film (M6) 7 56.17 304 1.63x 1077
modified film (M8) 8 55.81 261 1.64x 1077
modified film (M10) 10 53.20 456 1.57 % 1077

There is a clear trend that the average thickness increases with
the increase of the coating times. The actual thickness of the
La,O; coating layer also depends on the geometry and TiO,
particles and the location of the joining points. For the M8
sample, it is normally thicker at the joints (up to 8 nm) and is
thinner at the sticking-out corners (down to 3 nm).
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3.2. Photoelectrochemical Characterizations. The
effect of the La* surface modification on electronic con-
ductivity of photoanodes can be investigated by the photo-
electrochemical measurement of the electron transfer resis-
tance.”! For this measurement, all the electrodes (control and
modified films) were subject to the linear sweep voltammetry
(LSV) measurement under the UV illumination with various
intensities. Panels a and b in Figure 4 show the typical LSV
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Figure 4. Voltammograms of the (a) control film and (b) MS$
modified film under various light intensities in 0.1 M NaNOj solution.
Scan rate was S mV/s. Light intensity for curves (from top to bottom)
were 9.8, 92, 82, 7.2, 62, 52, and 42 mW/cm? respectively.
Relationship between calculated resistances and inversed saturation
photocurrents of the (c) control film and (d) modified film. Data were
derived from a and b.

voltammograms for the electrodes. It was observed that each
voltammogram (]p}1 — E) under a given light intensity consists
of two stages (see Figure 4a, b). In a potential bias range from
—0.3 to 0.0 V, the photocurrent response increased monotoni-
cally with the applied potential bias. Under such conditions, the
system behaved like a pure resistor. Therefore, Ohm’s law
was used to calculate the total electronic resistance, i.e., R =
(E, — E;)/(I, — I,) = AE/AL In contrast, when potential bias
was greater than ca. 0.0 V, the photocurrent levelled off, reaching
a saturation photocurrent (]Sph). Using computer linear regres-
sion fitting, the obtained R values were plotted against the
reciprocal of the saturation current (i.e. l/jsph), giving an excel-
lent linear regression equation as eq 1.

R=k/]sph+R0=R1+R0 (1)

R consists of two parts: a variable resistance (R;) and an
intrinsic resistance (Ry) (Eqn.1). R; depends on experimental
conditions that affect the interfacial reaction such as light
intensity and reaction media. It is therefore reversely propor-
tional to I,;,. The intrinsic resistance R, corresponds to the sum
of all Ohmic resistances, including TiO, crystal boundary
resistances and the resistances at TiO,/conducting substrate
interface during electron transport.”’ Figure 4c and 4d show
that the R, value for the control and modified films (M8) are
399 Q and 261 €, respectively. This indicates that the photo-
electron transfer resistance is considerably reduced by the La**
modification and confirms the improved electronic conductivity

of the film.
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Similarly, a series of R, values were obtained for the modified
samples (see Table 1). The effect of La®" on the conductivity of
the TiO, lies in the passivation effect. It could form a blocking
layer for electron transfer due to the higher energy bandgap of
the La,0; (E, ® 5.5 eV). Table 1 show that the R, value
increases slightly with the first coating times due to the electron
blocking effect, then decreased gradually down to 261 € for
M8 because of the improved electric conductivity before a
sharp increase for M10. Overall, M8 is the optimum sample
with the minimum resistance among the modified samples.

3.3. Dye Adsorption. The La** surface modification
changes chemical composition of the photoanode surface and
could alter the surface area of the photoanodes and therefore
affect the dye adsorption amount and strength. The effect of
the surface modification on the dye adsorption was therefore
investigated. The surface areas of the photoanodes were firstly
quantified by the BET method and are displayed in Table 1.
The surface area decreased gradually with the increase of
coating times from 61.53 to 53.20 m*/g. This can be explained
by the pore-filling effect from the surface modification process.

The dye adsorption amounts of the control and modified
films were measured using the conventional NaOH ethanolic
solution dye desorption method (see Table 1). The dye loading
measurement was conducted by desorbing the adsorbed dye
from the prepared films into the NaOH ethanolic solution and
then measuring the absorbance of the resultant dye solution.**
During the experiment, interestingly, we found that the dye
anchored on the modified films is hard to achieve fully
desorption in 4 h, whereas the desorption process could be
finished in 2 h for the control films. This significant difference
in the desorption time can be explained by the strong inter-
action between the dye molecules and the lanthanum, ie., the
formation of coordination complex bonding between the Lewis
electrons of the functional groups of dye molecules and of f
orbital of the lanthanum."

Corresponding reductions of the dye loading amount on the
film were expected as the film surface area decrease. However,
Table 1 shows the modified films (M1—M10) had only a
slightly decrease in dye loading amount compared with the
control photoanodes. In particular, the calculated dye loading
amounts for the control film and modified film were 1.67X
107 mol/cm? and 1.64 X 1077 mol/cm? respectively. This
represents a decrease of 1.8%, which is in strong contrast with
the decrease in surface area of 9%. The preservation of the dye
loading amount suggests that the strong co-ordination complex
bonding compensates the loss of the surface area. And this
small decrease in dye loading amount is not likely to influence
the photovoltaic performance of the DSSC.

3.4. DSSC Performance Evaluation. The DSSCs of the
control and the La**-modified photoanodes were tested under
100 mW cm™? illumination (AM 1.5G). The photocurrent as a
function of voltage for the DSSCs was shown in Figure S and
the corresponding photovoltaic characteristics derived from the
J—V curves were listed in Table 2. In comparison with the con-
trol film, the V. were improved for all modified photoanodes.
Among them, the sample M10 showed the most significant
4.6% improvement in V,_ from 684 mV to 716 mV, While the
sample M8 showed the largest improvement in J,. from 14.93
to 22.21 mA/cm® Hence, the solar energy conversion efficiency
for the M8 was increased to 9.67%, which is a significant
increase of 41.3% in comparison with that of the control film.
The DSSCs performance in Table 2 suggested that the sample
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Figure S. Dependence of the DSSC performance on the coating times
of the organic lanthanum solution.

Table 2. DSSC Performance of the Control and Modified
Films

electrodes Jo (mA cm™) V.. (mV) FE (%) 75 (%)
control film 14.9 684 67 6.84
modified film (M1) 162 692 67 7.51
modified film (M2) 16.6 692 66 7.59
modified film (M4) 172 701 66 8.07
modified film (M6) 17.8 698 68 8.51
modified film (MS8) 222 704 62 9.67
modified film (M10) 14.1 716 66 6.64

M8 was the optimum photoanode for the DSSCs in terms of
the photo-to-electricity conversion efficiency.

It is noticeable that the photocurrent achieved for M8 in this
work is relatively high among the DSSCs using N719 dye. This
is not unexpected considering the theoretical photocurrent
density for the N719 dye can be as high as 25 mA cm™>** and
similar photocurrent densities have been achieved in the
literature, for examples, 21.9 mA cm™* was obtained by Muduli
et al.>* The reasons for this are explored as follows.

The performance of the DSSCs is commonly influenced by
dye loading and electron transport efficiency.”> The dramatic
improvements of the DSSCs performance as shown in Table 2
were apparently resulted from the La*" modification. First,
despite the decreased surface area, the dye loading of the
modified film was well-maintained because of the stronger
interactions between the dye molecule and lanthanum. Second,
the electron transfer resistance of the photoanodes was sig-
nificantly reduced by the La** modification, which was con-
firmed by the photoelectrochemical measurement. The latter is
beneficial to the reduction of electron recombination. The
reduction of the electron recombination can be further con-
firmed by the dark current and open-circuit voltage decay
(OCVD) measurement.

Dark currents were measured in the dark using LSV tech-
niques and shown in Figure 6. The dark currents in DSSCs are
not directly related to the back electron transfer process under
illumination, because the electrolyte concentration in the films
and the potential distribution across the nanoporous electrode
in the dark are different than those under illumination. How-
ever, it is well-established that the dark current magnitude and
onset reflect the bare FTO area that is closely related to the
back electron transfer, i.e., electron recombination at the FTO/
electrolyte interface. Therefore, the decrease of the dark current
and the increase of dark current onset have been commonly
used to qualitatively describe the inhibition of the back electron

dx.doi.org/10.1021/am2015553 | ACS Appl. Mater. Interfaces 2012, 4, 1289—1294
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Figure 6. Voltammograms of the DSSCs with the control and M8
modified films in the dark.

transfer.”® The voltammograms of the DSSCs with the control
and the M8 modified film in the dark are shown in Figure 6.
The results showed that the onset of dark current for DSSC
with the control film occurred at a low potential bias ca. +0.4 V,
whereas for the modified film, the onset potential shifted to
0.5 V. Besides, under the same applied bias over 0.45 V, the cells
with the control film showed a higher dark current compared
with that of the modified film. The lower dark current of the
modified photoanodes indicates the back electron transfer pro-
cess was suppressed.

Furthermore, the electron recombination in DSSC can be
characterized by the OCVD technique.”” This measurement
was conducted when a steady-state open-circuit voltage (V) of
the DSSC was obtained under the solar light illumination and
the decay of V. was monitored after the stop of the illumina-
tion. It is well-established that V. is highly dependent on the
quasi-Fermi level, ie., the electron density at the CB of TiO,.
Therefore, the decay of V. can be used to reflect the regression
of electron density at the CB of TiO,.”® Figure 7 shows that the
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Figure 7. Open-circuit voltage decay curves of the DSSCs with the
control and M8 modified films.

decay rate of V,_ with the modified film was much slower than
that with the control film. This indicates a restrained regression
of electron density at the CB of the modified TiO,, and
suggests that the recombination rate at the modified film was
considerably reduced and leads to more photoelectrons survive
through the electron transport process and stronger photo-
current. In addition, the alleviated electron recombination could
increase the electron density at the conduction band, which
raised the Fermi level and V..

4. CONCLUSIONS

La,0;-modified TiO, nanoporous photoanodes were fabricated
for dye-sensitized solar cells by a dip-coating method using an
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organic lanthanum solution. The formation of coordination
bonding between the lanthanide ions and dye molecules
enhances the dye adsorption. Moreover, photoelectrochemical
characterization results demonstrate that the modified photo-
anodes possess lower electron transfer resistance than the
original TiO, photoanodes, which alleviates the electron re-
combination rate. The XRD and XPS analyses suggest the
presence of La’" in the modified photoanodes. Consequently,
the overall energy conversion efficiency of the La,O; modified
DSSCs was dramatically boosted to 9.67% in comparison with
6.84% of the original DSSCs.
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