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In low-temperature fabricated dye-sensitized solar cells, promotion of the interparticle electronic con-
nectivity, reduction of the trapping/detrapping events, and suppression of charge recombination on the
semiconductor-electrolyte interface are key steps to improve charge collection and energy conversion
efficiency. In this work, a new method based on curing cementing material (Ca(OH),) under CO, ambient
to produce uniform CaCO3 coatings on mesoporous TiO, nanoparticulate films is presented. The volume
shrinkage resulting from the phase conversion of calcareous coating during the curing procedure can pro-
duce strong strain on the TiO, electrode. By virtue of the compression stress, the interparticle electronic
connectivity was promoted and the density of electronic states in the bandgap of the semiconductor was
reduced. Thus, the electrode with CaCO3 coating exhibits better performance for diffusion and collection
of electrons. Moreover, the formed CaCO3 coatings can also prevent the electrons from recombination
on the semiconductor-electrolyte interface. In combination with a platinized electrode and electrolyte,
the photovoltaic devices with CaCO3 coated electrode achieved an energy conversion efficiency of 4.79%,
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which is 40% higher than that of the cell with blank electrode.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSSCs) have been considered as
promising alternatives to the conventional crystalline-silicon solar
cells on account of their low-cost, facile fabrication and relatively
high energy conversion efficiency [1-4]. In particular, fabrica-
tion of DSSCs on plastic substrate has the potentials to extend
their application and to compatible with the roll-to-roll produc-
tion process. However, one of the obstacles for the flexible DSSCs
(f-DSSCs) is that the instability of plastic substrate above 200°C
prevents any high-temperature (400-550°C) sintering process,
which is critically important to form high connectivity between
TiO, particles. And certain problems, such as poor charge trans-
fer between individual particles, high density of electronic trap in
the bandgap of the low-temperature (usually lower than 150°C)
sintered semiconductor films will lower the diffusion coefficient
and diffusion length of electrons, which directly restrict the pho-
tovoltaic performance. Thus, it is of great importance to develop
low-temperature fabrication techniques for efficient semiconduc-
tor electrodes.

In order to improve the photoelectrochemical perfor-
mance of the semiconductor electrodes, many preparation and
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post-treatment techniques, such as chemical sintering [5-9],
electrospray [10], electrodeposition [11,12], treatment of pastes or
electrodes with titanium-containing gel/solution [13,14], mechan-
ical compression of the semiconductor films [15,16], and formation
of surface coating on the electrodes have been developed [17-19].
These techniques are mainly striving to increase the interparticle
necking area to promote the charge transfer between the nanopar-
ticles [13,14,16], while large amount of the electronic states in
the bandgap is still remained in the semiconductor. The residual
sites of electronic states in the electrode will act as electron traps
during the charge transport, resulting in a lower electron diffusion
coefficient and poorer charge collection efficiency. Surface coating
is able to passivate the surface states and reduce the interfacial
charge recombination [13,14,16]. However, further improvement
in charge transport in the electrode is still needed.

In this work, we propose a new method to improve the charge
transport performance of the low-temperature sintered TiO, films
by introduction of a special coating on the electrode surface. The
coating was formed by successive ion layers adsorption and reac-
tion (SILAR) of Ca(OH), on the surface of the TiO, electrodes
followed by curing under CO, ambient (Fig. 1). We found that the
strain resulting from the phase conversion of the calcareous coat-
ing is able to promote the interparticle electronic connectivity and
reduce the density of electronic states in the bandgap of the semi-
conductor electrodes, which will facilitate the charge transport and
collection.
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Fig. 1. Schematic diagram for coating and curing Ca(OH), layers on the surface
of the low-temperature formed porous TiO, electrodes. The right side of the
figure shows the change of the interaction condition between the TiO, nanopar-
ticles. The right side in (c) shows the promotion of TiO, interparticle connectivity
by the volume shrinkage strain result from the phase conversion of calcareous
layers.

(c)

2. Development of curing for low temperature fabrication
of TiO, electrode

For efficient f~DSSCs, promotion of electronic connectivity
between individual particles, creation of barrier layers on the semi-
conductor electrode surface, and reduction of density of intraband
electronic states are essential approaches to facilitate interpar-
ticle charge transfer, suppress interfacial charge recombination,
and lower the probability of trapping/detrapping events during
electron transport, respectively. Besides, in order to avoid the con-
tamination of the electrodes, all the auxiliary materials should
be easily removed, and introduction or production of insoluble
organic species should be minimized during the electrode fabri-
cation [18].

Ca(OH), is a common cementing material, which is widely
used as binder in construction industry. Ca(OH), can be cured
in the presence of CO, and transformed into CaCOs3, producing
a strong volume shrinkage [20-23]. CaCO3 coated TiO, electrode
can be obtained by SILAR of Ca(OH), on the surface of TiO,
electrodes followed by curing under CO, ambient. The poten-
tial volume shrinkage of the calcareous layers would force the
formed CaCO3 coatings to tightly coat on the surface of the elec-
trode (Fig. 1). Thus, the CaCO3 coating could bring strong strain
on the electrode. The strain resulting from the volume shrink-
age occurred during the phase conversion of calcareous layers
would simultaneously promote the interparticle necking condi-
tion and bring a compression stress to the TiO, building blocks
themselves.

Besides, it has been revealed that the CaCO3 coatings on the
TiO, electrodes surface can protect the electrons from recom-
bination, since the energy level of conduction band edge of
the calcareous layers is much higher than that of TiO, semi-
conductor [24,25]. And the formed CaCO3; coating can passivate
the surface states on the TiO, electrode, which can reduce the
electrons from recombination intermediated via the trap sites
(Fig. 2).
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Fig. 2. Scheme for the energy level diagram of DSSC with calcareous layers on the
mesoporous TiO, electrode. The CaCO3 coatings can effectively prevent the charge
recombination between the electrons in the semiconductor electrode and electron
acceptors (i.e. I3~ ions).

3. Experimental
3.1. Fabrication of TiO, electrodes

Fabrication of mesoporous TiO, electrodes was mainly accord-
ing to a literature procedure [26]. The paste consisting of 3 g of TiO,
(Degussa P25) powders, 5 mL of ethanol, and 5 mL of water was ball
milled for 12 h. The TiO, paste was then deposited by doctor blade
technique on fluorine-doped tin dioxide (FTO) glass by preparing
an active area of 0.38 cm?. The TiO, film was then sintered at 150°C
for 12 h. SILAR of Ca(OH), onto the surface of the TiO, electrode was
performed by immersing the semiconductor electrodes intoa 0.1 M
Ca(NO3); in ethanol for 3 h. After absorption of the calcareous ions,
the electrode was then immersed into a 0.2 M NaOH in ethanol for
3h.

After SILAR of Ca(OH),, the electrodes were moved to a sealed
curing box (Fig. 3) to cure. The required CO, and moisture for cur-
ing the Ca(OH), were supplied by bubbling the water using the CO,
stream in a sealed bottle, which is connected with the curing box.
The temperature for the curing ambient was modulated by the hot
plate. Curing of the Ca(OH), into CaCO3 was performed at the tem-
perature of 80°C for 30 h. After curing, the electrodes were rinsed
with water to remove the unreacted Ca(OH),.

Co,
=>

Fig. 3. Schematic diagram for the curing equip and the experimental conditions.
The required moisture was supplied by bubbling the water using the CO, curing
gas. The temperature for the curing condition can be adjusted by the hot plate.
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Transmission electron microscopy (TEM) was employed to
determine the formation of the calcareous coating by performing a
JEM-2100 electron microscope operated at 200 kV. The morpholo-
gies of the electrodes were characterized by scanning electron
microscopy (SEM) carried out on an S-4800 electron microscope.
X-ray photoelectron spectroscopy (XPS) was employed to charac-
terize the bonding properties of the TiO, films using an ESCALAB
250 spectrometer.

3.2. Assembly of DSSCs

Sensitization of the semiconductor films was firstly carried
out by heating these TiO,-based electrodes at 120°C, after
cooling to 80°C, the TiO, electrode was immersed overnight
in a ruthenium dye solution (cis-di(thiocyanato)-N,N’-bis(2,2'-
bipyridyl-4-carboxyl acid-4’-tetrabutylammonium carboxylate)
ruthenium (II) (also known as N-719) that was dissolved in acetoni-
trile with a concentration of 0.5 mM). The electrode was then rinsed
with acetonitrile and dried. Then one drop of iodine-containing
electrolyte was deposited onto the surface of the electrode and pen-
etrated inside the TiO, film via capillary action. The electrolyte was
composed of 0.1 M lithium iodide (Lil), 0.6 M tetrabutylammonium
iodide (TBAI), 0.05 M iodine (I;), and 0.5 M 4-tert-butylpyridine dis-
solved in acetonitrile. A platinized FTO counter electrode was then
clipped onto the top of TiO, photoelectrode to form photovoltaic
device.

3.3. Electrochemistry and photoelectrochemistry

The photovoltaic properties of the DSSCs were characterized by
recording the photocurrent-voltage (I-V) curves under illumina-
tion of AM. 1.5G (100 mW/cm?). The illumination was provided
by performing an Oriel-Newport solar simulator. Electrochemi-
cal impedance spectroscopy (EIS) measurements were carried out
by performing a computer-controlled potentiostat (PAR 2273).
The obtained spectra were fitted with Z-view software. To deter-
mine the flat band potential of the electrode, potentiodyanmic
impedance spectroscopy was performed in a tri-electrode system
using semiconductor films as the working electrode, a platinum
sheet and a saturated calomel electrode (SCE) were employed as
the counter electrode and reference electrode, respectively. Elec-
trolyte containing 0.1 M NaOH and 0.1 M Na;SO4 aqueous solution
was used and nitrogen bubbling was carried out before taking the
measurement. Transient spectroscopic measurements were carried
out by using a light-emitting diode (white light) or laser diode (CNI-
CIOMP, A =635nm) providing light that was incident on the FTO
front contact of the cells. Electron lifetime, 7, of the cells was deter-
mined by monitoring the variation of open-circuit voltage with
time in terms of the expression [27]:

(1)

n=

kT /dVoc\ '
e (T)
Estimation of the effective electron diffusion coefficient was
performed by photocurrent transient measurement according to
a literature procedure [28]. The data were obtained by stepped
light-induced transient measurement of photocurrents. The time
constant was obtained by fitting the decay of the photocurrent tran-
sient to the function of exp(—t/t), where tis time and 7. is the time
constant for electron collection. The values of D, can be obtained
by the expression: Dy, =L2/(2.35 * 1), where L is the thickness of the
semiconductor films. In order to estimate the charge accumulated
in the semiconductor electrodes, a charge extraction method based
on potential step chronoamperometry was employed [29,30]. Mea-
surement of the density of trapped electrons in the semiconductor
electrode was carried out on a CH Instrument (CHI660D).
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Fig. 4. Characterizations of the TiO, electrodes. TEM images showing the surface
of the blank TiO, nanoparticles (a) and the nanoparticles homogeneously coated
with cured calcareous coatings (marked by the white arrows in (b)). SEM images
for the blank (c) and cured (d) TiO, porous electrodes. The shape of the building
blocks becomes “fat” after the calcareous layers were coated and cured (c and d).
High-resolution XPS patterns of Ca 2p (e) and Ti 2p3; (f) for the blank (black line)
and cured CaCOs3 coated (purple line) TiO, films.

4. Results and discussion
4.1. General characterizations of materials

The morphologies and structures of the TiO, electrodes and
materials were characterized by SEM and TEM. Fig. 4(a) is the TEM
image taken on the edge of the TiO, (P25) particles without coating,
in which the surface facets of the nanocrystal are clearly shown.
After SILAR of Ca(OH), and curing under CO, ambient, the TiO,
(P25) particles were tightly coated by a very uniform, compact
and continuous conformal calcareous shell (Fig. 4(b)). The mor-
phologies of the building blocks in the electrodes before and after
modification of CaCO3 are also investigated by SEM characteri-
zations (Fig. 4(c and d)). It can be seen that TiO, nanostructures
remain their intrinsic morphologies in the cured electrodes, indi-
cating the deposited Ca(OH); layers and the following cured CaCOs3
coating was uniformly templated by the TiO, skeletons. Fig. 4(e
and f) shows the high-resolution XPS pattern of the TiO, films.
The Ca 2p,); and Ca 2p3p, peaks respectively detected at approx-
imately 351 and 347.5eV can be assigned to the binding energy
of calcium in the CaCOs. The Ti 2p3, spectra for the two samples
were also recorded (Fig. 4(f)). The position of the Ti 2p3/, peak for
the CaCOs3 coated sample exhibits a slight shift toward a higher
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Fig.5. Effect of cured calcareous coatings on the voltammetric behaviors of the cells.

binding energy. The interactions between the calcareous coating
and the Ti ions and the redistribution of electronic cloud between
surface elements may contribute to the change of chemical envi-
ronment and the chemical shift.

4.2. Band edge movement and surface passivation

4.2.1. General voltammetric characteristics of calcareous coatings

In order to preliminarily determine the validity of cured CaCO3
coatings, voltammetry and impedance spectroscopy were adopted
to investigate the electrochemical behaviors of the semiconductor
electrode. In the dark condition, the voltammetry behaviors are
strongly dependent on the distribution and density of localized
states, and in particular, the position of conduction band edge of
the semiconductor electrodes. Under forward bias, cathodic current
arises from reduction of the I3~ ions in the electrolyte by electrons
injected from the TCO substrate into the mesoporous semiconduc-
tor. The result current, represents the recombination of the charge
carriers on the semiconductor-electrolyte interface (SEI), is con-
sisting of the direct transfer of the conduction band electrons to
the electron acceptors in the electrolyte, and the electronic process
intermediated by the trap sites on the surface of the semiconductor
[31,32].

Fig. 5 shows the voltammetry curves of the cells with blank and
cured electrodes. As it shows, the onset potential for the cured
cell is more negative than that of the blank one, suggesting the
conduction band (edge) position of the cured semiconductor elec-
trode is higher, as compared with that of the blank one. By careful
inspection of the voltammetry behaviors, it can be seen that the
two curves exhibit different slopes when the biases are beyond the
respective onset potentials. For the cell with cured electrode, the
slope for the variation of current over the potential range is slightly
larger, as compared with that of blank one, suggesting that the
current mediated by traps becomes less dominant. Thus, the intro-
duction of the calcareous coatings on the surface can suppress the
charge recombination via the surface states, and improve the qual-
ity of the semiconductor-electrolyte junction. Further evidences
for the band edge movement and surface passivation were obtained
by comparing the flat band potentials and transfer constant for the
interfacial charge recombination of the electrodes.

4.2.2. Surface passivation and interfacial charge transfer
retardation

In order to take a further insight into the surface of semiconduc-
tor electrode, the feature of the interfacial charge recombination
was investigated. The charge recombination on the SEI can be
described by the value of charge transfer resistance (Rc), which
can be obtained from impedance results. Fig. 6(a) presents the typ-
ical impedance pattern of DSSCs. The R.: value can be obtained by
fitting the EIS patterns using the transmission line model (inset of
Fig. 6(a)) developed by Bisquert et al. [33-36].

Fig. 6(b) presents SEI charge transfer resistance, R¢: of the cells
with blank and cured TiO, electrodes. It can be see that the R
values decreased exponentially as the Fermi level move toward the
conduction band, indicating that charge transfer rate increased as
the density of electron increase. By comparing the two curves, it
is clear that the charge transfer resistance significantly increased
after modification of the cured calcareous coatings.

In order to further confirm the quality of the semiconductor,
transfer constant for the charge recombination of the SEI was
evaluated. Transfer constant for interfacial charge recombination
corresponds to the reciprocal value of the diode quality factor. Here
we obtain the transfer constant with the following expression
Rct = Reto €Xp [keE;BTV:| (2)
where S is the transfer constant. The direct transfer of electron from
the conduction band edge to the hole carriers in the electrolyte
should give 8 =1. The transfer constants evaluated from Eq. (2) are
0.44 and 0.50 for the blank and cured electrodes, respectively, cor-
responding to the diode quality factor of 2.26 and 1.97. The high
quality of the cured electrode suggests that the surface states were
effectively passivated and the transfer of electron intermediated by
these sites become less predominant.

4.2.3. Band edge movement

Fig. 7 presents Mott-Schottky (MS) plots for the cell with
blank and cured TiO, electrodes obtained by performing poten-
tiodynamic electrochemical impedance spectroscopy. The effective
doping concentration in the space charge layer and the flat band
potential of semiconductor can be calculated in terms of the expres-
sion:

1 2 kBT

C2 ~ ge9eoNp (90 “m E) 3)
where ¢y, is the so-called flat band potential, that is the applied
potential (¢) at which the semiconductor energy band are “flat”,
Np, the doping density, kg, the Boltzmman constant, T, the tem-
perature, ¢, the relative dielectric constant of the semiconductor,
&0, permittivity of free space. The slope is inversely proportional
to the effective donor concentration in the space charge layer of
semiconductor, and the flat band potential can be determined by
extrapolation to C-2=0. The calculated flat band potentials are
—0.653V for the blank electrode and —0.687V for the cured one.
The donor concentration of the blank and cured electrodes was cal-
culated to be 2.88 x 1018 and 2.02 x 10'8 cm~3, respectively, using
a linear fitting method.

It has been reported that the basicity (or acidity) of the coatings
has strong influence to the flat band potential of host semiconduc-
tor [37,38]. For example, by modification of basic materials onto
the semiconductor electrodes, the formed interfacial dipoles will
deprotonate the surface of the host semiconductor, result in a neg-
ative shift of flat band potential [37]. In our system, the isoelectric
point of CaCO3 (pH 8.3) is higher than that of TiO, (pH 6.2) [39].
The negative shift of 34 mV in the flat potentials for the cured TiO,
electrodes suggests that the calcareous coatings are tightly contac-
ting with the host semiconductor. The depleted (dielectric) state
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Fig. 6. (a) Typical impedance spectrum for dye-sensitized solar cells. (b) Effect of CaCO3 coatings on the interfacial charge recombination between electrons and triiodide

ions. The values of R were estimated from impedance patterns.

remains at more negative potential for the cured TiO, electrodes
reflects that band edge movement toward higher energy level
occurred. Moreover, it is noteworthy that the calculated donor den-
sity, which is proportional to the differential capacitance according
to Eq. (3), is slightly lowered after curing. The differential capaci-
tance, C measured by potentiodynamic impedance spectroscopy is,
in fact, the sum of the capacitance contributed by the space charge
(Csc) and the electronic states in the surface of the semiconductor
(Css) connected in parallel (Csc || Css) [40]. The decrease in differ-
ential capacitance suggests that the contribution from the surface
states is smaller, resulting most likely from the passivation of the
surface states of the TiO, electrode by the CaCO3 coatings.

4.3. Strain promoted charge transport

4.3.1. Improvement in the diffusion of electrons in the
semiconductor electrodes

The electronic processes, including the transport of charge in the
porous TiO, electrode occurs via diffusion driven by electron con-
centration gradient and the recombination of electrons with the
oxidized species on SEI, are strongly influenced by the density and
distribution of electronic states in the bandgap of the semiconduc-
tor. Under illumination, transport of electrons in the semiconductor
of DSSCs strongly depends on light intensity because of the broad
distribution of bandgap traps [41,42]. In the model of multiple
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Fig. 7. Mott-Schottky curves for the blank and CaCOs coated electrodes.

trapping (MT) framework, transport of electrons through extended
states is slowed down by trapping/detrapping events, while direct
hopping between localized states is neglected [43-50]. The wait-
ing time for the thermal release of electrons to the extended state
strongly influences the time constant of charge transport. There-
fore, the effective diffusion coefficient, D, of electrons is decided
by the density of localized state and the depth of the trap sites:

ane
Dn = (E)m) DO (4)

where Dy is the diffusion coefficient of electrons at energy level of
conduction band edge.

Fig. 8 presents the evaluated electron collection-time constant
and diffusion parameter for each electrode plotted versus pho-
tocurrent. It is clear that the introduction of calcareous coatings
significantly influences the charge transport parameters. In all the
measured range, the cured electrode exhibits significantly large dif-
fusion coefficient for electrons transport in the semiconductor, as
compared with the blank electrode. For example, in the high cur-
rent range, the values of D, for the cured electrode are about two
times larger than that of the blank one. As the densities of the
photocurrent become lower, the charge diffusion parameters for
both of the two electrodes decreased. By comparing the two plots
(Fig. 8(b)), it can be seen that the slope of D,—Jsc relationship for
the electrode with calcareous coatings is relatively low, which sug-
gests that the decrease in the charge diffusion coefficient over the
current density is not obvious, as compared with that of the blank
one.

In the high photocurrent range, most of the trap sites were
occupied by the electrons, since the density of the photogenerated
charge carrier in the semiconductor electrode is high. In this sit-
uation, the influence of trapping/detrapping event on the charge
diffusion coefficient is not obvious (for both the blank and cured
electrodes). Thus, the larger diffusion coefficient for the cured
electrode should be attributed to the improvement in the charge
transfer performance between individual particles, resulting most
likely from the promoted interparticle electronic connectivity by
the phase conversion generated compression stress of the calcare-
ous coatings. The improvement in the contact condition between
the adjacent particles is in excellent agreement with our expected
assumption (Fig. 1).

As the photocurrent density decreasing, namely the density of
photogenerated electrons in the semiconductor becoming lower,
the diffusion coefficient of electron is significantly slowed down,
due to the exponential growth of the trapping/detrapping events.
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For the blank electrode, the decrease in the diffusion coefficient
over the Js¢c range is much rapider, as compared with that of the
cured electrode. The difference in the value of D, of the two elec-
trodes becomes larger, as the photocurrent density falling. The
continuous increase in the difference of charge diffusion param-
eters over the variation (decrease) of Jsc for the two electrodes
reveal that the influence of trap states on the charge transport is
rather different for the two electrodes. The relatively low slope in
the Dp—Jsc plots (Fig. 8(b)) suggests that the probability of trap-
ping/detrapping events during the charge transport procedure is
relatively low and the trapping-mediated electronic process is less
dominant in the cured electrode.

4.3.2. Lifetime of electrons in semiconductor electrodes

As it has been proven, the charge transport procedures are
strongly depending on the density and distribution of electronic
states localized in the bandgap of the semiconductor [41-50].
We have also revealed that the probability of trapping/detrapping
events can be reduced by introduction of calcareous coatings into
the electrode. It is therefore of great importance to investigate the
trapping-mediated electronic process of interfacial charge recom-
bination dynamics in the two electrodes.

The electron lifetime, t, in DSSC is a central quantity to deter-
mine the interfacial charge recombination dynamics in the cell, and
it is a strong function of the Fermi level or the open-circuit voltage
(Voc)- The time constant is influenced not only by the rate constant
for direct charge transfer from the conduction band to the solu-
tion, but also by the distribution of electronic states and electronic

(a)
CaCO_TiO,
—Tio,

E/V

00 05 10 15 20 25
t/s

transitions that intervene in operation of the cells [51]. According
to the quasi-static treatment developed by Bisquert and Vikhrenko
[49], in a certain potential range, the apparent electron lifetime is
related to the conduction band electron lifetime by the expression
[49,51]:

Th = % T
n = anc 0

in which ny is the trapped electron density, n. is the conduction
band electron density, 7 is the inverse of the pseudo-first-order
rate for back transfer of electrons from the conduction band. By
comparing the two equations (Egs. (4) and (5)), it can be seen that
the factors in 7, and D, obey a reciprocal relation. Clearly, the
electron lifetime in this potential range is also a consequence of
trapping and detrapping of electrons at sites located in the bandgap
of the semiconductor.

The relationship between the electron lifetime and V¢ sug-
gests that the introduction of calcareous coatings on the surface of
the semiconductor film play a crucial role to the interfacial charge
transfer (Fig. 9). In the more negative potential side, the charge
recombination dynamicsis controlled by the transfer of the conduc-
tion band electrons [51]. The values of 7, for the cured electrode is
nearly one order of magnitude larger than that the case of the blank
one, suggests that the formed calcareous barrier layers on the sur-
face of the TiO, nanoparticles can effectively prevent the charge
transfer (recombination) between the conduction band electrons
and the oxidized species in the electrolyte, which is in good agree-
ment with the impedance observation (Fig. 6).
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Fig. 9. Effect of cured calcareous coatings on electronic properties of the semiconductor electrodes. Open-circuit voltage decay patterns (a) and related electron lifetime

constants (b) for the cells with blank and cured electrodes.
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Fig. 10. Densities of trapped electrons in the TiO, electrodes with and without
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As the electrode potentials become less negative, the charge
recombination between the electrons and the oxidized species is
gradually dominated by the internal trapping and detrapping [51].
In this range, the variation (increase) of the values of t, with poten-
tial for the blank electrode is obvious, as compared with that of the
cured one (Fig. 9(b)).

The significant growth in the time constant for interfacial charge
recombination in the blank electrode should be ascribed to two fac-
tors. The first reason is that with the Fermi level shifting toward
lower energy position, the increase in the density of unoccupied
trap states in the bandgap of the blank electrode is much more sig-
nificant, as compared with that of the cured one, provides more trap
sites and increases the probability of traping/detrapping events for
the electron [51]. The second is that the time constant for the ther-
mal release of trapped electrons to the conduction band become
larger, as the trap states are localized in deep levels.

4.3.3. Strain-induced reduction of trap states

As described above, trapping/detrapping events play a crucial
role in both electronic processes of the charge transport in the
semiconductor electrodes and interfacial charge transfer on SEL
The exponential growth of the electron lifetime over the electrode
potential as well as the exponential variation of the electron col-
lection time constants and the electron diffusion coefficient over
the intensity of the photocurrent reveals that the trap states in
the band gap of the semiconductor are exponentially distributed.
For the cured electrode, the relatively lower slope of the plots in
both the relationships of t,—V and D,—Jsc suggests that the effect
of trapping/detrapping events on the electronic processes is less
dominant, as compared with that of the blank one (Figs. 8 and 9).
According to the MT framework [43,44], the low probability of the
trapping/detrapping events means the density of the electronic
states in the bandgap of the semiconductor is relatively low.

In order to confirm the change in the density of the electronic
states in the bandgap of the semiconductor, transient technique
was employed to determine the number of trapped charges (elec-
trons) in the electrodes. Fig. 10 presents the density of trapped
electrons at various bias potentials of the cells. As it shown, the
density of the trapped electrons increased exponentially as the
potential shifts toward more negative values. For the cured elec-
trode, the density of electrons is much lower than that of that of the
blank one, indicates that the density of trap states in the bandgap
of the semiconductor becomes lower after the calcareous coatings
were applied onto the surface of the electrode.

10
8 -
WE 6
G
<C
IS
-~ 4 -
3
B TiO,
2 ® CaCO,TiO,
0 T T T T T T T T
0.0 0.2 0.4 0.6 0.8
E/V

Fig. 11. Effect of CaCO3 coatings on the photovoltaic characteristics of DSSCs.

To the best of our knowledge, promotion of charge transport in
semiconductor by surface coating has not been reported yet, and
the detail mechanism for this phenomenonis still unclear. The facile
charge transport in the cured electrode should be attributed to the
decrease in the density of trap sites in the bandgap and the improve-
ment in the interparticle contact condition of the semiconductor,
resulting most likely from the compression stress generated from
the phase conversion of the calcareous coating.

4.4. Photovoltaic performance

By virtue of the compression stress resulting from the cured cal-
careous coatings on the surface of the electrodes, the interparticle
electronic connectivity is improved and the density of trap states
in the nanoparticles is reduced. All of these can facilitate the elec-
tron transport in semiconductor electrodes. Moreover, the formed
CaCO3 coatings can protect the electrons from recombination.
Therefore, it is expected that the result DSSCs with these electrodes
would possess better photovoltaic performance. Fig. 11 shows the
photocurrent-voltage characteristics of the cells. It is clear that
the photovoltaic behaviors of the cell significantly changed when
the semiconductor electrode was modified by the cured CaCO;
coatings. Under one sun illumination, the photovoltaic parameters
including open-circuit voltage (Voc), short-circuit photocurrent
density (Jsc), fill factor (FF), and overall energy conversion efficiency
(n) for the cell with blank TiO, electrode are 749 mV, 6.57 mA/cm?,
0.696, and 3.43%, respectively. The corresponding values (Voc, Jsc,
and FF) for the cured cell are respectively 788 mV, 8.59 mA/cm?,
and 0.708, and the value of n becomes 4.79%, which is ~40% larger
than that of the blank one.

5. Conclusion

In summary, we have developed a new strategy for low-
temperature fabrication of dye-sensitized solar cells by SILAR of
Ca(OH); and curing the calcareous coating into CaCOs in the pres-
ence of CO,. The strain resulting from the phase transformation
of the calcareous coating can promote the electronic connectiv-
ity between individual particles and reduce the density of the trap
states in the bandgap of the semiconductors, which can facili-
tate the transport of electrons in the semiconductor electrodes
and increase the electron diffusion coefficient. Besides, the CaCO3
coatings on the surface of the TiO, electrodes can shift the con-
duction band edge toward higher energy level and prevent the
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photogenerated electrons from recombination. By virtue of these
excellent characteristics, an increment of 40% in energy conversion
efficiency is achieved.
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