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ABSTRACT: After injection of electrolyte, the internal three-
dimensional solid—liquid penetration system of dye-sensitized
solar cells (DSCs) can take a period of time to reach “mature”
state. This paper studies the changes of microscopic processes
of DSCs including TiO, energy-level movement, localized
state distribution, charge accumulation, electron transport, and
recombination dynamics, from the beginning of electrolyte
injection to the time of reached mature state. The results show
that the microscopic dynamics process of DSCs exhibited a
time-dependent behavior and achieved maturity ~12 h after
injecting the electrolyte into DSCs. Within 0—12 h, several
results were observed: (1) the conduction band edge of TiO,
moved slightly toward negative potential direction; (2) the
localized states in the band gap of TiO, was reduced according
to the same distribution law; (3) the transport resistance in
TiO, film increased, and electron transport time was
prolonged as the time of maturity went on, which indicated
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that the electron transport process is impeded gradually; (4) the recombination resistance at the TiO,/electrolyte (EL) interface
increases, and electron lifetime gradually extends, therefore, the recombination process is continuously suppressed. Furthermore,
results suggest that the parameters of EL/Pt-transparent conductive oxide (TCO) interface including the interfacial capacitance,
electron-transfer resistance, and transfer time constant would change with time of maturity, indicating that the EL/Pt-TCO
interface is a potential factor affecting the mature process of DSCs.
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1. INTRODUCTION

After decades of research, the highest photoelectric conversion
efficiency of dye-sensitized solar cells (DSCs) based on liquid
electrolyte has exceeded 12% so far.! Typical DSCs consist of
transparent conductive oxide (TCO) substrate, nano TiO, film,
dye, electrolyte (EL), and platinum (Pt). In DSCs, the TCO,
TiO, film, and dye constitute the photoanode plate and TCO
loading Pt constitutes the cathode plate. There is an electrolyte
layer between two plates and consequently it is a photo-
electrochemical cell with the “sandwich” structure.” The
following primary steps convert photons to electrical energy
that occur in DSCs. After having been excited by a photon, the
dye is able to inject an electron to the conduction band of the
TiO,, which is then transported from the injection sites to the
TCO/TiO, interface. The oxidized dye accepts electrons from
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the iodide (I7) in electrolyte leading to regeneration of the
ground state. The oxidized redox mediator, triiodide (I3),
diffuses toward the EL/Pt-TCO interface, and then it is
reduced to I". Finally, electrons are collected at the TCO/TiO,
interface and flow toward the EL/Pt-TCO interface through
the external circuit to form a working cycle.>~

Generally speaking, the manufacturing procedure of DSCs
can be described as follows: first, form a cavity between
photoanode plate and cathode plate through primary seal with
a seal ring; second, inject the highly concentrated electrolyte
containing various kinds of anion and cation into the cavity;
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and last, conduct the secondary seal. After injecting electrolyte
into the cavity, the photoanode plate and the cathode plate will
be immersed into electrolyte forming the three-dimensional
solid—liquid penetration system, where the most important
microscopic dynamics processes of DSCs occurs.® To improve
the photovoltaic performance of DSCs, various additives have
been added into electrolytes, for example, the commonly used
lithium iodide (Lil) and 4-tert-butylpyridine (TBP).” The high
concentration of ions in the electrolyte will significantly
influence the photovoltaic performance of DSCs. Li* from
the electrolyte solution might be intercalated into or adsorbed
on the surface of TiO, particles,” which makes the TiO,
conduction band edge shift to positive potential and raise the
efficiency of the photogenerated electron injection from excited
dye to TiO, conduction band.'”"" As a result, the photocurrent
increased, while open-circuit voltage declined.'>"* TBP can
adsorb on the TiO, surface, which makes the TiO, conduction
band edge shift to negative potential.'* Meanwhile, TBP
constitutes an isolation layer and inhibits the recombination
between electron and I3."> Both of the action mechanisms of
TBP cause the increase of open-circuit voltage of DSCs.

Since the ions need time to reach an adsorption equilibrium
on the TiO, surface, after injection of electrolyte into the cavity,
the device photovoltaic performance, including short-circuit
current, open-circuit voltage, fill factor, and conversion
efficiency, changes over time and eventually becomes stable.
The period from the beginning of electrolyte injection to the
time of reached stable state can be called the “mature” process
of DSCs. Note that this mature process is different from the
“aging” process, which is often seen in some literature. The
aging studies focus on the long-term stability of DSCs."*™>° So
far, most studies have ignored the mature period, and,
therefore, the microscopic dynamics process causing the change
of macroscopic properties during the mature process is still
unclear. In this paper, by using the electrochemical impedance
spectroscopy (EIS), we conducted multipoint measurements
from the beginning of electrolyte injection to the time of
reached mature state. This study made an in-depth analysis of
the changes of microscopic dynamics on the internal solid/
liquid interface of DSCs during the mature process.
Furthermore, this study could be helpful for further under-
standing the electron transport, recombination, and working
mechanism of DSCs.

2. EXPERIMENTAL SECTION

Materials. TBP was purchased from Aldrich; iodide (I,), Lil, 3-
methoxypropionitrile (MePN), and 1,2-methyl-3-propylimidazolium
iodide (DMPII) were purchased from Fluka, and absolute ethyl
alcohol was purchased from Sinopharm Chemical Reagent Beijing Co.,
Ltd.

Device Fabrication. The colloidal TiO, nanoparticles were
prepared b?f hydrolysis of titanium tetraisopropoxide as described
elsewhere.”’ The TiO, pastes were screen-printed onto the conductive
glass (TEC-15, LOF) and sintered in air at 510 °C for 30 min. The
thickness of the TiO, film was ~14 ym thick (10 um thick transparent
layer with the particle size of ~20 nm, and the 4 ym light-scattering
layer with the particle size of ~300—400 nm), and the active area was
0.25 cm? At room temperature, the nanoporous TiO, photoelectrodes
were immersed in an ethanol solution of 0.5 mM N719 dye for 12 h.
The Pt-TCO counter electrodes were obtained by spraying H,PtClg
solution on TCO and sintered at 410 °C for 20 min. DSCs were
assembled by sealing the dye-loaded TiO, photoelectrode and the Pt-
TCO counter electrode with a 60 um thermal adhesive film (Surlyn,
Dupont). The electrolyte (composed of 0.5 M TBP, 0.1 M Lil, 0.08 M
L, and 0.6 M DMPII in the solvent of MePN) was injected into the
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cavity between the two electrodes through a hole on the counter
electrode, and the hole was later sealed with a cover glass and thermal
adhesive film. Pt—Pt symmetrical cell was assembled by two Pt-TCO
electrodes and injection of the same electrolyte.

Measurements. The photovoltaic performance of DSCs with the
active area of 0.25 cm” was measured by using a Keithley 2420 digital
source meter (Keithley, USA) and was controlled using Text point
software under a 450 W xenon lamp (Orial, U.S.A.) with a filter (AM
1.5, 100 mW/cm?). The incident light intensity was calibrated with a
standard crystalline silicon solar cell before each experiment. EIS
measurements were performed on an electrochemical workstation
(IM6ex, German Zahner Company), at perturbation amplitude of 10
mV within the frequency range from 1 MHz to 80 mHz in the dark.
This batch of DSCs was divided into two groups that were then used
for I-V and EIS measurements, respectively. The cells were measured
at the time points of 0, 1, 4, 8, 12, 24, 36, 48, 60, and 72 h after
fabrication. Beyond measurement time, the cells were placed in an
indoor environment in the dark. The impedance parameters
information on DSCs were extracted using transmission line
model.>*** The impedance parameters information on Pt—Pt
symmetrical cells were extracted using the equivalent circuit
mentioned in literature.”*

3. RESULTS AND DISCUSSION

To understand the mature process of DSCs, the changes of
photovoltaic parameters of cells under AM 1.5 irradiation of
100 mW/cm* were obtained (see Supporting Information,
Figure S1). It was found that short-circuit current (J,.)
gradually decreased within 0—12 h as mature time goes on.
Open-circuit voltage (V,.) and fill factor (FF), however,
gradually increased in this period, and finally led to an increase
in conversion efficiency (7). After 12 h, all photovoltaic
parameters changed slightly.

Several interfaces formed due to internal two-phase contact
in “sandwich”-type DSCs: (1) the interface between TiO, film
and TCO (TiO,/TCO interface); (2) the interface between
TiO, film and electrolyte (TiO,/EL interface); (3) the interface
between electrolyte and Pt-TCO counter electrode (EL/Pt-
TCO interface); and (4) the interface between TCO and
electrolyte (TCO/EL interface).® EIS is a very powerful
method for studying various interfacial processes. When the
applied bias voltage changed, EIS would show different
interface impedance characteristics in various frequency
ranges.zs’26 Figure S2 in the Supporting Information shows
the Nyquist plots obtained in the dark under a bias of —0.575
V. In the high-frequency range, the first semicircle corresponds
to the impedance information on charge-transfer process at
EL/Pt-TCO interface. With gradually reducing frequency, the
second semicircle in the medium-frequency range corresponds
to charge recombination process at TiO,/EL interface. As
shown in the Nyquist plots, the second semicircle gradually
enlarged within 0—12 h. The changes of the impedance are
mainly concentrated in 0—12 h, and that result is consistent
with the changes of the photovoltaic parameters.

3.1. Changes of Localized Electronic States during the
Mature Process. Studies show that localized states with
exponential distribution play different roles during the
photoelectric conversion process: (1) the localized states in
the bulk affects the transport and recombination process of the
free electron in the conduction band through the trapping/
detrapping effect; (2) the localized states on the farticle surface
can be involved in the recombination process.””*® The changes
of Fermi level can cause changes of electron density in the
corresponding states. In this case, a parameter, namely,
chemical capacitance (C,), can be defined.”®*° The chemical
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capacitance of TiO, film can directly reflect the distribution of
localized states.”” The relationship between C, and applied bias
voltage (V) is shown as follows.”"

C,=C,exp ﬂV = C, exp Ay
g ks T ks T,

(1)

where C, is a constant, q is the elementary charge, kg is
Boltzmann’s constant, T is temperature, T, is characteristic
temperature, and @ = T/T, which is the dimensionless
constant, representing the depth of the distribution of localized
state. T of localized states in the bulk and at the particle surface
of TiO, may be different or same. Here, assume that these T
values are the same. So, eq 1 shows the total density of localized
states with exponential distribution in the TiO, band gap.
Figure 1 shows the changes of chemical capacitance with the
applied bias voltage during the mature time. Under the same
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Figure 1. Changes of chemical capacitance with the applied bias
voltage during the mature time. Taking the capacitance at 0 h as
reference, a negative potential shift of ~25 mV is observed as mature
time goes from 0 to 12 h.

bias voltage, C, gradually decreases within 0—12 h as mature
time goes on, and decreases slowly after 12 h. At the same time
point, C, increases exponentially with the applied negative bias
voltage increases.

The o values varying with mature time were obtained by
fitting the relationship between C, and V in Figure 1 through
eq 1 and are shown in Figure 2. The a value almost remains
unchanged as mature time goes on, indicating that the
distribution of localized states of TiO, does not change.
Because of the huge surface area of mesoporous TiO, film,
localized states may be mainly located at the particle surface.
During the mature process, chemical capacitance became
smaller as time goes on, which is probably induced by the
adsorption of ions. It causes the change of localized states on
the TiO, surface after electrolyte injection. Our study results
show that the quantity of localized states decreases according to
the same distribution law.

If sufficient charges are accumulated on the TiO, surface, the
potential drop in Helmholtz layer may be changed. It causes the
conduction band edge movement. When the surface accumu-
lates positive charge, the conduction band edge will shift to the
positive potential; when the surface accumulates negative
charge, the conduction band edge will shift to the negative
potential.*> According to the relationship between C, and V as
shown in Figure 1, taking the capacitance at 0 h as reference,
the conduction band edge of TiO, shifts by ~25 mV to the
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Figure 2. Values of o and f# varying with mature time. « is a
dimensionless constant that ranges from O to 1. One can get
information by using eq 1, representing the depth of the distribution of
localized state. /3 also is a dimensionless constant that ranges from 0 to
1. One can get information by using eq 4, representing the
recombination reaction order.

negative potential as mature time goes from 0 to 12 h. Because
of adsorption of Li*, that TiO, conduction band edge shifts to
the positive potential, while the introduction of TBP into the
electrolyte can make TiO, conduction band shift to the
negative potential. Some studies have shown that TBP could
reduce positive charge density of TiO, surface.”** In this
study, TiO, conduction band edge eventually shifts toward
negative potential direction, indicating that TBP plays a
dominant role in the movement of conduction band edge of
TiO, as mature time goes on.

3.2. Changes of Transport during the Mature Process.
Electron transport through the mesoporous TiO, film usually
suffers some drags, which can be equivalent to the charge
transport resistance.”” Figure 3 shows the changes of electron
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Figure 3. Changes of transport resistance with the applied bias voltage
during the mature time.

transport resistance (R,) with the applied bias voltage during
the mature time. The R, gradually increases during 0—12 h
under the same bias voltage, indicating that the drag of electron
transport gradually increases, but increases slightly after 12 h.
The relationship between the transport resistance and the
applied bias voltage is expressed as follows.””

R, =R exp —ki(V +
B

F,redox
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where R, is a constant, E_ is the conduction band energy level,
and Eg .40, is the redox potential. At the same time points, R,
decreased exponentially with the applied negative bias voltage
increases.

In DSCs, electrons transport by diffusion through meso-
porous TiO, film, and this can be characterized by diffusion
coefficient (D)* as follows.

D==
T

©)

where L is the thickness of TiO, film. The transit time of
electron across the TiO, film is obtained by 74 = Rt‘C”.36’3’7
Equation 3 indicates that under the same thickness, the higher
diffusion coefficient means that the electrons can reach the
conductive substrate in a shorter time. Figures 4 and S show the
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Figure 4. Changes of transit time with the applied bias voltage during
the mature time.
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Figure S. Changes of diffusion coeflicient with the applied bias voltage
during the mature time.

changes of transit time and diffusion coefficient with the applied
bias voltage during the mature time, respectively. Results show
that under the same bias voltage, the transit time gradually
prolonges as the mature time goes on during 0—12 h, indicating
that electron transport was hindered, but the change of electron
transit time became stable after 12 h. The diffusion coefhicient
gradually decreases, which shows that the diffusion of electron
was hindered during the mature time.

The exponential relationship between the transit time and
the applied bias voltage can be interpreted through the
Multiple-Trapping model.*® Because of the localized states
with exponential distribution below the conduction band,
electron transport in the conduction band will be affected by
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trapping/detrapping process. When the Fermi level is lower,
the trapping/detrapping effect will become larger. With the rise
of the Fermi level, the localized states will be filled gradually,
and the impact of the trapping/detrapping will be gradually
reduced.

Kopidakis et al. found that intercalation of Li* into TiO,
nanoparticle layer in DSCs increased charge transport time
constants.> Wang and co-workers* report a very interesting
result that proposed a new mechanism about Li* as additives in
DSCs. They found the formation of shallow trapping states
close to the conduction band resulted most likely from
photoinduced proton intercalation in the TiO, nanoparticles
under visible-light soaking, which can accelerate the charge-
carrier transport within the films. But the introduction of Li* in
the electrolyte suppresses the phenomena due to prevailing Li*
intercalation. Since our cells are not illuminated by strong light,
Li* may not be intercalated deeply into the TiO, nanoparticle,
but, at least, Li* may be intercalated very shallowly or adsorbed
at the surface. Because of the huge surface area of mesoporous
TiO, film, it should be possible to achieve a sufficient amount
to change the electron transport process. Chemical adsorption
of TBP on the TiO, surface may affect the electron transport
process. The neck part between the two adjacent TiO, particles
might also affect the overall electron transport.*"** In addition,
TBP might form a blocking layer in the neck part between the
two adjacent TiO, particles, which is very likely to become a
factor hindering electron transport.

Electron injection efficiency is affected by the movement of
conduction band edge. TiO, conduction band edge shifts
eventually toward the negative potential direction (Figure 1),
so electron injection efficiency is suppressed. Consequently, the
electron transport driving force was affected. As a result, it is
reasonable to conclude that the ] decreases may be explained
by the markedly slower electron transport and the lower
electron injection efficiency as mature time goes on.

3.3. Changes of Recombination during the Mature
Process. Recombination is an important factor affecting the
conversion efficiency of DSCs. Recombination in DSCs is a
process of interface transfer, which occurs only at the
interface.*> On the TiO,/EL interface, photogenerated
electrons can recombine with the excited-state dye or Iy in
the solution.”* TCO/EL interface is also involved in the
recombination process, especially when the DSCs use the fast
redox couple® or the solid electrolyte.*® Recombination at the
TCO/EL interface will influence the cell photovoltaic perform-
ance significantly. The electron recombination reaction is
characterized by recombination resistance (R,). A larger R
value means that the recombination reaction more difficultly
occurs between electrons and acceptor in electrolyte.* The
most important recombination for DSCs is that of TiO,
electrons and I3 ions through the TiO,/EL interface.

Figure 6 shows the changes of electron recombination
resistance at the TiO,/EL interface with the applied bias
voltage during the mature time. Under the same bias voltage,
R, gradually increases as time goes on within 0—12 h but
changed slightly after 12 h. At the same time points, R, would
exponentially decrease with the increase of the applied bias
voltage.

The relationship between the recombination resistance and
voltage is described as follows.”*

DOI: 10.1021/am506101z
ACS Appl. Mater. Interfaces 2015, 7, 1100—1106


http://dx.doi.org/10.1021/am506101z

ACS Applied Materials & Interfaces

Research Article

10000

Rct (Q)

36

24

Time ) 12 -0.550

0" 0575 vi)

Figure 6. Changes of recombination resistance with the applied bias
voltage during the mature time.
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where A is a constant, and f is a dimensionless constant,
representing the recombination reaction order, which ranges
from O to 1. Recombination reaction of electrons on the TiO,/
EL interface is achieved mainly through two ways:*** (1)
directly recombine with I3 ions in the electrolyte through the
TiO, conduction band; (2) indirectly recombine with I3 ions in
the electrolyte through the surface states. When f§ = 1, electron
recombination mainly occurs through the conduction band; in
more cases f < 1, and electron recombination occurs via the
surface states.”*®*” By fitting the relationship between R, and
V in Figure 6 through eq 4, the f value at various measurement
time points can be obtained (Figure 2). From Figure 2,
becomes slightly smaller as mature time goes on but is always
less than 1, indicating that the way of electron recombination
does not change and that electron recombination happens
mainly through surface states during the whole mature process.
The recombination process was suppressed probably because
recombination sites on the TiO, surface decreases with the
adsorption of TBP."

The electron lifetime 7, = R-C, can be used to characterize
the recombination reaction kinetics.”” Figure 7 shows the
changes of electron lifetime with the applied bias voltage during
the mature time. Under the same bias voltage within 0—12 h,
electron lifetime prolonged continuously as time goes on.
Kopidakis and co-workers® performed transport and recombi-
nation studies, and the results have shown that the transport
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Figure 7. Changes of electron lifetime with the applied bias voltage
during the mature time.
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process limits the recombination process. The relationship
between 74 and 7, could described with a simple formula.

Ty & 5 x T, )
where 74 represents the transport process, and 7, represents the
recombination process. Equation S implies that a change in the
electron transit time results in the corresponding change of
electron lifetime. So, we could reasonably infer that the 7,
increases may be due to the electron transport-limited
recombination process. As shown in Figure 4, the 74 increases
mean that electron transport slowed and that the probability of
meeting the electron acceptor in the electrolyte was reduced.
Finally, it resulted in the corresponding extension of electron
lifetime. Therefore, the gradual V. enhancement during 0—12
h could be due to the suppressed recombination, which can be
attributed mainly to TBP molecules gradually adsorption on
the TiO, surface as time goes on.

3.4. Changes of EL/Pt-TCO Interface during the
Mature Process. To understand the effect of EL/Pt-TCO
interface on the mature process, this study includes measure-
ments of the impedance variation of Pt—Pt symmetric cells
through EIS during the mature period.

EL/Pt-TCO interface capacitance may be mainly the
Helmholtz capacitance.’** Figure 8 shows the changes of
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Figure 8. Changes of EL/Pt-TCO interface capacitance with the
applied bias voltage during the mature time.

EL/Pt-TCO interface capacitance with the applied bias voltage
during the mature time. After injection of electrolyte, EL/Pt-
TCO interface capacitance decreases slightly within 0—12 h.
The possible reason is that the ionic adsorption affects the
charge amount of double electric layers and thus results in
changes of interface capacitance.

Figures 9 and 10 show the changes of EL/Pt-TCO interface
transfer resistance (R p.rco) and transfer time constant
(7gL/prrco) with the change of applied bias voltage during the
mature time, respectively. Ry p.rco increases gradually with
mature time goes on within 0—12 h, maybe because of
adsorption of Li* and TBP at the EL/Pt-TCO interface. The
reduction of EL/Pt-TCO interface capacitance finally resulted
in the decreases of time constant 7g p.rco, Which was
illustrated in Figure 10, indicating that the electron transfer
rate of EL/Pt-TCO interface has some improvement. The
above results show that the relevant electrochemical perform-
ance of EL/Pt-TCO interface also needs to be considered
during the mature process.
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ACS Appl. Mater. Interfaces 2015, 7, 1100—1106


http://dx.doi.org/10.1021/am506101z

ACS Applied Materials & Interfaces

Research Article

RELIPt-TCO (Q)

Figure 9. Changes of EL/Pt-TCO interface transfer resistance with the
applied bias voltage during the mature time.
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Figure 10. Changes of EL/Pt-TCO interface transfer time constant
with the applied bias voltage during the mature time.

4. CONCLUSIONS

In conclusion, we studied the changes of microscopic processes
of DSCs including TiO, energy level movement, localized
states distribution, charge accumulation, electron transport, and
recombination dynamics, from the beginning of electrolyte
injection to the mature state. Our results showed that the
microscopic parameters exhibited a time-dependent behavior. It
is found that the microscopic dynamics process of DSCs
achieved mature state after ~12 h when the electrolyte was
injected. Within 0—12 h, we can conclude that (1) the
adsorption of ions on the TiO, surface resulted in a slight shift
of TiO, conduction band edge to negative potential; (2) the
localized states in the band gap of TiO, reduced according to
the same distribution law; (3) the electron transport resistance
in TiO, film increased, and electron transport time prolonged
as time went on, while the electron diffusion coeflicient
continuously decreased, which indicated that the electron
transport process slowed down; (4) the recombination
resistance at the TiO,/EL interface increased, and the electron
lifetime gradually prolonged over time, therefore, the
recombination process was continuously suppressed. The
changes of the I—V parameters are mainly concentrated in
0—12 h, which is consistent with the changes over time of the
microscopic parameters measured by EIS. In addition, our
results suggest that the parameters of EL/Pt-TCO interface
including the interface capacitance, transfer resistance, and
transfer time constant also changed with the mature time,
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indicating that this interface is a potential factor affecting the
mature process of DSCs.
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