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HIGHLIGHTS GRAPHICAL ABSTRACT

—e—liquid electrolyte based DSSC
—e— gel electrolyte based QS-DSSC

o A diamide derivative is used as LMOG
to gelate liquid electrolyte.

e A novel and intrinsic stable gel elec-
trolyte with high Tge is prepared.

e The Kkinetic processes of electron
transport and recombination are
investigated.

e The QS-DSSC exhibits excellent sta-
bility during the accelerated aging
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Am‘c{e history: High stability is a significant target for practical applications of dye-sensitized solar cells. 2-(1-
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transition temperature from gel state to liquid state (Tg) of this gel electrolyte is 125.2 °C, which ensures
the gel state of the electrolyte at the DSSC operating temperature. The influences of the gel electrolyte on
the kinetic processes of electron transport and recombination are investigated. The diffusion of redox
species in the gel electrolyte is hindered by the crosslinked network, and the decreased electron
recombination lifetime indicates an increased electron recombination in QS-DSSC. Significantly, the QS-
DSSC exhibits excellent thermal and light-soaking stabilities during accelerated aging tests for 1000 h.
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Electrolyte Especially, there is almost no change in the short-circuit current density (Jsc) in the QS-DSSC, while the Jsc
Low molecular mass organogelator of the liquid electrolyte based DSSC decreases to 79—90% of their initial values. These results are very
Electron transport and recombination important for the application and commercialization of DSSCs.

Stability © 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since the original development of sensitized nanocrystalline

* Corresponding author. Key Laboratory of Novel Thin-Film Solar Cells, Division of solar cells (DSSCs) by Michael Gratzel and his coworkers [1], DSSCs

Solar Energy Materials and Engineering, Institute of Plasma Physics, Chinese are considered to be one of the emerging solar technologies that

Academy of Sc1§nces, Hefei, Anhui 230031, PR China. Tel.: +-86 10 61772268. offers the potential to reduce the cost of photovoltaic electricity
** Corresponding author. Tel.: +86 551 65592190. . . e . . [

; - . . generation. It is clear that stability is a prerequisite for application

E-mail addresses: zhipenghuo@163.com (Z. Huo), sydai@ipp.ac.cn, solar@ipp.ac. i 1 X X

cn (S. Dai). of any photovoltaic technology and the extent of application is

! Li Tao and Zhipeng Huo contributed equally to this work. limited by the level of stability that can ultimately be achieved. The

http://dx.doi.org/10.1016/j.jpowsour.2014.03.128
0378-7753/© 2014 Elsevier B.V. All rights reserved.


mailto:zhipenghuo@163.com
mailto:sydai@ipp.ac.cn
mailto:solar@ipp.ac.cn
mailto:solar@ipp.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2014.03.128&domain=pdf
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2014.03.128
http://dx.doi.org/10.1016/j.jpowsour.2014.03.128
http://dx.doi.org/10.1016/j.jpowsour.2014.03.128

L. Tao et al. / Journal of Power Sources 262 (2014) 444—450 445

electrolyte is one of the key components of DSSCs and its properties
greatly affect the photovoltaic conversion efficiencies and stability
of DSSCs [2,3]. And the organic solvent liquid electrolyte based
DSSCs have been optimized to achieve the power conversion effi-
ciency exceeding 12% [4], however, the volatile solvent in liquid
electrolyte usually results in leakage and evaporation, which is
considered as one of the critical factors limiting the long-term
performance and practical use of DSSCs. Many alternatives have
been made to overcome this problem by replacing the liquid
electrolytes, including inorganic or organic hole conductors and
polymer gel electrolytes. However, derivative problems such as
contact between hole transporting materials and the nanoporous
semiconductor films are remain to be solved. Therefore, the quasi-
solid-state electrolyte which formed by low molecular mass orga-
nogelators (LMOGs) arouses wide concern. At proper temperature,
the LMOGs can self-assemble through H-bonds, van der Waals
Forces, m—m bond and lead to a three-dimensional network which
immobilizes the liquid solvent. The formed gel can be melted above
the transition temperature from gel state to liquid state (Tge) and
reformed gel below this temperature. This thermal reversible na-
ture is beneficial to the fabrication of DSSCs. A lot of components,
such as 12—hydroxystearic acid [5], cyclohexanecarboxylic acid-[4-
(3-octadecylureido)phenyl]lamide [6], tetradodecylammonium
bromide [7] and 1,3:2,4-di-O-benzylidene-d-sorbitol derivatives
[8] have been developed as LMOGs and applied in the quasi-solid-
state dye-sensitized solar cells (QS-DSSCs).

In this work, we synthesize 2-(1-oxododecyl)hydrazide and
used it as LMOG to gelate 3-methoxypropionitrile (MePN) based
liquid electrolyte to obtain a novel gel electrolyte. The kinetic
processes of electron transport and recombination, the photovol-
taic performance and both the thermal and light-soaking stabilities
of the corresponding QS-DSSC were investigated in detail.

2. Experimental
2.1. Electrolyte preparation

The 2-(1-oxododecyl)hydrazide compound was synthesized
according the literature [9]. 1,2-Methyl-3-propylimidazoliumiodide
(DMPII) was prepared as reported previously [10]. The liquid elec-
trolyte for DSSCs was composed of 0.1 mol L™! iodine (I: 99%,
Aldrich), 0.1 mol L~! anhydrous lithium iodide (Lil: 99%, Aldrich),
0.5 mol L~ N-methylbenzimidazole (NMBI: 99%, Aldrich), and
1 mol L~! DMPII in 3-methoxypropionitrile (MePN: 99%, Fluka). Gel
electrolytes with different concentrations of gelator were prepared
by adding 2-(1-oxododecyl)hydrazide into liquid electrolyte and
heated under stirring until the gelator melted. The gel electrolytes
were formed after cooling to room temperature. The selection of
the concentration of gelator for further study in this work is
described in the Supporting Information.

2.2. Fabrication of dye-sensitized solar cells

The nanocrystalline electrodes about 11.3 pm thickness were
obtained by screen—printing TiO, paste on FTO glass (TEC-8, LOF).
After sintering at 450 °C for 30 min in air then cooling to 120 °C,
the nanoporous TiO, photoelectrodes were immersed in an
ethanol solution of 0.5 mmol L~! cis—dithiocyanate-N,N—bis-(4—
carboxylate-4-tetrabutylammoniumcarboxylate-2,2-  bipyridine)
ruthenium (II) (N719 dye) for 14 h. The platinized counter elec-
trodes were obtained by spraying H,PtClg solution to FTO glass
followed by heating at 410 °C for 20 min. DSSCs were assembled
by sealing the dyed nanoporous TiO, photoelectrode and the
counter electrode with a thermal adhesive film (Surlyn 1702,
Dupont, USA). The liquid electrolyte was injected into the internal

space between of two electrodes through the hole on the counter
electrode, which was later sealed by a cover glass and thermal
adhesive film. The gel electrolyte was heated to 135 °C under
stirring until the gel transform to liquid completely. Then, the
electrolyte (hot solution) was rapidly injected into the cell and the
cell was sealed as the same as the liquid electrolyte based DSSC.
After cooling to room temperature, a uniform motionless gel layer
was formed in cell.

2.3. Differential scanning calorimetry (DSC)

The transition temperature from gel state to liquid state (Tgey) of
the gel electrolyte was determined by differential scanning calo-
rimeter (DSC—Q2000, TA, USA). Approximately 5—7 mg of each
sample was weighed and sealed in an aluminum pan and heated at
arate of 10 °C min~! under nitrogen flow from 25 to 145 °C for DSC
measurement.

2.4. Field emission scanning electron microscopy (FE-SEM)

Field emission scanning electron microscopy (JSM-6330F, JEOL,
Japan) was used for investigating the morphology of the gel. And
the xerogel sample was prepared by drying the gel (8 wt% gelator in
MePN) at ambient temperature.

2.5. Linear sweep voltammetry measurements

Linear sweep voltammograms were recorded on a electro-
chemical workstation (Autolab 320, Metrohm, Switzerland) at
25 °C in two—electrode mode of DSSCs equipped with a 5.0 um
platinum ultramicroelectrode (CHI107, CH Instruments Inc., USA) as
working electrode, a 1 mm radius platinum disk electrode (CHI102,
CH Instruments Inc.,, USA) as counter electrode and reference
electrode [19,20]. The linear sweep voltammograms were obtained
at scan rate of 5mV s,

2.6. Electrochemical impedance spectroscopy (EIS) measurement

EIS measurement of DSSCs was recorded with an electro-
chemical analyzer (Autolab 320, Metrohm, Switzerland). To mea-
sure the impedance, a direct-current bias at 600 mV, and a
perturbation amplitude of 10 mV within the frequency range from
10 MHz to 10 mHz was applied in dark. The obtained impedance
spectra were fitted with Z-view software (v2.8b, Scribner Associ-
ates, USA) in terms of a transmission line equivalent circuit model
to interpret the characteristics of DSSCs [11,12].

2.7. Controlled intensity modulated photocurrent/photovoltage
spectroscopy (IMPS/IMVS) measurements

The experimental setup for IMPS and IMVS measurements have
been described elsewhere [13—15]. Intensity—modulated mea-
surements were carried out by an electrochemical workstation
(IM6e, Zahner, Germany) with light emitting diodes (LED)
(A = 610 nm) driven by export (Zahner, Germany). The LED pro-
vided both the dc and ac components of the illumination. A small ac
component is 10% or less than that of the dc component and the
frequency range was 3 kHz—300 mHz.

2.8. Characterization of incidental photon-to-electron conversion
efficiency (IPCE)

The photocurrent action spectra were recorded on a QE/IPCE
measurement kit consisting of a 300 W xenon lamp (69911, New-
port, USA), a 1/4 m monochromator (74125 Oriel Cornerstone 260,
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Newport, USA), a dual channel power meter (2931-C, Newport,
USA) and the calibrated UV silicon photodetector (71675,
Newport, USA).

2.9. Photovoltaic characterizations and stability tests

The photovoltaic performance of DSSCs with the active area of
0.16 cm? with black mask were measured by a Keithley 2420 digital
source meter (Keithley, USA), and controlled by Test point software
under a 450 W xenon lamp (Orial, USA) with a filter (AM 1.5). The
incident light intensity was calibrated with a standard crystalline
silicon solar cell before each experiment.

Hermetically sealed cells were used for long—term stability
tests. The cells were stored in the oven at 60 °C for thermal stress
experiment. Furthermore, the successive one sun light soaking
experiment was also carried out. DSSCs covered with a UV cutoff
filter (up to 394 nm) were irradiated at open circuit under AM 1.5,
(XQ3000, 100 mW cm ™2, Shanghai B.R. Science Instrument Co., Ltd,
China) and the ambient temperature was set to 50 °C during the
light soaking experiment. These DSSCs were cooled down to the
room temperature for 30 min before being measured. The J—V
measurements were carried out from short circuit to open circuit
with sampling delay time ranging from 1 ms to 1 s. The measuring
integration time and step source level were fixed at 50 ms and
10 mV, respectively.

3. Results and discussion
3.1. Gelation studies of the LMOG based gel electrolyte

The morphology of the gel based on 2-(1-oxododecyl)hydrazide
was visualized by scanning electron microscopy. Fig. 1 exhibits the
three-dimensional network of the gel, owing to the self-assembly
of gelator through the non-covalent interaction of the gelator
molecule.

The transition temperature from gel state to liquid state (Tge), a
parameter that can be used as an indicator to reflect the thermal
stability of gel electrolyte, was analyzed by differential scanning
calorimetry (DSC). As shown in Fig. 2, the maximum endothermic
signal appeared at 125.2 °C which corresponding to the Tge of the
gel electrolyte. In other word, a thermally stable gel electrolyte
based on MePN electrolyte using 2-(1-oxododecyl)hydrazide was
successfully prepared, and the high Tgej ensures the gel state of the
electrolyte at the device operating temperature.

Fig. 1. SEM image of the xerogel based on 2-(1-oxododecyl)hydrazide in MePN.
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Fig. 2. Differential scanning calorimetric thermogram of LMOG based gel electrolyte.

3.2. The charge transport and electron recombination behavior

It is well documented that the diffusion rate of redox species (I~
and I3) ions in electrolyte is the key factor in the DSSCs perfor-
mance [16]. To understand the redox behavior of the I~ and I3 in the
gel electrolyte, the steady-state limiting currents (iss) were deter-
mined by linear sweep voltammetry and shown in Fig. 3. The
apparent diffusion coefficients (Dapp) of I” and I3 can be calculated
from the following Eqn. (1) [17] and the values were listed in
Table 1:

iss = 4nrcFDapp (1)

where n is the electron number in the electrode reaction, F is the
Faraday constant and c is the bulk concentration of redox species, r
is the radius of the Pt ultramicroelectrode. As can be seen in Fig. 3
and Table 1, the gel electrolyte exhibits smaller Dapp, values of I~ and
I3 than those of the liquid electrolyte, which is attributed to the
hindered physical diffusion of ions caused by the crosslinked
network of the gel electrolyte. The change of diffusion of ™ and I3
suggests that the formation of conductive pathway is altered after
the liquid electrolyte being gelated by LMOG.

The kinetic processes of electron transport and recombination
can be investigated by electrochemical impedance spectroscopy
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Fig. 3. Linear sweep voltammograms of liquid and gel based electrolytes with Pt
ultramicroelectrode at 25 °C (scan rate = 5 mV s~ ).



L. Tao et al. / Journal of Power Sources 262 (2014) 444—450 447

Table 1
The steady-state limiting currents and apparent diffusion coefficients of iodide (I")
and triiodide (I3) in liquid and gel based electrolytes.

Electrolyte iss(I3) iss(I7) Dapp(13) Dapp(I7)
(1077A) (1077A) (106 cm?s71) (108 cm?s71)

liquid 1.45 6.06 3.76 4.28

gel 039 1.55 1.01 1.10

(EIS) [18—20]. Fig. 4 shows the chemical capacitance (C,), interfacial
charge transfer resistance (R.¢) and recombination lifetime (7,) as a
function of applied bias. Compared with the liquid electrolyte based
DSSC, the C, for the gel electrolyte based DSSC shifts to higher
potential in Fig. 4(a). This shift indicates that the TiO, conduction
band edge shifts towards more negative potential [21—-23]. It is
accepted that Li* can interacts with the amide carbonyl groups [24].
Therefore, the adsorption of Li* on the surface of the mesoporous
TiO, film was decreased by the interaction between Li* and the
amide carbonyl groups in 2-(1-oxododecyl)hydrazide molecule in
the gel electrolyte, which results in the negative shift of TiO; con-
duction band edge and leads to a decrease in excited electron in-
jection efficiency in the gel electrolyte based DSSC [25,26].

As electrons diffuse through the mesoporous TiO, film by a
random walk process, they may become trapped and distrapped at
the surface of the TiO, particles and back recombine with I3 in
electrolyte [27]. In other hand, the higher R., which is resistance
related to electron recombination processes occurring at photo-
electrode/electrolyte interfaces, can lead to the slower electron
recombination and the longer electron recombination time (7). As
is shown in Fig. 4(b) and (c), the R and 1, of the gel electrolyte
based DSSC are lower than those of the liquid electrolyte based
DSSC. This result indicates that the recombination of electron with
the I3 in the gel electrolyte based DSSC is faster than that in the
liquid electrolyte based DSSC, which is caused by the hindered I3
transportation from the photoelectrode/electrolyte interface to the
counter electrode in the self-assembled network of the gel
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Fig. 4. Plots of (a) chemical capacitance (C,), (b) interfacial charge transfer resistance
(Ret) and (c) recombination lifetime (7,,) as a function of applied bias.

electrolyte [26]. And the increased electron recombination is the
major factor contributing to the decreased photovoltage [13].

In order to further investigate the electron transport and
recombination processes of the DSSCs based on the liquid and gel
electrolyte, the electron transport time (7sc) and the recombination
time (7o) were estimated from IMPS and IMVS plots, respectively.
Generally, the adsorption of Li* on the surface of TiO, films can
create the extra trap states and slow down the electron trans-
portation [28]. As is shown in Fig. 5(a), the 75 of the DSSC based on
the gel electrolyte was shorter than that of the DSSC based on the
liquid electrolyte, which caused by the decrease absorption of Li*
on the TiO; films. On the other hand, due to the faster diffusion of I3
and the lower recombination rate between photoinduced electrons
and I3, the 74 of DSSC based on the liquid electrolyte is longer than
that of DSSC based on the gel electrolyte, which can be observed in
Fig. 5(b).

When DSSC is working, there is a competition process between
transport of the photoinduced electrons toward the external circuit
and recombination of these electrons with the acceptors present in
the system. The parameter of the effective electron diffusion length
(Ly) and the electron collection efficiency (ncon) can reflect this
competition process. L, and 7¢o) were defined as the follow equa-
tions, respectively [29,30]:

7 Toc
o = d 2351 2)
T
Neoll = 17% (3)
oc

Where d is the TiO; layer thickness which is 11.3 um in this work.
An effective collection of charge carriers can be achieved only if the
electron diffusion length is greater than the film thickness: L, > d
[13,30]. Derived from the data in Fig. 5(c), the L, values of the DSSCs
based on liquid and gel electrolytes are all larger than the TiO, film
thickness. These results ensure efficient electron collection in the
TiO; electrode. Furthermore, the L, and 7oy of the DSSC based on
liquid electrolyte are higher than those of the DSSC based on gel
electrolyte as shown in Fig. 5(c) and (d), which will definitely in-
fluence the incidental photon-to-electron conversion efficiency
(IPCE) and photocurrent.

3.3. Photovoltaic performance and stability of QS-DSSC

The IPCE is defined as the ratio of the number of electrons in the
external circuit produced by an incident photon at a given wave-
length, using Eq. (4) [31,32]:

IPCE = 7y x Ninj X Ncoll 4)

where 7y is the light harvesting efficiency, niq; is the excited elec-
tron injection yield and 7oy is the electron collection efficiency. 1y
is mainly determined by the amount and extinction coefficient of
adsorbed dye and the light-scattering properties of the TiO, films,
which is assumed the same in both liquid and gel electrolyte based
DSSC. The location of energy level between the TiO, conduction
band edge and excited dye largely determines the 7iy; [25]. There-
fore, the 7;y; of the liquid electrolyte based DSSC is higher than that
of the gel electrolyte based DSSC owing to the more positive TiO;
conduction band edge potential. As can be seen in Fig. 6, the IPCE
value of the DSSC based on the liquid electrolyte is higher than that
of the DSSC based on the gel electrolyte due to the higher 7i,j and
Neoll according to the Eq. (4).

Fig. 7 shows the corresponding photocurrent density—voltage
curve of the DSSCs based on the liquid and gel electrolytes at AM 1.5
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Fig. 5. (a) The light intensity dependent electron transport time (zsc), (b) the electron recombination time (7,.), (c) the effective electron diffusion length (L,) and (d) the electron

collection efficiency (1con).

and dark condition. The parameters are summarized in Table 2. The
open-circuit voltages (Vc), short-circuit current density (Jsc) and fill
factors (FF) of the liquid electrolyte based DSSC are 714 mV,
15.87 mA cm~2 and 0.70, respectively, generating an photovoltaic
conversion efficiencies (1) of 7.92%. The gel electrolyte does not
cause noticeable variation in FF, but decreasing the V. and Js to
690 mV and 14.60 mA cm™2, yielding a n of 7.05%. The dark current
can be used to reflect the recombination between I3 and conduc-
tion band electrons. As can be seen in Fig. 7, the dark current of gel
electrolyte based DSSC is larger than that of liquid electrolyte based
DSSC, which is consistent with the changes of R¢ and 7qc. In terms of
gel electrolyte based DSSC, the TiO, conduction band edge shifts
the negative potential which could contribute to enhance the V,,

70

liquid

60 -

IPCE (%)

400 450 500 550 600 650 700 750 800
Wavelength (nm)
Fig. 6. IPCE spectra of DSSCs based on the liquid and gel electrolytes.

however, the gelation leads to the fast electron recombination, as a
result, the V, is decreased in the gel electrolyte based DSSC as
shown in Fig. 7.

Generally, Jsc can be approximated by the following equation
[33,34]:

sc = q x IPCE x Iy (5)
where the q is the elementary charge, Iy is the light intensity. It is
evident that the decreased Js. of the gel electrolyte based DSSC is
result from the lower IPCE in compared with the liquid electrolyte
based DSSC.
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Fig. 7. J-V curves of the DSSCs based on liquid electrolyte and gel electrolyte under
simulated AM 1.5 (the active area with a mask is 0.16 cm?) and in the dark condition.
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Table 2
The photovoltaic characteristics of DSSCs based on liquid and gel electrolytes at AM
1.5.

Cell Voe (mV) Jse (MA cm—2) FF 7 (%)
liquid 714 15.87 0.70 7.92
gel 690 14.60 0.70 7.05

Long-term stability test of this QS-DSSC is critical to access the
potential for large-scale application. As shown in Fig. 8(a), the
liquid electrolyte based DSSC just kept 76% of its initial value during
the accelerated aging test at 60 °C for 1000 h. By contrast, the QS-
DSSC based on the gel electrolyte exhibited much better stability
than that of the liquid electrolyte based DSSC, which kept 97% of its
initial efficiency at 60 °C for 1000 h. With nearly constant FF and
little decrease of V., the degradation of liquid electrolyte based
device mainly results from the reduction of Js.. Significantly, there is
little change in the Js of gel electrolyte based DSSC, while the Js. of
the liquid electrolyte based DSSC decreased to 79% of its initial
value. Moreover, the gel electrolyte based DSSC showed excellent
light-soaking stability when the devise was subjected to the
accelerated one sun light soaking experiment at 50 °C for 1000 h
(covered with an UV cutoff filter). During light soaking process,

449

there is almost no degradation in the efficiency of the gel electro-
lyte based DSSC (Fig. 8(b)), while the efficiency of the liquid elec-
trolyte based DSSC decreased to 89% of its initial value. These
results confirm that this gel electrolyte with high Tge (125.2 °C)
greatly contributes to the stability of the device by retarding
evaporation and leakage of the organic solvent in the electrolyte.

4. Conclusions

In summary, 2-(1-oxododecyl)hydrazide was synthesized and
successfully used as a low molecular mass organogelator to form
the gel electrolyte for application in QS-DSSCs. Compared with the
liquid electrolyte, the EIS and IMPS/IMVS analysis reveal that the
gel electrolyte can lead to a faster interfacial charge recombination
of injected electrons with I3 and cause a decreased open-circuit
photovoltage. On the other hand, the gel electrolyte results in the
relatively lower diffusion of I3 and 17, excited electron injection
yield and electron collection efficiency, which leads to the
decreased short-circuit current density of the gel electrolyte based
DSSC. Although the photovoltaic conversion efficiency is slightly
lower than the corresponding liquid electrolyte based DSSC, it is
very impressive that the QS-DSSC exhibits excellent thermal and
light soaking stabilities during accelerated aging tests, which is
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caused by the good intrinsic stability and the high Tyl (125.2 °C) of
the gel electrolyte. And these results are very important for the
application and commercialization of DSSCs.
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