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Effect of the self-assembled gel network formed from
a low molecular mass organogelator on the electron
kinetics In quasi-solid-state dye-sensitized solar cells

Lu Wang"?, Zhipeng Huo'", Li Tao®, Jun Zhu', Shuanghong Chen', Xu Pan' and Songyuan Dai'*"

ABSTRACT A low molecular mass organogelator (LMOG),
N,N'-1,5-pentanediylbis-dodecanamide, was applied to
quasi-solid-state dye-sensitized solar cells (QS-DSSCs). The
crosslinked gel network was self-assemblied by the LOMG
in the liquid electrolyte, and the in situ assembly process of
gelator can be obtained by the polarized optical microscopy
(POM). On one hand, the network hinders the diffusion of
redox species and accelerates the electron recombination at
the interface of the TiO, photoanode/electrolyte. On the
other hand, Li* can interact with the amide carbonyl groups
of the gelators and the adsorption of Li* onto the TiO, surface
decreases, leading to a negative shift of the TiO» conduction
band edge, accelerated electron transport and decreased elec-
tron injection efficiency (i) of QS-DSSC. As a result, the
incidental photon-to-electron conversion efficiency (IPCE),
the short circuit photocurrent density (Ji) and the open
circuit voltage (V..) of the QS-DSSC are decreased compared
with those of the liquid electrolyte based DSSC (L-DSSC),
which indicates that the electron recombination plays a great
role in the photovoltaic performances of DSSC. Remarkably,
the QS-DSSC exhibits excellent thermal and light-soaking
stabilities during accelerated aging tests for 1000 h, which is
attributed to a great intrinsic stability of the gel electrolyte
with a high gel to solution transition temperature (T =
108°C).

Keywords: dye-sensitized solar cells, quasi-solid-state, low
molecular mass organogelator, electron kinetics, stability

INTRODUCTION
Since significant breakthroughs in 1991, dye-sensitized

solar cells (DSSCs) have entered public view and garnered
more and more research attention over the following 20
years [1,2]. DSSCs are composed of mesoporous nanocrys-
talline TiO, thin layers modified with photosensitizing
dyes as working electrodes, redox electrolytes and counter
electrodes, which have been regarded as a promising
candidate for next generation solar energy conversion
technology, thanks to potentially low cost, shorter energy
consumption, low toxicity of the constituent elements,
simple fabrication process and comparatively high power
conversion efficiency [3-5]. Each part of the device heav-
ily influences the cost and efficiency of DSSCs, and the
redox electrolytes in DSSCs function as the medium to
transfer electrons from the counter electrode to the oxi-
dized dye. High efficiencies have been achieved by using
liquid electrolytes [3,6]. In the case of liquid electrolytes
based DSSCs (L-DSSCs), sealing problems and long-term
durability substantially hinder the practical application of
DSSCs. Therefore, many efforts have been directed toward
alternatives to liquid electrolytes, including solid-state elec-
trolytes [7-9] and quasi-solid-state electrolytes [10-12].
However, derivative problems of solid-state electrolytes
such as contact between hole transporting materials and
the nanoporous semiconductor films remain to be solved
[13,14]. Therefore, quasi-solid-state electrolytes which
can be prepared by solidifying the liquid electrolytes us-
ing low molecular mass organogelators (LMOGs)[15,16],
polymer gelators [17,18] and nanoparticles [19,20], have
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attracted much attention for their good properties (e.g.,
good performance and long stability). Remarkably, the
gel electrolytes formed from the LMOGs exhibit three
dimensional networks and possess higher ionic conduc-
tivity, good pore filling and penetration of the mesoporous
TiO; film [21,22]. Importantly, the devices assembled by
LMOGs exhibit good long-term stability because of a high
gel to solution transition temperature of LMOGs [23,24].

In this work, N,N'-1,5-pentanediylbis-dodecanamide as
a LMOG was introduced into quasi-solid-state DSSC (QS-
DSSC) and a novel gel electrolyte was fabricated with the
crosslinking gel network by self-assembly. The effects of
the network on the charge transport mechanism of this gel
electrolyte, kinetic processes of electron transport and re-
combination, as well as photovoltaic performance and sta-
bilities of the corresponding QS-DSSCs were investigated
in detail. In addition, the gel electrolyte possesses a high gel
to solution transition temperature (T = 108°C), which is
positive to increase the stabilities of QS-DSSC. This work is
important and necessary to further understand the detailed
mechanism of the influence of LOMG on the QS-DSSCs
performances.

EXPERIMENTAL SECTION

Preparation of the electrolytes

N,N'-1,5-pentanediylbis-dodecanamide and 1,2-dimethyl-
3-propylimidazolium iodide (DMPII) were synthesized
according to the previous reported methods [25,26]. The
liquid electrolyte for DSSCs consisted of 0.1 mol L™ anhy-
drous lithium iodide (Lil: 99%, Aldrich), 0.1 mol L™! io-
dine (I 99%, Aldrich), 1 mol L' DMPII and 0.5
mol L' N-methylbenzimidazole (NMBIL: 99%, Aldrich) in
3-methoxypropionitrile (MePN: 99%, Fluka). In addition,
the gel electrolyte containing 6 wt.% (vs. liquid electrolyte)
gelator and liquid electrolyte was heated to 120°C under
stirring until the gelators melted. After the solution cooled
down to room temperature, the gel electrolyte was formed.

Assembly of dye-sensitized solar cells

Firstly, the TiO, nanocrystalline layers were created prior
to screen-printing on the fluorine doped tin oxide (FTO)
glass (TEC-8, LOF) to overcome the weak connectivity
between TiO, sub-microspheres and the FTO glasses.
Then, the TiO, sub-microspheres were screen-printed
onto the TiO; nanocrystalline layers and the films were
sintered in air at 450°C for 30 min, then cooled to about
120°C for next step. The thicknesses of the films were
measured using a profilometer (XP-2, AMBIOS Tech-
nology, Inc., USA) and the average thickness of the films
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was about 11 um. The nanoporous TiO, photoelectrodes
were immersed in an ethanol solution of 0.5 mmol L™
cis-dithiocyanate-N,N-bis(4-carboxylate-4-tetrabutylam-
moniumcarboxylate-2,2-bipyridine)ruthenium(II) (N719
dye) for 14 h, and the platinized counter electrodes were
obtained by spraying H,PtCls solution to the FTO glasses
followed by heating at 450°C for 20 min. The sensitized
TiO; photoelectrodes were washed with ethanol and dried
in air and were assembled by the platinized counter elec-
trodes with 60 um thermal adhesive films (Surlyn 1702,
Dupont, USA) under heating and pressure. The liquid
electrolyte was injected into the internal space between
two electrodes through the hole on the counter electrode,
which was later sealed by a cover glass and thermal ad-
hesive films. Finally, the conventional L-DSSCs were
obtained. The gel electrolyte was heated to 120°C in air
under stirring until the gels transformed into liquid state
completely. Then, the hot solution of gel electrolytes were
respectively injected into the internal spaces between two
electrodes through the holes on the counter electrodes,
and the gel electrolyte based cells were sealed by a cover
glass and thermal adhesive films. After cooling to room
temperature, the gel electrolyte based DSSCs (QS-DSSC)
were formed.

Materials characterizations

To research the dynamic process of gel frameworks for-
mation, the polarized optical microscopy was used. The
samples were made by dropping the hot solution (gel: 6
wt.% gelator in MePN) onto the glass slide and protect-
ing with cover slip. The sample was heated to 120°C at
a rate of 10°C min™' and the micrographs were obtained
during cooling between crossed polarizers using a micro-
scope (DM2500P, Leica, Germany) equipped with a hot-
stage (LTSE-420, Linkam, UK) and a camera (Micropub-
lisher 5.0 RTV, Qimaging, Canada) at a rate of 1°C min™.
In addition, the Ty of the gel electrolyte was determined by
differential scanning calorimeter (DSC-Q2000, TA, USA).
Approximately 5-7 mg of the sample was weighed, sealed
in an aluminum pans and heated at a rate of 10°C-min ™" un-
der nitrogen flow from 25 to 130°C for DSC measurement.
Linear sweep voltammograms were carried out on an elec-
trochemical workstation (Autolab 320, Metrohm, Switzer-
land) at 25°C at a scan rate of 5 mV s}, and were measured
by a two-electrode system equipped with a 1 mm radius
platinum disk electrode (CHI102, CH Instruments Inc.,
USA) as the counter electrode and a reference electrode, a
5.0 um radius platinum ultramicroelectrode (CHI107, CH
Instruments Inc., USA) as the working electrode.
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Photovoltaic characterization

The current density-voltage (J-V) measurements of DSSCs
with the active area of 0.16 cm? with black mask were mea-
sured 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, 100
mW cm?). The photocurrent action spectra were recorded
on the incidental photon-to-electron conversion efficiency
(IPCE) measurement kit consisting of a 300 W xenon lamp
(69911, Newport, USA), a 1/4 m monochromator (74125
Oriel Cornerstone 260, Newport, USA), a dual channel
power meter (2931-C, Newport, USA) and the calibrated
UV silicon photodetector (71675, Newport, USA). The
electrochemical impedance spectroscopy (EIS) data were
recorded using an electrochemical workstation (Autolab
320, Metrohm, Switzerland). To measure the impedance,
a direct-current bias at 700 mV, and perturbation ampli-
tude of 10 mV in the frequency range from 10 mHz to
1 MHz were applied in the dark. The obtained EIS data
were fitted to a transmission line equivalent circuit model
with Z-View software (v2.8b, Scribner Associates, USA).
Intensity-modulated measurements were measured by
controlled intensity modulated photocurrent/photovolt-
age spectroscopy (IMPS/IMVS) measurements using an
electrochemical workstation (IM6e, Zahner, Germany)
with light emitting diodes (LED) (A = 610 nm) driven
by a source supply (XPOT, Zahner, Germany). A small

accomponent is 10% or less than that of the dc component
provided by the LED and the frequency range was from
3 kHz to 300 mHz. Hermetically sealed cells were used
for long-term stability tests. The cells were stored in the
oven at 50°C for thermal stress experiment. Moreover,
the successive one sun light soaking experiment was also
carried out. DSSCs covered with a UV cut-off filter (up to
394 nm) were irradiated at the open circuit under one sun
(AM 1.5) light soaking (XQ3000, 100 mW cm™, Shanghai
B.R. Science Instrument Co., Ltd, China) and the ambi-
ent temperature was set to 50°C during the light soaking
experiment. J-V measurements were carried out at room
temperature after allowing these cells to cool down and
equilibrate for 30 min.

RESULTS AND DISCUSSION

Because of the self-assembly of the gelator through the non-
covalent interaction such as hydrogen bond and van der
Waals force among the gelator molecules, the crosslinking
gel network is formed in the gel electrolyte [12,27]. The in
situ gelation process of LOMG in the MePN solvent was ob-
served by polarized optical light microscopy (POM) in the
same area of the sample. First, the gel was heated to 130°C
at a rate of 30°C min™ and turned to liquid state. Then the
hot solution was cooled to 10°C at a rate of 1°C min™". The
photographs of Figs la-d were respectively taken during
the cooling process at 122.3, 122.0, 111.7 and 90.4°C, which

‘ \

electrolyte

Figure 1 Optical micrographs between crossed polarizers showing the in situ assembly process of the gel network at (a) 122.3°C, (b) 122.0°C, (¢)
111.7°C, (d) 90.4°C in the MePN solvent, (e) the amplified photograph of the assembled gel network and fibers, and (f) the photographs of liquid elec-

trolyte and gel electrolyte.
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show the self-assembly process of the gel network. As
shown in Fig. le, the amplifying photograph shows the size
and sheet fibers of the crosslinking network. In addition,
we can observe that the gel electrolyte exhibits certain
mechanical properties like solid materials in Fig. 1f.

The diffusion rates of iodide (I") and triiodide (I57) in
electrolytes have very important influence on the photo-
voltaic performance of the DSSCs [28]. According to the
linear sweep voltammograms (Fig. 2) and the apparent
diffusion coefficients (D.p) which were calculated by
Equation (1), the diffusions of I" and I5™ in the electrolytes
were investigated in detail [29].

D,,, = 1,/ 4nFrc,

ap

(1)

where Fis the Faraday constant, # is the number of the elec-
tron in the electrode reaction, r is the radius of platinum ul-
tramicroelectrode, c is the molar concentrations of I~ and
I". Due to the different capacitances between the liquid
and gel electrolyte, there are differences between both elec-
trolytes before reaching the steady-state condition shown
in Fig. 2. When the system reached the steady-state con-
dition, the steady-state limiting current (I) in the lower

plateau refers to the electrochemical reduction of I5~, and
the I in the upper plateau reflects the electrochemical ox-
idation of I". Furthermore, because the crosslinking net-
work of the gel electrolyte hinders the transportation of
I;7/I" redox couple, Dy, values of Is” and I” in the gel elec-
trolyte are lower than those of the liquid electrolyte in Table
1, which leads to more power dissipation in the gel elec-
trolyte based QS-DSSC.

The inset in Fig. 2 shows the DSC curve of the gel elec-
trolyte and the Tyo. When the gel electrolyte was heated
to 100°C, the gel network started to collapse, and the gel
completely transformed into liquid state under 108°C. This
high Ty ensures the gel state of the electrolyte at the op-
erating temperature of the devices, which is crucial for the
long-term stability of the DSSC.

The EIS and IMPS/IMVS were used to study the kinetic
process of electron transport and recombination in the
QS-DSSC [30,31]. As shown in Fig. 3a, the Nyquist plots
for the two devices can be observed and fitted according
to the equivalent circuits in the inset of Fig. 3a, The EIS
parameters of DSSCs such as the series resistance (R;), the
charge transfer resistance (R.) related to electron recom-
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Figure 2 Linear sweep voltammograms of the liquid and gel electrolyte with a Pt ultramicroelectrode and a platinum disk electrode at 25°C. The inset
shows DSC thermograms of the gel electrolyte.

Table 1 The steady-state limiting currents (Is) and apparent diffusion coefficients (D.p,) of I and I5™ in the liquid and gel electrolytes
Iss (137) Iss (Ii) Dapp (137) Dapp (Ii)
Electrolyte (107 A) (107 A) (10 cm?s7!) (10 cm?s7!)
Liquid 1.55 6.15 4.02 4.35
Gel 0.88 4.39 2.28 3.10
790 October 2016 | Vol.59 No.10

© Science China Press and Springer-Verlag Berlin Heidelberg 2016



SCIENCE CHINA Materials

ARTICLES

-35
a Rs Rce Rt
-30 Co C.
-25}
~ —20F
=
N o-15L
-10 = |-DSSC
Fit
-5 4 Qs-DssC
Fit
0 il L L L
0 10 20 30 40 50 60
7 (Q)
0.15
c
0.1F
)
e
0.05

= |L-DSSC
Fit

® QS-DSSC
Fit

1 2 3
J_ (mAcm™3)

sc

b
0.03 F
0.02 f
O
s
= LDSsC
Fit
® Qs-DSSC
0.01 F Fit
1 2 3
J,, (mAcm™)
0.9
d
08}
5o —_—t .
= LDSSC
06| Fit
® Qs-DSSC
Fit
0.5 . .

1 2 3
J,, (mMAcm™)

Figure 3 (a) Electrochemical impedance spectroscopies (Nyquist plots), (b) light intensity dependence of the electron transport time (74), (c) the elec-
tron recombination lifetime (7,), (d) the electron collection efficiency (4cn) and the lines showing the fitted results.

bination processes occurring at photoelectrode/electrolyte
interfaces, the capacitance of this interface (C,) are listed
in Table 2 along with the calculated values of electron life-
time (Tn@s) = RetCy) which reflects the electron recombina-
tion at the TiO, photoelectrode/electrolyte interface. Gen-
erally speaking, the R of QS-DSSC is smaller than that
of L-DSSC, as well as the 7,@xs), which means that a faster
electron recombination process between the injected elec-
trons and the I;~ occurred in the gel electrolyte. This phe-
nomenon can be attributed to the conduction band elec-
trons of the TiO, photoelectrode that are captured by the
increased molar concentrations of Is~ at the TiO, photo-
electrode/electrolyte interface resulted from the decreased
diffusion rate of I5~ in the QS-DSSC.

The electron transport time (z4) reflects the electron
transport of the injected electrons through the TiO, pho-
toelectrode and the electron recombination lifetime (7,)
reflects the lifetime of photogenerated electrons in meso-
porous TiO, nanocrystalline films in DSSC, which can be
obtained by IMPS/IMVS measurement. It is known that

October 2016 | Vol.59 No.10

Table 2 The fitting results of EIS parameters for L-DSSC and QS-DSSC

Cell R () R« (Q) Cyu (uF) TacEts) (8)
L-DSSC 3.019 3543 1802 0.0638
QS-DSSC 3.258 29.75 1788 0.0531

the adsorption of Li* on the surface of TiO, films can in-
crease the amount of surface traps and deepen the surface
state energy distribution, which leads to deceleration of the
electron transport and charge recombination [32,33]. The
interaction between the amide carbonyl groups of LOMG
and Li* in the QS-DSSC results in a decreased adsorption
of Li* on the surface of the mesoporous TiO; film, which
can be observed that the 74 of the QS-DSSC is shorter than
that of the L-DSSC in Fig. 3b [34]. Moreover, as shown
in Fig. 3c, the 7, of the L-DSSC is longer than that of the
QS-DSSC, which reveals an accelerated electron recombi-
nation process between the injected electrons and Is™ (Dapp
(liquid electrolyte) > Dy, (gel electrolyte)) in QS-DSSC on
account of a decelerated diffusion rate of I~ from the TiO,
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photoelectrode/electrolyte interface to the Pt counter elec-
trode. To estimate the competition between electron trans-
port in the TiO, photoanode and electron recombination
for the DSSCs based on different electrolytes, electron col-
lection efficiency (#.o.1) was calculated by Equation (2) and
shown in Fig. 3d [35]:

1o
Neon = 7 (2)

It can be seen that the 7.1 of L-DSSC is slightly higher
than that of QS-DSSC, which has influence on the IPCE and
the short-circuit current density (J).

The TiO, conduction band edge is one of decisive factors
to the open circuit voltage (V,.). However, the surface of
the mesoporous TiO, film was partly occupied by Li* ex-
isted in the electrolyte, which can result in a positive shift
of the TiO, conduction band edge. In QS-DSSC, the Li*
can interact with the amide carbonyl groups of the gelators
leading to a decrease in the adsorption of Li* onto the TiO,
surface [36,37], which causes a negative shift in the TiO;
conduction band edge, and the difference in the conduc-
tion band edges of the DSSCs with different electrolytes are
given in Fig. 4. The relationship between Vi, and InQ can
be expressed as the following Equation (3) [38,39]:

Vie= Vet mInQ, 3)
where V. is the vertical intercept, Q is the photoinduced
charge in the mesoporous TiO, films, and m. is the slop
rate. As shown in Fig. 4, the TiO, conduction band edge
of QS-DSSC shifts negatively in comparing with that of
L-DSSC. A negative shift of the TiO, conduction band edge
in QS-DSSC contributes to V,. butleads to a decreased elec-
tron injection efficiency (#i,j), which is vital for the pho-
tocurrent of DSSCs.

0.70

0.65

0.60

Vee (V)

0.55 |
®  |-DSSC

® QS-DSsC

0.50 L
20.08554 54.59815

Q (MC cm™?)

Figure 4 Voltage dependence of the photoinduced electron density in the
L-DSSC and QS-DSSC.
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The IPCE is defined as the ratio of the number of elec-
trons in the external circuit produced by an incident pho-
ton at a given wavelength, using Equation (4) [40]:

IPCE = ’71}1 X ;/linj X rlco]]’ (4)

where 1, is the light-harvesting efficiency determined by
the loading and extinction coefficient of the dye. Consider-
ing the same preparation process of the dyed TiO, films for
both the L-DSSC and the QS-DSSC, the difference in #, can
be negligible. According to the result shown in Fig. 3d, #co
of the L-DSSC is slight higher than that of QS-DSSC. In ad-
dition, the negative shift of the TiO, conduction band edge
in QS-DSSC could lead to a decreased 7. Consequently,
the L-DSSC exhibits higher IPCE than the QS-DSSC, which
is shown in the inset of Fig. 5. In addition, Ji can be esti-
mated by Equation (5) [41]:

J,=gxIPCExI, (5)

where g is the elementary charge, I, is the light intensity.
The photocurrent density-voltage curves at AM 1.5 (100
mW cm™) and in the dark condition for the L-DSSC and
QS-DSSC are shown in Fig. 5, and the relevant photo-
voltaic parameters are listed in Table 3. The Jic of QS-DSSC
is lower than that of L-DSSC due to the decreased IPCE of
the QS-DSSC. In dark condition, the dark current of QS-

—L-DSsC
- — QS-DSsC

—L-DSSC
- QS-DSSC

Photocurrent density (mA cm2)

200 500 600 700 800 A
Wavelength (nm) \
0
A\
\
-2 1 1 1 1 1 1 \,
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage (V)

Figure 5 J-V curvesat AM 1.5 (100 mW cm™?) and under dark condition.
The inset shows the IPCE spectra of L-DSSC and QS-DSSC.

Table 3 Photovoltaic parameters of L-DSSC and QS-DSSC at AM 1.5
(100 mW cm™2)

Cell Voe (mV)  Jic (mA cm™2) FF (%) PCE (%)
L-DSSC 707.9 17.12 57 6.91
QS-DSSC 703.0 16.57 57 6.50
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DSSC is higher than that of L-DSSC, which is correspond-
ing with the results obtained by EIS measurement. Al-
though the TiO, conduction band edge in QS-DSSC moves
to the negative direction, the acceleration of the electron re-
combination at the TiO, photoelectrode/electrolyte inter-
face plays a leading role in the Vi, [42]. As a result, the
Vo of the L-DSSC is slightly higher than that of QS-DSSC.
Consequently, the QS-DSSC shows a decreased photoelec-
tric conversion efficiency (PCE) of 6.50%, which is compa-
rable to that of the L-DSSC (PCE = 6.91%).

Stability is a crucial factor for the application of DSSCs.
As shown in Fig. 6, the QS-DSSC exhibits excellent stabil-
ity during the accelerated aging process of successive one
sun light soaking with UV cutoft filter at 50°C for 1000 h.
After the continuous accelerated aging test, the efficiency
of QS-DSSC exhibits no obvious degradation after 1000 h,
whereas the efficiency of the L-DSSC degrades by nearly
20% of its initial efficiency. In consideration of little reduc-
tions in Vi, and FF of the devices, the decrease of efficiency
is mainly attributed to the reduction of Ji.. The result of
this work demonstrates that this gel electrolyte can effec-
tively promote the stability of the device due to the high T
of the gel electrolyte whose crosslinking gel network can
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effectively suppress evaporation and leakage of the liquid
electrolyte at the operating temperature.

CONCLUSION

In summary, a stable QS-DSSC was prepared by using the
gel electrolyte containing N,N'-1,5-pentanediylbis-dode-
canamide as LMOG. On one hand, the self-assembled gel
network hinders the diffusion of Is~ from the TiO, photo-
electrode/electrolyte interface to the Pt counter electrode,
which accelerates the electron recombination at the TiO,
photoelectrode/electrolyte interface and decreases the V..
On the other hand, since the Li* interacts with the amide
carbonyl groups of the gelators, the adsorption of Li* onto
the TiO, surface decreases. As a result, the TiO, conduc-
tion band edge of QS-DSSC shifts to a negative potential,
which contributes to V... Consequently, the Vo of the
L-DSSC is slightly higher than that of the QS-DSSC. More-
over, owing to the decreased IPCE and J.. of QS-DSSC,
the photoelectric conversion efficiency (PCE) of QS-DSSC
(6.50%) is lower than that of L-DSSC (6.91%). Importantly,
the QS-DSSC exhibits excellent stability during the accel-
erated aging test. After the continuous accelerated aging,
the efficiency of QS-DSSC exhibits no obvious decrease
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Figure 6 Normalized efficiency variation with the L-DSSC and QS-DSSC at successive one sunlight soaking with UV cutoff filter at 50°C for 1000 h.
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after 1000 h, whereas the efficiency of the L-DSSC degrades
by nearly 20% of its initial efficiency. This is because that
the high Ty (108°C) of gel electrolyte ensures a good intrin-
sic stability and the crosslinking gel network can suppress
evaporation and leakage of the liquid electrolyte. These
findings are very vital to the application and commercial-
ization of QS-DSSCs.
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