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ABSTRACT

All-solid-state electrolytes-based dye-sensitized solar cells (DSSCs) are constructed using a mixture of
carbon black and 1-methyl-3-propylimidazolium iodide (PMII) ionic liquid without the addition of iodine,
TiO,/FTO glass, N719, and FTO glass as electrolyte, working electrode, light harvesting material and
counter electrode, respectively. The influences of the electrolyte composition (weightratio of carbon black
and PMII), TiO,, film thickness and the compact layer on the photovoltaic parameters of DSSCs have been
investigated in detail. Electrochemical impedance spectroscopy (EIS) measurement is used to analyze
the influence of electrolyte composition on the photovoltaic performance. The DSSC based on a 16.2 pum
TiO; nanocrystalline film and an all-solid-state electrolytes containing 60 mg carbon black and 100 mg
PMII exhibits a power conversion efficiency of 6.37%, short-circuit current density of 15.33 mAcm~2,
open-circuit voltage of 644 mV and fill factor of 64.5%, measured at AM 1.5 G one sun (100 mW cm~2)

TiO, nanocrystalline illumination.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the great breakthrough made by O’Regan and Gratzel,
dye-sensitized solar cells (DSSCs) have attracted much attentions
because of their high energy conversion efficiency and low produc-
tion cost, making them a credible alternative to silicon solar cells
[1]. Though the overall power conversion efficiency of more than
11% has been reported for DSSCs, which was based on a volatile
liquid electrolyte as the hole-conducting element [2]. The liquid
electrolytes-based DSSCs have the disadvantages of fluid, volatil-
ity, and electrode corrosion, which reduce the long-term stability
and increase difficulties in sealing the device [3,4]. Recently, many
efforts have been made toreplace the liquid electrolytes with quasi-
solid-state [5] or all-solid-state electrolytes [6], which have been
the subject of intense study by various types of approaches using
p-type inorganic semiconductors (Cul, CuSCN, etc.) [7-9], organic
hole conductors [10-12], and gelator [13,14].

Pt deposited FTO glass was usually used as counter electrode
for the I3~ reduction because of its high catalytic activity, high
conductivity, and stability. However, Pt is one of the most expen-
sive components in DSSC. Therefore, development of inexpensive
counter electrode materials to reduce production costs of DSSCs
is much desirable. Several carbonaceous materials such as car-
bon nanotubes, activated carbon, graphite, and carbon black have
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been successfully employed as catalysts for the counter electrodes
[15-20]. The results illustrated that carbonaceous materials not
only gave ease in creating good physical contact with TiO, film but
also functioned as efficient carrier collectors at the porous interface
[21].

Recently, quasi-solid-state DSSCs based on polymer gel elec-
trolyte with graphite powder or PEO/P(VDF-HFP)/SiO, nanocom-
posite polymer electrolyte with conductive carbon nanoparticles
exhibited a power conversion efficiency of 3.25% or 4.27%, respec-
tively [22,23]. Moreover, all-solid-state electrolytes containing
polyaniline-loaded carbon black particles and an ethyleneoxide-
substituted imidazolium iodide were developed for the DSSCs
application, which showed overall conversion efficiencies of
3.48% and 4.07% for AM 1.5G, 100 and 23mWcm~2 irradia-
tion, respectively [24]. These reported quasi-solid or all-solid-state
electrolyte-based DSSCs used the Pt/FTO glass as counter electrode
and the power conversion efficiencies were less than 5%. A higher
efficiency of 6.15% has been recently reported for the quasi-solid-
state DSSC which based on the mixture of binary ionic liquid and
polyaniline-loaded carbon black [25]. Moreover, Pt/FTO glass was
used as counter electrode.

In this article, a series of all-solid-state electrolytes were pre-
pared by simply mixing 1-methyl-3-propylimidazolium iodide
(PMII) and different amounts of carbon black. The present all-solid-
state electrolytes contained carbon black, which can play catalytic
effect and hence replace the expensive Pt. There are two obvious
characteristics compared to the traditional DSSCs: (1) No addi-
tion of I, in the electrolytes to form I~/I3~ redox. A trace amount
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of iodine (I;) was photochemically produced from ionic liquid at
the photo-excited dye layer and involved in the redox reaction at
the ionic liquid surface [24]. (2) No Pt loading on the FTO glass as
counter electrode. DSSCs were fabricated by sandwiching the all-
solid-state electrolytes between working electrode (dye adsorbed
TiO,/FTO glass) and counter electrode (bare FTO glass). Through the
optimization of the electrolyte composition and TiO, nanocrystal
film thickness, an overall solar to electric energy conversion effi-
ciency of 6.37% was obtained for the all-solid-state DSSC, which is
the best for the iodine-free solid-state DSSC.

2. Experimental
2.1. Materials

1-Methyl-3-propylimidazolium  iodide  (PMII), carbon
black (Printex L, AG, average particle size 23 nm, Degussa),
[(C4Hg)4N]2[Ru(I)Ly(NCS)2], where L=2,2'-bipyridyl-4, 4'-
dicarboxylic acid (N719 dye, Solaronix SA, Switzerland), fluorine
doped tin oxide glass (FTO glass, 142/0, 90% transmittance,
Nippon Sheet Glass Co.).

2.2. Synthesis of anatase TiO, nanocrystalline powder

The precursor solution containing 15 mL Ti(OBu); and 20 mL
ethanol was magnetically stirred for 10 min at room temperature.
Then, the precursor solution was added dropwise to a solution
of 50 mL of acetic acid and 10 mL of deionized water under vig-
orous stirring for 1h at room temperature. The mixture solution
was transferred to a Teflon-lined stainless-steel autoclave and kept
at 230°C for 12 h, and then allowed to cool to room temperature
naturally. Finally, the precipitation was filtered from the solu-
tion, washed with deionized water and ethanol several times to
remove impurities, and dried in air at 50°C for 6 h. The size of the
TiO, nanoparticle is about 20 nm according to SEM and TEM mea-
surements (data not shown). The synthesized TiO, nanocrystalline
powder (1.0g) was ground for 40 min in the mixture of ethanol
(8.0mL), acetic acid (0.2 mL), terpineol (3.0g) and ethyl cellulose
(0.5¢g) to form a slurry, and then the slurry was sonicated for 5 min
in an ultrasonic bath, finally to form a viscous white TiO, paste.

2.3. Preparation of quasi-solid-state and all-solid-state
electrolytes

The mixture of 100 mg of PMII and different amounts of car-
bon black was ground to form homogeneous quasi-solid-state
and all-solid-state electrolytes. The electrolytes were denoted as
C1: 100mg PMII+15mg carbon black, C2: 100 mg PMII+30 mg
carbon black, C3: 100 mg PMII+45 mg carbon black, C4: 100 mg
PMII +60 mg carbon black, and C5: 100 mg PMII+75mg carbon
black.

2.4. The assembly of the DSSCs

FTO conductive glass was firstly pre-coated with a TiO, com-
pact layer of 200 nm thickness by spin coating a colloid solution
(colloid size about 3-5nm) to prevent a direct contact between
the electrolytes and the FTO layer of conductive glass [26]. The
TiO, colloid solution was synthesized based on a modified liter-
ature method [26,27]. Briefly, titanium n-butoxide (34.2 mL) was
added slowly into a solution containing acetylacetone (10.2 mL)
and n-butanol (37.6 mL) under stirring [26,27]. Hydrolysis of the
clear mixture was then performed by the dropwise addition of an
aqueous acidic solution (3.8 g paratoluenesulfonic acid in 18.0 mL
H,0). Stable transparent TiO, sol was obtained after heating the
mixture solution at 60°C for 12 h. The TiO, photoelectrodes were

prepared via screen-printing of the above TiO, paste on the FTO
glass substrate containing TiO, compact layer. The thickness of TiO,
film can be adjusted via different times of screen-printing.

TiO, films were gradually heated under an air flow at 325 °C for
5min, at 375°C for 5 min, at 450°C for 15 min, and then at 500°C
for 15 min. Then, TiO, films were soaked in 40 mM TiCl4 aqueous
solution for 30 min at 70 °C, which improved the photocurrent and
photovoltaic performance of DSSCs. After treatment with TiCly, the
TiO, films were rinsed with water and ethanol and then sintered at
520°C for 30 min. After cooling to 80 °C, the TiCl, treated TiO, elec-
trodes were immersed into the N719 dye solution (0.5 mM N719 in
a mixture of acetonitrile and tert-butyl alcohol, 1:1 volume ratio)
and then kept at room temperature for 16 h. The active area of the
dye-coated TiO, film was 0.16 cm?2, which was measured by pro-
filometer (Ambios, XP-1). The quasi-solid-state and all-solid-state
electrolytes (C1-C5) were sandwiched between N719 sensitized
TiO, film and a FTO glass (without Pt) under a certain pressure at
room temperature.

2.5. Measurement and characterization

The electrolytes loaded TiO, films were characterized by field
emission scanning electron microscope (FE-SEM, JSM-6330F) and
energy dispersive spectroscopy (EDS, FEI/Quanta 400). The thick-
nesses of TiO, film were measured by using a profilometer (Ambios,
XP-1)and SEM. The current-voltage characteristics were measured
using a Keithley 2400 source meter under simulated AM 1.5 G illu-
mination (100 mW cm~2) provided by solar simulator (69920, 1 kW
Xe lamp with optical filter, Oriel). The incident light intensity was
calibrated with a NREL-calibrated Si solar cell. The electrochemi-
cal impedance spectroscopy (EIS) measurements were performed
with a Zennium electrochemical workstation (ZAHNER) with the
frequency range from 10 mHz to 1000 kHz. The magnitude of the
alternative signal was 10 mV. The impedance measurements were
carried out under forward bias of —0.65V in the dark.

3. Results and discussion

3.1. Morphology of quasi-solid-state and all-solid-state
electrolytes

The photographs of the quasi-solid-state and all-solid-state
electrolytes containing 100 mg PMII ionic liquid and different
amounts of carbon black are shown in Fig. 1. When adding 15 mg of
carbon black into the 100 mg PMII, the electrolyte (C1) exhibited a
dilute state or quasi-solid-state. With increasing carbon black con-
tent, the electrolytes (C2, 30 mg carbon black) became more viscous
and all-solid-state (C3: 45 mg, and C4: 60 mg carbon black). Finally,
for C5 electrolyte (75 mg carbon black), it looked like a clay.

Fig. 2 shows the FE-SEM images of the quasi-solid-state and all-
solid-state electrolytes (C1 and C4) loaded into TiO, film. As shown
in Fig. 2a, the FE-SEM image of top surface of C1 electrolyte/TiO,
film exhibited a faint state due to a fewer amounts (15 mg) of car-
bon black. The cross-section (Fig. 2b) revealed that there was no
obvious interface between the electrolyte and TiO, nanocrystalline
layer because of the fluidity of the dilute electrolyte. However,
for the electrolyte containing larger amount (60 mg) of carbon
black, e.g. C4, the PMII ionic liquid was uniformly coated onto
the carbon black surface, and formed a well-dispersed all-solid-
state electrolytes (Fig. 2c, top surface of electrolyte/TiO film). Clear
interface between electrolyte and TiO, nanocrystalline layer is fur-
ther observed (Fig. 2d, cross-section), revealing the formation of
all-solid-state electrolytes. Moreover, both the quasi-solid-state
(C1) and all-solid-state (C4) electrolytes were well-immersed into
the voids of TiO, nanoparticles film, which was essential to the
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(a)

(b)

Fig. 1. Photographs of the quasi-solid-state and all-solid-state electrolytes containing 100 mg PMII and different amounts of carbon black. (a) C1, 15mg; (b) C2, 30 mg; (c)

(3, 45 mg; (d) C4, 60 mg; (e) C5, 75 mg.

higher photovoltaic performance of DSSCs. As shown in Fig. 2e, EDS
data recorded from the area close to the FTO glass described the
existence of the elements iodide and carbon, which revealed that
the pores of the TiO, film were filled with the quasi-solid-state (C1)
or all-solid-state (C4) electrolytes.

3.2. Solar cell performance

The present quasi-solid-state and all-solid-state dye-sensitized
solar cells are constructed with N719 dye-sensitized TiO, film

as working electrode, mixture of PMII and carbon black as elec-
trolytes (C1-C5), and FTO glass as counter electrode. Fig. 3 shows
the structure of solid-state electrolyte-based DSSC. In the present
iodine-free solid-state electrolyte, the iodide based ionic liquid
(PMII) provides sufficient I~ for the regeneration of the oxidized
dye under light illumination (Eq. (1)), I~ simultaneously oxidizes
to I3~, which can be reduced back to I~ at the electron transfer
surface (PMII coated carbon black) (Eq. (2)):

31" +2dyet — I3~ +2dye (atdye/TiO, interface) (1)
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Fig. 2. FE-SEM images of the top surface of quasi-solid-state and solid-state electrolytes on the TiO; film - C1 (a) and C4 (c), and of the cross-section view - C1 (b) and C4
(d). (e) EDX spectra of the marked area in (b) (black curve, up curve) and (d) (red curve, down curve). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)

I3+2e~ — 31~ (atelectrontransfer interface) (2)

The current density vs voltage curves of the DSSCs based on
different quasi-solid-state and all-solid-state electrolytes (C1-C5)
were measured under AM 1.5 G one sun (100 mW cm2) illumi-
nation. Fig. 4 shows the photocurrent-voltage characteristics of
the quasi-solid-state and all-solid-state dye-sensitized solar cells

and the corresponding open-circuit potential (V,.), short-circuit
current density (Js¢), fill factor (FF) and overall energy conversion
efficiency (n) of these cells are summarized in Fig. 5. As shown in
Figs. 4 and 5a, when the amount of carbon black increased from
15 to 60 mg, the Jsc and V, increased from 11.28 to 15.33 mA cm 2
and from 583 to 644 mV, respectively. The FF had a significant rise
from 29% to 65%. Finally, the overall power conversion efficiency
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Fig. 3. Structure of the solid-state electrolytes-based dye-sensitized solar cell.
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Fig.4. Currentdensity-voltage characteristics of dye-sensitized solar cells prepared
with different quasi-solid-state and all-solid-state electrolytes (C1-C5) under AM
1.5 G one sun (100 mW cm~2) illumination.
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Fig. 6. Electrochemical impedance spectra (EIS) of the DSSCs with quasi-solid-
state (C1) and all-solid-state electrolytes (C4), measured in darkness under —0.65V
applied bias. The inset is the enlarged part of high frequencies in the EIS.

increased from 1.92% to 6.37% with the increasing carbon black con-
tent. These results indicated that introduction of a slight amount of
carbon black had a significant effect on the photovoltaic parameters
(se» Voo, FF,and n7). The increase of Jsc and V- with the increasing car-
bon black can be possibly attributed to the direct contact between
dye/TiO, and I~ /I3~ coated carbon black, which will improve the
charge transportation or reduce the electron recombination. The
higher conductivity and catalytic activities of the electrolyte with
the increasing carbon black, and a zero distance between work-
ing electrode (TiO, ) and counter electrode (carbon black/FTO glass)
for the present solar cell structure, both of which significantly
reduce the internal resistance of the cell, are responsible for the
enhancement of photovoltaic parameters [21]. The highest power
conversion efficiency of 6.37% was obtained for the C4 electrolyte
(100 mg PMII and 60 mg carbon black) with a V. of 644 mV, a FF of
64.5% and a Jsc of 15.33 mA cm~2. However, further increase of the
carbon black in the electrolyte, e.g. C5 (75 mg carbon black), the V,,
Jse, and 1 decreased, which can be possibly attributed to the poor
penetration of the electrolyte into the porous TiO, electrode.

Electrochemical impedance spectroscopy (EIS) is used to elu-
cidate the influences of the electrolyte composition on the
photovoltaic performances of DSSCs. The Nyquist plots of the DSSCs
based on the lowest efficiency electrolyte (C1) and the highest effi-
ciency electrolyte (C4) are shown in Fig. 6. In general, three typical
semicircles in the Nyquist plots are observed, which correspond
to the I=/I3~ diffusion in the electrolyte, electron recombination
at the TiO,/electrolyte interface together with electron transport
in the TiO, network, and charge transfer at the counter electrode
in the order of increasing frequency [28]. However, in our exper-
iment the conventional diffusion resistance of the redox couple is
not observed due to a shorter length for I- and I3~ ions diffusion
caused by the carbon material [25,29] at the electron transfer sur-
face. The inset in Fig. 6 is the enlarged part of high frequency (the
first semicircle). It clearly shows that the charge transfer resistance
of C1 electrolyte at the counter electrode is larger than C4 elec-
trolyte, which implies that the larger FF can be obtained for the
C4 electrolyte compared to C1 electrolyte. Furthermore, at lower
frequency (the second semicircle), smaller electron recombina-
tion resistance (at the TiO,/electrolyte interface) is observed for
DSSC based on C1 electrolyte compared to C4 electrolyte, imply-
ing a lower V, and/or Js. for the former. These results are well in
agreements with the above photovoltaic performances.

For comparison, DSSC (Fig. 7a) based on pure PMII ionic liquid
electrolyte (without carbon black) showed a very poor photovoltaic
performance (0.02%). This cell has no catalyst for the reduction of
I3~ [18,24], which is responsible for the lower Js¢, Vo, FF, and 7.
Hence, the introduction of carbon black into the electrolyte is essen-
tial to the high photovoltaic performance. Furthermore, the effect
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Fig. 7. (a) The photocurrent-voltage curve of DSSC based on an electrolyte with
only PMII (without carbon black). (b) The photocurrent-voltage curve of the DSSC
based on a working electrode without a TiO, compact layer.
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Fig. 8. The photocurrent-voltage curves of DSSCs based on different thicknesses of
TiO; films and all-solid-state electrolyte (C4).

of compact layer on the photovoltaic performance was also inves-
tigated. Fig. 7b shows the photocurrent-voltage curve of the DSSC
based on C4 electrolyte and TiO, film with 16.2 wm thickness in
the absence of TiO, compact layer. The photovoltaic performance
is only 0.024%, which is much lower than the above DSSC result
(6.37%) with a TiO, compact layer. This can be possibly attributed
to a direct contact between the conductive all-solid-state carbon
black electrolytes and the conductive FTO substrate of the work-
ing electrode, which may form the short circuit, hence results in
the poor photovoltaic performance. It shows that the TiO, compact
layer is a prerequisite for the present all-solid-state dye-sensitized
solar cells.

Furthermore, the influences of TiO, film thicknesses on the pho-
tovoltaic performance were further investigated. Fig. 8 shows the
photocurrent-voltage curves of the DSSCs based on different TiO,
film thicknesses with the C4 all-solid-state electrolytes measured
under AM 1.5 G one sun (100 mW cm~2) illumination. The detailed
photovoltaic parameters (Jsc, Voc, FF, and n) are summarized in
Table 1. As shown in Fig. 8 and Table 1, the V,. decreases from
648 to 606 mV with increasing film thickness from 6.5 to 20.8 wm,
due to the augmentation of the surface area providing additional

Table 1
Detailed photovoltaic parameters (Js¢, Voc, FF, and 1) of DSSCs based on different TiO,
film thicknesses and C4 all-solid-state electrolytes.

Film thickness (m) Jse (MAcm~2) Voc (MV) FF (%) n (%)
6.5 10.68 709 64.8 491
9.8 13.02 654 64.4 5.48

16.2 15.33 644 64.5 6.37

20.8 14.28 634 60.6 5.49

charge-recombination sites and enhancing the dark current [30].
Moreover, for thicker films the outer TiO, particle layers do not
contribute significantly to the photogeneration of conduction band
electrons due to the filtering of light by the dyed particles located
close to the FTO glass. The sharing of photoinjected conduction
band electrons by these particles lowers their quasi-Fermi level and
hence the V, [30]. The Js increases from 10.68 to 15.33 mA cm™2
and then decreases to 14.28 mA cm~2 with the film thickness vari-
ation from 6.5, 16.2 to 20.8 wm. The initial increase of the Js can
be attributed to the larger amounts of dye on the thicker TiO; film,
and the decrease of the Js. for 20.8 um TiO, film can be ascribed to
inefficient electron transportation in the TiO, film and poor pen-
etration of the all-solid-state electrolytes into the porous thicker
TiO,. Hence, the optimal TiO, film thickness for the present all-
solid-state dye-sensitized solar cell is 16.2 pm.

For comparison, a normal acetonitrile liquid electrolyte-based
DSSC (16.2 wm in TiO, film thickness) was prepared, which shows
a12.98 mA cm~2,837 mV, 69% and 7.50% for Js¢, Vo, FFand n, respec-
tively. Though the photovoltaic performance of DSSCs based on
the solid-state electrolyte (6.37%) is lower than that of the ace-
tonitrile liquid electrolyte (7.50%), the stability test shows that the
latter is better than the former. Without further sealing, after 1
week aging at room temperature, DSSCs based on the solid-state
electrolyte keep 88% of initial photovoltaic performance, namely,
from initial 6.37% decrease to 5.60%. However, the acetonitrile liq-
uid electrolyte-based DSSCs drops dramatically, has only 33% of the
initial value, namely, from initial 7.50% decreases to 2.51%. These
results reveal the stability of the DSSC based on solid-state elec-
trolyte is much better than that of acetonitrile liquid electrolyte.

4. Conclusion

In summary, dye-sensitized solar cell based on all-solid-state
electrolytes consisting of PMIl ionic liquid and carbon black showed
a highly efficient power conversion efficiency of 6.37%, with a Jsc of
15.33mAcm2, Vo of 644mV and FF of 64.5%. The photovoltaic
parameters of the DSSCs were found to strongly depend on the car-
bon black content of the all-solid-state electrolytes and TiO, film
thickness. Comparison experiments revealed that the addition of
carbon black into the PMII and the TiO, compact layers on the
FTO glass was crucial for the achievement of efficient photovoltaic
performance.
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