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a b s t r a c t
This work entails a method to improve the performance of dye-sensitized nanocrystalline TiO2 solar cells
by adding surface passivating elements to the electrolyte. The presence of either CO2 , Li2 CO3 or K2 CO3 in
electrolyte increases both the photocurrent and the photovoltage, resulting in higher overall conversion
efﬁciency of these solar cells. The additives are used to form a passivation layer of lithium carbonate on
the dye free surface of the TiO2 nanoparticles and the conductive substrate. This layer suppresses the rate
of the main recombination reaction between the photoinjected electrons and the oxidized ions in the
electrolyte solution. While blocking part of the recombination, the lithium carbonate layer allows motion
of the Li+ ions towards the TiO2 surface for charge screening. Consequently using this simple treatment,
the conversion efﬁciency of dye-sensitized solar cell most improved by 17.2% (from 6.4% to 7.5%).
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction
The low cost dye-sensitized solar cells (DSSCs) have shown lightto-electric power conversion efﬁciency larger than 11% [1,2]. The
high conversion efﬁciency in DSSCs is attributed to the high surface
area of nanoporous electrodes that exhibit high light harvesting
despite the monolayer coverage of dye molecules [3]. However,
simultaneously, the high surface area increases one of the principal factors that limit the performance of DSSCs, the recombination
of the photogenerated electron with the holes transferred to the
electrolyte.
Several studies on the back reaction of injected electron
were reported recently [4–12], and some methods to suppress
recombination reaction have been suggested [2,4,13–21]. The
recombination subtraction effort is aimed at two regions of the
nanoporous electrode, the high surface area nanoporous semiconductor ﬁlm and the uncovered area of the conductive substrate.
In the semiconductor region, the recombination is enhanced by
the high surface area while the low charge transfer resistance in
the conductive substrate is an important factor for conversion efﬁciency of DSSCs. Regarding the substrate, two main approaches are
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utilized. One tries to minimize the exposed surface by the formation of a thin compact layer of the semiconductor used for the
nanoporous ﬁlm. In the other approach, a blocking material such
as Phenol Polymer (PPO) was electrodeposited selectively in these
pinholes utilizing the insolating nature of the semiconductor at the
deposition potentials [4,13]. The blocking of the semiconductor is
basically more complicated, due to the presence of the dye that
needs to be connected directly to the semiconductor. Here also
one may differentiate two approaches. The ﬁrst approach relates
to surface treatments prior to dye adsorption. For example, coating the nanocrystalline TiO2 ﬁlm with a thin layer of a second
wide-band gap semiconductor that has a conduction band more
negative than TiO2 or with an electronic-insulating coating, such as
Nb2 O5 , Al2 O3 , ZrO2 and CaCO3 , forms an inherent energy barrier at
the electrode-electrolyte interface. This surface barrier reduced the
recombination rate and thus increased the conversion efﬁciency
signiﬁcantly [13–15,18,20]. Another approach relates to the blocking of dye free regions after the dye adsorption, for example, the
adsorption of 4-tert-buytlpyridine on the dye free nanoparticles
surface. This treatment increases the open circuit voltage (Voc ) of
the DSSCs, while the short circuit current (Jsc ) is usually reduced
[2]. Despite the previous achievements, it is important to develop
new methods for recombination suppression with the emphasis on
simplicity, and a solution to both the semiconductor region and the
conductive substrate.
Recent studies of lithium batteries show that the presence of CO2
in the electrolyte solutions increases the batteries’ performance.
This improvement is attributed to efﬁcient surface passivation by
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Li2 CO3 which is formed by a reaction between the Li and CO2 . Similar results were obtained for graphite electrodes that were cycled in
CO2 saturated electrolytes. The inﬂuence of the addition of CO2 to
the electrolyte solutions on the surface properties of various electrodes was rigorously studied. It was found that Li2 CO3 is the major
surface species that is formed. Its precipitation on the electrode
suppresses surface reactions at the electrode-electrolyte interface
[22–28].
We report here on the application of the lithium batteries’
methodologies regarding surface passivation by carbonate salts to
DSSCs. Saturation of the standard DSSC electrolyte with CO2 , and
the addition of Li2 CO3 or K2 CO3 , result in the increase of both Voc
and Jsc of the DSSCs. Spectral and electrochemical results show that
the effect should be attributed to the carbonate salt that precipitates on the dye free electrode surface. The electronic-insolating
nature of the carbonate salt suppresses the reaction rate of the
photoinjected electrons that diffuse in the porous TiO2 ﬁlm. Consequently the overall efﬁciency was increased by more than 10% with
this simple treatment.

2. Experimental
2.1. Materials
The chemical materials, LiClO4 , Li2 CO3 , K2 CO3 , I2 , 3methyl-2-oxazolidinone
(NMO)
were
purchased
from
Aldrich Chemical Co., and LiI, titanium(IV) isopropoxide
(Ti[OCH(CH3 )2 ]4 ) were purchased from Merck Schuchardt. The
dyes
[cis-di(isothiocyanato)-bis(4,4 -dicarboxy-2,2 -bipyridine)
ruthenium(II)] (N3) and[tris(4,4 -dicarboxy-2,2 -bipyridine) ruthenium(II) dichloride] (Ru470) were purchased from Solaronix SA Co.
The remaining chemical materials were purchased from Chemical
Technology, Inc. All the materials were used as received. F-doped
SnO2 conducting glass substrate (FTO, Libby Owens Ford, 16 /)
were cleaned with extra pure water and dried with condensed air.

2.2. Dye-sensitized solar cells
The 23-nm-diameter TiO2 nanocrystals were prepared using a
hydrothermal method reported previously [29]. Brieﬂy, hydrolysis
of titanium(IV) isopropoxide in pH 2 acetic acid solution was followed by aging processes and hydrothermal treatment at 250 ◦ C for
13 h. The TiO2 paste for ﬁlm preparation was obtained after evaporating excess water at 80 ◦ C. The TiO2 colloid paste was spread
by a glass rod over a cleaned conductive glass, using adhesive tape
as spacers. The thickness of the nanocrystalline TiO2 ﬁlm measured
with a Surftest SV 500 proﬁlometer of Mitutoyo Co. was about 6 m.
After sintering at 450 ◦ C for 30 min, the electrodes were cooled to
80 ◦ C, and dipped overnight in dry ethanol dye solution (0.5 mM
N3 or Ru470). A sandwich-type conﬁguration was employed to
measure the performance of the DSSCs. The dyed electrode served
as the working electrode and a platinized FTO sheet was used as
counter electrode. Two narrow Teﬂon bands were used to form
50 m distances between the two electrodes of the DSSCs. The standard electrolyte solution was 0.5 M LiI, 0.05 M I2 in a 1:1 (volume
ratio) mixture of dry acetonitrile and NMO. The concentrations of
additions were 0.0025 M for Li2 CO3 (saturation concentration) and
0.05 M for K2 CO3 . A Xe lamp calibrated to 1 sun in the 350–800 nm
regions was used as a light source to illuminate the cells. An Eco
Chemie model PGSTAYT20 potentiostat was employed to measure
the performance of the DSSCs. Current–voltage curve was measured by scanning potential applied on DSSC from 0 V to negative
at the scan rate of 5 mV/s.

5671

2.3. Measurement
Infrared spectra were recorded by employing a Nicolet (impact
410) FT-IR spectrometer and the KBr disk method. To check formation of Li2 CO3 layer on the surface of TiO2 thin ﬁlm by reducing
CO2 to CO3 2− , the bare nanocrystalline TiO2 thin ﬁlm was polarized at −0.65 V in a three-electrode arrangement with Ag/AgCl as
a reference electrode and Pt wire as a counter electrode for 50 min
in acetonitrile of 0.1 M LiClO4 bubbled with CO2 . After polarization, the TiO2 sample was washed with acetonitrile and dried with
condensed air, then removed out from conductive substrate with a
doctor blade to obtain sample powder. The disk for IR measurement
was made by pressing the mixture of the 5 mg sample and 195 mg
dry KBr. According to the same weight ratio, the KBr disks of pure
LiClO4 and TiO2 were made as IR measurement samples, respectively. Fluorescence spectra were recorded by using an AMINCO
Bowman Series 2 luminescence spectrometer. Two dye Ru470 sensitized TiO2 electrode were employed to fabricate the solar cell
based on the standard electrolyte and the Li2 CO3 saturated electrolyte, respectively. Two electrodes were subjected to ﬂuorescence
measurement immediately after solar cell measurement by washing out the entire electrolyte on the electrode. The absorption peak
of R470 locates at 482 nm, so the excitation wavelength for ﬂuorescence was set as 480 nm.
3. Results and discussion
Reduction of CO2 to CO3 2− in aprotic media is known from the
lithium batteries literature. In recent studies, it was shown that in
the presence of Li salts, dissolved CO2 reacts on active and noble
metals to form Li2 CO3 . The following mechanism of CO2 reduction
to Li2 CO3 was proposed [26–28].
CO2 + e− + Li+ → CO2 − Li+

(1)

CO2 Li + CO2 → OCOCO2 Li

(2)

−

+

OCOCO2 Li + e + Li → Li2 CO3 ↓ + CO ↑

(3)

Most of the Li2 CO3 precipitates on the electrode surface because
of its low solubility in aprotic electrolytes. The resulting Li2 CO3
layer is practically an electronic insulator with a relatively high
transfer number for lithium ions. Standard DSSCs contain aprotic
electrolytes and lithium ions (0.5 M LiI, 0.05 M I2 in 1:1 acetonitrile
and NMO in this study). The solubility of Li2 CO3 in acetonitrile and
NMO is low. The DSSC can be biased to the CO2 reduction potential.

Fig. 1. Current–voltage characteristics of the DSSC which differ by the electrolyte
under illumination and in the dark. The standard electrolyte: dashed line; the CO2
electrolyte: solid line.
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Therefore, it seems possible to utilize the Li2 CO3 for the electronic
isolation of both the exposed FTO surface and the dye free surface
of the nanocrystalline TiO2 electrode.
Fig. 1 shows the current–voltage characteristic of an illuminated
DSSC in the presence of two electrolytes: the standard electrolyte
and a standard electrolyte bubbled with dry CO2 for 30 min (CO2
electrolyte). The characteristic parameters for DSSC can be obtained
from the current–voltage curve, such as the short circuit current
(Jsc ), the open circuit voltage (Voc ), the ﬁll factor (ff, the ratio of
the maximum output efﬁciency to the product of Jsc and Voc ) and
conversion efﬁciency (). The dark current–voltage curve is also
provided in Fig. 1. We emphasize that both curves were measured
by using the same cell simply by the replacement of the electrolyte.
The use of the CO2 electrolyte resulted in the increase of all cell
parameters, i.e. Jsc from 16.5 to 17.2 mA/cm2 , Voc from 0.664 to
0.684 V and ff from 58.1% to 63.8%. Consequently the overall conversion efﬁciency of this DSSC is increased by 17.2% from 6.4% to
7.5%. In addition, Fig. 1 shows that the dark current is suppressed
by the use of the CO2 electrolyte. The cell performance both under
illumination and in the dark seems to indicate a decrease of the
recombination rate in the cell when CO2 is added to the electrolyte.
We attribute this suppression to the formation of insoluble lithium
carbonate on the non-dyed electrode surface both at the nanocrystalline TiO2 and at the conducting substrate, as discussed below.
We attribute the Li2 CO3 blocking of the electrode surface to its
low solubility in the electrolyte. Thus, one would expect a similar
effect if instead of CO2 , the electrolyte is over-saturated by Li2 CO3 .
The results are shown in Fig. 2a. Here, when the standard elec-

Fig. 2. Photocurrent–voltage characteristics of the DSSCs which compare the effect
of the standard electrolyte with Li2 CO3 (a) and K2 CO3 (b). The standard electrolyte:
dashed line; the electrolyte with additions: solid line.

Table 1
The performance parameters of solar cells presented in Figs. 1 and 2
Electrolyte

Sample
1

 (%)
Voc (V)
Jsc (mA/cm2 )
ff (%)
a

2

3

Standarda

CO2

Standard

Li2 CO3

Standard

K2 CO3

6.4
0.664
16.5
58.1

7.5
0.684
17.2
63.8

6.5
0.679
16.3
59.0

7.6
0.689
18.9
58.7

6.7
0.669
16.1
61.7

7.4
0.689
17.2
62.3

The standard electrolyte: 0.5 M LiI and 0.05 M I2 in 1:1 acetonitrile and NMO.

Table 2
The performance enhancement percentage of the DSSCs due to different additions

CO2
Li2 CO3
K2 CO3

 (%)

Voc (%)

Jsc (%)

ff (%)

17.2
16.9
10.4

3.0
1.5
3.0

4.2
16.0
6.8

9.8
−0.5
1.0

trolyte is replaced by a Li2 CO3 saturated electrolyte, the Voc and
Jsc of the cell increase. The overall cell efﬁciency is improved by
16.9%. We also tested the effect of adding K2 CO3 to the electrolyte.
K2 CO3 is more soluble than Li2 CO3 and is therefore expected to
behave as a less efﬁcient surface blocker. These results are shown
in Fig. 2b. Although the DSSC parameters increase by the K2 CO3
addition, the overall conversion efﬁciency improvement is more
moderate (10.4%) compared with CO2 and Li2 CO3 addition. Table 1
summarizes the performance of the three solar cells based on the
standard and modiﬁed electrolytes. Table 2 presents the percentage
changes of the various parameters of each cell due to the electrolyte modiﬁcation. The conversion efﬁciency improvement order
is CO2 > Li2 CO3 > K2 CO3 .
As the potential is scanned negatively in the presence of both
CO2 and Li+ , CO2 is reduced to form insoluble Li2 CO3 which
precipitates on the surface of the TiO2 particles according to reactions (1)–(3). During voltammetry measurement, the current will
decrease with formation of Li2 CO3 due to its passivation effect.
To examine this effect, a bare nanocrystalline TiO2 electrode was
employed to fabricate a sandwich-type cell with a platinized FTO
sheet counter electrode, and the cell was cycled in a CO2 containing electrolyte from 0.1 to −0.75 V vs. Ag/AgCl. Fig. 3 presents the
current–voltage behavior of the cell during 11 consecutive cycles
in the dark. The dark current decreases step by step with increasing cycle number, indicating accumulative surface passivation. We
attribute the effect to the formation of Li2 CO3 on the surface of

Fig. 3. A series of current–voltage curves of the nanocrystalline TiO2 thin ﬁlm cell
with the CO2 electrolyte in the dark. Scan rates: 5 mV/s.
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Fig. 4. FT-IR spectra of pure Li2 CO3 (a) and TiO2 (b) and TiO2 coated with Li2 CO3
(c). For pure Li2 CO3 and TiO2 , KBr disk as background; for TiO2 coated with Li2 CO3 ,
the mixture of 195 mg KBr and 5 mg TiO2 as background. The arrow indicates the IR
peak position corresponding to Li2 CO3 .

the nanocrystalline TiO2 ﬁlm which suppresses the back reaction
of electron with the triiodide present in electrolyte.
It is difﬁcult to detect directly the presence of Li2 CO3 on a dyesensitized TiO2 ﬁlm due to the formation of trace amounts on the
electrode. In order to both obtain the amount sufﬁcient for FT-IR
analysis and avoid spectral overlapping with the dye molecules,
a bare TiO2 electrode was polarized at −0.65 V vs. Ag/AgCl in
LiClO4 electrolyte saturated with CO2 . Fig. 4 (curve c) shows the
FT-IR spectrum of nanocrystalline powder removed from the electrode after polarization. FT-IR spectra of pure Li2 CO3 and TiO2
were also recorded for comparison, and are shown in the same
ﬁgure (curve a and b). Li2 CO3 exhibits two sharp peaks at 864,
1088 cm−1 , and a broad peak at 1450 cm−1 . The nanocrystalline
powder obtained from the polarized electrode exhibits peaks at
877, 1116 and 1475 cm−1 (marked by arrow) resembling spectra
a. The small peak shift towards long wavenumber of the Li2 CO3
present on the TiO2 particles may be due to its adsorption on the
TiO2 . These observations conﬁrm the electrochemical formation of
Li2 CO3 on the electrode in the presence of Li+ and CO2 .
Based on our understanding that Li2 CO3 deposits on the TiO2
surface between the dye molecules, we examined its effect on
the electron injection process. Experiments similar to those shown
above were performed using a ﬂuorescent dye, Ru470, instead of the
standard N3. Here also the performance of the DSSC was improved
when a Li2 CO3 saturated electrolyte was used (inset of Fig. 5). After
we conducted solar cell measurements, we examined the ﬂuorescence of the Ru470 sensitized electrodes. The ﬂuorescence of
adsorbed dye provides relative information regarding the injection
process. A relative increase in the ﬂuorescence indicates less efﬁcient electron transfer from the excited state of the dye to the TiO2 .
Fig. 5 shows the ﬂuorescence spectra of the two Ru470 sensitized
electrodes. The ﬂuorescence intensity after the solar cell measurements in the Li2 CO3 saturated electrolyte is almost similar to the
intensity obtained following the cell operation in the Li2 CO3 free
electrolyte. In other words, Li2 CO3 passivation does not interfere in
the electron injection process while decreasing the rate of electron
recombination.
Fig. 6 compares the Voc decay of a standard DSSC with that
of a cell containing Li2 CO3 saturated electrolyte. Voc decay measurements represent the recombination processes in the DSSC in a
simple way [30,31]. In practice, we plot the time dependence of Voc
in the dark, starting with an illuminated cell. Slower decay of the
Voc represents a lower rate of the electrons loss processes allowing a
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Fig. 5. Fluorescence spectra of the dye Ru470 sensitized nanocrystalline TiO2 ﬁlms
after solar cell measurements in a different electrolyte. The inset: the corresponding
photocurrent–voltage curves of the DSSCs. The standard electrolyte: dashed line; the
Li2 CO3 saturated electrolyte: solid line. The excitation wavelength for ﬂuorescence
was 480 nm.

comparison between two cells. In Fig. 6, the Voc of the standard DSSC
was normalized to that of DSSC containing the Li2 CO3 saturated
electrolyte to clarify the comparison. Fig. 6 shows that the recombination process is signiﬁcantly slower in the DSSC containing the
Li2 CO3 saturated electrolyte. We attribute the recombination suppression to the blocking effect of the surface adsorbed Li2 CO3 . This
treatment signiﬁcantly improves all DSSC parameters resulting in
higher conversion efﬁciency.
According to the above analyses, precipitation of Li2 CO3 on the
surface of the nanoporous TiO2 can be achieved by bubbling CO2
into a standard electrolyte followed by an electrochemical process,
or by the addition of carbonate salts such as Li2 CO3 and K2 CO3 into
the standard electrolyte. Li2 CO3 precipitates stably on the electrode
surface due to its low solubility in the DSSC electrolyte. Surface
passivation in DSSC using Li2 CO3 involves unique conditions in
which electron transport across the blocking layer is blocked while
the migration of small ions like Li+ is quite good [25,27]. The latter enables the screening of the photoinjected electrons from the
electrolyte solution which is a critical process in DSSCs [32]. Due
to the passivation of Li2 CO3 , electron concentration in the TiO2
increases, thus improving both the photovoltage and photocurrent
of the DSSC.

Fig. 6. Voc decay curves with time for the DSSCs based on a different electrolyte. The
Voc of the standard DSSC (dotted line) was normalized to that of the DSSC based on
the Li2 CO3 saturated electrolyte (solid line).
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4. Conclusion
The performance of DSSCs can be improved by the addition of
CO2 , Li2 CO3 , or K2 CO3 to the electrolyte. The conversion efﬁciency
was increased by more than 10% by this simple treatment in the
following improvement order: CO2 > Li2 CO3 > K2 CO3 . FT-IR results
show that these additives form Li2 CO3 on the surface of the TiO2
nanoparticles, thus suppressing the rate of electron recombination.
The formation of Li2 CO3 on the nanoparticle surface has no effect on
the electron injection process. Consequently both the photocurrent
and the photovoltage of the DSSC were improved by this simple
treatment.
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