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a b s t r a c t

We designed a new type of sensitizer for dye-sensitized solar cells based on ZnO photoelectrode. Three
five-coordinate transition metal complexes [2,6-(ArN]CMe)2C5H3NMCl2·nCH3CN] (M]Zn, Cd, Hg)
(named as Zn1, Cd1, Hg1), have been synthesized. In all complexes, the metal center is tridentately
chelated by the ligand and further coordinated by two chlorine atoms, resulting in distorted trigonal
bipyramidal geometry. The improvement in conversion efficiency of dye-sensitized solar cell was ach-
ieved by the complexes (M) and N719 co-sensitizing ZnO photoelectrode. In the tandem structure of
M/N719/ZnO, the M forms a re-organization of energy level due to its single-crystal structure, which is
advantageous to the electron injection and the hole recovery. The result demonstrates the M/N719
co-sensitized solar cell exhibited excellent photovoltaic performances with the short-circuit photocur-
rent density of 8.943 mA cm�2, the open-circuit photovoltage of 591 mV and the fill factor of 0.639 under
standard global AM 1.5 solar irradiation conditions.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past two decades, the dye-sensitized solar cell (DSSC)
has attracted remarkable attention as one of the most promising
technologies toward cost-effective solar energy exploitation [1,2].
The archetypal DSSC is composed of three key active components
including mesoporous semiconductor film (for example, TiO2, ZnO,
SnO2, Fe2O3), sensitizer and redox electrolyte. The mesoporous
semiconductor film based on TiO2 is the most extensively studied
and is the most promising for photo-electron chemical systems
[3,4]. Among the potential replacements for TiO2, ZnO nearly has
the same bandgap and electron affinity as TiO2, but a higher
chemical reactivity than TiO2. Therefore, it is reasonable to expect
mesoporous ZnO film could offer great potential toward the
improvement of DSSC efficiency. Unfortunately, the efficiency of
DSSC based on ZnO photoelectrode is much lower than that based
on TiO2 photoelectrode. In order to improve the efficiency of DSSC
based on ZnO film, various methods have been used to carry out
the ZnO photoelectrode, including the shape controlling [5e7],
metal and metal oxide deposition [8e11], element doping [12e14],
and light-scattering layer [15,16]. Shihe Yang et al. and other
groups prepared nanowire, nanosheet, nanoflower, nanosphere,
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and nanorod ZnO with good linkage to improve the electron
transfer speed. Au [8,9], MgO [11], and CuO [10] are coated on the
surface of ZnO to form the core/shell composite, which provides
an alternative pathway for electron to move across ZnO barrier.
The elements (Ga [12], Al [13], and Sn [14]) doping for ZnO show
substantial improvement in overall conversion efficiency
compared with pure ZnO. More than 120% increase in the
conversion efficiency has been achieved when single and double
light-scattering lays are applied to ZnO-based DSSC [15]. The
theoretical investigation and electron injection dynamics research
discover the reason for the low efficiency of ZnO-based DSSC
[17e19]. One of the most important reasons is the dye aggregation
on the ZnO surface, which leads to slower electron efficiency from
dye to ZnO [20,21]. One way to improve efficiency of DSSC is
through the co-adsorption of dyes and structural modification
with bulky substituent which can prevent pep stacking or dye
aggregation [22e24]. The co-sensitization approach is also very
appealing for using multiple dyes to obtain panchromatic
absorption. Porpyrin dye and various cyanine dyes are used to co-
sensitize nanocrystalline TiO2 films for improving photoelectric
conversion efficiency [25e27]. Grätzel and coworkers co-
sensitized nanocrystalline TiO2 films with bisthiophene dye and
squarylium cyanine dye and obtained the photoelectric conversion
efficiency of 7.43%. This value is so far the highest value reported
for co-sensitized DSSC with metal-coordination organic dyes [28].
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In this paper, we present an approach to improve the efficiency
through co-sensitizing ZnO photoelectrode with new type sensi-
tizer to intensify the optical spectrum absorption. Three [bis(imi-
noalkyl)pyridine] ligand complexes [29,30] (M) reported before are
used to sensitize the ZnO photoelectrode to form the carrier, then
N719 dye sensitize the ZnO to formM/N719/ZnO tandem structure.
The 2,6-bis(imino)pyridyl type of organic coordinate complexes
co-sensitized ZnO with N719, form the composite photoelectrodes.
The relationships between molecular structures and electrochem-
istry properties are further discussed. The M/N719/ZnO tandem
structure shows a strong response in the UV region of the solar
spectrum and much higher overall solar-to-energy conversion
efficiency.

2. Experimental section

2.1. The synthesis of transition metal complexes

The 2,6-Diacetylpridine ligand was prepared according to
a published procedure [31]. Free ligand, 2,6-(2,4,6-Me3C6H2N]
CMe)2C5H3N, denoted as L was synthesized according to published
procedures in a good yield by the condensation of 2,
6-diacetylpyridine with the corresponding aniline in refluxing
absolute methanol in the presence of a catalytic amount of formic
acid (Scheme 1) [29,30].

2.2. Preparation of ZnO powder

All the reagents were of analytical grade and used without
further purification. ZnO was prepared according to the following
solution-based procedure. 2.9747 g of Zn(NO3)2,6H2O was dis-
solved in 200 ml of deionized water and then ammonia was added
drop by drop with stirring until the pH was 7.0. The resulting white
precipitate was isolated by centrifugation, washed with deionized
water and ethanol, and dried at 320 �C for 2 h. Finally, the white
powder of ZnO was obtained.

2.3. Photoelectrochemical measurements

The LiI, I2, 4-tertbutylpyridine, acetonitrile, propylene
carbonate, H2PtCl6 and fluorine-doped SnO2 glass (FTO) are
purchased from Aldrich Chemical Company. The cis-bis(isothio-
cyanato)bis[2,2-bipyridyl-4,4-dicarboxylate] ruthenium(II) bis-
tetrabutylammonium known as N719 is received from Solaronix
Company. A colloidal solution was obtained by mixing ZnO with
ethanol (10wt%) and stirring for 12 h, then the colloidal solution
was applied onto the conducting substrate (FTO) by the doctor
blade technique. Adhesive tape was used as frame and spacer. The
ZnO film was dry in air since there was no organic additive to burn
Scheme 1. Synthesis process of the transition metal complexes.
up. The average cell of the film was 0.20 cm2. The film electrodes
were soaked in the transition metal complexes solution (concen-
tration: 5 � 10�4 M, solvent mixture: acetonitrile and absolute
ethanol in volume ratio of 1:1) for 3 h and N719 solution
(concentration: 5 � 10�4 M, solvent mixture: acetonitrile and
absolute ethanol in volume ratio of 1:1) for 3 h at room tempera-
ture, respectively. Then, the sensitized films were dry in air. The
counter electrodes were a thermally platinized conducting glass
(5 mMH2PtCl6 in dry isopropanol, heated at 400 �C for 10 min). The
electrolyte was consisted of 0.5 M LiI, 0.05 M I2, 0.1 M
4-tertbutylpyridine in 1:1 (volume ration) acetonitrileepropylene
carbonate. The JeV curse of the sealed cells was measured under
AM 1.5 illumination (100 mW cm�2) using a solar simulator. Based
on JeV curve, the fill factor (FF) is defined as: FF ¼ (Jmax � Vmax)/
(Jsc � Voc) where Jmax and Vmax are the photocurrent density and
photovoltage for maximum power output (Jsc and Voc are the short-
circuit photocurrent density and open-circuit photovoltage,
respectively.) h ¼ (FF � Jsc � Voc)/Pin the overall energy conversion
efficiency (Pin is the power of incident light).

Electrochemical measurements were carried out on working
electrode (chi660d, Chenhua, shanghai) with three-electrode
system in the dark. Frequency range was 0.05e105 Hz, and the
applied potential was generally between 0 and 0.700 V. The
amplitude of AC signal was 10 mV. The Zview software was
employed to fit the impedance.

Cyclic voltammetry measurement was carried out working
electrode in CH2Cl2 (Aldrich, anhydrous, 99.8%) solution containing
0.1 M teterabutylammonium hexafluorophosphate (TBAPF6, Fluka,
electrochemical grade) as an electrolyte. A mixed solvent system
was employed to prevent adsorption to the electrode. The analyte
concentration of typically 1 mM was used.
3. Results and discussion

3.1. Photoelectrochemical measurements

The transition metal complexes (M) were assembled onto the
ZnO films to prepare the M/N719 co-sensitized photoelectrodes for
dye-sensitized solar cell application. Fig. 1 presents the perfor-
mances of the DSSC in terms of Jsc and Voc in the transition metal
complexes. The results in Table 1 indicate that the cell perfor-
mances of DSSC co-sensitized with a mixture of transition metal
Fig. 1. JeV curves for dye-sensitized solar cell with different organometallic ligand
complexes.



Table 1
JeV performances of M/N719/ZnO and raw ZnO photoelectrodes.

Photoelectrode Voc/mV Jsc/mA cm�2 FF h/%

N719/ZnO 567 6.425 0.524 1.909
Zn1/N719/ZnO 591 8.943 0.639 3.378
Cd1/N719/ZnO 584 8.661 0.620 3.136
Hg1/N719/ZnO 577 7.811 0.644 2.907

Table 2
Peak potentials of cyclic voltammograms for Zn1, Cd1, and Hg1.

Complex EPC/V Epa/V DEp/V

Zn1 �0.217 0.589 0.806
Cd1 �0.158 0.128 0.286
Hg1 �0.153 0.017 0.170
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complex and N719 are improved with fewer protons in center
metal elements. The results of photochemical performances indi-
cate that the co-sensitized solar cells based on the M/N719/ZnO
electrode yield a remarkably high photocurrent density (Jsc) and
open-circuit voltage (Voc) under standard global AM 1.5 solar irra-
diation conditions. The Zn1/N719/ZnO composite photoelectrode is
selected as an example to illustrate the effect of M on the perfor-
mances of the DSSC. The Jsc and Voc of co-sensitized solar cells based
on the Zn1/N719/ZnO electrode are 8.943 mA cm�2 and 591 mV,
respectively; the overall solar-to-energy conversion efficiency is
3.378%, which is much higher than that for the DSSC using single
organic sensitizer (1.909%). With decrease of the proton number in
the central metal atoms, the photochemical performances of
composite photoelectrode are increasing. This result suggests that
Fig. 2. IPCE spectrum of N719/ZnO and Zn1/N719/ZnO photoelectrodes based DSSC.

Fig. 3. Cyclic voltammograms of the metal complexes and blank sample in CH2Cl2
containing 0.1 M TBAPF6 solution.
the complex/N719 co-sensitized ZnO photoelectrode is an effective
way to improve the efficiency of DSSC.

To clarify the reason for a higher photocurrent of the solar cell
based on the M/N719/ZnO electrode, we measured the incident
photon-to-current conversion efficiency (IPCE). IPCE could be
expressed in terms of the light-harvesting efficiency, the quantum
yield of charge injection from the excited dye to the semiconductor,
and the collection efficiency of injected electrons at the back
contract. As can be seen from the spectra in Fig. 2, the spectrum
shape of Zn1/N719/ZnO is obviously different from that of N719/
ZnO. Zn1 is absorbed on ZnO surface and displayed good result in
Zn1 andN719 co-sensitized solar cell. In Fig. 2, the IPCE spectrum for
DSSC using Zn1/N719 exhibits two high peaks, 35% at 400 nm and
30%at 530nm, respectively. IPCE spectrum forDSSCusingZn1/N719
exhibits an upward shift in the wavelength range from 300 nm to
500 nm. It shows that Zn1/N719 dye have higher light-harvesting
efficiency and the quantum yield of charge injection. The result
also demonstrates that co-sensitization for ZnOcould constructwith
ahigherUVevisible light activity overDSSC containing an individual
dye. The use of dyeswith efficient light-harvesting properties at low
energies and negligible intermolecular interactions is important for
the development of efficient multidye solar cell.

3.2. Cyclic voltammetric measurements

In order to explore the electrochemical behavior of the
complexes, we carried out a cyclic voltammetric measurement. As
Fig. 4. Nyquist plots of the metal complex/N719 co-sensitized DSSC in standard global
in the dark.

Fig. 5. Equivalent circuit used to model this system, representing interfaces in
composite solar cell composed of FTOjZnO/M1-dyejI3�/I�jjPtjFTO.



Table 3
Parameters obtained by fitting the impedance spectra of composite solar cells using
the equivalent circuit.

DSSC samples Rs/U C1/F R1/U Yo,1/S B/S R2/U Yo,2/S n

N719/ZnO 14.20 6.70E-5 263.90 0.00079 0.25 421.40 5.63 E-4 0.66
Zn1/N719/ZnO 9.42 4.59E-4 93.02 0.09072 1.57 69.10 3.38 E-3 0.44
Cd1/N719/ZnO 11.35 1.51E-4 184.20 0.00515 3.97 95.01 6.85 E-4 0.65
Hg1/N719/ZnO 12.18 9.78E-5 250.40 0.01129 9.18 283.80 1.16 E-4 0.73

Fig. 6. Asymmetric unit of Zn1[30].
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shown in Fig. 3, the cyclic voltammetric measurement was carried
out by using a Pt electrode in aceonitrile solution containing 0.1 M
tetrabutylammonium tetrafluorobarate as an electrolyte with the
scan rate of 100 mV/s at room temperature. Table 2 lists cyclic vol-
tammetric data of the transitionmetal complexes. The spectra show
that all isopolyanions underwent one-step three-electron transition
metal reduction process. Zn1 presents similar electrochemical
Fig. 7. Packing diagram of the co
behavior to that of Cd1 and Hg1 in the aqueous solution, implied
that the polymeric structures of the compounds are nearly identical.
The LUMO level of theM species is from its redox potential by using
cyclic voltammetry. The redox potential of Zn1, Cd1, and Hg1
is �0.217 eV, �0.158 eV, and �0.153 eV, respectively. The negative
redox potential of the complex is favorable for the high overall solar-
to-energy conversion efficiency. High quantum efficiency for
injection is achievedwhen the LUMOof the dye is both energetically
matched and reasonably strongly coupled to the underlying semi-
conductor. The high LUMO level of the complex provides a favorable
energy matching with the conduction level of ZnO for the electron
transfer from the LUMO to the conduction band of ZnO.

Electrochemical impedance spectroscopy (EIS) has been widely
used to correlate device structure with a suitable model for the
study of the kinetics of electrochemical and photoelectrochemical
processes occurring in DSSC. Impedance data were plotted on
a Nyquist diagram. The fit and simulation processes are achieved
using ZSimpWin software. In Fig. 4, experimental data are repre-
sented by symbols while the equivalent circuit is Rs(C1(R1O1))(R2Q2)
(in Fig. 5). The spectrum shows one large semicircle at low
frequency region and a small one at high frequency region. The
diameter of semicircle decreases with the decreasing of protons of
center metal atoms. The arcs tend to shrink with increasing Jsc
because of the increasing number of electrons injected to ZnO. The
equivalent circuit is a useful tool for understanding the output
performance of solar cell and for further comprehension of the
electrical behavior of DSSC. In equivalent circuit, the symbols R and
C describe resistance and capacitance, respectively; O, which
depends on the parameters Yo,1 and B, accounts for a finite-length
Warburg diffusion (ZDif), and Q is the symbol for the constant
phase element, CPE (its parameters are Yo,2 and n). Rs describes the
series resistance for the dye-sensitized solar cells, and the elements
with subscripts 1 and 2 are related, respectively, to the contribution
of the interfaces of counter-electrolyte and porous electrode/elec-
trolyte. Table 3 lists parameters obtained by fitting the impedance
spectra of composite solar cells using the equivalent circuit in Fig. 5.
This suggests that the high performances in DSSC sensitized with
M/N719 are not only due to enhancement of spectral response in
the UV region but also due to decrease of internal cell resistance.
mplex Zn1 along the c axis.



Fig. 8. The 3-D structure of complex Zn1 with pep stacking interaction.
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3.3. The relationship between crystal structures and
electrochemical property

The X-ray structural analysis of the single-crystals reveals that
compounds 1, 2 and 3 are isostructural. The complexes Zn1, Cd1,
and Hg1 possess the structures with an approximate Cs symmetry
about a plane bisecting the central ptridine ring and containing the
metal and two chlorides. As shown in Fig. 6 [30], the central atom is
coordinated to five groups. The geometry about the central atom is
a distorted trigonal bipyramid, which the equatorial plane is
defined by the N(2)(pyridine), Cl(1), and Cl(2) atoms and the N(1)
and N(3)(imino) atoms are in the axial position, in which
M-C1(2)(M]Zn, Cd, and Hg) bond distances are significantly longer
than M-N(2), moreover, M-N(3) bond distances are still longer than
that of M-N(1). There are two independent molecules and one
acetonitrile molecule in the asymmetric unit in the complexes. The
dihedral angles in the Zn1, Cd1, and Hg1 complexes between the
phenyl rings and the plane formed by three coordinated nitrogen
atoms are decreased with the proton number. The dihedral angles
between the phenyl rings are oriented essentially orthogonal in
Zn1, Cd1, and Hg1. The mean deviation of the metals in the
complexes from the equatorial planes is 0.001, 0.013, and 0.022 Å,
respectively, which means increase of distortion with the proton
number. The axial M-N(imino) bonds subtending angles in Zn1,
Cd1, and Hg1 are equal 147.20(13)o, 138.27(11)o, and 135.3(2)o
respectively, which means the decreasing. The metal atoms in Zn1,
Cd1, and Hg1 deviate by 0.100, 0.094, and 0.017 Å from the coor-
dinated plane. They decrease with the proton numbers. The
distances between metal and imino nitrogens are almost the same.
Fig. 7 shows the packing diagram of Zn1 along c axis. Hydrogen
bonds are indicated by dashed lines. Fig. 8 shows the 3-D structure
of complex Zn1 with pep stacking interaction. The electron-
donating ability of the metal atom is in favor of stable single
molecule structure between molecules. Therefore, the regular is
that the decrease of the bond lengths and deviation distance are
advantage in its electrochemical property, while the enlargement
of the dihedral angles emerges superior cell performance.
4. Conclusions

In this paper, three transition metal-coordination complexes
with pyridine-type ligands were designed and synthesized as the
dye sensitizer for DSSC application. The results demonstrate the
transition metal complexes with pyridine-type ligands lead to
a significant increase in overall conversion efficiency of ZnO-based
on dye-sensitized solar cell by co-sensitization with dye N719.
Compared with the conventional electrode using dye N719, modi-
fication of ZnO electrode with the transition metal complexes and
N719 not only extends the photoresponse of the electrode to the UV
region of the solar spectrum, but also intensify the optical spectrum
absorption. Co-adsorbing different dyes produce a competitive
adsorption effect. The metal-coordination dyes provide a new
design for development of DSSC technology.
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