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This study examined the synthesis of the crystal structure of bis(2,2'-bipyridine)nitrato zinc (II) nitrate, [Zn(bipy)2 
(NO3)]+NO3

‒ using a microwave treatment at 300 W and 60 Hz for the application to dye-sensitized solar cells. The 
simulated complex structure of the complex was optimized with the density functional theory calculations for the 
UV-vis spectrum of the ground state using Gaussian 03 at the B3LYP/LANL2DZ level. The structure of the acquired 
complex was expected a penta-coordination with four nitrogen atoms of bipyridine and the oxygen bond of the NO3

‒ 
ion. The reflectance UV-vis absorption spectra exhibited two absorptions (L-L transfers) that were assigned to the 
transfers from the ligand (σ, π) of NO3 to the ligand (σ*, π*) of pyridine at around 200 - 350 nm, and from the 
non-bonding orbital (n) of O in NO3 to the p-orbital of pyridine at around 450 - 550 nm, respectively. The photo-
electric efficiency was approximately 0.397% in the dye-sensitized solar cells with the nanometer-sized TiO2 at an 
open-circuit voltage (Voc) of 0.39 V, a short-circuit current density (Jsc) of 1.79 mA/cm2, and an incident light intensity 
of 100 mW/cm2.
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Introduction

Dye-sensitized solar cells (DSSC) have extensively been 
studied because of their attractive advantages, such as their 
low cost, less toxic manufacturing process, easy scale-up, light 
weight and potential use of flexible panels, compared to conven-
tional p-n junction devices.1,2 An important element of DSSC 
materials is the dye compound, which consists of conjugated 
π-electrons and must exhibit the following four properties: 1) 
Electrons must be generated from the HOME to the LUMO (δ → 
π electron transition) of the dye molecules through light absorp-
tion, and injected to the LUMO at TiO2 electrode. 2) All light in 
the visible area must be absorbed. 3) The chemical combination 
of the solid oxide (TiO2) and the dye molecule must be strong. 
4) The dye compound must be stable to light and heat. Parti-
cularly, the Ru complex is a typical example of a commercial 
dye that possesses all of the required properties for application in 
DSSCs.3-5 The high efficiency of the Ru complex arises because 
the electrons of both the singlet excited state and the excited 
triplet state can be injected into the conduction band of the 
semiconductor electrode (TiO2). Especially, Nazeeruddin et al.6 
studied a high molar extinction coefficient charge transfer ru-
thenium sensitizer [Ru(4,-carboxylic acid-4'-carboxylate-2,2'- 
bipyridine)(4,4'-di-(2-(3,6-dimethoxyphenyl)ethenyl)-2,2' 
bipyridine) (NCS)2] that was anchored onto a nanocrystalline 
TiO2 films. This sensitizer achieved a very efficient sensitization 
in the visible region under AM 1.5 sunlight at a short-circuit 
photocurrent density of 18.84 mA/cm2, an open-circuit voltage 
was 783 mV and a fill factor of 0.73, corresponding to an overall 
conversion efficiency of 10.82%. On the other hand, Bignozzi 
et al.7 reported the preparation and photoelectrochemical cha-
racterization of a red sensitive osmium complex, containing 
4,4,4-tricarboxy-2,2,6,2-terpyridine and cyanide ligands. The 

photochemical stability was qualitatively investigated and was 
better than the best Ru-based sensitizer to date, with a maxi-
mum monochromatic incident photon-to-current conversion 
efficiency (IPCE) of 85%, a Jsc of 9.59 mA cm‒2, a Voc of 
0.552 V, and a FF of 0.54, corresponding to an overall conversion 
efficiency of 2.86% under AM 1.5 sunlight. Additionally, Chan 
et al. 8 researched a series of sublimely substituted chlorotri-
carbonyl bis(phenylimino)acenaphthene rhenium(I) complexes 
that were used in the fabrication of photovoltaic devices. The 
best power conversion efficiency of these devices was 1.29% 
under an illumination of AM1.5 simulated solar light. In these 
examples, the dyes were composed of novel high-cost metals, 
such as Ru, Re, Ir and Os. In contrast, the use of low-cost dyes 
will hasten the commercial availability of DSSCs. Therefore, 
this study attempted to obtain stable transition metal complexes 
at a low cost and apply them to the dyes in DSSCs. Over the 
last few years, considerable efforts have been focused on the 
design and synthesis of zinc complexes, which have attracted 
extensive interest in many fields, such as blue or green emitting 
materials in LEDs (light emitting diodes).9-11 Particularly, Zhang 
et al. 10 fabricated a ZnO LED by depositing undoped n-type 
ZnO onto a p-type layer. The turn-on voltage of this LED was 
about 3.70 V at 100K, which approached the band gap of ZnO, 
and the electroluminescence spectra exhibited two bands at 
423 and 523 nm. On the other hand, Hong et al. 11 showed that 
a device containing 20 wt % of a ZnO incorporated hybrid ma-
terial (2 wt %) emitted nearly pure white light and a total lumi-
nous flux of 1.80 lm at an operating voltage of 20 mA. The 
lifetime measurement data of the fabricated device containing 
the polymer-ZnO hybrid materials exhibited significant im-
provements over its pure counterpart because of the “caging 
effect” of the ZnO shell, which reduced the self-quenching of 
the polymer molecules in the core.
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Figure 1. Preparation of bis(2,2'-bipyridine)nitrato zinc (II) nitrate
using the microwave method.

Despite their great light-emitting ability, research has not 
focused on the use of Zn-complexes in solar cases. Therefore, 
in this study, the zinc (II) complex was easily and stably syn-
thesized through the formation of bipyridine chelate ligands on 
the metal center. A microwave thermal method at 300 W and 
60 Hz was used the new synthesis approach. This method di-
ffered from the reflux method that was conducted under room 
temperature and atmosphere pressure. A perfect crystallization 
and a rapid synthesis time were expected from the microwave 
method. The crystal structure and the optical properties of the 
synthesized complex were analyzed using the X-ray photo, 
FT-IR, UV-vis, and photoluminescence spectra. Finally, this 
complex was examined for DSSC applications.

Experimental

Synthesis of bis(2,2'-bipyridine)nitrato zinc (II) nitrate. The 
Zn (II) complex was prepared using the microwave thermal 
method. As shown in Figure 1, Zn (NO3)2․6 H2O (Aldrich Co, 
99%) and 2,2'-bipyridine (Wako Co, 99.0%) were added to a 
round 500 mL flask at a molar ratio of approximately 1:3 with 
120 mL of distilled water, and the mixture was stirred for 2 h. 
The final solution was transferred into a microwave thermal 
reactor [Jung Hwa MQD; at Yeungnam University, 0 - 700 
watt with water solvent, 60 Hz fixed] and treated at 300 watt 
and 60 Hz for 80 minutes. Microwave synthesis technology is 
the most effective design for applying microwave energy to a 
sample. It delivers true continuous power to the sample to en-
sure reproducible reaction conditions and results, regardless 
of volume, geometry, or changes in physical properties. The 
system is compact and easy-to-use, yet powerful enough to drive 
the most difficult reactions to completion in minutes. Faster 
reactions (10 - 1,000 times fasted) provide increased yields (10 - 
30% higher on average) and improved selectivity compared to 
the conventional thermal systems. Optimizing reactions in fewer 
steps gives more time to explore creativity. Microwave-en-
hanced chemistry has the added benefit of using much less 
solvent than traditional methods, resulting in significantly less 
waste and expense. A flowing coolant was applied to the top 
of the beaker in order to prevent the reaction mixture from 

rapidly boiling. The solid zinc complex was separated from the 
solution after the reaction, and a pale pink Zn (II) complex was 
attained after drying at 353 K.

Characterization. The ground state geometry of bis(2,2'-bi-
pyridine)nitrato zinc (II) nitrate was assigned using a com-
putational method and optimized using the Density functional 
theory (DFT) calculations with Gaussian 0312 at 298 K in the 
gas phase at the B3LYP/LANL2DZ level. The UV-vis spec-
trum of the ground state was obtained using the TDDFT at 
B3LYP/LANL2DZ. The X-ray photon spectroscopy (XPS) 
measurements of C1s, N1s, O1s, and Zn2p in bis(2,2'-bipyri-
dine)nitrato zinc (II) nitrate were recorded using an AXIS- 
NOVA (Kratos Inc., at the Korea Basic Institute Jeonju center, 
South Korea) system that was equipped with a non-monochro-
matic AlKa (1486.6 eV) X-ray source. The powders were pelle-
tized at 1.2 × 104 kPa for 1 min, and the 1.0-mm pellets were 
stored overnight in a vacuum (1.0 × 10‒7 Pa) in order to remove 
any water molecules from the surface prior to the measure-
ments. The experiments were conducted using a 200-W source 
power with an angular acceptance of ±5o. The analyzer axis 
made a 90o angle with the specimen surface. A Shirley function 
was used to remove the background in the XPS data analysis, 
and the signals were fitted using the mixed Lorentzian-Gaussian 
curves. The UV-vis spectra for bis(2,2'-bipyridine)nitrato zinc 
(II) nitrate were obtained using a Cary 500 spectrometer with 
a reflectance sphere over the spectral range from 200 to 800 
nm. The FT-IR spectra (FT-IR-8100M, Shimazue Co., at Yeung-
nam University, South Korea) for bis(2,2'-bipyridine)nitrato 
zinc (II) nitrate were recorded on a Mattson 1000 spectro-
meter using the diffused reflectance method. The powdered 
sample was mixed with CaF2 and pressed into pellet form. The 
scan range for the measurements ranged from 400 to 3600 cm‒1, 
and 50 scans were accumulated to obtain a resolution of 4.0 cm‒1. 
Bis(2,2'-bipyridine)nitrato zinc (II) nitrate underwent fluore-
scence (FL) spectroscopy (Model FP-777, Jasco, at Yeungnam 
University, South Korea) in order to examine the number of 
photo-excited electron hole pairs. The target wavelength was 
325 nm, and 0.5 mM Zn-complex was diluted in acetonitrile. 
The cyclic voltammetry data were obtained using a BAS 100B 
at room temperature and a scan rate of 100 mV/s with 0.1 M 
KCl (0.2 mM Zn-complex) as the supporting electrolyte a pla-
tinum wire as the working and counter electrodes, and Ag/AgCl 
as the reference electrode. Ferrocene was used as the internal 
reference, and the observed potentials of the redox couples 
were referenced to ferrocene.

Manufacturing dye-sensitized solar cells (DSSC). A slurry 
was produced by mixing 5.0 g nanometer-sized TiO2 powder 
with 10 mL alcohol after sonication for 24 h at 1200 W/cm2 in 
order to prepare the TiO2 thin film (Degusa P-25, 50 - 70 nm). 
TiO2 was coated onto a fluorine-doped, SnO2 conducting glass 
plate (Hartford FTO, ~30 ohm/cm2, 80% transmittance in the 
visible region) twice using the squeeze printing technique in 
order to fabricated the thin film with an approximate thickness 
of 10.0 µm. The film was heat treated at 723 K for 30 minutes 
in order to remove the alcoholic solvent. The P-25 TiO2 thin 
film electrode was immersed in a 3.0 × 10‒4 M bis(2,2'-bipyri-
dine)nitrato zinc (II) nitrate dye solution at room temperature 
for 24 h, rinsed with anhydrous ethanol and dried. The Pt-coated 
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Figure 2. The expected structure (inside) of bis(2,2'-bipyridine)nit-
rato zinc (II) nitrate, and the (A) theoretical and (B) actual reflectance
UV-vis absorption spectra of bis(2,2'-bipyridine)nitrato zinc (II) nitrate.

FTO electrode was placed over the dye-adsorbed TiO2 elect-
rode, and the edges of the cell were sealed with a sealing sheet 
(PECHM-1, Mitsui-Dupont Poly Chemical). The redox electro-
lyte consisted of 0.50 mol KI, 0.05 mol I2, and 0.5 mol 4-tert- 
butylpyridine as the solvent. The photocurrent-voltage (I-V) 
curves were used to calculate the Jsc, Voc, FF, and overall 
conversion efficiency of the DSSC. The I-V curves were mea-
sured under white light irradiation from a xenon lamp (max. 
150 W, Newport), with an incident light intensity and an active 
cell area of 100 mW/cm2 and 0.40 (0.8 × 0.5) cm2, respectively.

Results and Discussion

Characterization of bis(2,2'-bipyridine)nitrato zinc (II) nit-
rate. Unfortunately, the synthesized compound could not be 
re-crystallized in this study. Therefore, the structure was attained 
using a computational method and optimized using the Density 
Functional Theory (DFT) calculations, with Gaussian 03 at the 
B3LYP/LANL2DZ level. The UV-vis spectrum of the ground 
state was obtained using the TDDFT at B3LYP/LANL2DZ. 
First, the synthesized complex was assumed to have a hexa- or 
penta-coordination, and then the theoretical UV-vis spectrum 
was simulated using TDDFT. The spectrum in Figure 2A con-
firmed that that the structure was penta-coordinated, which 
matched the actual analyzed UV-vis spectrum in Figure 2B. 
In Figure 2A, the two special absorptions at 429 and 441 nm 
were assigned to the transfers from the non-bonding ligand (n, 
HOMO) of NO3 to the p* ligands (LUMO) of pyridine in penta- 
coordinated structure. However, the spectrum did not corres-
pond to a hexa-coordination, having the four bipyridine N atoms 
and chelated NO3. The signal refinement and the selected spectra 
for the penta-coordinated complex, bis(2,2'-bipyridine)nitrato 
zinc (II) nitrate, are given in Appendix 1. According to the si-
mulation in Figure 2A, the Zn atom of the title complex (II) 
had a distorted octahedral coordination and was linked by the 
four bipyridine N atoms. One of the O-atom donors lied further 
from the Zn atom because of the pseudo Jahn-Teller distortions, 
without chelated NO3. The Zn atom exhibited a stereochemistry 
with a pseudo-C2 symmetry (perfectly hexa-coordination) bi-
secting the NO3 ligand and passing between the bipyridine 
ligands. The computational results confirmed that the geometry 
of the [Zn(bipy)2(NO3)]+ complex was a penta-coordination 
with the NO3-ligated structure. On the other hand, Figure 2B 
shows the actual reflectance UV-vis absorption spectrum in the 
wavelength range from 200 - 800 nm for the [Zn(bipy)2(NO3)]+ 
species. Two types of absorption band, which were assigned to 
L-L [p[σ, π] (NO3)  p*[σ*, π*] (NO3)  or p(bpy)  p*(bpy)] 
transitions were localized at 230, 265, and 320 nm in both the 
bipyridine compound and the synthesized [Zn(bipy)2(NO3)]+ 

complex. Otherwise, the main spectrum of the colored com-
plexes, which was assigned to Zn → Zn d-d transfer transitions, 
was not observed because Zn (II) had a full filled d-orbital. 
Similar to the theoretical spectrum in Figure 2A, the two absorp-
tion bands, which were assigned to the transfers from the non- 
bonding ligand (n, HOMO) of NO3 to the p* ligands (LUMO) 
of pyridine at around 450~550 nm, were also absorbed in the 
penta-coordinated structure, [Zn(bipy)2(NO3)]+ complex.

Figure 3 presents the typical survey and high-resolution 

spectra from the quantitative XPS analysis of the [Zn(bipy)2 

(NO3)]+ complex. The survey spectra contained the C1s, N1s, 
O1s and Zn2p peaks. The 2p3/2 and 2p1/2 spin-orbital photo-
electrons of the Zn-centered metal that were located at binding 
energy of 1022 - 1023 and 1045 - 1047 eV, respectively, were 
assigned to the Zn2+ component.13 The O1s spin-orbital photo-
electron of NO3 was located at binding energy of 532 - 533 eV, 
and, N1s peak at 399.8 eV was assigned to cyanide in bipy-
ridine. Finally, the C1s spin-orbital photoelectron was located 
at a binding energy of 285 eV and was assigned to the carbide 
in bipyridine. These results implied that the [Zn(bipy)2(NO3)]+ 

complex was perfectly synthesized in this study.
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Figure 3. XPS curves of bis(2,2'-bipyridine)nitrato zinc (II) nitrate.
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Figure 4. FL spectrum of bis(2,2'-bipyridine)nitratocopper (II) nitrate.

The FL curve suggested that the electrons in the HOMO of 
bis(2,2'-bipyridine)nitrato zinc (II) nitrate were transferred to 
the LUMO, and then the excited electrons were stabilized th-
rough photoemission, in Figure 4. In general, the FL intensity 
increases with increasing number of emitted electrons, resulting 
from the recombination between the excited electrons and holes, 
and, consequently, a decrease in the photo activity. Therefore, 
there is a strong relationship between the FL intensity and the 
photo activity. In particular, the FL intensity greatly decreases 
when a metal captures excited electrons or exhibits conductivity, 
which is known as the relaxation process. Only one curve in 
the [Zn(bipy)2(NO3)]+ complex exhibited a yellow/green emi-
ssion at 325 nm. The band broadening was attributed to the 
overlapped emissions from the higher and lower excited states 
to the ground states, corresponding to the ligand-to-ligand tran-
sitions because of the effects on the emission energy from the 
free ligand to the complex.14 The HOMO of the complex was 
a non-bonding orbital, which was localized on the non-coordi-
nating oxygen atom, or otherwise, the HOMO was the carbon 
atom in the bipyridyl ring. Generally, the energy of the HOMO 
level of the complex is much lower than the free ligand. The 
LUMO of the complex was a p-orbital, consisting mostly of 

atomic orbits from one of the bipyridyl rings. The role of the 
metal ion was to increase the co-planarity and the conforma-
tional rigidity in the molecule structure and decrease the n  p 
energy gap.

The oxidation potentials were measured using cyclic vol-
tammetry in distilled water solutions of the 0.2 mM complex 
with glassy carbon as the working electrode and 0.1 M KCl as 
the supporting electrolyte, in Figure 5. The Zn(0) → Zn(II) 
redox process was reversible. The voltages of the HOMO and 
LUMO in [Zn(bipy)2(NO3)]+ were ‒4.11 and ‒1.63 eV, respec-
tively. Therefore, the expected band gap was 2.48 eV. Addi-
tionally, the progressive shift in [Zn(bipy)2(NO3)]+ at lower po-
tential values upon the deprotonation of the NO3 groups was 
in agreement with the destabilization effects of the negative 
NO3 charge on the bipy p-orbital. Therefore, the back-donation 
from the metal was not as effectively accepted. The electron 
transfer diagram was proposed in Figure 5 based on these results. 
When a dye molecule absorbs light, the electrons of the highest 
occupied molecular orbital (HOMO) orbital are excited to an 
electronically excited state, corresponding to the lowest un-
occupied molecular orbital (LUMO) orbital. The excited dye 
molecule injected an electron into the conducting band of the 
TiO2 film, The oxidized dye was restored by an electron dona-
tion from the reducing ions in the electrolyte, which is usually an 
organic solvent containing a redox system. The donated electron 
was in turn regenerated through the reduction of the conjugated 
ions in the electrolytes. The circuit was completed by the elec-
tron migration through an external load.15-17 The location of 
the dye LUMO energy position must be higher than the LUMO 
energy position of TiO2. Fortunately, in this study, the LUMO 
of the synthesized [Zn(bipy)2(NO3)]+ complex was located at 
a higher position than TiO2, resulting in a successful photo-
voltaic cycle.

Figure 6 shows the interfacial binding energy between the 
dye molecule, [Zn(bipy)2(NO3)]+ complex and the surface of 
the modified TiO2, which was examined using FT-IR spectro-
scopy. Generally, the efficiency of the charge injection process 
is strongly dependent on the bonding structure of the dye mole-
cules that are adsorbed on the TiO2 film. Additionally, the elec-
tron transfer in a DSSC is strongly affected by the electrostatic 
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Figure 7. Photocurrent-voltage (I-V) curves of TiO2 that was adsorbed
with bis(2,2'-bipyridine)nitrato zinc (II) nitrate.

and chemical interactions between the TiO2 surface and the 
adsorbed dye molecules. Regarding the specific adsorption for 
FT-IR,18 the IR spectra exhibited absorptions at 1600 - 1500 and 
1390 - 1300cm‒1, which were assigned to the C=C and N=O 
(-NO2) stretching modes, respectively. After the dye-adsorption, 
the N=O band decreased because it was transferred to the N-O 
stretching mode because of the bidentate coordination of the 
[Zn(bipy)2(NO3)]+ dye on the surface of the TiO2 films. The 
bond between NOO‒ and the surface of the TiO2 film was 
assumed to be strong because of the perfect bidentate linkage. 
Furthermore, the IR spectrum of the dye-TiO2 exhibited a broad 
band at around 500 cm‒1, which was assigned to metal-O, co-
rresponding to the new Ti-O bond between the O of NOO‒ and 

the Ti atom. Therefore, the adsorbed model between the surface 
of TiO2 and the [Zn(bipy)2(NO3)]+ dye was proposed on the 
right in Figure 6.

Energy conversion efficiency on DSSC. The photoelectric 
properties were measured using a voltmeter and ampere meter 
(Model 2000, Keithley) with a variable load. A 150 W illumi-
nant Xenon lamp was employed as the radiation source at an 
AM-1.5 radiation angle. The light intensities were measured 
using a power analyzer and a thermal smart-sensor. The FF 
and the solar energy conversion efficiency (η) were calculated 
using Equations (1) and (2), respectively.19,20

FF = Imax × Vmax /Isc × Voc (1)
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η (%) = Pout /Pin × 100 = Imax × Vmax /Pin × 100 
= Isc × Voc × FF  (2)

Figure 7 shows the I-V curves of TiO2 that was adsorbed 
with the [Zn(bipy)2(NO3)]+ complex. The FF, Voc, Jsc, and over-
all energy efficiency were determined using the above equa-
tions. The TiO2/[Zn(bipy)2(NO3)]+ DSSC had a Voc of 0.39 V 
and a Jsc of 1.79 mA/cm2 at an incident light intensity of 100 
mW/cm2. The power conversion efficiency of the TiO2/[Zn 
(bipy)2(NO3)]+ DSSC was 0.397%. Unexpectedly, the prepared 
[Zn(bipy)2(NO3)]+ dye was well-adsorbed on the Ti in the TiO2 
film, despite the absence of the COO‒ group in the bipyridine 
ring, because of the attachment of two O atoms in NO3 to the 
Ti metal. The efficiency was smaller than the efficiency of the 
Ru-complex (about 3.0 - 5.0%, N719), which is a commonly dye 
in DSSCs. The efficiency resembled the photovoltaic efficiency 
on DSSCs that were assembled using Fe-complex dyes.21 How-
ever, the photovoltaic efficiency could potentially be greatly 
enhanced in future research through the modification of the bi-
pyridine group with electron donating or withdrawing ligands 
so that it stably combines with the transition metals.

Conclusions

The microwave method, is a simple and dynamic rapid syn-
thetic procedure that was used to prepare the [Zn(bipy)2(NO3)]+ 
complex with a partially visible absorption region, via a per-
fectly reversible electrochemical process. The density func-
tional theory calculations revealed that the acquired complex 
was supposed to a penta-coordination with four nitrogen atoms 
of bipyridine and the oxygen bond of the NO3

‒ ion. The FL 
spectra of the complex displayed a yellow/green luminescence 
in the acetonitrile solvent. The reflectance UV-vis absorption 
spectra for the complex exhibited three absorptions that were 
assigned to two types of L-L transfers at around 200 - 350 nm 
and 450 - 550 nm. The IR spectra suggested that two O atoms of 
NO3- were bonded to the surface of TiO2. The photoelectric 
efficiency was approximately 0.397% in the DSSC with the 
nanometer-sized TiO2 at a Voc of 0.39 V, a Jsc of 1.79 mA/ 
cm2, and a fill factor of 0.57.
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