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Ruthenium(Il) dicarboxylated bipyridyl based metal organic polymer as a
sensitizer for nanostructured TiO, based dye-sensitized solar cells (DSSC)
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In this work, ruthenium(II)bis(2,2'-bipyridyl4,4'-dicarboxylicacid)(pyrazine)bis(tetrafluroborate) [Ru(II)(dcbpy)(pyz)].(BF 92
based metal organic polymer (RuMOP-Pyz-1), was synthesized at room temperature under inert atmosphere and their
performance in dye-sensitized solar cells (DSSC) were studied. The metal organic polymer was prepared by coupling pyrazine
as linker units with the Ru(Il) dicarboxylated based mono metallic complex. The UV-visible absorption profiles covered a
broad range of absorption and the formation of polymer leads to shift in the absorption wavelength. The metal mediated n-
conjugation units in the polymer complex exhibit a strong emission at A.,, = 552 nm with an excitation wavelength of 395 nm.
The synthesized metallo-polymer was employed as a sensitizer in DSSC and the maximum power conversion efficiency (PCE)
value of = 1.507 % with short circuit current (J;.) of 3.22 mA/cm?; open circuit voltage (¥V,.) 0.684 V and Fill Factor (FF)
of 68.45 % under Air Mass (AM) 1.5 G simulated sunlight at a light intensity of 100 mW/cm?® was obtained. The efficiency
of the device and its photovoltaic performances were found to be satisfactory. The enhanced performance of the device is
attributed to the presence of extended conjugation of the metallo polymer which helps in a facile electron transfer from the
HOMO to LUMO of TiO,.

Keywords: DSSC, metallo-polymer, poly-Ru(Il)dicarboxylated bipyridyl, pyrazine, photovoltaic, sensitizer.

Introduction DSSC like the photoanode, the photo cathode, the dyes
and the electrolyte. In the case of photo anode, various
Dye sensitized solar cells (DSSC) are currently attracting nanostructured ceramics [12], semiconductor metal
significant attention as alternative to conventional silicon oxides with optimized layer deposition and sintering
solar cells [1, 2] due to their low production cost, simplicity process [13] were examined. Further, in the case of
of fabrication, lightweight, array of colour and high photo cathode DSSC performances were enhanced by
power conversion efficiency (PCE). DSSC have been the addition of conducting ceramic nanoparticles [14]
intensely pursued in last two decades and has found many and microporous ceramics [15] in electrolyte systems.
applications such as flexible electronics, transparent Specially, to increase the near-infrared solar cell response
conducting windows, etc. [3-5]. Typically DSSC is a by introducing transparent ceramics [16] and to get
multilayer device, where nanocrystalline titania coated excellent pigmenting materials through new ceramic
on a conductive substrate act as a photoanode, platinized dyes [17] has also been developed.
counter electrode act as a photocathode. The photoanode Predominantly, the ceramics based material for DSSC
(TiO,) with the dye and the photocathode electrode were research were played a vital role in various approach.
bridged by a redox electrolyte, which mediates the charge Particularly, by introducing TiO, nanowires, carbon
transfer between the electrodes. The sensitization is nanofibers and porous carbon nanofibers with Pt catalysts
usually a metal based organic dye which helps to were reported effective results [18-22]. Hence, ruthenium
improve the overall efficiency of DSSC [6, 7]. As being nanocrystals, composites based on TiO, nanoparticle/
a multilayer device, the most important components of nanowires, size-selected titanium dioxide nanowires,
DSSC is the photosensitizer [8-10] and the efficiency mixed transition metal oxides TiO, based photoanodes
of DSSC mainly depends on the performance of the were also incorporated for efficient dye sensitized solar
sensitizers [11]. cells [23-27]. By introducing various synthetic designs
In view of the potential application of DSSC, more in dye structure and blended structures of polymers
number of research works focused on each layer of [28] would increase the efficiencies of the solar cells.

So, enhancing the DSSC performance by introducing
new functional dyes is the focus of the current research
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Predominantly, ruthenium complexes have received
intensive interest due to their favorable photo-electro-
chemical properties and high stability. Among these
sensitizers ruthenium polypyridyl based complexes
have shown the best photovoltaic performance due
their better light harvesting properties upon absorption
[35]. In particular, the dicarboxylated bipyridine based
mononuclear dyes N3 and N719 dye were considered as
standard dyes due to their best photovoltaic performance
[36,37]. So far several DSSCs based on ruthenium
complexes have achieved photovoltaic efficiencies of
over 10% under standard measurement conditions and
the highest value is about 12% [38, 39].

Recently, inorganic perovskite sensitized solid state
DSSC have reached an efficiency of 20.1% [40]. On
the other hand, the environmental and health hazards
owing to the occurrence of toxic components hold back
their commercial applications [41-43]. So, there is a
high demand in the ruthenium based sensitizers which
achieves high efficiency with proper electronic and
structural properties [44]. In the case of standard sensitizers
like N3 dye, the main drawback is the ambidentate
thiocyanate ligand which will coordinate either at the
nitrogen atom or at the sulfur atom. So as to solve the
problems associated to NCS ligand based dyes, cyclo-
metallated ruthenium complexes were projected in the
last three decades [45]. An immense effort has been
made to optimize the molecular structure of ruthenium
complex by varying ancillary ligands, typically bipyridines
which can be tuned by different substituent’s to modify
their photochemical and photophysical properties [46].
It has been well-accepted that raising the molar extinction
coefficient of a sensitizer is a well-designed approach
to enhance the photovoltaic performance [47].

Another important factor that hinders the performance
of DSSC is the poor thermal stability [48]. To overcome
this problem, supramolecular metallo-polymers with
extended 7m-conjugation units were employed. These
metallo-polymers exhibit the combination of both the
properties of organic and organometallic compounds
[49]. Moreover, these dyes show not only competent
light harvesting efficiency but also an extended absorption
with high molar absorption coefficient. Besides an
effective intramolecular spatial charge separation of the
excited state are critically important for better performance.
Ruthenium based metallo-polymers which consists
more number of conjugated units has various advantages,
such as long-lived metal to ligand charge transfer (MLCT)
and ligand centered redox process [50]. Employing the
organic polymeric materials as sensitizers in DSSC has
been recently recognized and comparatively modest
research work done has been carried out [51]. In this work,
we report the synthesis and characterization of ruthenium
(IMbis(2,2'-bipyridyl4,4'-dicarboxylicacid) (pyrazine)
bis(tetrafluroborate) based metal organic polymer
(RuMOP-Pyz-1) and their efficacy as a photosensitizer
is examined.

Sathishkumar Chinnasamy and Sivasubramanian Ramanathan

Experimental Section

Materials and methods

RuCl;.3H,0, 4.4-dimethyl 2,2-bipyridine (bpy) (<99%),
10% palladium on charcoal, Pyrazine (<99.5%), silver
tetrafluroborate (AgBF4) (<99%), P,s TiO, powder
(<99%), TiCly solution, chloro platinic acid (H,PtCly),
ethanol, N-methyl pyrrolidine (NMP), acetyl acetone
and diethyl ether were purchased from Sigma Aldrich
and were used as received. Triton X - 100 (<98%) were
purchased from Merck and used as received. All the
synthetic reactions were performed under inert condition.
The solvents employed for the synthesis were reagent
grade which were freshly distilled and degassed prior
to use.

Characterization

The absorption spectra were recorded in DMF by
using Shimadzu UV-1800 UV-VIS spectrophotometer
(Japan) with 1 cm? quartz cell. Emission properties were
studied by using Shimadzu RF-6000 spectrofluoro-
photometer (Japan). FTIR spectra were assessed in the
400 ~ 4000 cm™ region by using IR Affinity FTIR,
(Shimadzu, Japan). The AFM analysis was obtained by
using NT-MDT (Ntegra Aura, NTMDT Co, Russia).
FESEM analysis were taken by FESEM — (SIGMA HV
— Carl Zeiss, Bruker Quantax 200 — Z10 EDS Detector).
Raman analysis was performed by a micro Raman
spectrometer (Horiba Jobin-LabRam-HR UV-vis p-
Raman spectrometer, Finland) at ambient temperature
with Argon laser with an excitation wavelength of 514
nm equipped with CCD detector.

Synthesis

The metal organic polymer (RuMOP-Pyz-1) was
synthesized by a one-pot reaction. The metal organic
polymer was obtained by reacting the mono metallic
complex with the linker unit as follows. 5 mL of dry
ethanol solution of Ru(dcbpy),Cl, (0.0807 mmol), 5
mL of AgBF, (0.1613 mmol) in ethanol was added
under argon atmosphere and stirred for 2 h at room
temperature. The precipitated AgCl was filtered and to
the obtained solution, 5 mL of pyrazine (0.0884 mmol)
in ethanol was added drop wise and stirred for 1 h. The
metallo-polymer was filtered, washed with ethanol (50
mL). Further purification was obtained by treating it
with N-methyl pyrrolidine (NMP) and precipitating it
with addition of diethyl ether. Finally, the precipitated
metallo-polymer was dried under vacuum at 40 °C
for 8 h. The metal organic polymer (RuMOP-Pyz-1)
was obtained as a dark red-brown solid (yield: 97%).
The detailed synthetic pathway was illustrated in
Scheme 1.

Analysis of [Ru(II)(dcbpy),(pyrazine)],(BF4)zn]
(RuMOP-Pyz-1): UV-Vis (3.5x 10 M in Ethanol):
Amax/NM 535, Emission (A,.0) 553 nm excited at 395
nm. Melting Point: >450 °C. FTIR (KBr disk) v/em™:
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Scheme 1. Depicts the synthesis of poly-[Ru(dcbpy),(pyz)]u(BFs)x, coded as (RuMOP-Pyz-1), where (dcbpy) - 2,2'-bipyridyl 4,4'-
dicarboxylic acid, (pyz) - pyrazine (linker unit), cis-Ru(Il)(dcbpy),Cl, - cis-dichlorobis(2,2'-bipyridyl 4,4'-dicarboxylicacid)ruthenium(II)
and poly-Ru(dcbpy),(pyrazine)],(BF4),, - poly [Ruthenium(II) bis(2,2'-bipyridyl4,4'-dicarboxylicacid) (pyrazine)bis tetrafluroborate)].

3452 (b), 2108 (m), 1984 (m), 1751 (s), 1630 (s), 1604
(s), 1513 (s), 1491 (s), 759 (s).

Fabrication of DSSC

Fluorine doped tin oxide glass (FTO) (~7 Q/sq,
purchased from Sigma Aldrich) plates were cleaned by
ultrasonication with water, isopropanol and finally
dried under nitrogen atmosphere. The cleaned substrate
was heated up to 500 °C for 25 min to remove organic
contaminants and cooled down to room temperature.
The compact layer of titania nanoparticle (pre treatment)
was coated by immersing the FTO plates in a 40 mM
aqueous TiCl, solution at 70°C for 30 min and
followed by a series of sintering steps ((i) 325 °C for 10
min, (ii) 375 °C for 10 min, (iii) 450 °C for 15 min, and
(iv) 500 °C for 30 min). Then by using mortar and pestle,
Pys TiO, powder, acetyl acetone, Water and Triton X -
100 ingredients were grinded to paste. Then the prepared
paste was coated on the pretreated (compact layer)
FTO substrates by doctor-blade method and 12 um
thick film (active layer) was achieved. The TiO, pastes
coated FTO plates were subjected to the above mentioned
similar sintering steps. After cooling to room temperature,
the TiO, electrodes were sensitized with metallo polymeric
dye (RuMOP-Pyz-1) by immersing the electrode in 20
mM sensitizer solution in DMF. Similarly photocathode
platinum coated FTO were prepared by using 0.005 M
of H,PtCly solution. By using spray gun, the prepared
solution was spread on cleaned pre-heated FTO plates
at 50 ~ 60 °C. After the coating the slide was kept on
hot plate at 380 °C. In air atmosphere the pretreated
plates were kept in hot plate and the temperature of the
hot plate was gradually increased from 100 °C to 380
°C. The plates were pre-annealed at 380 °C for 30 min
and then slowly cooled down to 80 °C in air atmosphere.
The coated plates can be used at any time, by giving
the photocatalytic regeneration activity by pre annealing
it on hot plate at 380 °C for 30 min.

Photovoltaic characterization
The current-voltage (I-V) characteristics were recorded

by applying an external potential bias to the cell while
recording the generated photocurrent with a Keithley
model 2420 digital source meter. The light source was
a 450W xenon lamp (Oriel) equipped with a Schott
K113 Tempax sunlight filter (Praezisions Glas & optic
GmbH) in order to match the emission spectrum of the
lamp to the AM 1.5G standard. The metal organic
polymer (RuMOP-Pyz-1) sensitized DSSC was tested
under simulated AM1.5G illumination (power 100 mW
cm™) using standard 1-Butyl 3-Methyl Imidazolium
Iodide [BMII] electrolyte containing the iodine/tri
iodide couple as the redox shuttle.

Results and Discussion

Synthesis of metal organic polymer dye (RuMOP-
Pyz-1)

The synthesis of RuMOP-Pyz-1 was prepared by the
reaction of cis-dichlorobis(2,2'-bipyridine 4,4'-dicarboxylic
acid) ruthenium (II), cis-Ru(dcbpy),Cl, with AgBF,
(the chloride is removed by the precipitation of AgCl)
and the metallo-polymer is formed by the reaction with
pyrazine which acts a linker. It is found that the obtained
metal organic polymer is soluble in polar aprotic
solvent like DMF, DMSO, etc..

UV-Visible Spectroscopy

The UV-vis absorption spectrum of the metal organic
polymer (RuMOP-Pyz-1) in DMF solutions were shown
in the Fig. 1(a). The absorption spectrum shows a sharp
band at 314 nm, which corresponds to the ligand & - 7*
transitions [52, 53]. A very broad and more intense band
was obtained in the visible and near visible regions at
535 nm and 395 nm for the compound RuMOP-Pyz-1
respectively. The bands in the visible and near visible
region bands were assigned to metal-to-ligand charge
transfer (MLCT) band of (d - «*) transition and & - 7*
transition of the conjugated linking units respectively. It
is worth noting that compared with the other Ru(Il)
dicarboxylated based complexes, the synthesized metal
organic polymer showed extended absorption beyond
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Fig. 1. (a) UV-Vis spectra of (RuMOP-Pyz-1) in DMF; (b) Emission spectrum (RuMOP-Pyz-1) in DMF; (c & d) FTIR and Raman Spectrum

of (RuMOP-Pyz-1) respectively.

MLCT. The reason for this red shift could be due to the
presence of extended conjugated systems with the
electron withdrawing carboxylic acid groups, which
lowers the energy of the n* orbital of the ligand [54].

Emission properties

The excitation of RuMOP-Pyz-1 was carried out at
395 nm and the corresponding emission spectrum was
obtained at 553 nm as shown in Fig. 1(b). This broad
emission spectrum is due to the lower ©* orbital of the
2,2"-bipyridyl-4,4'-dicarboxylic acid ligand and it is
mainly due to the presence of electron-withdrawing
substituent which is expected to give the longer lifetime.
It has been noted that as the metal extended n-conjugation
increases, a strong and broad phosphorescence spectrum
was obtained [55].

FTIR and raman spectroscopy

The FTIR spectrum of RuMOP-Pyz-1 in Fig. 1(c)
showed a strong band in the region of 3,400 cm™, due
to the presence of O-H group of the carboxylic acid
moiety. The relatively strong absorption at 1,711 cm™
corresponds to the stretching vibration mode of C=0
bond and the bands at 1,362 cm™ and 1,603 cm™' are
due to the symmetric and asymmetric stretching in the

C=0 and C-H bands respectively. Due to the N-
coordination from the pyrazine unit a stretching vibrational
modes at frequency of 2,011 cm™ for the y(Ru-N) band
was obtained [56]. Furthermore, the C-C bond linkage
in the aromatic skeleton was confirmed by the absorption
peak at 804 cm™'. The Raman spectrum in Fig. 1(d) was
obtained for the ruthenium (II) dicarboxylated bipyridyl
based metal organic polymeric dye RuMOP-Pyz-1, at
an excitation wavelength of 430 nm. The vibration
modes at 1,102 ecm™, 1,471 cm™, 1,539 cm™, 1,610
cm™ corresponds to Ru-N, C=N, O-H, C=0 groups of
the synthesized metal organic polymer respectively.

DSSC Fabrication — Electrode preparation

The typical DSSC and the detailed preparation
involved in each layer of DSSC is as follows, as is
given in the Scheme 2. The photo anode being the
nanostructured TiO, sensitized with the metal organic
polymer dye and photocathode being the Pt coated
FTO and the cell was fabricated with BMII electrolyte
as redox couple. With light irradiation, the sensitizer
absorbs the dye and moves to excited state where by
shuttling the electron to TiO, which in turn pass through
the circuit to photocathode. Further the electrolyte
helps in shuttling the electron from photocathode to
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Scheme 2. (a) Schematic representation of typical DSSC device;
(b) Real time DSSC device in which the sensitizer is (RuMOP-
Pyz-1) (poly-ruthenium(II)bis(2,2'-bipyridyl4,4'-dicarboxylicacid)
(pyrazine)bis(tetrafluroborate) - poly-[Ru(dcbpy),(pyrazine)],
(BF4)2n )

dye. The overall efficiency of the device is deduced
using the following equation,

Efficiency (17) = (Vo * Jo)/(P) * FF ()

1]

A 18 A%
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AFM and FESEM analysis

The AFM 2D images of the nanostructured coating
of TiO, nanoparticles on FTO glass plate and its adsorption
with the metal organic polymer dye RuMOP-Pyz-1
were clearly seen from the Fig. 2. The surface topo-
graphy of the FTO, compact layer, active layer and dye
adsorption were shown in the Fig. 2(a, b, ¢ & d)
respectively. To determine the average pore size,
Imagel] analysis software, were utilized and the average
diameter of the pores in between the TiO, nanoparticles
to be ~10 and ~30 nm for compact layer and active
layer coating of TiO, nanoparticles . The root-mean-
square roughness (RMS) values of the each layer were
70, 90, 170 and 650 nm. The increased value of RMS
indicates that reduced amount reflectivity of incoming
light confirms the formation of TiO, nanoparticles on
FTO.

The FESEM image of the bare FTO, Compact layer
and active layer coating of nanocrystalline titania on
FTO were clearly shown in Fig. 3. The FTO deposition
on glass substrate was shown in Fig. 3(a). The compact
layer of deposition of titania nanoparticle as pretreatment
for the photoanode as barrier layer on FTO was achieved
(Fig. 3b) by dipping the FTO plates in a 40 mM aqueous
TiCly solution and followed by a series of sintering

L
e i

-

wm

Fig. 2. AFM 2D - Images of (a) Bare FTO; (b) Compact Layer of Nanocrystalline TiO, (c) Active layer photoanode; (d) (RuMOP-Pyz-1) dye

adsorbed on TiO, active layer respectively.
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Fig. 3. FESEM Images of nanocrystalline TiO, photoanode (a) Bare FTO; (b) Compact Layer; (c) Active layer; (d) Porosity on TiO, active

layer respectively.

-
=
-
=
L
=
-
o
-
=
-
=
-
=
~
=
-
=

um

Fig. 4. (a) 2D AFM image and (b) FESEM image of platinum photocathode respectively.

steps. In Fig. 3(c) globular structures with aggregated
nanoparticles were noted on the above of compact
layer as TiO, photoanode. In particular, Fig. 3(d) depicts
the availability of porosity for the deep penetration of
the dye within TiO, was observed which enhances the
easy electron transfer from LUMO of the dye to the
HOMO of the TiO, nanoparticles. The available porosity
in between the TiO, nanoparticles is very essential for
the effective dye adsorption.

The photo cathode preparation and its corresponding
AFM and FE-SEM images were given in Fig. 4(a & b)
respectively. The AFM 2D image displays the uniform
distribution of Pt nanoparticles on FTO. The high
resolution image of the FESEM (Fig. 4b), provides

information of the platinum electrode prepared by
spray coating. The layer appears conformal with the
conductive oxide surface and show good layer uniformity.
Hence, we can see how the platinum nanoparticles are
localized on the FTO surface. Importantly, the coated
particle was interconnected continuously and produces
highly porous structures of Pt nanoparicles.

I-V characteristics

The current density (J) versus voltage (V) curves
of the DSSC is shown in Fig. 5. The photovoltaic
measurements of open circuit voltage (V,.), short
circuit current density (J,.), fill factor (FF), and the
PCE () values were shown in Table 1. The DSSC
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Fig. 5. Photovoltaic curve (J-V) measurements of fabricated
DSSC device in which (RuMOP-Pyz-1) as sensitizer. (DARK -

without sunlight, LIGHT - under Air Mass (AM) 1.5 G simulated
sunlight at a light intensity of 100 mW/cm?)

Table 1. Photovoltaic properties of fabricated DSSC device.

Vo Jse FF  Efficiency
(V) (mAlem®) (%) (%)

RuMOP-Pyz-1  0.684 322 68.45 1.507

Dye

fabricated with the synthesized metal organic polymer
(RuMOP-Pyz-1), exhibited the photo conversion efficiency
value (77) of 1.51% with short circuit current (J.) 3.22
mA/cm?*; open circuit voltage (V) 0.684 V and Fill
Factor (FF) 68.45%. When compared to the reported
ruthenium dyes, 2,2'-bipyridine 4,4'-dicarboxylic acid
based supramolecular ruthenium main-chain metal
organic polymer which has pyrazine conjugated bridging
ligand acting as linker unit, has better photovoltaic
properties. By using linear ligands through the conjugated
linker units, the charge separation distance and the
charge recombination effects in DSSCs can be controlled.
Normally, the carboxylic group in dcbpy moiety will be
attached to the TiO, surface and thus by acting an
electron withdrawing substituent in the bipyridine
ligand. So, in this synthesized metal organic polymer
which has more number of dicarboxylic acid group
(dcbpy) throughout the polymer provides the necessary
coupling of the LUMO level of dye with the conduction
band of titanium dioxide, in order to promote efficient
quantum injection.

Conclusions

In summary, [Ru(Il)(dcbpy),(pyz)]«(BF4)2, based metal
organic polymer (RuMOP-Pyz-1) was successfully
synthesized and employed as a sensitizer in DSSC. The
synthesized metal organic polymer was characterized
using various spectroscopic and microscopic techniques.
A maximum conversion efficiency of 1.51% with short
circuit current (J;.) 3.22 mA/cm?; open circuit voltage
(V,e) 0.684 V and Fill Factor (FF) 68.45% under Air

Mass (AM) 1.5 G simulated sunlight at a light intensity
of 100 mW/cm? was obtained. The efficiency of the
device and its photovoltaic performances were found to
be satisfactory. The enhanced performance of the device
is attributed to the presence of extended conjugation of
the metallo polymer which helps in a facile electron
transfer from the HOMO to LUMO of TiO,. The results
reported in this paper can provide new insights in
improving the performance of DSSC in future.
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