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A B S T R A C T   

This work reports the synthesis of ruthenium based Ru(bpy)2(dcbpy)(ClO4)2[(bpy)2,2′-bipyridine;dcbpy = 4,4′- 
dicarboxy-2,2′-bipyridine] (RuC) dye and its application in solid and liquid state Dye-Sensitized Solar Cells 
(DSSCs). Synthesis resulted with high-pure orange coloured dye with a high yield percentage of 45%. The dye 
was characterized via Nuclear Magnetic Resonance (NMR) spectroscopy, Mass spectroscopy, Cyclic Voltammetry 
(CV) and UV–vis spectroscopy. The calculated bandgap (Eg) of 2.38 eV from absorbance spectra of pure RuC in 
ethanol solution showed best proximity with the data obtained from CV measurements. The RuC showed strong 
absorption in near UV region with the highest molar extinction coefficient (MEC) of 14,746 M− 1cm− 1 at 463 nm. 
Plateau of over 80% of External Quantum Efficiency (EQE) spectra reveals the efficient carrier generation of RuC 
in near UV region. Carboxylic acid groups of RuC provide the potential for enhanced electron transfer from TiO2 
surface, and an increased electron density at the interface leads to higher current density. The RuC sensitized 
solid and liquid state DSSCs exhibited a short circuit current density (JSC) over 3.04 mA/cm2 and 5.82 mA/cm2, 
and power conversion efficiency (PCE) of 1.2% and 1.8% respectively under simulated Air Mass 1.5 irradiation 
(100 mWcm− 2).   

1. Introduction 

The Dye-Sensitized Solar Cells (DSSCs) have emerged as a promising 
economical photovoltaic device due to its flexibility, light weight, ease 
of fabrication, transparency, high power conversion efficiencies in 
diffuse light conditions, facile synthesis, eco-friendly nature etc. (Omar 
et al., 2020). The concept of DSSC was first introduced by Tennakone et 
al in 1988 [3], and O’Regen and Grätzel reported an efficiency of 7.1% 
in 1991 (Lee et al., 2017; O’Regan and Grätzel, 1991). Since then hun-
dreds of studies are carried out to enhance the performance of DSSCs, 
and the reported record efficiency is around 14% [2]. To make DSSC a 
competitive PV technology in the market, a variety of issues that chal-
lenges DSSCs had to be sorted out. Research community has been 
focusing on improving their stability, durability, efficiency and reducing 
the cost of production (Mariotti et al., 2020). The major drawback with 
DSSC is the use of liquid electrolytes, which cause temperature stability 

issues. Electrolyte is crucial in DSSC for the inner charge carrier trans-
portation between electrodes and continuous regeneration of the dye 
during the DSSC operation (Wu et al., 2015). Further, the interface be-
tween the electrolyte and electrodes significantly influences charge 
transport across the fabricated solar cell. Therefore, the choice of elec-
trolyte is a focused issue, and intensive research has been carried out on 
liquid state, quasi-solid state, and solid-state electrolytes for DSSCs. 
(Chen et al., 2011; Dissanayake et al., 2021; Karakuş et al., 2020; Lee 
and Ho, 2018; Mehmood et al., 2017). The solid electrolyte based DSSCs 
have shown to have good mechanical stability and simpler fabrication 
techniques compared to liquid electrolyte based DSSCs (Zhang et al., 
2018). 

Titanium dioxide is a widely used material in both solid and liquid 
state solar cells as well as in various applications, such as solar energy 
utilization for hydrogen production through water splitting (Mahoney 
et al., 2015b; Shanmugaratnam et al., 2019), environmental 
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remediation applications (Senthilnanthan et al., 2010), and electro-
chromic applications(Abate et al., 2014; Dissanayake et al., 2019; 
Mahoney et al., 2015a; Maleki et al., 2021; Rasalingam et al., 2015a; 
Ravirajan et al., 2012). Among the Titanium dioxide polymorphs, the 
anatase TiO2 is widely used in photovoltaic applications due to its higher 
activity with good chemical stability, and can be prepared in different 
forms and sizes with highly ordered porosity and crystallinity (Deiana 
et al., 2016, 2013; Patrocinio et al., 2015). Further, several dyes had 
been used as a sensitizer in Titanium dioxide-based photovoltaics. The 
combined use of organic small molecules and inorganic semiconductor 
materials facilitate energy level tuning via varying the chemical struc-
ture (Fournier et al., 2018). Particularly the metal complexes such as 
ruthenium (Ru(II)) (Aguirre-Araque et al., 2020; Chang et al., 2012; 
Swarnalatha et al., 2016), containing organic ligands functionalized 
with carboxylic substituents as anchoring groups to the TiO2 have 
intensively been investigated for DSSC application because of their 
broad absorption spectra and favorable photovoltaic properties (Baktash 
et al., 2016; Gorduk and Altindal, 2019; Sodeyama et al., 2012; Song 
et al., 2009; Tsaturyan et al., 2018; Veronese et al., 2019). It was found 
that the surface binding on TiO2 metal oxide and the performance of 
fabricated solar cells were strongly influenced by both the chemical 
structure and the number of anchoring groups (Abdellah et al., 2019; 
Abdellah and El-Shafei, 2020; Park et al., 2006). In this regard, the 
carboxylic acid (–COOH) is an effective anchoring group compared to 
other anchoring groups like phosphonate and acetylacenonate in order 
to bind well with the TiO2 which results these dyes having good 
adsorption on the TiO2 surface (Braumüller et al., 2016; El Bitar Nehme 
et al., 2019; Giribabu et al., 2011; Neuthe et al., 2014; Park et al., 2006). 
In this case, the interaction between the dye and TiO2 metal oxide is 
improved by involves either rapid proton shuttling between a carboxylic 
acid and the surface oxygen, or proton sharing due to quantum delo-
calization (Tabacchi et al., 2019). Furthermore, a crucial light absorp-
tion in the visible region is observed from the solar spectrum, due to the 
high charge transfer by metal complex (Pirashanthan et al., 2020). A 
broad absorption spectrum, suitable excited and ground state energy 
levels, relatively long excited-state lifetime and good electrochemical 
stability of Ru complexes resulted in the best photovoltaic performance 
in DSSCs (Oh et al., 2018). In addition, ruthenium is the most suitable 
element with a good band edge position, thus most of the dyes used in 
the recent era for photovoltaic devices are ruthenium based. For 
example, N719, N3 and Z907 dyes are the commercially available dyes 
for DSSC applications; the major difference between these dyes is the 
placement of ruthenium (Ru) in their organic structure (Chang et al., 
2012; Khan et al., 2017; Sugathan et al., 2015; Wu et al., 2017). Since, 
these commercial products are comparatively expensive, in this work a 
novel ruthenium based Ru(bpy)2(dcbpy)(ClO4)2[(bpy)2,2′-bipyridine; 
dcbpy = 4,4′-dicarboxy-2,2′-bipyridine](RuC) dye was synthesized with 
a better anchoring group (–COOH) and RuC is used as a sensitizer to 
enhance the performance of solid and liquid state DSSCs. 

The better compatibility of the energy levels of lowest unoccupied 
molecular orbital (LUMO) of the sensitizers and the band edge of the 
semiconductor metal oxide are important key factors to influence the 
electron injection of ruthenium sensitizers based solar cells (Aguirre- 
Araque et al., 2020; Louazri et al., 2016; Veronese et al., 2019). Car-
boxylic acid groups of RuC provide an enhanced electron transfer from 
the TiO2 surface and thus increase electron density at the interface that 
leads to higher current density. Here we report the synthesis and char-
acterization of a novel, cost effective ruthenium based Ru(bpy)2(dcbpy) 
(ClO4)2[(bpy)2,2′-bipyridine;dcbpy = 4,4′-dicarboxy-2,2′-bipyridine] 
(RuC) dye and its applicability towards solid-state and liquid-state 
DSSCs. Notably, few research articles can be found on synthesized Ru 
based dyes for DSSC application, however these lack detailed analysis of 
the dye and its characterization. This paper provides new insight in to 
cost effective synthesized ruthenium based dye for DSSC application. 

2. Materials and methods 

2.1. Synthesis of RuC 

All reagents, lithium perchlorate (LiClO4), 2,2′-Bipyridine-4,4′- 
dicarboxylic acid (dcbpy), cis-Bis(2,2′-bipyridine)dichlororuthenium(II) 
hydrate(Ru(bpy)2Cl2), Methanol (CH3OH) were used without further 
purification. Deionized (DI) water was used as diluent. Appropriate 
amounts of cis-Bis(2,2′-bipyridine)dichlororuthenium(II) hydrate(Ru 
(bpy)2Cl2) (0.5 g, 1.0 mmol), 2,2′-bipyridine-4,4′-dicarboxylic acid 
(dcbpy) (0.3 g, 1.2 mmol) and sodium bicarbonate (0.3 g, 3.6 mmol) 
were mixed in basic media using methanol : water (v/v = 1:1.5) as 
solvent. This mixture was then refluxed for 2 h under Argon atmosphere. 
Then, the crystals were solidified by adding saturated aqueous lithium 
perchlorate in acidic medium and allowed for over-night refrigeration 
(Rasalingam et al., 2015b). A Red orange solid was obtained when the 
solution’s pH was brought into acidic by using 70% HClO4. Solid was 
then filtered and air-dried. The entire solid was dissolved in dry aceto-
nitrile and diethyl ether was diffused into it. 

2.2. Dye material characterization 

UV–vis measurement of the dye molecules was recorded by using a 
Cary 100 Bio UV–vis spectrophotometer. A Varian 500-MS Ion Trap 
Mass Spectrometer was used for mass identification. Cyclic Voltammetry 
(CV) of RuC was recorded using a CH instruments 660 electrochemical 
workstation. 0.1 M tetrabutylammonium perchlorate solution with 
CH3CN was used as a solvent against Ag/AgCl as the reference electrode. 
The CV measurement was done with 1 mM RuC in acetonitrile at room 
temperature under an inert atmosphere. 

2.3. Solar cell fabrication 

The device structure of fabricated RuC sensitized solid-state and 
liquid-state DSSCs are shown in Fig. 1. Cleaned Indium Tin Oxide (ITO) 
coated glass substrates with the area of 1 cm2 were used to fabricate the 
solid-state solar cells. The ITO substrates were first coated by aerosol 
spray pyrolysis deposition of TiO2 precursor at 500 ◦C in order to form 
~50 nm thick compact TiO2 layer as described in ref (Pirashanthan 
et al., 2020, 2019; Prashanthan et al., 2017). Mesoporous TiO2 layer was 
then spin-coated on the top of the compact TiO2 with the solution of 
TiO2 paste (Dyesol 18NRT) dissolved in tetrahydrofuran (240 mg/mL). 
The TiO2 films were slowly heated and allowed to sinter at 450 ◦C for 30 
min. Once cooled, the mesoporous TiO2 layers were immersed into 0.3 
mM concentrated RuC dye solution in order to improve the spectral 
response. The dye solution was prepared using the 1:1 solvent mixture of 
acetonitrile and tert-butanol. Excess dye was removed by rinsing the 
films with the same solvent mixture. The RuC sensitized TiO2 meso-
porous films were used to prepare solid-state DSSCs with spiro-OMeTAD 
as hole transporter as shown in Fig. 1(a). For the Spiro deposition, 97 
mg/mL solution of Spiro-OMeTAD in chlorobenzene (A), 175 mg/mL 
solution of bis(trifluoromethane)sulfonimide lithium salt in Acetonitrile 
(B), and 46.6% (v/v) solution of 4-tert-butylpyridine (TBP) in Acetoni-
trile (C) were prepared separately. Then, 1200 μL of solution A, 36.24 μL 
of solution B and 11.7 μL of solution C, were taken and allowed to mix 
well for 40 min. Once the clear solution was observed, it was dispensed 
on the substrate and allowed to spread across the area of the substrate 
through spin coating. Finally, the solid-state devices were coated with 
thermally evaporated 100 nm thick gold (Au) electrode under high 
vacuum. After deposition, the substrates were sintered under a nitrogen 
medium. 

The DSSCs with liquid Iodine (I− /I3− ) electrolyte as shown in Fig. 1 
(b) were fabricated using TiO2 coated TEC15 FTO glass electrode which 
was purchased from Dyesol (TiO2 coated transparent test cell glass 
electrodes, consists a layer of transparent nanocrystalline with an 
average grain size of 20 nm and a TiO2 layer with a thickness of 12 (±1) 
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µm). These electrodes were dipped into the 0.3 mM dye solution over-
night. The platinum counter electrode and the iodide electrolyte were 
also purchased from Dyesol. 

2.4. Solar cell characterization 

UV–Vis measurement of the dye sensitized mesoporous TiO2 thin 
films were recorded by using JENWAY 6800 UV/Vis Spectrophotometer 
with Flight Deck software. The current density vs. voltage measurement 
of fabricated solar cells was tested and recorded with SCIENCE TECH 
solar simulator and computer controlled Keithley 2400 source meter. 
Both solid-state and liquid-state DSSCs were tested under conditions of 
dark and 100 mW/cm2 (1 sun) illuminations with 1.5 Air Mass spectral 
filter. The External Quantum Efficiency measurements were done by 
using a standard Silicon UV enhanced photodiode, monochromator, and 
Keithley 2400 source meter. 

3. Results and discussion 

3.1. Synthesis of RuC 

A crystalline solid with a yield percentage of 45% was attained with 
high purity, and the melting point of the as-prepared crystals was found 
to be > 300◦ C. The chemical structure and optical photograph of syn-
thesized RuC dye are shown in Fig. 2. 

Fig. 3(a) illustrates the absorbance and emission spectra of 0.05 mM 
solution (in ethanol) of RuC dye recorded using the UV–Visible spec-
trometer. The absorption spectra showed strong absorption in the near 
UV region with a sharp decay tailing around 500 nm and, absorbance 
and emission lines intersect at the wavelength of approximately 560 nm. 
The optical bandgap energy was found to be ~ 2.39 eV through the 
wavelength at the saturation point (λonset) of absorbance spectrum as 
shown in Fig. 3(b). 

The formation of RuC dye molecule is further evidenced by the mass 
spectrum of pure RuC, which is shown in Fig. 4. The peak at m/z value of 
658 revealed the formation of the M2+ ion species of RuC dye molecule 
and the peak at m/z value of 329.4 is due to the autoionization of the dye 

molecule. 
Fig. 5 represents the Nuclear Magnetic Resonance Spectroscopic 

(NMR) interpretation of synthesized RuC dye. Hydrogen (1H) and Car-
bon (13C) NMR were taken to the dye molecule in CD3CN solvent at 
25 ◦C, and the figures are given in the supporting information section 
(Figs. S1 and S2). The multiplet splitting pattern attained at chemical 
shift ranges of 7.38–7.49, and 7.66–7.71 ppm is due to the four aromatic 
hydrogen (m, 4H, Ar-Hf and m, 4H, ArHg), respectively. Other multiplets 
obtained at 7.81–7.83 (m, 2H, Ar-Hc); 7.93–7.95 (m, 2H, ArHb); 
8.05–8.11 (m, 4H, Ar-He); and 8.51–8.54 (m, 4H, Ar-Hh); and doublets 
obtained at 8.55–8.65 ppm (d, 2H, Ar-Hd) is due to aromatic hydrogens 
as indicated by the respective numbers. A singlet obtained at 9.02 (s, 2H, 
Ar-Ha) is due to the hydrogen from dcbpy. The carbon NMR shits ob-
tained at 124.9; 125.4; 125.5; 127.8; 128.7; 128.8; 139.3; 139.8; 152.6; 
152.8; 153.8; 157.6; 157.8; 158.7 and 165.1 ppm further confirm the 
purity of RuC dye. 

CV measurements carried out in a 0.1 M tetrabutylammonium 
perchlorate solution with CH3CN as solvent against Ag/AgCl as the 
reference electrode is shown in Fig. 6. The band positions of the dye 
material were obtained by finding its’ highest occupied molecular orbit 
(HOMO) and lowest unoccupied molecular orbit (LUMO) energy levels 
through its redox potentials. The calculated energy of LUMO and HOMO 
levels were found to be − 3.24 eV and − 5.54 eV respectively, and the 
bandgap energy was calculated to be 2.30 eV. This finding shows best 
proximity with the calculated optical band energy value of 2.39 eV 
through the absorbance spectra of pure RuC dye in ethanol. 

Fig. 7 illustrates the optical absorbance and Tauc plot for 0.3 mM 
RuC dye sensitized mesoporous TiO2 electrode. RuC has strong ab-
sorption in the near UV region with a sharp decay tailing at around 516 
nm. It was found that the calculated bandgap of RuC is 2.40 eV, and this 
value is in a good proximate with the optical energy band values of pure 
RuC in ethanol which is calculated viaλonset of absorbance spectrum as 
shown in Fig. 3(b). Notably, the energy gap of RuC remains constant 
upon the thin film fabrication as for the pure RuC. This reveals that the 
process of RuC modification on mesoporous TiO2 doesn’t cause any 
changes in the structure of RuC dye. 

Table 1 compares the MEC and wavelength corresponding to 

Fig. 1. The device structure of fabricated RuC sensitized (a) solid-state and (b) liquid-state DSSCs.  

Fig. 2. The scheme represents the steps involved in the synthesis of RuC dye. An optical photograph represents the synthesized RuC dye.  
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maximum absorption of the RuC dye with commercial Z907 (Yu et al., 
2009), N3 and N719 (Arifin et al., 2018) dyes. The MEC of RuC was 
calculated from Fig. 3. (b) and, MEC of other dyes are directly taken 
from the corresponding literature and material safety data sheet. The 
MEC of RuC is higher compared to other three dyes, which shows that 
the carrier generation is higher in RuC and it has an absorption maxima 
at 463 nm. However, the absorption of TiO2 is in UV region and there-
fore, the sensitization of RuC on TiO2 surface can exhibit an extended 
absorption spectrum from near UV to visible region. Higher carrier 
generation and higher MEC make RuC an interesting dye for further 
analysis, for example on DSSCs. 

3.2. Photovoltaic performance 

As described in methods, the solid and liquid state dye sensitized 
solar cells were respectively fabricated with solid Spiro-OMeTAD elec-
trolyte and liquid I− /I3− electrolyte as the hole transporting medium. 
First, the optical performance of synthetic RuC modified mesoporous 
nanocrystalline TiO2 electrodes were analyzed with the presence of solid 
Spiro-OMeTAD electrolyte. Fig. 8 shows the normalized absorption 
spectra of TiO2/RuC and TiO2/RuC/Spiro-OMeTAD nanocomposites. It 
was noted that RuC having a strong absorption with an absorption peak 

at 463 nm near UV region. Further, the modification of Spiro-OMeTAD 
on top of the RuC enhances the overall absorbance of nanocomposite by 
expanding the spectral area under visible region, which is a crucial 
factor to enhance the carrier generation in DSSCs. 

According to the energy levels shown in Fig. 9, the LUMO level of 
Spiro-OMeTAD and the Conduction Band (CB) of TiO2 are relatively 
close to each other. The energy separation between the CB edge of TiO2 
and HOMO of Spiro-OMeTAD is nearly 1 eV. With the addition of RuC 
sensitizer, TiO2/RuC/Spiro-OMeTAD/Au is the solid-state DSSC device 
structure and the separation between CB edge of TiO2 and HOMO of 
donor RuC is around 1.4 eV. The separation between LUMO level of RuC 
and the HOMO level of Spiro-OMeTAD is around 1.9 eV which is higher 
compared to the Z907 and N719 sensitized structures. It is clear that the 
inter layering of RuC can reduce the electron recombination by 
increasing the separation between CB energy level of TiO2 (electron 
transporter) and HOMO energy level of Spiro-OMeTAD (hole trans-
porter) layers. Similar studies have already been reported with RuC 
interface modified hybrid TiO2/P3HT solar cells, that the fabricated 
solar cells resulted in reduced recombination and improved carrier 
lifetime in the TiO2/P3HT nanocomposite solar cells (Pirashanthan 
et al., 2020). The HOMO level of RuC respect to I− /I3− redox potential is 
in the position to fulfill proper regeneration of exited dye molecules. 

Fig. 3. (a) Absorbance and emission spectrum, and (b) Tauc plot of 0.05 mM RuC dye in ethanol.  

Fig. 4. Mass spectrum of RuC.  
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Energy of LUMO level of RuC lies well above TiO2 conduction band 
energy about 0.9 eV which is high compared to the LUMO levels of Z907 
and N719 dyes with CB of TiO2. That will enhance electron injection in 

carboxyl based ruthenium RuC sensitized DSSCs. The sensitizing of RuC 
dye of TiO2 assist the electron transport from Spiro-OMeTAD in the 
reduction of the dye molecule to the ground state, thus it acts as a hole 
blocking layer. 

Fig. 10 (a) shows the J-V curves of the fabricated DSSCs with liquid 
and solid electrolytes. It can be seen that the RuC dye can efficiently 
produce photo generated carriers. The PCE of the device with liquid 
electrolyte is around 1.8% while the efficiency with solid-state 

Fig. 5. Nuclear Magnetic Resonance Spectroscopic (NMR) interpretation of 
RuC dye. 

Fig. 6. Bandgap calculation by CV measurement.  

Fig. 7. Absorption and Tauc plot for RuC modified TiO2 thin films for bandgap 
calculation. 

Table 1 
The molar extinction coefficient (MEC) and wavelength for maximum absorp-
tion of the Z907, N3, N719 and RuC dyes.  

Dye Molar Extinction Coefficient 
(M− 1cm− 1) 

Wavelength corresponding to maximum 
absorption (nm) 

Z907 12,200 521 
N3 13,000 518 
N719 14,100 515 
RuC 14,746 463  

Fig. 8. Normalized absorbance spectra of TiO2/RuC dye and TiO2/RuC/Spiro- 
OMeTAD coated mesoporous TiO2 electrodes. 

Fig. 9. Energy level diagram showing the HOMO and LUMO energy levels of 
each RuC, Z907 and N719 dyes, and their position relative to the energy levels 
of TiO2 (Kajana et al., 2020; Pirashanthan et al., 2020, 2019), Spiro-OMeTAD 
(Wang et al., 2017) and I− /I3− (Cariello et al., 2016) redox potential. The en-
ergy levels for Z907 and N719 dyes were directly taken from the literature 
(Nosheen et al., 2016). 
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electrolyte is around 1.2%. Lower JSC of the solid-state device can be 
attributed to relatively higher hole transporting resistance of the Spiro- 
OMeTAD electrolyte compared to that of liquid I− /I3− electrolyte 
(Fabregat-Santiago et al., 2009). Fig. 10 (b) illustrates the EQE spectra of 
the DSSC with liquid and solid electrolyte. The EQE spectra covers the 
UV region with a plateau of more than 80% in the absorbance region of 
the RuC dye ensures that the dye is an excellent candidate for photon to 
electron conversion. Further, it was evidenced with the improved Jsc 
present with the liquid state DSSC. However, the EQE at UV region is 
lower when the Spiro-OMeTAD is used as the hole conductor. As dis-
cussed, the hole transporting resistance of the Spiro-OMeTAD compared 
to that of liquid electrolyte is much higher and this could limit the EQE 
of the cells at high energy UV-region. Moreover, both solid and liquid 
state DSSCs have shown to have high VOC (>0.60 V) and fill factor 
(>0.52) for fabricated solar cells. The VOC and fill factor are lower for 
the liquid-state compared to solid-state DSSCs as shown in Table 2. This 
is probably attributed to the compatibility of RuC dye with Spiro- 
OMeTAD hole transporter. In summary, the carrier generation of this 
novel, synthetic, cost-effective RuC dye and its narrow band gap make 
RuC to be used as a sensitizer in both solid and liquid state DSSCs. 

4. Conclusions 

In this study, a carboxylic acid-based ruthenium RuC dye was syn-
thesized and its applicability towards Dye-Sensitized Solar Cells was 
verified by fabricating solid Spiro-OMeTAD electrolyte and liquid I− /I3 

electrolyte based solar cells. The novel crystalline solid RuC dye that was 
synthesized had high purity and a yield percentage of 45%. Formation of 
Ru(bpy)2(dcbpy)(ClO4)2[(bpy)2,2′-bipyridine;dcbpy = 4,4′-dicarboxy- 
2,2′-bipyridine] (RuC) was confirmed with Mass spectroscopy and NMR 
analysis. The calculated optical band gap of 2.30 eV via CV was also 
confirmed with the Tauc plots obtained for RuC modified thin films. The 
RuC dye employed as a sensitizer in Tatiana based solid and liquid state 
DSSCs. The dye showed significant photocurrent generation when it is 
deposited onto a TiO2 nanoporous layer. The presence of RuC enhances 
both the JSC and VOC. The PCE of the solid and liquid electrolyte DSSCs 
was about 1.2% and 1.8%, respectively. The EQE plateau of more than 
80% in the absorbance region of the dye ensures that the RuC is an 
excellent candidate for carrier generation in near UV region. Moreover, 
the well-matched energy level position of RuC dye shows high potential 
for efficient charge transfer in DSSCs. The carboxylic acid based syn-
thetic RuC dye is, therefore, a promising material to enhance the per-
formance of both solid and liquid state DSSCs. Further, the synthesis of 
RuC is very less costly compared to commercial ruthenium-based dyes. 

The successful synthesis of low-cost and efficient sensitizers of this kind 
will lead to reduce the production cost of future DSSCs. 
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