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Slip flow of a second-grade fluid past a lubricated rotating disc is studied. The disc is lubricated with a 
power-law fluid. The interfacial conditions between fluid and lubricant are imposed on the surface of 
disc by assuming a thin lubrication layer. The numerical solutions are obtained using Keller-Box 
method. The effects of slip parameter and Weissenberg number on the three components of fluid 
velocity and pressure are analyzed graphically while effects on both components of skin friction are 
demonstrated through tables. The computed results show that spin-up by a second grade bulk fluid 
near the rotating disc is reduced by increasing slip at the interface. The obtained solutions agree well in 
the special case with those of other researches. 
 
Key words: Non-Newtonian power-law fluid, second grade fluid, rotating disc, slip boundary condition. 

 
 
INTRODUCTION 
 
Technical applications of the flow over a rotating surface 
occur in many engineering and industrial fields. Some 
direct applications of flow over a rotating disc are waste 
water treatment, turbo-machinery, viscometry, centrifugal 
pumps, computer discs, sports discs, and rotating blades. 
The stagnation point flow of Newtonian fluid over a 
rotating disc was initially discussed by Von Karman 
(1921), who transformed the set of partial differential 
equations into ordinary differential equations by 
introducing an elegant similarity transformation and 
solved the resulting equations by momentum integral 
method. Due to the importance of rotating flows in the 
fields of engineering and technology, much extensions 
and modifications with more accurate  solutions  of  Von 

Karman’s flow have been presented in the literature. 
Cochran (1934) obtained asymptotic solution of the Von 
Karman’s flow broblem. Benton (1966) improved the 
Cochran’s results and extended the problem by taking 
into account the unsteady case. Sparrow and Gregg 
(1960) studied the steady state heat transfer from a 
rotating disc by taking different values of Prandtl 
numbers. Kakutani (1962), Sparrow and Chess (1962), 
Pande (1971), Watson and Wang (1979), Kumar et al. 
(1988) and Watanabe and Oyama (1991) discussed 
different aspects of electrically conducting viscous fluid 
over a rotating disc with heat transfer. Turkyilmazoglu 
(2015) analyzed Bödewadt flow and heat transfer over a 
stretching disk. Asghar et al. (2014) carried out Lie  group
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analysis of flow and heat transfer of a viscous fluid on a 
rotating disk stretching in radial direction. In recent years, 
Turkyilmazoglu (2014); Turkyilmazoglu and Senel, 
(2013); Turkyilmazoglu, (2012a; b); Turkyilmazoglu, 
(2009) investigated different aspects of fluid flow and 
heat transfer due to rotating disc. Effects of slip at 
permeable disc are investigated by Miklavcic and Wang 
(2004). Hannah (1947) discussed the axisymmetric 
stagnation point flow of a viscous fluid towards a rotating 
disc for the first time. Tifford and Chu (1952) found the 
exact solution of the problem considered by Hannah 
(1947). Wang (2008) studied stagnation-point flow over 
an off-centered rotating disc and proved that non 
alignment complicates the flow problem. Asghar et al. 
(2007) investigated MHD flow due to non-coaxial rotation 
of an accelerated disc. Attia (2009) studied the flow due 
to a rotating disc under the influence of an external 
uniform magnetic field. In 2003, Wang (2003) 
investigated the stagnation point flow for a flat plate in the 
presence of slip boundary condition. The slip flow over a 
lubricated rotating disc was first considered by Andersson 
and Rousselet (2006). The axisymmetric stagnation point 
flow of a viscous fluid on a surface lubricated with a 
power-law fluid has been carried out by Santra et al. 
(2007). 

In all the aforementioned studies, constitutive 
relationship of a viscous fluid is considered. However, 
fluids used in industry and technology do not obey 
Newton’s law of viscosity and are called non-Newtonian 
fluids. For example, polymer solutions and melts, oil, 
paints, blood, etc., for which Navier-Stokes equations are 
inadequate. A number of non-Newtonian models have 
been proposed to predict the phenomena like normal 
stress effects, shear thinning, shear thickening, stress 
relaxation and retardation, etc. Amongst these non-
Newtonian fluids, the second grade fluid is one that has 
been studied extensively. The equation of motion for 
second grade fluid is highly non-linear and one order 
higher than the Navier-Stokes equations. Therefore, to 
obtain a well posed problem, one requires additional 
boundary conditions to study the flow problems. 
Rajagopal and Gupta (1984) showed that to obtain a 
unique solution for the flow of a second-grade fluid in 
bounded geometry, an additional boundary condition is 
required. To overcome the requirement of additional 
boundary conditions, Beard and Walters (1964) 
discussed the stagnation point flow of a viscoelastic fluid 
by using a regular perturbation technique in which the 
perturbation parameter is the coefficient of the highest 
derivative. Garg and Rajagopal (1990) and Ariel (2002) 
augmented the boundary conditions at infinity in order to 
overcome this difficulty. In another investigation, Ariel 
(1997) studied the steady laminar flow of a second grade 
fluid near a rotating disc. Labropulu and Li (2008) 
discussed stagnation point flow of a second grade fluid 
with slip. MHD mixed convection in a vertical annulus 
filled with Al2O3-water nano-fluid considering nanoparticles  
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migration was analyzed by Malvandi et al. (2015). 
Recently Afrand et al. (2015) discussed effects of 
magnetic field on free convection flow in inclined 
cylindrical annulus containing molten Potassium. Safaei et 
al. (2011) investigated numerical study of laminar mixed 
convection heat transfer of power-law non-Newtonian 
fluids in square enclosures by Finite Volume Method. A 
literature survey reveals that there is no attempt available 
for studying the slip flow of a second grade fluid over a 
lubricated rotating disc. The slip boundary condition at 
the interface between the second grade and power-law 
fluids is developed and numerical results are computed to 
discuss the behaviour of second grade fluid over a 
lubricated disk. The obtained results for a second grade 
fluid show a significant deviation from the available 
results for Newtonian fluid. The results for no-slip case 
are deduced as the special case from the obtained 
solutions. An implicit finite difference scheme known as 
Keller-Box method (Keller and Cebeci, 1972; Bradshaw 
et al., 1981; Keller, 1970) is employed to obtain the 
similarity solution. 
 
 
MATHEMATICAL FORMULATION 
 
Consider the steady, axisymmetric flow of a second grade fluid over 
a rotating disc lubricated with a thin layer of power law fluid. The 

flow rate  of the lubricant is given by 

 

                             (1) 

 

where  is the radial component of the velocity vector of 

power-law fluid and is the variable thickness of the 

lubrication layer. Moreover, disc is rotating with a uniform velocity 

 about -axis which is normal to the disc and the origin  is 

located at the center of the disc (Figure 1). 
In the presence of these assumptions, the flow of a second grade 

fluid is governed by the following equations: 
 

                 (2) 

 
         (3) 

 

where  is the fluid pressure,  is density,  is viscosity 

and  is the second grade fluid parameter. The boundary 

condition at the surface is 
 

    (4) 

 
with 
 

.                            (5) 

 

The continuity of the shear stress at the interface  for 

both the fluids suggests: 
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Figure 1. Diagram showing considered flow problem. 

 
 
 

   (6) 

 

     (7) 

 

In Equations 6 and 7,  is the viscosity of the power law fluid. 

Assuming 
 

and  ,  can be written as 

 

                             (8) 

 
where k is the consistency coefficient and n is the flow behavior 
index of the power-law fluid. Assuming the linear variations of the 
radial and circumferential velocity components of power-law fluid 
inside the lubrication layer, we get 

 

                              (9) 

 

.                           (10) 

 

Here  and  are interfacial velocity components of bulk 

second grade fluid and power law fluid. Thickness of the lubrication 
layer can be evaluated by substituting Equation 9 into Equation 1: 
 

                             (11) 

 
Since at the interface  
 

 ,                                            (12) 

 
Therefore, Equations 6 and 7 yield 

 
 
 
 

,  (13) 

 

.  (14) 

 
Furthermore, the continuity of the axial velocity components at the 
interface gives 
 

,                          (15) 

 
Assuming that the lubrication layer is very thin, boundary conditions 

(13), (14) and (15) can be imposed at the surface when  as 

proposed by Andersson and Rousselet (2006). 
The free stream boundary conditions are given by  

 

.                                           (16) 

 
To solve the system of partial differential equations obtained from 
Equation 3, the following dimensionless variables were introduced: 
 

   (17) 

 
The reduced system of coupled non-linear ordinary differential 
equations along with boundary conditions is 
 

                                           (18) 

 

    (19) 

 

    (20) 

 

.          (21) 

 
                                         (22)  

 

    (23) 

 

                                              (24) 

 

                           (25) 

 

where  is the Weissenberg number and 

 

                            (26) 

 

It is worth mentioning that we have used  in Equations 

23 and 24 in order to obtain similarity solution. From Equation 26, 

the constant  can be written as  



 
 
 
 

.                            (27) 

 

It is clear from Equation 27 that the parameter  is the ratio of 

viscous length and lubrication length scales, respectively. When the 

lubricant is highly viscous and the lubrication length is small,  

becomes large. In the limiting case when , the conventional 

no-slip conditions  and are obtained from 

Equations 23 and 24. In the reverse case, when , one 

obtains the full-slip boundary conditions  and 

 Hence,  is known as slip parameter. 

 
 
NUMERICAL RESULTS AND DISCUSSION 
 

To analyze the behaviour of parameters  and  on 

velocity and pressure profiles, the Equations 18 to 21 
together with boundary conditions 22 to 25 are solved 
numerically by the Keller-Box method (Keller and Cebeci, 
1972; Bradshaw et al., 1981; Keller, 1970).  

Figures 2 to 6 are plotted to see the effects of slip 

parameter  on velocity profiles ,
 

 and pressure  

for some fixed values of Weissenberg number, while the 

effects of  in the presence of slip are shown in 

Figures 6 to 10. Dashed lines shown in Figures 2 to 6 are 
the reproduced results already calculated by Andersson 
and Rousselet (2006) through Keller-Box method for the 

case of Newtonian fluid (that is, ). Numerical 

computations for both the components of skin friction 
coefficients under the influence of pertinent parameters 
are presented in Tables 1 to 2.  

Figure 2 is displayed to show the effects of slip 

parameter  on axial velocity when . It is 

important to mention here that as the numerical values of 

 is increased, an increase in the value of  is 

observed. Also, the thickness of boundary layer region is 

increased by increasing the numerical value of . Figure 

3 shows the variation in the radial velocity  caused by 

the centrifugal force under the influence of slip 
parameter. It is clear from Figure 3 that by increasing slip 

on the surface,  decreases. The variation in radial 

velocity has the same behaviour as observed for the 
viscous fluid (dashed lines) except the peak value which 

was near 0.18 at  for the viscous fluid when 

there is no-slip (2006) and is now near 0.225 when  is 

about 1.1 (near unity) for the second grade fluid. The 
gradual increase in the radial velocity in Figure 3 with 

increasing value of  is directly related with the 

distributions of the -profile shown in Figure 2. This is 

due to the direct relation between  and  shown in 

Equation 18.  
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Figure 2. Variation of  for different values of  when 

. Dashed lines are calculated by Andersson and 

Rousselet (2006). 

 
 
 

 
 

Figure 3. Variation of  for different values of  when 

. Dashed lines are calculated by Andersson and 

Rousselet (2006). 

 
 
 

Effect of slip parameter on the azimuthal velocity 

component  in the circumferential direction is depicted 

in Figure 4. It is obvious from Figure 4 that by increasing 

, the numerical value of  is increased. The torque 

required to maintain steady rotation of the disc is 
controlled by this component of the velocity. The imposed 
torque decreases monotonically by increasing slip on the 
surface. It is evident from Figures 2 to 4 that the variation 
in the three velocity components is more significant for 

smaller values of  showing that power-law lubricant 

increases the fluid velocity at the surface. 
The variation in the pressure under the influence of slip 

parameter when , is observed in Figures 5 and 6.  
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Figure 4. Variation of  for different values of  when 

. Dashed lines are calculated by Andersson and 

Rousselet (2006). 

 
 
 

 
 

Figure 5. Effect of slip on pressure when . 

 
 
 
It is clear from Figure 6 that pressure increases by 
decreasing slip. However, the behaviour of pressure 
distribution near the full slip is different as shown in the 

Figure 5. For  the disc pressure is less than the 

ambient pressure , which means that the flow is 

driven towards the disc by the axial pressure gradient in 

this particular range of .  

Effect of  on -profile when  is shown in 

Figure 7. It is obvious from this figure that by increasing 

, the axial velocity component is increased. The 

velocity profile shown by dashed line is for viscous fluid, 

that is, when . Figure 8 shows the variation in 

radial velocity component  when  ranges from 0 to 5 

and  .  It   is   evident   from   this   figure   that     

 
 
 
 

 
 

Figure 6. Effect of slip on pressure when . 

 
 
 

 
 

Figure 7. Variation of  for different values of  when 

. 

 
 
 

 
 

Figure 8. Variation of  for different values of  when 

 



 
 
 
 

 
 

Figure 9. Variation of  for different values of  when 

. 

 
 
 

 
 

Figure 10. Variation of  for different values of  

when . 

 
 
 
increases with an increase in Weissenberg number. 
Some reverse effects was observed on the peak for 

higher values of . The azimuthal velocity 

component  is presented in Figure 9. It is evident from 

this figure that increases by increasing the value of  

when  is fixed. An opposite behaviour in the shear 

component of velocity is observed near the surface. 
Figures 10 and 11 are plotted for the pressure distribution 

using various values of  when . It is clear 

from these figures that  increases when 

. After this pressure profile shows an 

increase near the surface and then decreases 
dramatically.  
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Figure 11. Variation of  for different values of  

when . 

 
 
 

Table 1 elucidates the change in numerical values of 

 and  for various values of when 

 and . It is clear from the Table 1 

that as  increases from 0 to the numerical values of 

 increase. However, the numerical values of  

initially increase and then start decreasing. The numerical 

values of  and  for different values of  

when  and  are presented in Table 2. 

According to this table as the numerical value of  

increases, the numerical values of  increase while 

those of  decrease.  

 
 
Conclusion 
 
In this paper, the slip flow of a second grade fluid over a 
rotating disc lubricated with a thin layer of power-law fluid 
was examined. The governing equations along with 
boundary conditions are transformed to ordinary 
differential equations by a suitable choice of 
transformation. To obtain true similarity solutions, we 

selected . The numerical solutions were 

computed using Keller-Box method. The motivation is to 

determine the effects of the slip parameter  and  on 

the flow characteristics. The cases of full slip for  

and no slip for  can be deduced from the present 

results. The main findings are investigated as under.  
As the slip increases the numerical values of all the 

three components of velocity are decreased.  
Numerical value of all velocity components is decreased 

as  is decreased. 

An unexpected reversal in the pressure gradient has 

been observed for the lower values of  and .  
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Table 1. Numerical values of  and  for various values of  

 

 
 

 

   
 

   

0.01 -0.000119 0.000056  0.01 -0.000119 0.000055 

0.05 -0.002743 0.002407  0.05 -0.002556 0.002074 

0.1 -0.008848 0.007804  0.1 -0.007839 0.006160 

0.5 -0.119575 0.077270  0.5 -0.086636 0.043736 

1.0 -0.311114 0.141201  1.0 -0.220373 0.068210 

2.0 -0.614639 0.152593  2.0 -0.518510 0.029763 

5.0 -0.908031 0.056128  5.0 -1.053342 -0.261694 

10 -0.990542 0.004268  10 -1.232311 -0.406746 

50 -1.032491 -0.028260  50 -1.320843 -0.484123 

100 -1.035151 -0.030489  100 -1.326394 -0.489068 

500 -1.036475 -0.031607  500 -1.329053 -0.491426 

 -1.036605 -0.031717  
 -1.329155 -0.491531 

 
 
 

Table 2. Numerical values of  and  for various values of  
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 0.05 
  

0.6 
  

 0.1 
  

1.0 
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 2 
  

5 
  

 3 
  

10 
  

 5 
  

 
 
 

The computed results show that spin-up by second 
grade bulk fluid near the rotating disc is reduced by 
increasing slip. The radially directed centrifugal force is 
also reduced. The radial slip is turned out to be 
insufficient to outweigh the reduced centrifugal force.  

The numerical values of  increase as  increases 

from 0 to However, the numerical values of  

initially increase and then start decreasing.  

As Weissenberg number  increase, the numerical 

values of  increase while those of  

decrease.  
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Nomenclature 

 

: Flow rate 

: Fluid pressure 

: Thickness of lubrication layer 

: Cylindrical coordinates 

: Velocity components of second grade fluid in radial, 

azimuthal and axial direction 

: Density 

: Viscosity of second grade fluid 

: Material parameter 

: Velocity of disc 

: Slip parameter 

: Viscosity of power- law fluid 

: Velocity components of Power-law fluid in radial, 

azimuthal and axial direction 

: Flow behavior index of Power-law fluid 

: Weissenberg number 

: Consistency coefficient of power-law fluid. 
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A comparative analysis between crude and purified extracts obtained from withered leaves of 
Terminalia catappa (T. catappa) and pure compounds of anthocyanidins as organic sensitizers in solar 
cells. The chemical and electronic properties of the extracts and the pure anthocyanidins were 
examined using spectroscopic studies: ultraviolet (UV), Fourier transform infrared (FT-IR) and gas 
chromatography coupled with flame ionization detector (GC-FID). Solar cells were fabricated using TiO2 
mesoporous film and the extracts and pure compounds as sensitizers. The prominent transitions in U-V 

spectra were  in nature. There were observed shifts in the wavelengths of the 
absorptions (around 350 to 380 nm) and a characteristic decrease in the absorption between the crude 
(TCE) and purified (TCP) extracts. The FT-IR spectra of the crude and purified sample have similar 
absorbances with bathochromic (red) shifts on the hydroxyl group and hypsochromic (blue) shifts on 
the benzene ring. The GC-FID chromatograms and spectra revealed the presence of six anthocyanidins 
and their amounts in mg per 100 g of the sample. The results showed that delphinidin was most 
abundant, and its quantity increases with purification of the extracts, while other anthocyanidins 
decreased with purification in both extracts. The photovoltaic performances also increase with purity. 
The best results were obtained with cyanidin-TiO2 solar cells with efficiencies up to 2.27%. 
 
Key words: Terminalia catappa, anthocyanins, solar cell, efficiency, purification, extracts. 

 
 
INTRODUCTION 
 
Anthocyanins are water-soluble glycosides of 
polyhydroxyl and polymethoxyl derivatives of 2-
phenylbenzopyrylium   or   flavylium   salts   and    an 

anthocyanin without sugar moiety is referred to as an 
anthocyanidin (Middleton, 2000). Anthocyanins and 
anthocyanidins have been widely applied in various fields  
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such as sensitizers in dye-sensitized solar cells (DSSCs). 
DSSC provides a technically and economically credible 
alternative concept to present day junction photovoltaic 
devices (Middleton, 2000; Simmonds, 2003). The redox 
and optical properties of natural pigments (like 
anthocyanins) make them well suited for a variety of 
applications

 
(Taofeek et al., 2011; Fossen et al., 2004; 

Kim et al., 2003; Harborne and Williams, 2000). 
Anthocyanins from Terminalia catappa (T. catappa) have 
been shown to have high antioxidant activity (Jordheim et 
al., 2006; Boyo et al., 2013) indicating a relatively low 
oxidation potential

 
(Adenike et al., 2013; Wang et al., 

2010). Many research works have examined the 
qualitative analyses of anthocyanins in parts of plants: 
leaves, flowers, seeds, etc. (Bisquert et al., 2004; 
Bisquert, et al., 2006). This study explores the application 
of the extracts (crude and purified) as sensitizers in 
photovoltaic, DSSCs. The DSSCs light (from the sun) is 
absorbed by a sensitizer, which is anchored to the 
surface of a wide band gap oxide semiconductor, like 
TiO2. Charge separation takes place at the interface via 
photo-induced electron injection from the dye into the 
conduction band of the solid (Grätzel, 2004; Andre and 
Neyde, 2006; Pooman and Mehra, 2007). Transition 
metal coordination compounds (ruthenium polypyridyl 
complexes) have been used as the effective sensitizers, 
due to their intense charge-transfer absorption in the 
whole visible range and highly efficient metal-to-ligand 
charge transfer (Bisquert et al., 2006; Kelly and Meyer, 
2001). However, ruthenium polypyridyl complexes have a 
heavy metal, which is undesirable from point of view of 
the environment (Chen et al., 2011; Brouillard et al., 
2003). Moreover, the process to synthesize the 
complexes is complicated and costly (Boyo et al., 2012; 
Hwan et al., 2011). The availability and low cost of the 
natural dyes made them better candidates to be used for 
the same purpose with an acceptable efficiency.  The 
ability of these molecules to convert the light into 
electricity and to induce redox reactions can be very 
interesting with respect to their implementation in artificial 
systems (Duthie et al., 2000; Close and Beadle, 2003), 
but it has also been faced with challenges of low 
efficiency and stability. Hence, the examination of the 
relationship between purity and efficiency of the 
anthocyanidins in the extracts, of the withered leaves of 
T. catappa, being employed as sensitizers in the 
fabrication of DSSCs. 
 
 
EXPERIMENTAL  

 
Extraction and purification of anthocyanidins in T. catappa 

 
Plant material and sample preparation 

 
Withered leaves of T. catappa were obtained within the campus of 
Fountain University, Osogbo, Nigeria. The samples were air dried 
under shade for ten days at room temperature. They were 
pulverized with the aid of liquidizer.  
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Extraction and purification of the anthocyanidins 
 
The extraction of the pulverized sample was done using a solvent 
system that comprised of distilled water, methanol and 1 M HNO3 in 
ratio 10: 9: 1, respectively. Fifty gram of the pulverized sample was 
completely submerged in 175 ml of the solvent system and then 
covered in air tight glass bottle. Extraction was allowed to proceed 
for 24 h. The extract was decanted and the solvent reduced by 
evaporation in water bath at 50 ± 5°C to obtain concentrated 
extract. The concentrated extracts were stored in dark bottles at 
room temperature. Anthocyanin purification was done using the 
method of Taofeek et al. (2011). The filtered extract was transferred 
into a separatory funnel and “washed” three times with equal 
volumes of ethylacetate to remove flavones. The third volume of the 
ethylacetate added to the extract were mixed thoroughly in the 
separatory funnel and left overnight. The ethylacetate-free layer, 
containing the partially purified anthocyanin, was obtained. Then, 
equal volumes of the ethylacetate-free extract and that of 0.5% 
neutral lead acetate (Pb (COO)2) solution were mixed and kept in 
the refrigerator at 4°C for 48 h to ensure complete precipitation of 
anthocyanin. After 48 h, blue supernatant was found and part of it 
was discarded. The precipitate was re-suspended in the remaining 
supernatant and transferred into test tubes and was centrifuged at 
5,000 rpm for 5 min. Supernatant (blue in color) and dark 
precipitate (anthocyanin) were obtained, the remaining supernatant 
was discarded. About 5 ml of 0.5% solution of sulfuric acid was 
added to the precipitate to remove lead as lead sulfate (PbSO4), 
and the precipitate was simultaneously re-solubilized to give a red 
solution. The mixture was filtered to remove the PbSO4 and the 
filtrate. The filtrate was concentrated in a water bath at 50 ± 5°C to 
obtain the purified anthocyanin, which was stored in a dark plastic 
bottle in a refrigerator until use.  
 
 
Structural elucidation of the samples using ultraviolet (UV), 
Fourier transform infrared (FT-IR) and gas chromatography 
coupled with flame ionization detector (GC-FID) 
 
Absorption spectroscopy 
 
UV-visible absorbance spectra of TCE and TCP were scanned 
between 350 and 1,000 nm with a PerkinElmer UV-visible 
spectrometer (Lambda EZ201; PerkinElmer, Waltham, 
Massachusetts, USA). 
 
 
Fourier transform infrared (FT-IR) 
 
The FT-IR was done under high vacuum (10 mbar) conditions using 
FT-IR over the 4000 to 350 cm-1 spectra range at 500 cm-1 
resolution.  
 
 
Gas chromatography coupled with flame ionization detector 
(GC-FID) 
 
The type and amount of the anthocyanins in the extracts were 
determined using GC-FID HP6890 powered with HP chem. Station 
Rev. A.09.01 (1206) software.  
 
 
Photovoltaic studies 
 
Preparation and deposition of titanium dioxide (TiO2) film 
 
TiO2 film was prepared using the methods of Boyo et al. (2013). 
Glass plates coated with a conductive layer of fluorine doped SnO2 
(obtained from Hartford Glass Co. Inc., P.O. Box 613, Hartford City,  
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Figure 1. U-V spectra of the crude and purified (TCE and TCP) extracts of T. catappa respectively. 

 
 
 
IN 47348, USA, Fax 765-348-5435) and the cells were prepared 
using the methods of  Grätzel (2004).  

 
 
Staining of the titanium dioxide with the dye 

 
Concentrated samples (0.1 g each) were dissolved in 10 ml of 
distilled deionized water, filtered and used as dye solution (Takeda 
et al., 1994). TiO2 coated glass plate was soaked (facing the dye 
solution) for 10 min in each of the various types of anthocyanin 
extracts, until the white TiO2 paste could not be seen upon viewing 
the stained film from either side of the supporting glass plate. 

 
 
Carbon coating the counter electrode 

 
While the TiO2 electrode was being stained in the anthocyanidin 
solution, the counter electrode was made from another piece of 
conductive SnO2 coated glass using the method of Grätzel (2004). 
The carbon-coated counter electrode was annealed at 450°C for 
about 5 min (Kalaignan and Kang, 2006). The thin carbon layer 
served as a catalyst for the tri-iodide to iodide regeneration reaction 
(Kay and Grätzel, 2002).  

 
 
Assembling the solar cell and measuring the photovoltaic 
characteristics 

 
The solar cells were assembled using the methods of Grätzel 
(2004), Bisquert, et al. (2006) and Boyo et al. (2013). The 
completed solar cell/light detector was taken for indoor 
measurements, the cell was illuminated by a 50 W (GE 12V) 
Tungsten Halogen lamp equipped with integral parabolic reflector 
and UV and IR blocking filter. The full current-voltage (I-V) curves 
were measured using a 1000 Ω potentiometer as a variable load. 
The current density (Jsc), open circuit voltage (Voc), fill factor (FF) 
and the efficiency (η) were used to characterize the performance of 
the solar cells.  

The maximum power density occurs somewhere between V = 0 
(short circuit) and V = Voc (open circuit) at a voltage Vm. The 
corresponding current density, Jm and the maximum power density 
Pm = Jm Vm.  In these studies, Ps used was 50 W throughout. 

RESULTS AND DISCUSSION 
 
In Figure 1, the U-V spectra of the extracts of T. catappa 
are shown. The spectra of the extracts were relatively 
similar with purified extract having higher absorbance 
than the crude extract. The implication is that the extracts 
have similar chemical (or electronic) properties with the 
crude having compounds that inhibit its electronic 
properties. In Figure 2, the U-V spectra of the pure 
anthocyanidins are shown. The spectra of the pure 
compounds absorbed at close wavelengths in the order 
Cy> Pg> Dp> Mv. This implied that the compounds have 
similar functional group(s). In all the samples, the nature 
of electronic transitions were predominantly π – π* and n 
– π* transitions. The former implied the transitions as 
results conjugations and aromaticity while the latter are 
transitions as a result lone pair of electrons. 

The FT-IR spectra of the crude and purified extracts 
have similar absorbances, even at the finger print 
regions. The spectra of the crude and purified extracts 
have similar absorbances, ditto for those of pure 
anthocyanidins, even at the finger print regions. This 
implied that the extracts have similar functional groups. 
However, the spectra of the purified samples have 
bathochromic (red) shifts on the hydroxyl group and 
hypsochromic (blue) shifts on the benzene ring. The GC-
FID chromatograms revealed the presence of six 
anthocyanidins in the crude and purified extracts, as well 
as the quantity of the anthocyanidins (Table 1) in mg per 
100 g of the sample. The results showed that delphinidin 
was 86% abundant in TCE and 92.97% in TCP. It was 
observed that the quantity of the delphinidin increased 
with purity of the extract, while the amount of others 
decreased with purity. 

The results obtained for the four quantities; current 
density (Jsc), open circuit voltage (Voc), fills factor (FF) and 
the efficiency (η), are presented as Table 2.  In  Figure  3,  
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Figure 2. U-V spectra of the pure anthocyanidins. 

 
 
 

Table 1. U-V absorbance and peaks of the extracts and pure anthocyanidins. 
 

Sample  Absorbance Wavelength (nm) Nature of transition 

TCE 
3.000 320 π → π* 

1.820 410 n → π* 

    

TCP 3.000 320 π →π* 

Pg 0.417 320 π → π* 

Cy 0.108 330 π → π* 

Dp 0.109 330 π → π* 

Mv 0.115 305 π →  π* 

 
 
 

Table 2. Amount of anthocyanidins in the samples. 
 

S/N Anthocyanidin TCE (mg/100 g) TCP (mg/100 g) 

1 Pelargonidin (Pg) 4.148 2.250 

2 Delphinidin (Dp) 535.313 563.365 

3 Cyanidin (Cy) 72.700 43.817 

4 Petunidin (Pt) 1.826 0.837 

5 Peonidin (Pn) 1.223 0.121 

6 Malvidin (Mv) 1.217 0.034 

7 Total 616.426 610.423 

 
 
 
current-voltage curves for the extracts of T. catappa are 
shown. The curves have the shapes of a typical I-V 
(shown as Figure 7) characteristic curve for DSSC. The 
TCP-TiO2 sensitized cell has better photovoltaic 
properties than the TCE-TiO2 sensitized cell.  

In Figures 4 to 6, the photovoltaic curves of solar cells 
fabricated using pelargonidin, cyanidin and delphinidin as 

sensitizers are shown, respectively. From these curves, 
when compared with a typical current-voltage curve for 
dye sensitized solar cell (Figure 7); the fill factors 
increased with purity of the compounds. However, 
delphinidin with highest percentages in the extracts has 
the least values in terms of photovoltaic performances.   

In Table 3, the  photovoltaic  performances  are  shown  
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Figure 3. Current-voltage curve of solar cells fabricated using crude and purified extracts of T. catappa as sensitizers. Isc1 = 
Short circuit current for TCP; Isc2 = Short circuit current for TCP; Im1 = Maximum short circuit current for TCE; Im2 = Maximum 
short circuit current for TCP; Voc1 = Open circuit voltage for TCE; Voc2 = Open circuit voltage for TCP; Vm1 = Maximum open 
circuit voltage for TCE; Vm2 = Maximum open circuit voltage for TCP. 

 
 
 

Note: Isc1 = Short circuit current for TCP; Isc2 = Short circuit current for TCP; Im1 = Maximum short circuit current for TCE; Im2 = Maximum 

short circuit current for TCP; Voc1 = Open circuit voltage for TCE; Voc2 = Open circuit voltage for TCP; Vm1 = Maximum open circuit voltage 

for TCE; Vm2 = Maximum open circuit voltage for TCP.
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Figure 4. Pg: Current-voltage curve for solar cell using Pelargonidin as sensitizer.  

 
 
 
for the crude (TCE), purified (TCP), extracts and three of 
the  pure  compounds  (pelargonidin  (Pg),  cyanidin  (Cy) 

and delphinidin (Dp)). The photovoltaic graph for the Mv-
TiO2 was linear, rather than a curve. It  showed  deviation  
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Figure 5: Current-voltage curve for solar cell using Cyanidin as sensitizer 
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Figure 5. Current-voltage curve for solar cell using Cyanidin as sensitizer. 

 
 
 

Figure 5: Current-voltage curve for solar cell using Cyanidin as sensitizer 

 

 

In Figs. 4-6, the photovoltaic curves of solar cells fabricated  
Figure 6: Current-voltage curve for solar cell using Delphinidin as sensitizer. 
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Figure 6. Current-voltage curve for solar cell using Delphinidin as sensitizer. 

 
 
 
from the others.  

The photovoltaic performance of the extracts and 
purified extracts of the samples applied as  sensitizers  in 

DSCCs, it is evident from these data that the purified 
sample has higher fill factor and efficiency than the 
extracts. 
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Figure 7. Typical current-voltage curve for dye sensitized solar cell; the Fill Factor is defined as the ratio of the two 
areas (Area1/Area2) (Boyo et al., 2012). 

 
 
 

Table 3. Photovoltaic performance of the samples. 
  

Sample Isc (mA) Jsc (mA/cm
2
) Voc (mV) Im (mA) Jm (mA/cm

2
) Vm (mV) FF Ƞ (%) 

TCE 0.037 0.009 25.000 0.016 0.004 10.500 0.280 0.336 

TCP 0.027 0.007 27.000 0.025 0.006 14.920 0.493 0.746 

Pg  1.100 0.278 31.200 1.010 0.250 28.600 0.826 1.43 

Cy  1.130 0.283 48.200 1.020 0.255 44.500 0.835 2.27 

Dp  0.068 0.017 26.89 0.068 0.017 11.12 0.415 0.004 

 

 
 
Conclusion 
 
The analysis of six common anthocyanins in the extract 
obtained from the calyxes of T. catappa was reported 
with delphinidin being the most abundant and its content 
increased with purification of the extract. DSSCs were 
constructed using the extracts of the withered leaves of 
T. catappa. The cell efficiencies increased with purity, 
with the best efficiencies of 2.27% for the Cy-sensitized 
TiO2 cell.  

The low efficiencies of the cells fabricated with TCE 
and TCP as sensitizers. These may be connected to the 
inhibitory effects of the composite anthocyanin (and 
other) molecules in the extracts. They reduce the 
sensitizing capability of the dyes to have low injection 

efficiencies. Thereby, making the overlap of the dye 
excited states and the metal oxide conduction band, the 
dye regeneration kinetics and the dye excited state 
lifetime were not optimal. In order to enhance cell 
performance isolated compounds should by employed 
instead of the direct applications of the extracts. 
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