
S T U D Y  O F  N A T U R A L  D Y E S  F O R  D Y E - S E N S I T I Z E D  S O L A R  C E L L S
CHAPTER IV

4 .1  A b s t r a c t

T h is  w o r k  a im s  to  s tu d y  n a tu ra l  d y e s  w h ic h  w e r e  u s e d  a s  th e  s e n s i t iz e r s  f o r  
d y e - s e n s i t i z e d  s o la r  c e l l s  ( D S S C s ) .  T h e  o p t i c a l  p r o p e r t ie s  o f  d y e s  s o lu t io n s ,  m ix e d  
d y e s  s o lu t io n  a n d  d y e s  o n  Z n O  s e m ic o n d u c to r  w e r e  d e te r m in e d .  F u r th e r m o r e ,  
a d s o r p t io n  s tu d ie s  w h ic h  a r e  k in e t ic  a d s o r p t io n  a n d  i s o th e r m a l  a d s o r p t io n  w e r e  
รณ d ie d . F o u r  n a tu r a l  d y e s  w h ic h  w e r e  y e l lo w  c o t to n  f lo w e r ,  r e d  o r c h id ,  s p i r u l in a  a n d  
in d ig o ,  w e re  in v e s t ig a te d .  T h e  o p t ic a l  p r o p e r t ie s ,  k in e t ic  a n d  i s o th e r m a l  a d s o r p t io n  
o f  n a tu ra l  d y e s  w e r e  m e a s u r e d  u s in g  U V - V is ib le  s p e c t ro m e te r .  Z n O  w h ic h  w a s  u s e d  
a s  a  s e m ic o n d u c to r  a n d  f a b r ic a te d  b y  th e  d o c to r  b la d e  m e th o d  w a s  c h a r a c te r iz e d  
u s in g  X -ra y  d i f f r a c to m e te r .  I t w a s  fo u n d  th a t  th e  m a x im u m  a b s o r p t io n  w a v e le n g th  o f  
d y e s  in  d e io n iz e d  w a te r  s h o w e d  d i f f e r e n t  w a v e le n g th  w h ic h  w a s  5 1 9 , 6 2 0 ,  6 2 6  a n d  
4 8 8  n m  fo r  r e d  o r c h id , s p i r u l in a ,  in d ig o  a n d  y e l lo w  c o t to n ,  r e s p e c t iv e ly .  T h e  
m a x im u m  a b s o r p t io n  w a v e le n g th  o f  e a c h  d y e  o n  Z n O  w a s  s h i f t e d  to  h ig h e r  
w a v e le n g th  ( b a th o c h r o m ic  s h i f t )  w h e n  c o m p a r e d  w i th  d y e s  s o lu t io n s .  F o r  k in e t ic  
a d s o r p t io n ,  th e  r e s u l t s  s h o w e d  th a t  e x p e r im e n ta l  d a ta  f i t t e d  w i th  p s e u d o - s e c o n d -  
o r d e r  m o d e l .  I t  in d ic a te d  th a t  d y e s  h a d  c h e m ic a l  in te r a c t io n  w i th  Z n O . M o r e o v e r ,  
a d s o r p t io n  w a s  p r o m o te d  b y  b o th  L a n g m u ir  m o d e l  a n d  F r e u n d l ic h  m o d e ls .  T h is  c a n  
b e  e x p la in e d  th a t  d y e s  a d s o r b e d  o n  Z n O  u s in g  h o m o g e n e o u s  m o n o la y e r  a n d  a ls o  
h e te ro g e n e o u s  m u l t i la y e r s .

4.2 Introduction

D y e  s e n s i t i z e d  s o la r  c e l l  ( D S S C )  i s  a n  a t t r a c t iv e  p h o to v o l t a ic  d e v ic e  d u e  to  
lo w  c o s t  a n d  r e la t iv e ly  s im p le  f a b r ic a t io n  p r o c e s s .  T h e  s e m ic o n d u c to r s  a r e  o n e  o f  
c o m p o n e n ts  th a t  u s e d  in  D S S C  p h o to a n o d e .  Z n O  is  o n e  o f  th e  s e m ic o n d u c to r s  a n d  i t  
is  a n  a t t r a c t iv e  m a te r ia l  in  s o l a r  e n e rg y  c o n v e r s io n  d u e  to  i ts  s ta b i l i ty  a g a in s t  p h o to  
c o r r o s io n  a n d  p h o to c h e m ic a l  p r o p e r t ie s  s im i l a r  to  T i0 2 ,  h a v in g  a  b a n d  g a p  s im i la r  to  
T iÛ 2 a t  3 .2  e 'v  a n d  h a v in g  h ig h e r  e le c t ro n  m o b i l i ty  1 1 5 -  1 5 5  c m 2/ v  ร2 th a n  th a t  o f
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T iC >2 ( C h o u  et a l,  2 0 0 7 ) .  In  a d d i t io n ,  d y e  o r  th e  s e n s i t iz e r  is  a n  e s s e n t ia l  c o m p o n e n t  
o f  D S S C  th a t  is  u s e d  to  e n la r g e  th e  s p e c t r a l  a b s o rb a n c e . T h e  s e n s i t iz e r  c a n  b e  
d iv id e d  in to  tw o  k in d s ,  s y n th e t ic  d y e s  a n d  n a tu ra l  d y e s . T h e  s y n th e t ic  d y e s  a s  
r u th e n iu m  p o ly p y r id y l  c o m p le x e s  a r e  m o s t ly  u s e d ,  a n d  th e  r e s u l t  w a s  o b ta in e d  w i th  
th e  m a x im u m  c o n v e r s io n  e f f ic ie n c y  o f  1 1 %  ( G rà tz e l ,  2 0 0 5 ) .  H o w e v e r ,  th e  c o s t  o f  
s y n th e t ic  d y e s  a n d  e n v i r o n m e n t  e f f e c t  a r e  c o n c e r n e d ,  n a tu ra l  d y e s  h a v e  b e e n  a p p l ie d  
to  D S S C . T h e  n a tu r a l  d y e s  th a t  f o u n d  in  p la n t ,  f ru i ts  a n d  o th e r  n a tu r a l  p r o d u c t s  s h o w  
v a r io u s  c o lo r s  a n d  c o n ta in  s e v e r a l  p ig m e n ts  th a t  c a n  b e  e a s i ly  e x t r a c te d  a n d  th e n  
e m p lo y e d  in  D S S C . C h a n g  a n d  c o - w o r k e r s  p re p a re d  T iC >2 D S S C  b y  u s in g  
p o m e g r a n a te  l e a f  a n d  m u lb e r r y  f r u i t s  a s  d y e - s e n s i t i z e r s  a n d  th e  c o n v e r s io n  e f f ic ie n c y  
o f  f a b r ic a te d  D S S C  w e r e  0 .5 9 7 %  a n d  0 .5 4 8 % , r e s p e c t iv e ly  ( C h a n g  et a l,  2 0 1 0 ) .  
พ o n g e h a r e e  a n d  c o - w o r k e r s  h a v e  f a b r ic a te d  s o la r  c e lls  u s in g  n a tu r a l  d y e s  e x t r a c te d  
f ro m  r o s e l la ,  b lu e  p e a  a n d  a  m ix tu r e  o f  th e  e x t r a c t s  a n d  h a s  r e p o r te d  th e  e f f ic ie n c y  o f  
0 .3 7 % , 0 .0 5 %  a n d  0 .1 5 % , r e s p e c t iv e ly  ( W o n g e h a r e e  et a l,  2 0 0 7 ) .  T h e r e f o r e ,  s tu d y  
o f  a d s o r p t io n  m e c h a n is m  o f  n a tu r a l  d y e s  o n  Z n O  is  a n  a p p r o a c h  to  u n d e r s ta n d  th e i r  
e f f e c t  o n  e f f ic ie n c y  in  D S S C .

In  o r d e r  to  s tu d y  a d s o r p t io n  m e c h a n is m  o f  d y e  th a t  e n h a n c e s  th e  e f f ic ie n c y  o f  
s o la r  c e l l ,  th e  n a tu r a l  d y e s  th a t  e x t r a c te d  f r o m  re d  o r c h id , s p i r u l in a ,  in d ig o  a n d  
y e l lo w  c o t to n  w e r e  in v e s t ig a te d .  T h e  o p t ic a l  p r o p e r t ie s  o f  d y e s  a n d  d y e s  o n  Z n O  
w e r e  d e te r m in e d  u s in g  U V - V is ib le  s p e c t ro p h o to m e te r .  M o r e o v e r ,  th e  a d s o r p t io n  
m e c h a n is m  w a s  s tu d ie d  th a t  c a n  b e  d iv id e d  in to  tw o  s e s s io n s :  k in e t ic s  a d s o r p t io n  a n d  
i s o th e r m a l  a d s o r p t io n .  F in a l ly ,  th e  c o n v e r s io n  e f f ic ie n c y  o f  D S S C  w a s  m e a s u r e d  
u s in g  D ig i ta l  K e i th le y  2 4 0 0  m u l t im e te r .

4 .3  E x p e r i m e n t a l

4 .3 .1  M a te r ia l  ร
R e d  o r c h id  w a s  p u r c h a s e d  f r o m  P a k - K h lo n g  m a rk e t ,  B a n g k o k ,  

T h a i la n d .  S p i r u l in a  p o w d e r  w a s  p u r c h a s e d  f ro m  P h u -F a h  s to re  in  J a tu ja k  m a rk e t ,  
T h a i la n d .  I n d ig o  p o w d e r  w a s  p u rc h a s e d  f r o m  B a a n  T u m - T a o ,  S a k o n n a k h o n ,  
T h a i la n d .  Y e l lo w  c o t to n  f lo w e r  w a s  c o l le c te d  f ro m  N a k h o n  N a y o k ,  T h a i la n d .  A  
c o m m e r c ia l  Z n O  n a n o p a r t ic le  ( Z o N o P ® , 9 9 .9 3 %  Z n O )  w a s  p u r c h a s e  f r o m  N a n o
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M a te r ia ls  T e c h n o lo g y  C o ., L td . ,  in  T h a i la n d .  A c e ty la c e to n e  (>  9 9 .5 % )  w a s  
p u r c h a s e d  f ro m  F lu k a . T r i to n  X - 1 0 0  ( la b o ra to ry  g r a d e )  w a s  p u rc h a s e d  f ro m  A c r o s  
O r g a n ic s .  P o ly e th y le n e  g ly c o l  ( P E G , M W  2 0 ,0 0 0 ) ,  L i th iu m  io d id e  b e a d s  ( 9 9 % ) ,  4 -  
te r t - b u ty l  p y r id in e  ( 9 6 % )  a n d  h y d r o g e n  h e x a c h lo r o p la t in a te  ( IV )  h y d r a te  ( - 3 8 %  P t 
b a s is )  w e r e  p u r c h a s e d  f ro m  A ld r ic h .  I o d in e  w a s  p u rc h a s e  f ro m  S u k s a p a n  p a ru t , 
T h a i la n d . F lu o r in e - d o p e d  S n 0 2  ( F T O )  g la s s  ( s h e e t  r e s i s ta n c e  o f  8 Q / c m 2) w a s  
p u rc h a s e d  f ro m  D y e s o l  C o m p a n y .

4 .3 .2  P r e p a r a t io n  o f  N a tu r a l  D y e  S e n s i t iz e r s
s p i r u l i n a  p o w d e r  a n d  in d ig o  p o w d e r  w e r e  u s e d  a s  r e c e iv e d .  Y e l lo w  

c o t to n  f lo w e r  a n d  r e d  o r c h id  w e r e  c u t  in to  s m a l l  p ie c e s  a n d  e x t r a c te d  b y  u s in g  
d e io n iz e d  w a te r .  T h e  s o lu t io n s  w e r e  f r e e z e d  a n d  d r ie d  v ia  f r e e z e - d r y in g  p r o c e s s .  
T h e n  s o l id  d y e s  w e r e  c r u s h e d  a n d  s ie v e d  b e f o r e  u s e d . F in a l ly ,  e a c h  d y e  p o w d e r  w a s  
d i s s o lv e d  in  w a te r  to  o b ta in  c o n c e n t r a t io n  o f  10  g /L  b e f o r e  u se d .

4 .3 .3  P r e p a r a t io n  o f  Z n O  f o r  D o c to r - b la d e  M e th o d
In  o r d e r  to  p r e p a r e  e le c t ro d e s ,  t i le  f lu o r in e - d o p e d  รท 0 2 ( F T O )  g la s s  

p la te s  w e r e  w a s h e d  w i th  w a te r  a n d  e th a n o l ,  r e s p e c t iv e ly .  T h e  F T O - g la s s  p l a te s  w e r e  
f ix e d  a r e a  b y  u s in g  t r a n s p a re n t  ta p e  ( s iz e  1 .0  c m  X  1 .0  c m ) . 1 .0  g  o f  Z n O  
n a n o p a r t ic le s  w a s  a d d e d  in to  th e  5 .0  m l o f  P E G  a q u e o u s  s o lu t io n  (0 .1  g /m l)  m ix e d  
w ith  0 .1  m l  o f  a c e ty la c e to n e  a n d  0 .4  m l  o f  t r i to n  X - l 0 0 .  T h e  m ix tu r e  w a s  s t i r r e d  fo r  
1 d a y  th e n  i t  w a s  e x te n d e d  o n to  th e  m a r k e d  F T O - g la s s  p la te s  a n d  c a lc in e d  a t  5 5 0  ° c  
fo r  1 h  to  o b ta in  th e  p h o to a n o d e  f i lm . T h e n  1 m l o f  n a tu ra l  d y e  s o lu t io n s  w a s  
d r o p p e d  o n  th e  c o o le d  Z n O  f i lm  a t  ro o m  te m p e r a tu r e  fo r  3 h . T h e  e x c e s s  d y e  
m o le c u le s  w e r e  w a s h e d  o u t  w i th  w a te r .

4 .3 .4  P re p a ra t io n  o f  P t  E le c t r o d e
T ire  P t  e le c t r o d e  w a s  p r e p a r e d  b y  d o c to r  b la d e  m e th o d .  T h e  7  ff lM  o f  

h e x a c h lo r o p la t in ic  a c id  in  2 - p r o p a n o l  w e r e  d r o p p e d  a n d  s p r e a d  o n  F T O - g la s s  w h ic h  
w a s  m a r k e d  a r e a  b y  u s in g  t r a n s p a r e n t  ta p e  ( s iz e  0 .5  c m  X  1.5  c m ) . F in a l ly ,  i t  w a s  
c a lc in e d  a t  4 5 0  ° c  f o r  3 0  m in .
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4 .3 .5  F a b r ic a t io n  o f  D S S C
In  o r d e r  to  f a b r ic a te  th e  D S S C , th e  1 2 7  p m - th ic k  t r a n s p a r e n t  

p a ra f ilm ®  w a s  in s e r te d  b e tw e e n  p h o to a n o d e  a n d  c a th o d e  to  p r e v e n t  th e  s h o r t  c i r c u i t  
c u r r e n t  b y  a t ta c h in g  o n  f o u r  e d g e s  o f  p h o to a n o d e  f i lm  a n d  th e  P t  e le c t r o d e  w a s  
c o v e re d  o n  th e  to p . T h e  r e d o x  e le c t ro ly te  s o lu t io n  c o n ta in e d  w i th  0 .0 2 5  M  o f  io d in e  
(I2), 0 .5  M  o f  l i th iu m  io d id e  ( L i l)  a n d  0 .2  M  o f  tert- b u ty l  p y r id in e  th a t  w a s  d i s s o lv e d  _ 
in  a c e to n i t r i le .  T h e n , th e  e le c t r o ly te  w a s  in je c te d  in  b e tw e e n  tw o  e le c t ro d e s .

4 .3 .6  B a tc h  A d s o r p t io n  S tu d ie s
F o r  a d s o r p t io n  k in e t ic s  s tu d ie s ,  0 .1  g  o f  Z n O  a s  a b s o r b e n t  w a s  a d d e d  

to  tu b e s  c o n ta in in g  1 m L  o f  d y e s  in  d e io n iz e d  w a te r  w i th  in i t ia l  c o n c e n t r a t io n  a t  10 0  
rn g /L . T h e  c o n c e n t r a t io n s  o f  d y e  w e r e  m o n i to r e d  a t  d i f f e r e n t  t im e  in te r v a ls  ( f r o m  6 0  
to  6 0 0  m in ) .  F o r  a d s o r p t io n  i s o th e r m s ,  th e  d i f f e r e n t  in i t ia l  c o n c e n t r a t io n s  o f  d y e  in  
d e io n iz e d  w a te r  w e re  p r e p a r e d  ( 1 0 - 1 2 0 0  m g /L ) .  Z n O  a b s o r b e n t  w a s  im m e r s e d  in  d y e  
s o lu t io n  u n t i l  e q u i l ib r iu m  w a s  re a c h e d . T h e  c o n c e n t r a t io n s  o f  d y e  w e r e  d e te r m in e d  a t  
th e  m a x im u m  w a v e le n g th  u s in g  U V -V is ib le  s p e c t ro m e te r .

4 .3 .7  C h a ra c te r iz a t io n s
T h e  s u r f a c e  m o r p h o lo g y  a n d  p a r t i c le  s iz e  o f  Z n O  w h ic h  w a s  

f a b r ic a te d  b y  d o c to r  b l a d in g  m e th o d  a n d  c a lc in e d  a t  5 5 0  w a s  e x a m in e d  b y  X - ra y  
d i f f r a c to m e te r  (X R D )  w i th  2  th e ta  ( 2 0 )  2 0 -7 0  d e g r e e  a n d  F ie ld  E m is s io n  S c a n n in g  
E le c t ro n  M ic r o s c o p e  ( F E - S E M ) .

T h e  o p t ic a l  a b s o rp t io n  o f  d y e s  in  d e io n iz e d  w a te r  (2 .5  g /L ) ,  e x t in c t io n  
c o e f f ic ie n t  a n d  d y e s  o n  Z n O  w e r e  m e a s u r e d  b y  a  U V -V is ib le  s p e c t r o p h o to m e te r  
( U V - 1 8 0 0 )  a n d  U V - V is ib le  s p e c t r o p h o to m e te r  ( U V - 2 5 0 0 ) ,  r e s p e c t iv e ly .

T h e  b a tc h  a d s o r p t io n  o f  n a tu r a l  d y e s  w a s  s tu d ie d  u s in g  U V - V is ib le  
s p e c t r o p h o to m e te r  ( U V - 1 8 0 0 )  a t  m a x im u m  a b s o r p t io n  w a v e le n g th  o f  e a c h  d y e .

T h e  p h o to v o l t a ic  p r o p e r t ie s  o f  D S S C , s h o r t  c i r c u i t  c u r r e n t  (Jsc, 
m A /c m 2) ,  o p e n  c i r c u i t  v o l t a g e  (Foc V ) ,  f i l l  f a c to r  (FF, % )  a n d  e f f ic ie n c y  ( ,ๆ % ) , 
w h ic h  w e r e  c a lc u la te d  f r o m  J -V  c h a r a c te r is t ic  c u r v e  w e r e  d e te r m in e d  b y  a  d ig i ta l



23

K e i th le y  2 4 0 0  m u l t im e te r  u n d e r  a n  i r r a d ia t io n  o f  w h i te  l ig h t  f ro m  1 0 0  m W /c m 2 
h a lo g e n - tu n g s te n  la m p .

4 .4  R e s u l t s  a n d  d i s c u s s io n

4 .4 .1  A b s o r p t io n  S p e c t r u m  o f  D y e s  S o lu t io n
F ig u r e  4 .1  s h o w e d  th e  a b s o r p t io n  s p e c t ru m  o f  f o u r  n a tu r a l  d y e s  in  

d e io n iz e d  w a te r .  T h e  d a r k  b lu e  p ig m e n t  o f  in d ig o  d y e  is  in d ig o  s h o w e d  th e  
m a x im u m  a b s o r p t io n  w a v e le n g th  a t  6 2 6  n r a  ( J a c q u e m in  et a l, 2 0 0 6 ) .  T h e  r e d  
p ig m e n t  o f  r e d  o r c h id  w h ic h  is  p e la r g o n id in  s h o w e d  th e  m a x im u m  a b s o rp t io n  
w a v e le n g th  a t  5 1 9  n n i  ( T a t s u z a w a  et a l, 2 0 0 4 ) .  T h e  y e l lo w  p ig m e n t  o f  y e l lo w  c o t to n  
f lo w e r  w h ic h  is  q u e r c e t in  s h o w e d 'th e  a b s o r p t io n  w a v e le n g th  a t  4 2 0  a n d  4 8 8  n m  (L u  
et al., 2 0 1 1 ) .  T h e  g r e e n  p ig m e n t  o f  s p i r u l in a  d y e  is  e -p h y c o c y a n in  s h o w e d  th e  
m a x im u m  a b s o r p t io n  w a v e le n g th  a t  6 2 0  n m  ( R a g h a v a r a o , 2 0 0 7 ) .  F r o m  th e  u v  
s p e c t r u m , th e i r  a b s o r p t io n  is  a t t r i b u te d  to  d i f f e r e n t  c h e m ic a l  c o m p o n e n t  o f  n a tu ra l  
d y e s . F u r th e rm o r e ,  th e  e x t in c t io n  c o e f f ic ie n t  o f  e a c h  d y e  g a v e  d i f f e r e n t  v a lu e  th a t  i t  
is  d e p e n d s  o n  ty p e  o f  d y e s . T rie  h ig h e s t  e x t in c t io n  c o e f f ic ie n t  w a s  s p i r u l in a  f o l lo w e d  
y e l lo w  c o t to n , in d ig o  a n d  th e  lo w e s t  e x t in c t io n  c o e f f ic ie n t  w a s  r e d  o r c h id .

(a)
(b)
(c)
(d)

F i g u r e  4 .1  บ V - V is ib le  a b s o r p t io n  s p e c t ru m  o f  n a tu ra l  d y e s  s o lu t io n :  ( a )  in d ig o ,  (b )  
y e l lo w  c o t to n  f lo w e r ,  (c )  r e d  o r c h id  a n d  (d )  s p i ru l in a .
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F i g u r e  4 .2  P h o to g r a p h ic  im a g e s  o f  (a )  in d ig o  (h t tp : / /w w w .in d u s la d ie s .c o m /f o r u m s  
/h a i r - c a r e - a n d - h a i r - s ty l e s /1 7 5 3 6 7 - w a n ts - to - k n o w - m e a n in g - in d ig o .h tm l) ,  (b )  y e l lo w  
c o t to n  f lo w e r ,  ( c )  r e d  o r c h id  a n d  (d )  s p i r u l in a  (h t tp : / / te r r a n u t .c o m /a b o u t /s p i r u l in a -  
h e a l th - b e n e f i t s / ) .

F i g u r e  4 .3  P h o to g r a p h ic  im a g e s  o f  d y e s  s o lu t io n  f ro m  le f t  to  r ig h t ;  y e l lo w  c o t to n ,  
s p i r u l in a ,  in d ig o  a n d  r e d  o r c h id ,  r e s p e c tiv e ly .

http://www.indusladies.com/forums
http://terranut.com/about/spirulina-health-benefits/
http://terranut.com/about/spirulina-health-benefits/
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F i g u r e  4 .4  P h o to g r a p h ic  im a g e s  o f  th e i r  m o le c u la r  s t r u c tu r e s ;  (a )  in d ig o  ( in d ig o ) ,  
(b )  y e l lo w  c o t to n  f lo w e r  ( q u e r c e t in )  , ( c )  r e d  o r c h id  ( p e la r g o n id in )  a n d  (d )  s p i ru l in a  
( c - p h y c o c y a n in ) .

T a b l e  4 .1  E x t in c t io n  c o e f f ic ie n t  o f  f o u r  n a tu r a l  d y e s  in  d e io n iz e d  w a te r

N a t u r a l  d y e s E x t i n c t i o n  c o e f f i c i e n t  ( L  g  1 c m 1)

I n d ig o 0 .0 7 8
R e d  o rc h id 0 .0 7 6

S p i ru l in a 0 .1 0 7
Y e l lo w  c o t to n  f lo w e r 0 .0 9 8
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(d)
(b)
(c)

(a)

F i g u r e  4 .5  U V - V is ib le  a b s o r p t io n  s p e c t r a  o f  n a tu r a l  d y e s  o n  Z n O . (a )  I n d ig o ,  (b )  
y e l lo w  c o t to n  f lo w e r ,  ( c )  r e d  o r c h id  a n d  ( d )  s p i ru l in a .

F ig u re  4 .5  s h o w e d  th e  a b s o r p t io n  in te n s i ty  o f  n a tu r a l  d y e s  w h ic h  
a b s o r b e d  o n  Z n O  s e m ic o n d u c to r .  M a x im u m  a b s o r p t io n  in te n s i ty  o f  y e l lo w  c o t to n ,  

- re d  o r c h id  a n d  s p i r u l in a  w a s  s h i f t  to  h ig h e r  w a v e le n g th  ( b a th o c h r o m ic  s h i f t )  o r  c a l l e d  
“ r e d  s h i f t ”  w h e n  c o m p a r e d  w ith  U V - V is ib le  s p e c t r u m  o f  n a tu r a l  d y e  s o lu t io n .  T h is  
r e s u l t  c a n  b e  e x p la in e d  th a t  m o le c u la r  in te r a c t io n  s u c h  a s  71-71 s ta c k in g ,  e le c t r o s ta t i c  
in te r a c t io n  o r  h y d r o g e n  b o n d in g  w a s  o c c u r  b e tw e e n  Z n O  a n d  n a tu r a l  d y e s  a n d  ท 
c o n ju g a t io n  o f  th e  m o le c u le  w a s  e n la r g e d .  W h e n  s h i f t  v a lu e  is  h ig h e r  th a t  m e a n  th e  
in te r a c t io n  w a s  s t r o n g e r  ( Y e  et al., 2 0 1 2 ) .  In  c a s e  o f  in d ig o , th e  m a x im u m  a b s o r p t io n  
o n  Z n O  w a s  a b o u t  th e  m a x im u m  a b s o r p t io n  o f  s o lu t io n .  T h e r e f o r e ,  in d ig o  d y e  h a d  
n o t  a n y  in te r a c t io n  w i th  Z n O .

4 .4 .2  F T - I R  S p e c t ro s c o p y
T h e  F T - I R  s p e c t ra l  f e a tu r e s  o f  d y e s  a n d  d y e s /Z n O  in  K B r  p e l l e t  w a s  

s h o w n  in -F ig u re  4 .6  F o r  p e l a r g o n id in  o f  r e d  o r c h id ,  th e  b a n d  a t  1 6 0 0  c m '1 is  a s s ig n e d  
to  0 = 0  s t r e tc h in g . T h e  b a n d  a t  1 5 0 0  c m '1 i s  a s s ig n e d  to  C - C  s t r e tc h in g .  F o r  th e
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higher wavenumbers, the broad band around 3400 cm"1 is assigned to O-H stretching 
(Mazzaracchio e t  a l . , 2011).

For c-phycocyanin of spirulina, the bands at 1720 cm"1 and 1650 cm" 
!is assigned to c = 0  stretching of carboxyiic and amide group, respectively. For the 
higher wavenumbers, the broad band around 3250 cm"1 is assigned to O-H stretching 
of carboxylic group (Chakdar e t  a l . , 2013).

For indigo, the bands at 1710 cm"1 and า 500 cm'1 is assigned to C - 0  
stretching and C-C stretching in aromatic rings, respectively (Fiedler e t  a l . , 2011). 
For the higher wavenumbers, the broad band around 3400 cm'1 with low intensity 
appears due to the moisture.

For quercetin of yellow cotton, the bands between the wavenumbers 
of 1800 and 750 cm’1 (FT-IR “finger print” region) reflect die primary biochemical 
and macronutrient components such as carbohydrates and lipids. The band at 1720 
cm'1 is assigned to CŒ0  stretching of main structure. The band at 1650 cm"1 is 
assigned to ring C-C stretching of phenyl ring. The band at 1030 cm"1 is assigned to 
the vibrational frequency of -CH2OH groups of carbohydrates. For the higher 
wavenumbers, the broad band around 3500 cm"1 is assigned to O-H stretching and 
the band at 2930 cm"1 is assigned to CH2 anti-symmetric stretching of methyl groups 
mainly from lipids (Lu e t  a l . , 2011).

Before the experiment, we expected that the spectrum of dye and 
dye/ZnO will give the divergent information due to the chemical bonding occurs 
between dye and ZnO. From the experimental data, it was found that the spectrum ■ 
between dye and dye on ZnO were not significantly different. Therefore, IR spectra' 
can be used to describe only the functional group of natural dyes but cannot give 
more information about the chemical bond which occurs between ZnO and natural
dyes.
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(a)

4000 3600 3000 2500 2000 1500 1000 500
Wavenumber (nm'1)

(c)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (nm1)

(b)

4000 3600 3000 1 2900 ' 2000 1900 'Tooo ' 500
Wavenumber (nm'1)

(d)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (nm ')

Figure 4.6 FT-IR spectra of dyes (—) and dyes on ZnO (- -) (a) red orchid, (b) 
spirulina, (c) indigo and (d) yellow cotton.

4.4.3 Surface Morphology and Characterization of ZnO by Doctor Blading 
Method
Figure 4.7 showed the XRD pattern of ZnO on FTO glass fabricated 

by doctor blade method. The XRD pattern corresponded to the hexagonal ZnO 
structure (พนrzite) with the diffraction peaks of (100), (002), (101), (102) and (110) 
plane. The diffraction peaks at scattering angle 26.61, 37.85 and 51.62 degree 
corresponded to FTO (fluorine doped tin oxide) glass (Liao e t  a i ,  2005).
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Figure 4.7 XRD pattern of ZnO film fabricated by doctor blade method.

Figure 4.8 Cross-section FE-SEM image of ZnO film.

Figure 4.8 showed the cross section FE-SEM image of ZnO coated on 
FTO glass prepared by doctor blade method. The image revealed the particle size of 
ZnO about 92 nm and showed the porous structure of ZnO film due to the 
evaporation of organic solvent at high temperature, organic additive (acetyl acetone),
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binder (polyethylene glycol, PEG) and surfactant (Triton X-100). Furthermore, the 
organic solvent พนร added into the ZnO paste for prevent the coagulation and 
cracking in ZnO electrode that influences the efficiency of DSSC (Saito e t  a l ,  2009).

4.4.4 Kinetic Adsorption Studies
The รณuy of kinetic adsorption, pseudo-first-order and pseudo- 

second-order, were used to describe the adsorption process at the solid-solution 
interface. The rate of removal of each dye by adsorption was dramatic initially and 
then slowed gradually until it reached an equilibrium following the Figure 4.9

Figure 4.9 Effect of interval time of each dye onto ZnO (Co = 1 0 0  mg/L, T =
fๆori\ZJ บ).

The amount of dyes adsorbed onto ZnO semiconductor was calculated 
by the following mass balance relationship (Carpiné et a l ,  2 0 1 3 )  as:

Re =  ฯ V  (1)

q  t  = (2)
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Where C0 is the initial concentration of dyes (mg/L), c, is the 
concentration of dyes at various time / (min), m  is the weight of the ZnO or adsorbent 
(g) and V  is the volume of dye solution (L).

In order to calculate the adsorption kinetic of dyes onto ZnO, the 
reaction will be assumed that adsorption is a pseudo-chemical reaction process. The 
pseudo-first-order rate expression of Lagergren and the pseudo-second-order kinetic 
model (El-Bindary e t  a l ., 2014) are given as:

log( q e  -  q t ) =  l o g q e  -  k t t - (3)

t / q t  =  1/ k 2 q l  + 1 /q e t (4)

Where q , is the amount of dye adsorbed on adsorbent (mg/g) at 
various times /, qe is the amount of dye adsorbed on adsorbent at equilibrium (mg/g), 
k l  is the pseudo-first-order rate constant (min'1) and k-2 is the pseudo-second-order 
rate constant (g mgr! min'1).

The corresponding kinetic constants which were q e, k], k 2 were shown 
in Table 4.2 Moreover, the correlation coefficients: R \  and # 2  were provided as the 
same table.

T a b le  4 .2  Kinetic parameters of kinetic models for the adsorption of natural dyes 
onto ZnO semiconductor

Natural dyes Models Parameters Values
Red orchid Pseudo-first-order q e  (mg/g) 1.2272

k 1 (min'1) 0.0090
R l 0.2811

Pseudo-second- q e (mg/g) 14.0160
order k x (min'1) 0.0621

R 2 0.9563
spirulina Pseudo-first-order q e  (mg/g) 2.1117
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/q (min’1) 0.0190
0.2997

Pseudo-second-
order

qe (mg/g) 
/q (min'1)
R\ไ

16.7060
0.0678
0.7256

Indigo Pseudo-first-order qe (mg/g) 1.4818
k 1 (min'1) 0.0109

_ R l 0.0386
Pseudo-second- He (mg/g) 31.6150
order /q (min’1) 0.0802

R22 0.7586
Yellow cotton Pseudo-first-order qe (mg/g) 1.4567

/q (min’1) 0.0063
*1 0.9963

Pseudo-second- qe (mg/g) 36.1269
order k 1 (min’1) 0.0057 -

Rl 0.8501

The correlative coefficients ( R f  ) of natural dyes for the pseudo-first- 
order kinetic model were between 0.0386 and 0.9963. The correlation coefficients 
(/?!) of natural dyes for the pseudo-second-order kinetic model are between 0.7256 
and 0.9563. The correlation coefficients of the pseudo-second-order were more than 
correlation coefficients of pseudo-first-order. Therefore, the adsorption process of 
tins study is not follow a pseudo-first-order reaction but it follows the pseudo- 
second-order kinetic model. It was noted that the process depends on both the 
amount of adsorbent and the amount of dye. So it can be concluded that some 
chemical interaction occurs between adsorbent and dye.
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Figure 4.10 Experimental data (■ ), pseudo-first-order (—) and pseüdo-second-order 
(- -) of (a) indigo, (b) yellow cotton, (c) red orchid and (d) spirulina on ZnO.

4.4.5 Isothermal adsorption studies
The main factors that describe the interactions for adsorption of dye 

are charge and structure of dye, adsorbent surface properties, hydrophobic and 
hydrophilic nature, hydrogen bonding, electrostatic interaction, steric effect and van 
der Waal forces etc. (El-Bindary e t  a i ,  2014). Equilibrium studies that give the 
capacity of the adsorbent and adsorbate are described by adsorption isotherm. This 
method is usually varying the concentration of adsorbate at fixed temperature. The 
equilibrium experimental data for natural dyes on ZnO was compared using two 
isotherm equations which are Langmuir and Freundlich.

Langmuir adsorption isotherm describes that the adsorption will occur 
at the outer sphere of adsorbent and solute will interact with adsorbent only 
homogeneous monolayer (El-Bindary e t  a i ,  2014). Theoretically, the adsorbent has a
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limited capacity for adsorbate. Therefore, the monolayer capacity can be represented 
as linear graph of Langmuir equation.

R e =
Qm̂ -L̂ e
1+K̂ Cg (5)

Where Cg is the equilibrium concentration of dye (mg/L), q e is the 
amount of dye adsorbed on adsorbent at equilibrium (mg/'g), q m is the monolayer 
capacity of dye adsorbed on adsorbent (mg/g) and K L is the Langmuir adsorption 
constant (L/'mg). When the equation is formatted to get the equation below

Qe Qm^L Ce Qm

Freundlich isotherm is an empirical equation that describes 
heterogeneous systems. To characterize, heterogeneity factor (1/rt) is determined. 
Heterogeneity factor describes reversible adsorption and the formation not only 
monolayer.

q e =  (7)

Where q e is the amount of dye adsorbed on adsorbent at equilibrium 
(mg/'g), Cg is the equilibrium concentration of dye (mg/L), K p  is Freundlich constant 
(L g '1) and Mn is the heterogeneity factor. Therefore, a linear form of Freundlich 
equation can be obtained follow in equation 8.

l o g q e = log K p  + ^logCe (8)

Therefore, the straight-line plots of equation 6 for Langmuir isotherm 
and equation 8 for Freundlich isotherm will give the parameters following table 4.3
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Table 4.3 Langmuir and Freundlich parameters for the adsorption of natural dyes 
onto ZnO semiconductor

Natural dyes Models Parameters Values
Red orchid Langmuir Rm 18.4502

K l 5.5949x1 O'5
R l 0.9704

Freundlich K f (  L/g) 0.0580
N 0.7655
R 2 0.9735

spirulina Langmuir Qm 14.3062
K l 0.0010
R l 0.9591

Freundlich K f  (L/g) 0.1612
1V 1.0848
R l 0.9581

Indigo Langmuir Rm 11.7827
k l 0.0016
R l 0.9591

Freundlich K f  (L/g) 0.1951
A JiV 1.1592
R l 0.9581

Yellow cotton Langmuir Rm 24.0384
K l 0.0005
R l 0.9787

Freundlich K f (  L/g) 0.1040
N 0.9229
R l 0.9802
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Figure 4.11 Langmuir plots for adsorption of (a) indigo, (b) yellow cotton, (c) red 
orchid and (d) spirulina on ZnO.

Figure 4.12 Freundlich plots for adsorption of (a) indigo, (b) yellow cotton, (c) red 
orchid and (d) spirulina on ZnO.
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Figure 4.13 Experimental data (■ ), Langmuir model (—) and Freundlich model (- -) 
of (a) indigo, (b) yellow cotton, (c) red orchid and (d) spirulina on ZnO.

The experimental data showed that the correlation coefficients ( R f )  
values of Langmuir modei of Freundlich model were similar to the correlation 
coefficients (/?!). This result indicated that all dyes had homogeneous monolayer 
interaction at outer sphere worked together with heterogeneous multilayers. 
Moreover, adsorption was more favorable when 1 < ท <  10 (Satyanarayana e t  a l ,
1999) than desorption. For ท value, indigo showed the higher value than other dyes. 
This meant that adsorption capacity of indigo onto ZnO was highest.

4.4.6 Performance of Natural DSSCs
Figure 4.16 showed J-V characteristic curves of DSSC that sensitized 

with natural dyes. Table 4.4 showed the data acquired from measuring the 
photoelectric conversion efficiency of DSSC. The highest efficiency of DSSC which 
was prepared by indigo dye was 0.020% with short-circuit current (J sc)  of 0.426
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mA/cm2, open circuit voltage ( Voc) of 0.234 and fill factor of 20.1. The minimize 
efficiency of DSSC prepared by red orchid is 0.0005 %. The DSSC prepared from 
indigo dye showed the highest efficiency because indigo had broad absorption more 
than other dyes causing produced more electron and resulted in highest J sc value. 
Moreover, this was noted that the indigo was the best electron donor when compared 
with the others. In addition, indigo had the highest adsorption capacity onto ZnO 
causing why the DSSC based on indigo dye had the highest conversion efficiency.

Figure 4.14 The J-V characteristics of DSSC with natural dyes. Inset showed the 
enlarged curve of red orchid dye.

Table 4.4 The efficiency parameters of DSSC with natural dyes

Natural dyes Jsc (mA/cm2) Voc (V) F F  (%) ๆ r / o )
Indigo 0.426 0.234 20.1 0.0200

Red orchid 0.013 0.368 14.8 0.0005
* Spirulina 0.039 0.507 15.6 0.0171
Yellow cotton 

flower 0.203 0.168 11.4 0.0041
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4.5 Conclusions

In summary, the optical properties and absorption mechanism of all dyes 
was studied. For optical properties, the maximum absorption of red orchid, spirulina, 
indigo and yellow cotton in deionized water was 519, 620, 626 and 488 nm, 
respectively. Furthermore, the maximum absorption of each dye on ZnO was 
different when compared with dyes solution. From experimental data, the maximum 
absorption was shift to higher wavelength which was called bathochromic shift or 
red shift because of molecular interaction between ZnO and dyes. Moreover, kinetic 
adsorption and isothermal adsorption were studied to ensure the result in the optical 
properties. The pseudo-first-order and pseudo-second-order were the model which 
used to study the kinetic adsorption of dyes on ZnO. The result showed that all dyes 
were fitted to pseudo-second-order more than pseudo-first-order. It indicated that the 
interaction of all dyes was chemical adsorption process. For isothermal adsorption, 
the Langmuir model and Freundlich model were used to study how dyes interacted 
with ZnO. The isothermal adsorption result showed that correlation coefficient of 
Langmuir plot and Freundlich plot were significantly indifferent. Therefore, dyes 
interacted with ZnO homogeneous monolayer at outer sphere and also heterogeneous 
multilayers. Moreover, the ท values showed that indigo had the highest adsorption 
capacity. This caused the conversion efficiency of DSSC based on indigo had the 
highest value.
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