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Abstract 

The coscnsitization of a nanoslmctured Tie., electrode with the spectral complementary dyes, teh"asulfonated gallium ph[halvcy~niue 
(GaTsPc I and tetrasull~nated zinc porphyrin (ZnTsPP)+ is reported. For the liquid junction cell based on a nan~s t rnc~  Tin, electra~ 
cosensitized with GaTsPc and ZnTsPP molecules, co.,~nsitization extends the absorba~e into the region 400-750 nm, resulting ia an 
improvement of the light-harvesting efficiency and short-circuit photncurrcnt on illumination at 35.7 mW cnt --~. The photncun'em v~ponse 
at 685 rim, corresponding to the absorbance or" the. GaTsPc monomer, is strongly enhanced, probably due to the decrease in the surfm:c 
concentration of Ga'l'sPc molecular dimers and the possible formation of an extended ¢r system in GaTsPc/ZnTsPP heteroaggregates resulting~ 
front cosensifizafion of the electrode. © 1997 Elsevier Science S.A. 

Kev~twrds: Cosensilization; Hcteruaggregales; Molecular aggrcgalion: Nanos|mclurcd titanium dioxide electrode: Phot~ur~nt 

1. Introduction 

The nanoerystailine solar cell, recently developed by 
Gr=dtzel and coworkers [ 1,2], overcomes the low efficiency 
of conventional photoelectrochemical cells or solid ceils 
cau~d by the inefficient separation and transport of the pho- 
togenemted charge carriers [ 3-51 or the low absorbance [ 61. 
The annocrystalline solar cell is based on a dye-sensitized 
colloidal T i e ,  film with a very high suriace area. As a cou- 
sequence, a large number of dye molecules can be adsorbed 
directly onto the electrode surface, with simultaneous direct 
contact with the redox electrolyte, resulting in efficient sep- 
aration and transport of the photogenerated charge carders 
and efficient and rapid regeneration of the adsorbed dye mol- 
ecules [ 1 ]. [f a sufficiently large surface area of the electrode 
can be provided,even a monolayer of dye molecules adsorbed 
on the electrode will absorb most of the energy from the 
incident light photons [2l. In addition, the photogeoerated 
excituns (or charge carders), resulting from the adsorbed 
monolayer of dye molecules on the mic~porous electrode. 
are directly transported into the conduction band of the semi- 
conductor electrode. This injection mechanism avoids the 
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recombination loss of photogenemted excitons during diffu- 
sion towards the junction region, which is encountered in 
multilayer cells in which photogenemted charge carrots 
result from exciton dissociation by the built-in field at the 
junction region. 

In our laboratory, transparent and microporous T i e ,  elec- 
trodes with a large surface area of 50 have been fabricated 
[ 7-91. By the addition of hydroquinone to a liquidelectrolyte 
solution containing 0. I M Na_,SO4, the quantum efficiency of 
photoelectric conversion of the microporous Tie2 electrode, 
sensitized by zinc phthaioeyanin¢ substhuted with a carboxyl 
group, reaches about 20% at 690 nm [ 8 ] • which compensag's 
for the low efficiency or low absorbonce of the ruthenium 
bipyridine complex at the given waselength [ 1,2]. Unfortu- 
nately, the dimerie absorbance of tetmsulphouated phflmlo- 
cyanines (MTsPcs, M---Zn, Ga, Co. In, Tie,  H2) does not 
convert into photoeurrent [ 9 I, probably due to aggregation 
and orientation of the MTsPc molecules self-assembled on 
the nanostrucalred TiO_~ eicctred¢ via electrostatic interaction 
of the negatively charged sulfoante (SQ~-). The rapid inter- 
nai conversion in the phthaloeyanine molecular aggregate is 
believed to be the main deactivation pathway of pbotogener- 
ated excitons (or charge carders) [9,10]. In tiffs paper, we 
report the cosensitization of a nanostroetared TiO: eleca'odc 



4g H. Deng el aL I Jounial q/'Photochemi.~tO" and plu~t,bioh~gy A: Chemi.~trv I I0 f 1997) 47-52 

with tetrasu[phonated gallium phthalocyanine (GaTsPc) and 
tetrasulphonuted zinc porphyrin (ZnTsPP). Cosensitiz~qion 
results in an improvement of the light-harvesting efficiency 
and photoelectric conversion of the nanostructured TiO, 
electrode. 

"s,o Ex.pe_rim~_nlat details 

I"iO, colloidal solutions were prepared by the hydrolysis 
of tetrabutyl fitanate ((C~H,~O)~Ti) by a procedure similar 
to that described in Ref. [ 7 ]. The colloidal solution, on addi- 
fion of  2 wt.% polyl vinyl alcohol) I PVA ), was concentrated 
to the desired density by vacuum rotation evaporation. After 
the addition of 1.5 wt.% Triton X- I GO. the concentrated solu- 
tion (TiO2 content. I 0 wt.% ) was spin coated onto a freshly 
cleaned indium tin oxide (ITO; sheet resistance, 50 fill-l; 
transmission, 95% in the visible region) conducting glass 
sabstrate. The sheet resistance of the nanostructured TiO2 
electrode, finally obtained by a heating process similar to that 
described in Ref. [9l ,  was 500 f l / ~ .  Prior to dye sensitiza- 
tion. the nanostractured TIC), electrodes were soaked in HCI 
solution (pH 2) and dried naturally. 

GaTsPc and ZnTsPP were synthesized according to the 
m e t h ~ s  described in Ref. [ 111 and Ref. 1121 respectively; 
their molecular structures are shown in Fig. l (a )  and (b).  
For sensitization with GaTsPc or ZnTsPP dye molecules 
alone, the working electrode was obtained by plunging the 
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Fig. I. Molecular struclures of Ntrasulphotlated gallium phthalocyanine 
( GaT~Pc ) ( a ) and tewdsulphonatod zinc porphyrin ( ZnTsPP ) ( b ) and struc- 
ture of the liquid jura:lion cell he.~od on the nanostruetured TiO: electrode 
sensitized with GaTsP¢ or cosen~ilizod with GaTsPc and ZnTsPP ( t: ). 

TiO2 electrode into a 5 ×  10 ~ M solution of GaTsPc or 
ZnTsPP in dimethyl sulphoxide (DMSO) until the absorb- 
ance of the electrode showed no increase. For cosensitization 
with GaTsPc and ZnTsPP, the working electrodes were 
obtained by plunging the TiO_, electrode into a mixed .solution 
of GaTsPc and ZnTsPP in DMSO until the absorbanee of the 
electrode showed no increase. The total concentration of the 
mixed solution wus 5 x 10 -5 M. After the typical perform- 
ance of the cosensitized TiO2 electrode had been measured, 
GaTsPe and ZnTsPP on the TiO, electrode were washed away 
using 13.001 M NaOH solution, The resulting solution was 
used to analyse the amount of GaTsPc and ZnTsPP molecules 
adsorbed on the electrode. 

As shown in Fig. I (c ) .  the liquid junction solar cell lbr 
measuring the photocurrent consists of a sensitized or co- 
sensitized TiO2 electrode and a counter electrode separated 
by an electrolyte solution containing 0. I M KI and 0.05 M I_, 
in 0.0f31 M HCIO4. The counter electrode consists of ITO 
conducting glass, on which a thin layer of platinum {about 
10 rim) has been coated by physical vacuum deposition at 
10 -~ Torr. When light is incident through the counter elec- 
trode (the back electrode), ITO conducting glass is used as 
the back electrode. 

The morphology of the TiO_, electrode was examined by 
atomic force microscopy (AFM; DI Co., Nanoscope Ill). 
The film thickness of the electrode was examined by scanning 
electron microscopy ( SEM; JEOL, JSM-6300). The ab~rp- 
tion spectra were recorded with a Shimadzu UV-2201 UV-  
visible spectrometer. The photoeurrent was measured with a 
potentiostat (model CMBP- I ). Monochrommie illumination 
was obtained using a 500 W xenon arc lamp in combination 
with a grating monochromator (model WPG3D). The light 
intensity was calibrated using a model LM-5 laser power 
meter ( National Institute of Metrology, People's Republic of  
China). 

3. Results and discussion 
3.1. Spectral characteristics o f  the nanostruclured TiO, 
electrode cosensitized with GaTsPc and ZnTsPP @es  

The nanostructured TiO2 electrode, characterized by AFM, 
is composed of interconnected particles (40-60 rim) and 
pores as shown in Fig. 2 and has a thickness of 10 p.m. The 
specific surface area of the nanostructured TiO 2 electrode is 
characterized by the dimeric absorbance (see below ) in the 
case of sole sensitization by GaTsPc molecules. Assuming 
that a monolayer, with an area of 2 nm" for each molecule, 
completely covers the TiO2 electrode, and that the extinction 
coefficient of GaTsPc molecules is 3.27 × 107 cmz tool - ~ at 
620 nm [ 13], a specific surface area of the TiO= electrode of 
370 can be obtained by the formula given in Ref. [21, The 
• :ddition of PVA and Triton X-100 prevents the growth of 
larger TiO2 crystals and is beneficial to the formation of TiO2 
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Fig. 2. sulr~e ~ b i ~ y  Of t~  t,a,~,,Si~cit,~ ~0_. electron* by AFM. 
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Fig. 4. Absorpt ion spectra o f  the T iO  2 ele¢lrodes cusens idzed  with GaTsPc  

and  Z n T s P P  dyes  as  a fu n o , o n  o f  the molar  ratio o f  GaTsPe  molecules.  

nan.particles and the achievement of a larger specific surface 
area of  the TiO, electrode. 

The bare nan.structured TiOz electrode exhibits the fun- 
damental absorption edge of anatase at 390 nm in the UV 
region (Fig. 3(a) ) .  Fig. 4 shows the measured absorption 
spectra of the TiO~ electrode cosensitized with GaTsPe and 
ZnTsPP dye molecules. The nan.structured TiO_, electrode 

cosensidzed with GaTsPc anO ZnTsPP dye molecu,~:~, re'~eM~, 
the characteristic absorption of GaTsPc a~.l ZnTsPP m ~t~ 
visible region, whereas the TiO2 elecir~xk: ~nsitiz~d w : ~  
GaTsPc molecules alone reveals the characteristk: abs~'p~m 
of GaTsPc between 580 and 750 nm in the visible regk~n: 
therefore cosensitizadon of the electrode w~th CmTsPc ~ad 
ZnTsPP dyes extends the absorbance of the clcctnx~ in L~e 
visible region (460-750 am). "Gre ph~wcurrem rc~pow, e i~ 
the visible region results frou~ the absorbm~e of ~he dye 
molecules adsorbed on the TiO2 eleetrc4le. The |igM-har- 
vesting efficiency, which is defined as the Eracd*m of ir*cid¢ ra 
photons absorbed by the dye. is otmdued by imegr'eaio~ of 
the spectral overlap between the emission spectrum of 
light source and the absorption band oftbe cosens[tizod TiO: 
electrode. TiO2 electrodes sensitized with GaTsPc or Zr~TsW' 
alone harvest only [9.5% or 14.9% of the inck']cm l[gt~ 
energy flux. which is smaller than that of tim cosensi, iSzed 
electrode. Cosensitizatiou markedly enhances the light- -t~u'- 
vesting efficiency of the dye-sensitized TiO2 electrode, as 
shown in Table l. 

3.2. Molecuhlr aggregation ¢b~'GaTsPc ~m the cosensili:ed 
Ti02 electrode 

in DMSO, the absorption spectrum of GaTsPc obeys 
Beer's law over the concenmation range IO-~-IO - ~ M. ' ~  
GaTsPc spectrum at a concentration of 5 x l0 -~ M consists 
of a strong sharp *r-Tr* absorption between 650 and 7 t0 am. 
accompanied by a much w e b e r  vibeadonally coupled m~e]- 
Ihe b;tnd at 606 nm as shown in Fig. 3(b).  In previous stud,s.  
the narrow longer wavelength absorption at 675 nm has been 
attributed to a moo,merle phthalocyanine compound, andtbe 
broad peaiaily resolved absorption at 606 nm has been 
assigned as the ch~-actefistie absorption of the GaTsPc d i m ~  
[ 13,14[. The fact that the GaTsPc electronic spectrum in 
DMSO foflows Beer' s law shows that GaTsPc exists mainly 
as a rnouomer in DMSO. 

Compared with the GaTsPc spectrum in DMSO, the 
absorption spectra of GaTsPe molecules adsorbed and e,.~d- 
sorhed on the nanostractured TIC)_, electrode show striking 
differences (Fig. 4). When adsorbed or cmtdsod~d ou 
electrode, the absorption of the GuTsPc monomer extliMts a 
red shift of  5-15 om relative to that in DMSO. The red sMft 
of the GaTsPc moo.merle absorbance, given in Table I. is 
dependent on the molar ratio ( MR = [ GaTsl~ ] / ~. [ GaTsPc 1 
+ [ZnTsPP] ~ ) of GaTsPc molecules on the eosensidzod 
TiO2 electrode. The red ~ i f l  gradually increases up to a molar 
ratio of GuTsPc of 0.86. For GaTsPc molecules co'eAsor~d 
on the TiO2 electrode, a second strong, broad and well- 
resolved ~ - ~  absorption at 620 nm appears, with a n~mk- 
ediy increased intensity relative to the first z-*r* a b s ~ 6 o n  
and satellite band- a peak absorbanee fina[ly ,corns in the 
case of pure GaTsPc molecules. The *t-'r;'* transidou with a 
broader natural bandwidth is a result of mo|eeular ussecialio~ 
with cofacial phthalocyanine ring orientation [ t4,15] (Le. 
face-to-face tt-type aggregation L These results indicate ibe 
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Table 1 
Characteristics tit the GaTsPe molecules ad:,orhed or cuadsorbed on Ihe nanoslructurod TiO 2 electrode 

Molto" ratio Light-harvesting Sht,rt-circuit Wavelength I nm ) Optical density Concentration Molar ratio of 
oI'GaTsPc efficiency I c/~ ) photocurrem ( × l0-  ~ tool cm - 2 ) ,  dimer to monomer 

lirA cm 2) i F,i//~,,, ) 

1.00 19.5 I I0.0 685 62n 0.780 0.941 0.605 2.87 9.40 
0.93 30.4 246.1 695 620 0.829 0.7911 0.643 2,42 7.53 
0.86 26.5 370.6 682 620 0.698 0.558 0.541 1.711 6.28 
0.75 25.9 460.3 680 620 0.622 0.438 0.482 1.34 5.56 
0.39 27.9 771.0 680 620 0.518 0.400 0.402 1.22 6.07 
0.0 14.9 605.0 

* f'l A) = OD{ h )1~(A) I 1.21. where OD(A) and e(A) are the ,iptical density and extinction coefficient of the dyes al the given wavelength, respectively. 
The subscripts "'m'" and "M" denote the monomer and dimer. 
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Fig. 5. Abso~ance {ir surlacc cuncentration of GaTsPc molecular dimers as 
a function of the molar ratio of GaTsPe molecules. 

occurrence  of  h igher  order  molecu la r  aggrega t ion  o f  G aT s Pc  
on  the nanos tmeta red  TiO2 electrode. A s s u m i n g  that the 
d im er  is the highest  o rder  aggregate  and that the ext inct ion 
coefficient  o f  the GaTsPc  m o n o m e r  is equal  to 1.29 × I0  ~ cm 2 

m o l -  i 1 13],  it is  concluded that  GaTsP e  exis ts  main ly  as a 

cofacial  d i mer  adsorbed on  the nanostructured TiO_, elec- 

trode. Th e  absorbance  or  surface concentrat ion is  increased 

wi th  increas ing molar  ratio of  GaTsPc  molecules ,  as shown 
in Fig.  5. Th e  surface concentrat ion o f  G aT s Pe  d imers  and 
the mo l a r  ratio of  d imers  to monomer s  on  the cosensi t ized 
T i O  z electrode are g iven  in Table  I. In general ,  Z n T s P P  dop-  

ing decreases  the surface concentrat ion o f  the d i mer  and the 

mola r  ratio of  d imers  to m o n o m e r s  on the cosensi t ized 
electrode.  

Co mp ared  with the absorpt ion  of  the porphyr in  solut ion in 
D M S O  in Fig.  3 ( c ) ,  that o f  the f i lm shows  a red shift  o f  5 -  
I 0 nm in the St~ret and Q bands  ( Fig.  4 ) .  T h i s  indicates s t rong 

interaction ; .xtween the molecu les  se l f -assembled on  theT iOz  

electrode,  It has  been conf i rmed that the interaction between 

two  porphyr in  r ings leads to face-to-face molecu la r  aggre-  
gat ion wi th  offset  centres in solut ion and in crystals  I 161- O n  
this basis ,  we  conclude that  the red shift  is  due to the adopt ion 
o f  a face-to-face s tacking orientat ion in Z n T s P P  molecu la r  

aggrega tes  coadsorbed on the nanostruclured T i O ,  electrode; 

an extended and conjugated  face-to-face sys tem is formed 
with ~r orbital  overlap.  Such an extended and conjugated  
system within .'.he molecu la r  aggregates  lowers  the excitat ion 
energy of  the ~r-*r'* and n - w *  electron transi t ions,  resul t ing 

in a red shift  in the Soret  and Q band absorpt ion.  

3.3. Photoelectric conversion o f  GaZ*Pc molecules  on  the 

#tanostructared T iO 2 e lec tnMe 

Fig.  6 shows  the measured  short-circuit  photocurrent  o f  

the T ie . ,  e lectrede cosensi t ized with GaTsPc  and Z n T s P P  
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Fig. 6. Photocurrent action spectra of the liquid junction cell ba~cd on the 
cosensitizod Tie ,  electrode fo r  light incident through the working electrode 
{ a) and back electrode (counter electrode) (b). 
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dye molecules as a function of wavelength for light incident 
through the working electrode and the back electrode. The 
photneurrenl action spectra have been corrected for the 
absorption of incident light by the ITO conducting glass sub- 
strafe. The photocurmnt for light incident through the work- 
ing electrode is generally larger than that l.or light incident 
through the back electrode, which may be due to the light 
multi-reflection of the Pt-coated [TO counter electrode and 
the greater distance of transport of the photogenerated charge 
carders towards the Tin_, electrode in the latter. The photo- 
current action spectrum in the former is "'in-phase'" with that 
in the latter, indicating that the adsorbed dye molecules exist 
as a monolayer on the annestrocmred TiO~ electrode or, at 
least, the thickness of the ad~rhed or coadsorhed layer is 
smaller than the diffusion length ( 15 nm t.or phthalneyanine 
[ 17 ] ) of the photogeneruted charge carders or excitons. Oth- 
erwise, the "'in-phase'" relation would not be held according 
to the exciton dissociation theory developed by Ghosh ct al. 
[ 17 I. Therel'ore it is assumed, reasonably, that the sensitized 
dye molecules exist as a monolayer solf-assombled on the 
nanostructured Tin2 electrode. In addition, the "'in-phase'" 
relation between the photncurrem action spectraexcludes the 
possibility that the action spectrum of the former results from 
the filter effect of the adsorbed multilaycr of dye molecules. 

For the liquid junction cell based on the dye-sensitized 
T in :  electrode, the cosensitization of the nanostrucmredTiO2 
electrode markedly improves the short-circuit photocurrent, 
as shown in Table 1. on illumination at 35.7 mW cm -~, and, 
in particular, the photocarrent response on monochromatic 
illumination in the wavelength range 580-750 nm {see 
Fig. 6). The spectral complementarity of the GaTsPc and 
ZnTsPP dyes in absorption [see Section 3.1 ) and the pho- 
tocurrent response improve the photoelectric conversion of 
the cosensitized TiO~ electrode. For sensitization with Ga- 
TsPc dye molecules alone, the GaTsPc absorbanee in the 
region 430-630 nm is pqt converted into photocurrent, only 
that in the region 640-750 nm. For sensitization with ZnTsPP 
dye molecules alone, the absorhance of the ZnTsPP Sorer 
band in the region 400~-70 nm generates a strong photocur- 
rent response and that of the ZnTsPP Q band in the region 
500-650 nre shows a weaker photocurrent response. For the 
TiO_~ electrode cosensitized with GaTsPc and ZnTsPP dye 
molecules, a pholocurrent response in the broader region of 
400-750 nm is achieved, although the photneurrent resulting 
from the absothance of the ZnTsPP Sorer band is smaller than 
that in the sensitization with ZnTsPP dye molecules alone. 
Thus an improvement in the photoelectric conversion of the 
Tin ,  electrode is achieved. 

Cosensitization decreases the surface concentration of 
GaTsPcdimers (seeSection 3.2) onthenanostrucmredTiO., 
electrode and simultaneously enhances the photocurreat 
response of the GaTsPc monomeric Q band. For light ineident 
through the working electrode or back electrode, the absorb- 
ance of the GaTsPc dimer at 620 nm is not converted into 
photneurrent and only that of the GaTsPc monomer at 685 
nm generates a photneurrent for sensitization with GaTsPc 

~10.0 

;" 6.0 

0.0 
0.0 

a 

"-,,, 

""-  b 

' , d  

. . . . . . . .  ~ . . . . . . . . .  i . . . . . . . . .  = . . . . . . . . .  . . . . . . . . . .  I 
O.. ~ 0 .4  0 .6  0 .8  1.0 
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Fig. 7. Quantum elliciem:y I IPCE ) as a fm,,clion of the molar r~io of GaTsPc 
on monochromatic illumin~lion at 685 nm tbr light iacid~m ~J'ough hh¢ 
working electrode. 

dye molecules alone (Fig. 6). This result is in agreeme~ 
with previous observations [ 9 ], and is due to the rapid infer- 
nal conversion of the photogenerated excitons resulting from 
phthalocyanine molecular dimers and the anisoa'opy of  
charge transport for phthalncyanine compounds [ 18]. 
casensitization with GaTsPc and ZnTsPP dye molectdes, ~ e  
absorbanecs at 620 and 685 nm contribute to the generation 
of a photncurrent. Since, ['or sensitization with ZnTsPP dye 
molecules alone, the ZnTsPP absorbanee at 685 nm is r ~  
converted into a photocurrent, whereas that al 620 nm can 
generate a photncurrent, the pbut~:urrent response at 685 nm 
in the casensitized electrode is anributed to GaTsPc mono- 
merle absorhence. Fig. 7 shows the dependence of the inei- 
denbpho|on-to-current conversion efficiency (IPCE) at 685 
nm on the molar ratio of GaTsPc molecules; IPCE= 
12431sc × 100%/(MR × A XP+.). where Isc and P,. axe the 
short-circuit current density and the incident light power at 
the monochzomatic wavelength respectively. The IPCE val~e 
of 9.8% at MR = 0.39 is eight times higher than that ( [. 1% ) 
for sensitization with pure GaTsPc molecules alone. How- 
ever. the surface concentration of the dimer in Table I at 
MR=0.39 is half that at M R =  1.0, and not eight times 
smaller. Tberel.ore, in addition to the decrease in surface 
concentration of the dimer, another mechanism must lend to 
an increase in the photocurrent at the GaTsPc monomeric 
absorbance+ It is assumed that a heterodimer or heterordmer 
is formed between GaTsPc and ZnTsPP molecules during the 
cosensitization of the nanostrnctured T in :  electrode with a 
positive charge, although heteroaggregetion cannot he 
observed in the titration of  GaTsPc and ZnTsPP in DMSO. 
It has been confirmed that the face-to-face conformation of 
heterodimers and heterotrimers appears in supramolecular 
assemblies of porphyrins and phthalocyanines with oppo- 
sitely charged, stericully unhindered snbstituents [ 19]. The 
mixed effect may he due to the formation of low-lying charge 
transfer states [20] in these heteroaggregates as a result of 
the extended and conjugated face-to-face system with ~'- 
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orbital  over lap  be tween GaTsPc  and ZnTsPP.  Th i s  mecha-  
n i sm needs  to be invest igated further. 

4. Conclusions 

Cosensi t iza t ion wi th  GaTsPc  and Z n T s P P  molecules  
ex tends  the a b ~ r b a n c e  o f  the electrode,  and improves  the 

l ight-harvest ing efficiency and short-circuit  phezocurrent  o f  
the l iquid junc t ion  cell based on the cosens i t ized  TiO~ elec-  
trode. In particular,  the photocurrent  response at the G aT s Pc  
monoree~c  ~b~.'.':b_,a~ee is s t rongly enhanced,  due to the 
decrease  in the surface concentrat ion o f  GaTsPc  d imers  on 

the cosens i t ized  TiO_~ electrode.  Th i s  is not  sufficient to 

expla in  the s t r ik ing enhancement  in the short-circuit  photo-  
current  on  monochromat i c  i l luminat ion at 685  nm.  Another  
mechan i sm may  involve  the possible  format ion of  G a T s P c /  
Z n T s P P  heteroaggregates  dur ing  cosensi t izat ion.  
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