
ELSEVIER Journal of Photochemistry and Photobiology A: Chemistry 99 (1996) 71-74 

Jmmald 

AND 

~ CHIgMISTIP/ 

Aggregation and the photoelectric behavior of tetrasulfonated 
phthalocyanine adsorbed on a Ti02 microporous electrode 

Huihua Deng ~, Haifang Mao b, Bingjie Liang ", Yaochun Shen ", Zuhong Lu ~, Huijun Xu b 
a National Laboratory of Molecular and Biomolecular Electronics, Southeast University, Nanjing 210096. People's Republic of China 

h blstitute of Photographk" Chemistry. Academic Sinica, Be~jing lOOIOI, People's Republic of China 

Received ~0 March 1996; accepted 17 April 1996 

Abstract 

Absorption spectroscopy of tetrasulfonated Zn, Co, Ga, In, TiC and metal-free phthalocyanine on a transparent titanium dioxide lihn 
electrode, which is made up of interconnected particles and pores characterized by scanning electron microscopy, has been reported. "lhe 
chemical modification of the TiOa microporous electrode with tetrasulfonated phthalocyanine (MTsPc) extends its absorbance into the visible 
region. The tetrasulfonated phthalocyanine mainly exists as the dimer on the TiO2 microporous electrode. The photocurrent action spectroscopy 
shows that only the absorbance of the MTsPc monomer contributes to the photocurrent while that of the MTsPc dimer does not generate a 
photocurrent. 
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1. Introduction 

Organic photovoltage solar cells have been intensively 
investigated. The major advantages of organic cells in which 
an organic dye layer is used to extend the absorbance of a 
solar cell into the visible region are the full use of solar energy 
and the ease of hbrication and low cost. These devices con- 
ventionally have a sandwich structure in which an organic 
layer is interposed between the metal and semiconductor (or 
metal) electrode [ 1-4]. So far, however, the power conver- 
sion efficiency is poor at about 1%. Whether in the form of a 
photoelectrochemical cell or a solid cell, the low efficiency 
in the organic photovoltaic cell is due to the low efficiency 
of charge carrier separation and transport if the dye layer is 
thick [ 3,41 or due to the low absorbance if the dye layer is 
thin [5]. The conventional approach to improve the energy 
conversion efficiency is to increase the conduction of the dye 
by doping with an appropriate sensitizer such as iodine or 
Agl [ 3,6]. Recently, a Swiss research group has developed 
several concepts in order to overcome the above two limita- 
tions. The surface area of the transparent electrode was 
increased so that a large number of dye molecules can be 
adsorbed directly on the electrode's surface and simultane- 
ously be in direct contact with the redox electrolyte, which 
results in efficient separation and transport of the photoge- 
nerated charge carrier [7 ]. If a sufficiently large surface area 
of the electrode can be provided, even a monolayer of dye 
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molecules adsorbed on the electrode could absorb most of 
the incident photons [8]. In our laboratory, a microporous 
electrode with a large surface area had been fabricated [9]. 
The quantum efficiency of the microporous electrode sensi- 
tized with zinc phthalocyanine reaches about 20% at 690 mn 
[ 10]. However, we found that the absorbance of the tetra- 
sulfonated phthalocyanine (MTsPc) dimer does not convert 
into a photocurrent. In this paper, we first report the photoe- 
lectric behavior of the MTsPc aggregation, especially for the 
dimeric phthalocyanine adsorbed on the TiC2 microporous 
electrode in detail. 

2. Experimental details 

TiC2 colloidal solution were prepared by hydrolysis of 
tetrabutyl titanate ((C+HgO)+Ti) by a similar procedure to 
that described in [71. The colloidal solution on addition of 
2% poly(vinyl alcohol) was then concentrated to a desired 
density through vacuum rotation evaporation. The concen- 
trated solution was spin-coated on a corducting glass (indium 
tinoxide (ITO), 50/2/[:]) substratc. This was heated in air 
in a furnace in which the temperature was increased gradually 
to 723 K and then keep at 723 K for ½h. The conductivity 
(500 J2/D) of the film can be achieved hV finally annealing 
at 823 K under nitrogen gas flow for another ½h. 
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Fig. 2. The structure of the microporous TiO~,/MTsPclelectrolyt¢ liquid 
iuncUon cell, 

The tetrasulfonated Zn, Co, Oa, In, Tie, and metal-free 
phthalocyanines were synt~wsized by us according to the 
method in [ I I l, and the molecular structures are shown in 
Fig. i. The working electrode was obtained by plunging the 
above TiOa electrode into a 5 × 10 ~'* M solution of the tetra- 
sulfonate phthalocyanine in dimcthyl sulfoxide (DMSO). 

To form the final cell, a drop of liquid electrolyte, which 
contained 0,1 M KI and 0,05 M iodine in 0,001 M HCIO4 
solution, is placed on the film to percolate into the pores of 
the microporous electrode. A counter electrode of ITO con- 
ductive glass, on which a thin layer of platinum has been 
physically vacuum deposited at 10+' T~n, is placed on top 
and the sandwich is illuminated through the Tie,, support as 
shown in Fig. 2, 

The morphology of the Tie2 electrode was examined by 
scanning electron microscopy (SEM) (Fig, 3), The absorp- 
tion spectra ofthe MTsPc/TiO~ electrode were recorded with 
a Shim~lzu UV-2201 UV-visible spectrophoton,eter, The 
~otocurrent and photovoitage were measured with a poten- 
tiostat model CMBP-I. Monochromatic illuminatioa was 
obtained using a 500 W xenon arc lamp in combination with 
a grating monochromator model WPG3D. The intensity was 
calibrated using a model FP-3 radiometer-photometer, 
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Fig. 3, Molphology of the 'rioa microporous electrode, 

3. Results and discussion 

3.1. Absorption spectroscopy of the MTsPclFiO: 
microporous electrode 

The absorption spectra of the Tie:  electrode with and 
without a coating of MTsPc have been measured and are 
shown in Fig. 4. The bare TiOa films are transparent and 
colorless, displaying fundamental absorption onset of anatase 
at 390 nm (band gap energy, 3.2 eV) in the UV region. The 
MTsPc/TiO2 electrodes all reveal the characteristic absorp- 
tion between 580 and 750 nm in the visible region, indicating 
that the sensitization of the TiO~ electrode with MTsPc dye 
molecules could extend the absorbance of the electrode into 
the visible region. The electrode, characterized by SEM, is 
composed of interconnected particles ( 50 -70  nm) and 
pores as shown in Fig. 3 and is found to have a thickness of 
I0 urn. The specific surface areas of Tie2 microporous elec- 
trode have been listed in Table I, which can be derived from 
a similar method to that described in [ 81 by assuming com- 
plete monolayer coverage on TiO., electrode and a 2 nm 2 area 
for each molecule. At A = 6 ! 5 nm, the optical density of the 
ZnTsPc/TiO: electrode and the extinction coefficient of the 
ZnTsPc dye are about 1.08 and 2.7 × 10" cm ~ reel + i [ 121 
respectively. For the ZnTsPclTiOa microporous electrode, a 
specific surface area ofhO is obtained, which is the maximum 
for the MTsPc/TiOa electrodes. 

1.5 ~ TiO~ electrode 
- . - - -  ZnTsPc - -- GoI'sPc 
- - -  CoTaPc ~ . . . .  I.;sPc _ 

, i  . . . . .  FiITsPc / ~  
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Fig. 4. Absorption spectra of the bare Ti02 electrode and the MTsPc on the 
microporous electrode, using an ITO conducting glass as a reference. 
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Fig. 5. Photocurrent spectra of the liquid junction cell based on the MTsPc/ 
TiOa electrode. 

In DMSO, the MTsPc spectra obeyed Beer's law over the 
acce~,sible concentration range ( 1 0 - 6 - 1 0  -3 M). The 
MTsPe spectra at a concentration of 5 × I 0 ++ '* M consist of a 
strong sharp Ir-~r* absorption of MTsPe between 650 and 
7 ! 0 nm accompanied by a weaker vibrational coupled satel- 
lite band at around 610 rim, indicating that there is weaker 
intermolecular interaction and MTsPc exists mostly as a mon- 
omer in DMSO. On the Tie2 microporous electrode, how- 
ever, shoulders at around 690 nm, which generally could be 
assigned as the monomeric MTsPc Q band, were observed 
while the peak at around 610 nm is strikingly enhanced except 
for lnTsPc, indicating the occurrence of molecular aggrega- 
tion of MTsPc on the Tie2 electrode [ 13 ]. The peak at around 
610 nm can be assigned as the dimeric MTsPc Q band [ 14], 
which has a blue shift of 30--50 nm relative to the monomeric 
characteristic absorption. Hence, MTsPc exists mainly as the 
dimer on the Tie2 mic.roporous electrode with a minority of 
the MTsPc monomer except for InTsPc. 

3.2. Photocurrent (or incident-photon-to-current 
conversion ef#ciency) action spectroscopy 

Fig. 5 shows the measured short-circuit photocurrent of 
the MTsPc/TiO2 electrode as a function of wavelength. The 
spectra have been corrected for the absorption of incidem 
light by the conducting glass su~strate. The incident-photon- 

to-current conversion efficiency (IPCE), as listed in Table 
14 is calculated from IPCE= 1243Isc× 100%/APi, [7], in 
which Is~ and Pm are the short-circuit current density and the 
incident light power at the monochromatic wavelength 
respectively. Considering the actual part R,b of the incident 
light absorbed by the dye molecules, the quantum efficiency 
'r/can be derived from 'r/= IPCE/R,b at the monochromatic 
wavelength as listed in Table 1. In contrast with the absorp- 
tion spectra, it is found that the maximum of the short-circuit 
photocurrent occurs only at around 690 nm whether the 
maximum absorbance of the MTsPc/TiO2 electrode is at 
around 690 nm or not. Although the maximum absorbance 
of the MTsPc/TiO2 electrode in the case of the Zn, Co, Ga, 
T ie  and H2 compounds is at around 610 rim, the short-circuit 
photocurrent at around 610 nm is almost zero. Hence, it is 
generally concluded that only the absorbance of the MTsPc 
monomer adsorbed on the Tie2 microporous electrode gen- 
erates the photocurrent while that of the MTsPc dimer does 
not convert into the photocurrent. 

3.3. Exciton model 

The photoelectrical behavior of the M'rsPc aggregation 
adsorbed on the Tie2 microporous electrode can be explained 
as follows. The MTsPc monomer adsorbed on the surface of 
the Tie2 electrode are nearly all in direct contact with the 
Tie2 particle. Because the energy level of the singlet is 
located above the Tie2 conduction band as shown in Fig. 6, 
the band energies of which are taken from [ 15,16 ], the pho- 
togenerated carriers can be easily transported into the con- 
duction band of the Tie2 semiconductor, forming the 
photocurrent collected by the ITO electrode 

Tetrasulfonated phthalocyanine is adsorbed on the Tie2 
particle by a chemical bond with sulfonate ( SO3+ ) rather than 
with tae central metal because there are excess positive 
charges on the TiO2 electrode. The adsorption of metal-free 
tetrasulfonated phthalocyanine on the Tie2 electrode sub- 
stantiates this assumption. Thus the Pc planar ring is tilted to 
the spherical Tie2 particle and is not tangent to the Tie2 
particle. The photogenerated charge carriers resulted from 
the dimer preferably transfer to the electrolyte ( I 3 / I - )  in 
the electrolyte solution along the stacking direct;qn of the 

Table I 
The perfonnmlce characteristics of the MTsPc/TiO2 microporous electrode 

Species Wavelength A Optical Specific Wavelength A 
(ran) density ODd surface area (nm)" 

Optical Photocurrent I,, I PCE (%) Quantum 
density ODin ( n A )  efficiency 

(%) 

ZnTsPc 6 ! 5 i .08 50 (700) 
GaTsPc 620 0.94 42 688 
CoTsPc 628 0.72 32 (700) 
InTsPc 645 0.46 20 697 
TiOTsPc 635 0.45 20 (690) 
H2TsPc 609 0.52 23 (700) 

0.34 175 2.1 5.7 
0.78 70 0,82 I,I 
0.50 70 0.84 1.7 
0,69 45 0.30 0.43 
0.23 45 0,30 1,3 
0,22 50 0.33 1,5 

ODd, optical density of monomer; ODin. 
"With shoulders in parentheses. 
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dimerization of dye molecules [ 13]. So the dimeric absorp- 
tion cannot generate the photocurrent. 

Only the absorbance of the MTsPc monomer adsorbed on 
TiO2 microporous electrode contributes to the photocurrent 
while that of the MTsPc dimer on TiO2 electrode does not 
convert into a photocurrent. So increasing the absorbance of 
the MTsPc monomer and decreasing the density of the MTsPc 
dimer on the TiO2 microporous electrode are efficient means 
of improving the energy conversion efficiency. 

CB:Conduction Band VB:Vzlence Band 
g:gxclton State(ringlet) ET:Tripletstate G:GroondState 

Fig, 6, I~tergy level diagram of the Tin= electrode. MTsPc monomer and 
dimef: CB. conduction band'. VB. valence band; E. exciton state (singles); 
I~,. triplet state; G. ground ,tale. 

dimeric molecules [ 17] rather than transport into the con° 
duction band of Tin= semiconductor because of the overlap 
between the intermolecular fr conjugated electron orbital in 
the MTsPc dimer. In addition, the overlap of the intermole- 
cular ~ conjugated electron orbital within the phthalocyanine 
dimer leads to a band split [ 18] as shown in Fig. 6, which 
explains well the blue shift of the absorbance in the dimer 
with respect to that in the monomer in the visible spectra. The 
absorbance of the dye molecules at around 610 nm (cone. 
spending to a photon energy of 2.04 eV) can cause electron 
transfer to the excited state E" because transitions from the 
ground state to the excited state E' are forbidden while tran. 
sitions from the ground state to the excited state E" are 
allowed [18]. In terms of the rapid internal conversion 
between singlet states, the excited electron in the exciton state 
E" transfers to the exciton state E', whose energy level is 
located under the conduction band of TiO: semiconductor. 
The subsequent radiationless transition from the exciton state 
E' to the lower triplet state Er quenches the excited electron. 
The absorbance at around 610 nm can be attributed to the 

References 

[ I ] A.K. Ghosh. D,L. Morel, T, Feng, R.S, Shaw and C.A. Rowe, J. Appl. 
Phy,,,, 45 (1974) 230, 

[21 F,R. Fan and L,R. Fanlkner. J. Chem, Phys,, 69 (1978) 33.34, 
[3] G.D. Sbetma. S.C. Mathur and D,C. Dube, J, Mawr, $ci,, 26 ( 1991 ) 

6547, 
[41 W.A. Nevin and G,A. Chamberlain° J, Appl, Ph~ *,. 69 ( 1991 ) 4324, 
[5]H. Geflseber, in M. Schtavello (ed,), Ph~,++~declrochemk, try, 

f'hotocaraly.~ts and Pbotoreaaion, Reidel, Dordrecltt, 1985. 
{6] W.A. Nevin and G,A, Chamberlain, J, Apld, l)hys,. 68 (1990) 5247, 
[7] B, O'Regan, I, Maser, M, Anderson and M, Gratzel, J, Phys, Chem,. 

94 (1990) 8720. 
[8] B. O'Rcgan and M. Gratzel, Nature. 253 ( 1991 ) 737. 
[9] Y,C. Sben, ZH. Lu and Y. Wet, Chin. Sci. Bull., 39 (1994) 2238. 

[ 10] Y.C, She.n, L. Wang, Z.H. Lu, Y. Wet, Q.F. Zhou, H.F. Man and HJ. 
Xu. Thin Solid Film.,. 257 (1995) 144. 

[ I ! ] H. All, R. Langlois and J,R, Wanger, J, Photochem, Photobiol.. 47 
(1988) 713, 

1121 L.D. Rollm~ and RN. Iwamoto, J. Am. Chem. $oc., 90 (1968) 1455. 
[13] J.X. Liu, L.G. Xu, S.Y. Sben, Q.F. Zhou, T.K. Li and H.J. Xu, J. 

Photochem, Photobiol.. A: Chem,. 71 (1993) 275. 
[ 14l W,A, Nevin, W, Liu and A,B.P, Lever, Can, J. Chem. 65 (1987) 855, 
[ IS] F,F, [:an and AJ. Bard, J. Am. Chem. Sac.. !01 (1979) 6137. 
[ 161 J.R. Darwent, I. McCubbin, D. Phillip, J, Chem. So¢., Faraday Trans., 

7~ ( 1982 ) MT. 
[ 17] C.J. Schramm, R.P. Scaringe, D.R. Stojakovic, B.M. Hoffman, J.A. 

Iher~ and T J. Marks. J. Am. Chem. Sac.. 102 (1980) 6702. 
1181 G.I.. Levinson. W.T. Simpson and W. Curtis, J. Am. Chem. Sac.. 79 

(t957) 4314. 


