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Influence of dye molecular structure on electron transfer
in 2,9, 16, 23-tetracarboxy zinc phthalocyanine sensitized solar cell
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Abstract: 2, 9, 16, 23-tetracarboxy zinc phthalocyanine
(ZnTCPc) is synthesized and characterized by physicochemical
and theoretical methods and it is used as a photosensitizer in
dye-sensitized solar cells (DSSC). The excited lifetime, band
gap and frontier orbital distribution of ZnTCPc are investigated
by fluorescence spectra, cyclic voltammetry and quantum
calculation. The results show that the excited lifetime and band
gap are 0.1 ns and 1.81 eV, respectively. Moreover, it is
found that the highest occupied molecular orbital ( HOMO)
location is not shared by both the zinc metal and the isoindoline
ligands, and the lowest unoccupied molecular orbital( LUMO)
location does not strengthen the interaction coupling between
ZnTCPc and TiO,. As a result, the ZnTCPc-DSSC gains a
short-circuit current density of 0. 147 mA/cm’, an open-circuit
photovoltage of 277 mV, a fill factor of 0.51 and an overall
conversion efficiency of 0. 021% .
Key words: zinc phthalocyanine; solar cell; frontier orbital;
electron transfer
doi: 10. 3969/j. issn. 1003 —7985.2011. 04. 021

ye-sensitized solar cells (DSSC) have attracted much
D attention due to low cost and high efficiency'". The
key operation of the DSSC is based on ultrafast photoin-
duced electron injection from the sensitizer into the conduc-
tion band (CB) of the oxide semiconductor. So far, ruthe-
nium polypyridyl dyes have been proved to be effective sen-
sitive dyes for the DSSC, such as Ru(bpy),(NCS),(N3),
(Bu,N),-Ru ( debpyH ), ( NCS), ( N719), and Ru
(H,tcterpy) (SCN),( C,H,),NH (black dye)™. These Ru-
dyes comply with several requirements as follows: First, the
Ru-dyes have the light-harvesting capacity and the anchoring
group to gain light energy and be adsorbed on TiO, surface,
respectively. Secondly, their lowest unoccupied molecular
orbital (LUMO) energy level is higher than the TiO, CB en-
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ergy level, which ensures the photoelectron injection from
the excited dyes into the CB edge. Thirdly, their highest
occupied molecular orbital (HOMO) energy level is lower
than the redox energy level, which ensures regeneration
from the oxidized state of Ru-dyes to the reduced state.
Though a conversion efficiency of 11% has been achieved
in Ru-dye DSSCs"™', ruthenium is a scarce resource and its
complexes lack near-IR absorption. Considering the cost,
stability and near-IR light-harvesting, phthalocyanine is one
of the most promising sensitizers. However, most of phthal-
ocyanine-sensitized solar cells exhibit poor performance,
owing to strong aggregation, poor solubility and lack of di-
rectional electron transfer in the excited state'*”'. Since it is
very difficult to calculate and demonstrate all the necessary
parameters in the DSSC system, the typical problems should
be solved preferentially, such as frontier orbital locations,
energy level distributions and their relationships to photovol-
taic properties. Nonetheless, the influence factors of the de-
vice performance can be conformed by the spectral, electro-
chemical and quantum calculation methods.

In this paper, 2,9, 16, 23-tetracarboxy zinc phthalocya-
nine (ZnTCPc) is synthesized by ammonium molybdate sol-
id phase catalysis. Compared with the N3-DSSC, the per-
formance of ZnTCPc-DSSC is investigated by experimental
and theoretical analysis, such as the light absorbance, the
excited electron state lifetime, the dark current, the energy
level distribution and the frontier orbital location.

1 Experimental Section
1.1 Material and methods

The TiO, powder and fluorine-doped tin oxide transpar-
ent glass (FTO, sheet resistance 10 ()/cm”) were purchased
from Degussa and Asahi. All other reagents from Aldrich
were used without further purification. Elemental analysis
was monitored by Perkin-Elmer240C. IR, UV-vis, fluores-
cence emission and decay spectra were characterized by
Nicolet750, Shimadzu2201 and Edinburgh900. The cyclic
voltammetry ( CV) of ZnTCPc was carried out on a
CHI660B electrochemical workstation with the platinum
working electrode, platinum counter electrode and Ag/Ag-
NO, reference electrode. The electrode potential was cali-
brated with respect to the ferrocene/ferrocenium ( Fc/Fc™)
couple. The CV experiments were performed in a dry box
under N, atmosphere at room temperature. Photovoltaic
properties were measured by Keithley under Oriel solar sim-
ulator ( AMI1.5, 100 mW/cm’) illumination. Equipped
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with a monochromator, IPCE was measured.
1.2 Preparation and structure of ZnTCPc

Dehydrated zinc chloride of 4.1 g, trioctyl trimellitate
(TOTM) of 10.6 g and ammonium molybdate of 0.8 g
were ground in an agate mortar. The mixture with urea of
40 g was heated to 150 C with vigorous stirring. These
pastes were maintained at 150 C for 1 h and then at 200 C
for 1 h until the viscous blue pastes were obtained. After
cooling to room temperature, the blue powder was ground
into fine particles and refluxed with 2 mol/L hydrochloric
acid for 24 h. The foaming precipitates were collected by
hot filtration, washed by ethanol and dried at 120 C. The
dry precipitates of 1.0 g were refluxed in a 0. 5 mol/L po-
tassium hydroxide aqueous solution for 24 h. Finally, the
pH value of the mixed solution was adjusted to 6 by hydro-
chloric acid.

Elemental analysis of C,;H,,N,O,Zn (MW 753. 97) was
performed. Experimental: C 52.59%, H 3.12%, N
16.22% ; calculated: C 54.73%, H 2.55%, N
14.18% . IR spectra (em™'): 3 352 (s, OH-carboxylic
acid), 1697 (s, CO-arylcarboxylic acid), 1611 (s, C=
Caryl), 1 520 ( CN-conjugated cyclic system), 1 336
(m), 1086 (w). Uv-Vis spectra (nm, in DMSO): 688,
619 and 345.

1.3 Computational methods

The frontier orbital localization of ZnTCPc was calculated
by the density functional theory ( DFT) using Gaussian 98
which ran on a Pentium IV PC. The geometries of the
ZnTCPc molecule were optimized with the B3LYP function-
al and the 3-31G(D) basis set.

1.4 DSSC fabrication

TiO, of 6. 0 g, glacial acetic acid of 12 g, ethyl cellulose
of 2.0 g, polyethylene glycol of 2. 0 g and Triton X-100 of
0. 1 mL were mixed and ground in a mortar. The slurry was
spread onto FTO substrate through screen-printing. After
sintering at 450 C for 30 min and cooling to 80 C, the
TiO, film electrode was immersed in the saturated ZnTCPc/
DMSO solution overnight. The electrolyte consisted of
0.5 mol/L lithium iodide, 0.05 mol/L iodine and 0.5
mol/L 4-tertbutylpyridine in propylene carbonate. The
sandwich device with an active area of 0.20 cm’ included
ZnTCPc-sensitized TiO, film electrode, -electrolytes and
platinized FTO counter electrode.

2 Results and Discussion
2.1 Spectra and electrochemical properties of ZnTCPc

It is well-known that the absorption spectrum of N3 is
dominated by metal to ligand charge transfer (MLCT) tran-
sitions in the visible region with the lowest allowable MLCT
bands appearing at 385 and 530 nm'”. As shown in Fig. 1
(a), ZnTCPc has typical B-band (279 nm) and Q-band
(619 and 688 nm) absorption. Generally, Q-band absorp-
tion is assigned as MLCT transition to absorb the near-IR
solar radiation'”. After ZnTCPc is absorbed by TiO, film

electrodes, the absorption bands shift from 688 to 703 nm,
and furthermore, the corresponding peaks appear to be
broad in TiO, films. The absorbed bands of monomer and
dimer shift towards the long wavelength region. The results
indicate that the LUMO energy level of ZnTCPc is lower
than that of N3. However, the dimeric peak still exists, lo-
cating at 635 nm. The excess of dimers are absorbed on
TiO, surface as a filter, decreasing the light-harvesting and
hindering the injecting electrons transfer from excited dyes
to semiconductors.

The emission peak (685 nm) of ZnTCPc shown in Fig.
1(b) is obtained at room temperature in DMSO solvent.
Interestingly, the quenched emission spectrum is observed
when the ZnTCPc is adsorbed onto TiO, layer as a conse-
quence of electron injection from the excited state of
ZnTCPc into the CB of TiO,'. The phenomena can be
explained by the efficient electron injection from the excit-
ed singlet state of phthalocyanines to the semiconductor
CB"'. Both the broadened UV-vis absorbance and the
quenched emission indicate strong interactions between the
ZnTCPc and TiO, film surfaces. The above results prove
that ZnTCPc-sensitized TiO, electrodes are suitable for
DSSC in terms of the light absorbance and the electron in-
jection.
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Fig.1 Spectra comparison. (a) UV-vis; (b) Fluorescence emission

The CV data can evaluate the energy levels of HOMO
(Eyomo) and the energy levels of LUMO (E|,,) Wwith the
help of the maximum UV-vis absorption of dyes. As shown
in Fig.2(a), CV curves offer us only one oxidation peak
(0.99 V vs. Ag/AgNO,, pointed by the arrow). The ab-
sorption onset of ZnTCPc is used to calculate the energy gap
E,, E,omo and E, ,, as follows:
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EHOMO :on _EFC/FC' +4' 8 (1)
1240

Be= 2)

E o = Exomo — Eg (3)

where E__ is the oxygen potential of ZnTCPc and A, is the
absorption threshold (A, =688 nm) of ZnTCPc in the
DMSO solution. To thermodynamically judge the possibility
of electron transfer from the excited dye to the CB of TiO,,
the E\ o0 and E, o of ZnTCPc can be established from the
spectral and electrochemical properties. The corresponding
data are summarized in Tab. 1.
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Tab.1 Data of ZnTCPc absorption spectra and electrochemistry

Sample Absorbance peak/nm  Eyono/€V Erymo/eV  E,/eV
N3!ol 311 385 530 -5.52 -3.84 1. 68
Experimental 279 619 688 -5.79 -3.99 1. 80
Theoretical -5.52 -3.24 2.28
Ref. [10] 680 -6.21 -4.40 1.81

From the present data, no function can be assigned to the
oxidation of the metal center or the oxidations of the macro-
cycle in ZnTCPc molecule. If one or more zinc redox
processes occur at potentials lying between the ZnTCPc oxi-
dation and reduction, we may infer that one or more zinc d
levels lie between the ZnTCPc HOMO and LUMO orbitals.
So we cannot clearly confirm that the excitation of ZnTCPc
involves transfer of an electron from the metal to the 7~ or-
bital of the ligand until the position of a zinc d level is con-
firmed. According to Tab. 1, the scheme of energy levels of
DSSC is described as a thermodynamical process in Fig. 2
(b). The Euy and E, ,,, of ZnTCPc match the energy lev-

els of TiO, and the potential of 1™ /I, redox couples. The
lower the E,,,, of ZnTCPc excited state is, the more diffi-
cult the electron-transfer reaction. The more the negative
E om0 18, the better the dye regeneration by electron dona-
tion from I /1; .

Previously, theoretical investigations on N3 have mainly
been performed by means of semiempirical, DFT and ZIN-
DO/1 calculations'™*™""". In Fig. 3, atoms in red, gray,
white, blue and lilac correspond to oxygen, carbon, hy-
drogen, nitrogen and zinc, respectively. The HOMO loca-
tion is not distributed on the zinc metal but is distributed on
the isoindoline ligands. Correspondingly, the HOMO - 1
location has amplitudes on the zinc metal and inner rings.
The result suggests that the HOMO level is not actually
shared by both the zinc metal and the isoindoline ligands.
Obviously, the symmetry structures of ZnTCPc cause a
low dipole moment for the transition from Zn-2, 9-tetracar-
boxylic orbitals to the 16, 23-tetracarboxylic orbitals,
which induces an unfavorable MLCT transition. Analo-
gously, LUMO and LUMO + 1 are localized homogene-
ously in the whole molecular, but do not focus on the car-
boxylic groups. In other words, the large-scale participa-
tion to the LUMO and LUMO + 1 orbitals may reduce the
interaction coupling between the dye and the semiconduc-
tor. The phenomena indicate that the interaction coupling
between ZnTCPc and TiO, has been weakened; that is to
say, the zinc d levels do not make a contribution to the
MLCT process of ZnTCPc. The low efficiency of injecting
electrons will not contribute to an excellent DSSC charac-
terization. On the contrary, LUMO and HOMO in N3
have each undertaken obvious functions'''. On the one
hand, the NCS ligands share the HOMO with Ru metal;
especially the NCS groups inserting the electrolyte may fa-
cilitate reduction by 1. On the other hand, the bpy rings
share the LUMO with the COOH groups, ensuring electron
transfer from the excited state to the conductor band of
TiO,. Considering the above-mentioned analysis, the fron-
tier orbital locations of N3 help the electron injection and
dye regeneration further.
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Fig.3 Distribution of frontier orbitals. (a) LUMO; (b) HOMO;
(¢) LUMO +1; (d) HOMO -1

In terms of kinetics and mechanism, the conversion ef-
ficiency is also influenced by the electron injection rate
and the recombination rate. The fluorescence decay of
ZnTCPc shows a nonexponential behavior in Fig. 4. It
can be estimated that the excited state lifetime of ZnTCPc
is around 0. 1 ns. Obviously the rate of electron injection
should be much faster than that of the fluorescence decay
of the sensitizer dye. While N3 emits at 750 nm, the ex-
cited state lifetime is 60 ns''"!'. Under the same condition
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of electron trapping within the defect/surface states of the
TiO, film, the recombination rate of the ZnTCPc-sensi-
tized TiO, film must be greater than that of the N3-sensi-
tized TiO, film'"'.
DSSC drops sharply and the corresponding overall con-
version efficiency n behaves badly.

As a result, the photocurrent of
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Fig.4 Fluorescence decay spectra for ZnTCPc in DMSO solution

2.2 Photovoltaic performance

The photovoltaic properties of ZnTCPc-DSSC and N3-
DSSC are shown in Tab. 2. The formulae of these parame-
ters are given. The IPCE is plotted as a function of the exci-
tation wavelength, which is determined at 10 nm intervals
from 400 to 800 nm:

1240 I,

IPCE =
AP,

(4)
where [, and P, are the photocurrent and the power of the
incident radiation per unit area, respectively; and A is the
wavelength of the monochromatic light. No corrections are
made for absorption and reflection in the substrate. For re-
generative photoelectrochemical systems, V_ is defined by

I .
v, = k—Tln( i )
e ncbkelCI(

()

where k is the Boltzmann constant; 7 is the absolute temper-
ature; e is the quantity of electric charge; C. is the I, con-
centration; [, is the flux of charge resulting from electron
injection from the sensitizing dye; n, is the concentration of
electrons at the TiO, surface; and k, is the rate constant for
I, reduction by CB electrons. The fill factor and 7 are de-
fined by

Vmaxlmax
Fe=va. ©
n= TF x 100% (7

in

Tab.2 Photoelectrochemical data of the dye-sensitized
solar cells based on ZnTCPc and N3

Sensitization N3¢l ZnTCPc  ZnTCPc/lauric acid
Abs/nm 530 688 688
IPCE/% 83 0.37 0.62

I./(mA + cm~?) 18.2 0. 147 0. 163
V,./mV 720 277 289

Fr 0.73 0.51 0.56

% 10 0.021 0. 026

where V. I and I are the photovoltage, the photocur-
rent for maximum power output, and the short-circuit pho-
tocurrent, respectively; V. and P, are the open-circuit pho-
tovoltage and the intensity of incident light.

The IPCE curves of the device based on ZnTCPc are
shown in Fig. 5(a). The broad IPCE curve for ZnTCPc
covers almost the near-IR region from 500 to 800 nm with a
maximum of 0.37% . After the lauric acid is absorbed by
the TiO, film electrodes, the corresponding IPCE values rise
from 0.37% to 0.62% at 688 nm. Maybe the ZnTCPc ag-
gregation is suppressed by the lauric acid membrane and
then the aggregated filter effect becomes weak. The above
factor improves [, values. Hence, both [ and 5 also grow

from 0.147 to 0.163 mA/cm’ and from 0.021% to

0.026% , correspondingly. While the visible region makes
the main contribution to the high IPCE of N3, especially
from 350 to 700 nm with a maximum of 83% . So the I

and 7 of N3-sensitized solar cells achieve 18. 2 mA/cm” and
10% , respectively(see Tab.2). Though the extinction coef-
ficient of ZnTCPc (&30~ 10° mol/(L - cm) is close to
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that of N3 (g, = 10* mol/(L - cm), the ZnTCPc solubili-
ty (Cprepe= 107" mol/L) is much poorer than the N3 solu-
bility (Cy, = 10" mol/L). Therefore, the light-harvesting
yield of ZnTCPc is much lower than that of N3. At the
same time, the zinc d levels do not lie between the ZnTCPc
HOMO and LUMO orbitals according to the above experi-
mental and theoretical suppositions. These facts directly re-
sult in a low electron-injection yield and then the IPCE val-
ues become correspondingly weak. The results indicate that
ZnTCPc without higher electron acceptor groups results in
slower and more ineffective electron injection from the LU-
MO to the CB of TiO, than that of Ru-dyes. When the sun-
light is filtered through the aggregated ZnTCPc, the decrea-
sing light-harvesting yield reduces the I, values. Simultane-
ously, the ZnTCPc symmetrical structure without electron
releasing groups induces the intensive dark current, arising
from the I, reduction by the CB electrons at the TiO,-I1" /I,
interface.

According to Eq. (5), the V__ of the ZnTCPc cell and the
ZnTCPc-lauric acid cell are 277 and 289 mV, as shown in
Fig.5(b). From the energy level distribution of Fig.2(b),
it is also known that V. is theoretically determined by the
difference between the potential of the 17 /I, redox couple
(E, ) and the quasi-Fermi level (E,) of electrons in TiO,
nanocrystalline under illumination as follows:

Voc: ‘Ef_E (8)

redox

With the change in micro-environments, the positions of
E. and E_ will change negatively. As for ZnTCPc and
N3, the E, position of the ZnTCPc is more positive than that
of the N3, and the E_, position of ZnTCPc is more nega-
tive than that of N3 So the V,, of the ZnTCPc-sensi-
tized solar cell is lower than that of the N3-sensitized solar
cell (720 mV). Fy1is an important parameter, indicating the
capacity of DSSC output power. In Fig.5(c), the dark cur-
rent of lauric acid assisting the ZnTCPc-sensitized solar cell
(blue) is obviously restrained and the corresponding F in-
creases from 0. 51 to 0.56. After adding lauric acid, both
aggregation and dark current decrease; n improves from
0.021% to 0.026% .

3 Conclusion

The following main factors may cause the performance of
ZnTCPc-sensitized solar cells to be poor. First, the sym-
metrical structures of ZnTCPc lack releasing groups and an-
choring groups. Secondly, the HOMO and LUMO of
ZnTCPc divide the work indeterminately, that is to say, the
HOMO location is not shared by both the zinc metal and the
isoindoline ligands. The LUMO location does not obviously
strengthen the interaction coupling between ZnTCPc and
TiO,. Compared with N3, the energy level distributions of
ZnTCPc have disadvantages and the zinc d levels do not
make a contribution to the MLCT process of ZnTCPc.
Thirdly, the aggregation still exists in spite of adding lauric

acid. Finally, the lifetime of excited ZnTCPc is much shor-
ter than that of excited N3. So the oxidized dye has not
enough time to accept electrons from the I~ redox mediator,
regenerating the ground state.
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