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ABSTRACT: Co-sensitization by using two or more dyes with complementary absorption spectra as sensitizers of a
semiconductor to expand the spectral response range of dye-sensitized solar cells (DSSCs) is an effective approach to enhance
device performance. To improve the light-harvesting capability in the near-infrared (IR) region, zinc phthalocyanine (Zn-tri-
PcNc-1) was applied to combine with a D-7-A triarylamine—bithiophene—cyanoacrylate-based organic dye (DH-44) for
fabrication of a co-sensitized solar cell. The resulting co-sensitized device shows an efficient panchromatic spectral response
feature in the range of 320—750 nm and gives an overall conversion efficiency of 6.61%, which is superior to that of the individual
dye-sensitized solar cells under standard AM 1.5G one sun irradiation. The above results represent a clear advance toward
efficient and low-cost co-sensitized solar cells with a panchromatic spectral response.
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Bl INTRODUCTION

Dye-sensitized solar cells (DSSCs) have attracted intense
research due to their low cost and relatively high energy
conversion efficiency.' ™ For many years, the ruthenium (Ru)-
bipyridyl dye families such as N719, N3, and C101 have
dominated the highly efficient solar cells. However, it is well
known that the above Ru-bipyridyl dyes are highly efficient only
at wavelengths < 550 nm, and their spectral response falls
dramatically beyond 650 nm, which results in an insufficient
light harvest of near-IR light and limits conversion efliciency.
Moreover, the cost and environmental issues of Ru-bipyridyl
dyes are unfavorable for the application of DSSCs due to the
noble metal Ru and toxicity. Therefore, many attempts, such as
replacing Ru-bipyridyl dyes with metal-free or%amc dyes,%”
porphyrins (Pors), or phthalocyanines (Pcs),®” have been
made to expand the spectral response range and lower the
device cost.

Among Ru-bipyridyl dye alternatives, metal-free organic dyes
with diverse molecular structures can be easily designed and
synthesized, and their molar extinction coeflicients are usually
higher than that of Ru-bipyridyl dyes. Moreover, organic dyes
are also superior to noble metals considering cost and
environmental issues.*” Nevertheless, most organic dyes are
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also not capable enough to absorb light beyond 650 nm. This
insufficient absorption of deep red/near-IR light also makes
organic dye-sensitized solar cells less efficient. Usually,
porphyrins (Pors) and phthalocyanines (Pcs) exhibit intense
spectral response bands in the near-IR region and provide good
potential candidates for expanding the light responsive range of
DSSCs beyond 650 nm. For example, Gritzel and co-workers
reported a Por-sensitized solar cell with an overall conversion
efficiency over 12%,"° indicating an alternative to the noble Ru-
bipyridyl dyes, while the efficiencies of most Pc-sensitized solar
cells are still relatively low (about 3%). Nevertheless, Pcs
possessing intense Q-band (~700 nm) absorption and
promising photoelectrochemical properties are still of interest
to use as near-IR dyes for DSSCs.

Recently, two or more dyes (black dye, SQ1, D131, and
porphyrin) have been used for the co-sensitization of solar
cells."' ™' However, the co-sensitization using Pcs as the
sensitizer has often resulted in an unimpressive or even lower
conversion efficiency than those of single dye-sensitized solar
cells.”* To challenge this target, some novel ZnPc derivatives
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such as the PcSx series of dyes containing electron-donating
methoxy groups with peripheral 2,6-diphenylphenol units'> and
zinc carboxyphthalocyanine (TT1) with a carboxy group and
three tert-butyl (tBu) groups linked directly to the Pc ring16
have been developed to modify the co-sensitization with
organic dyes. The presences of methoxy or tBu groups not only
minimized the formation of molecular aggregates but also
increased the solubility of Pcs.'>'® By combining PcS15 with
red or orange organic dyes (D102 or D131) to cocktail-type
solar cells, it was found that the co-sensitization of PcS15 and
D131 resulted in an obvious enhancement of the photocurrent
throughout the whole visible-light range, and therefore, the
efficiencies of the cocktail-type PcS15/D131 (6.2%) and
PcS15/D102 (5.6%) cells were significantly improved as
compared to the PcS15 cell (5.3%)."> Moreover, a co-sensitized
solar cell using an organic dye (JK2) and TT1 showed a
spectral response up to 700 nm with photon-to-electron
conversion efficiency of 72% at 690 nm, which corresponds to
the Q-band of TT1. The overall efficiency of the cocktail-type
TTI/JK2 (7.74%) cell was significantly enhanced as compared
to the JK2 (7.08%) or TT1 (3.52%) single dye-sensitized solar
cell'® The above results indicate that efficient co-sensitized
solar cells with extended spectral response in the near-IR region
can be fabricated. Nevertheless, successful co-sensitization with
Pc derivatives requires not only spectral matching but also
avoiding interference between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) levels of the co-sensitized dyes. Therefore, it is still a
challenge to find an appropriate dye to combine with Pcs for
co-sensitization.

More recently, we developed an asymmetric zinc phthalo-
cyanine (ZnPc) derivative (Zn-tri-PcNc-1), which contains
tribenzonaphtho-condensed porphyrazine with one carboxyl
and three tert-butyl (tBu) groups based on the “push—pull”
concept.'” The three peripheral tBu groups acting as electron-
releasing groups can not only enhance the Pc’s solubility but
also retard effectively the aggregates of Pc with higher steric
hindrance, resulting in relative good conversion efficiency."”
Moreover, we have also developed several new types of metal-
free organic dyes as sensitizer for DSSCs.'®™>' Among those,
bithiophene-based organic dyes (DH-41 and DH-44) contain a
triphenylamine group as an electron donor, cyanoacrylic acid
group as an electron acceptor, and z-linker of a 2,2'-
bithiophene unit with two hexyl groups at different p-
substituted positions. It was found that DH-44 containing
two hexyl groups in the non-ortho-f positions of each 2,2'-
bithiophene linker shows broadened and red-shifted absorption
with a relatively high molar extinction coeflicient and
photovoltaic performances due to its higher molecular co-
planarity and intramolecular charge transfer (ICT) effect as
compared with the other three DH dyes.*' Scheme 1 shows the
corresponding molecular structures of Zn-tri-PcNc-1 and DH-
44. Herein, the above organic dye (DH-44) was combined with
Zn-tri-PcNc-1 to co-sensitize the TiO, photoanode by a simple
stepwise sensitization method by considering that the above
asymmetric ZnPc with excellent near-IR absorption contains an
optical window in the visible region, which allows their use in
combination with DH-44 to achieve panchromatic light
harvesting of the solar cell.'”" Comparing with the single
dye-sensitized solar cells, the short-circuit current of the co-
sensitized device can be increased significantly, resulting in
impressively improved conversion efficiency due to the
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Scheme 1. Molecular structures of Zn-tri-PcNc-1 and DH-
44,

HOOC

"t-Bu

Zn-tri-PcNe-1 DH-44

extended spectral response range from the UV to near-IR
region.

B EXPERIMENTAL SECTION

Synthesis of Photosensitizers. Preparation of Zn-tri-PcNc-1.
Asymmetric zinc phthalocyanine (Zn-tri-PcNc-1) was prepared
according to our previous publication.'” Typically, 6-carboxy methyl-
2,3-dicyanonaphthalene (80 mg, 0.34 mmol), 4-t-Bu-phthalo nitrile
(374 mg, 2.0 mmol), and zinc acetate (222 mg, 1.0 mmol) were
dispersed in butanol (10 mL), and then 1,8-diazabicyclo[5.4.0]Jundec-
7-ene (1 mL) was added. The mixture was stirred at 100 °C under N,
atmosphere for 12 h, and then the solvent was removed under reduced
pressure. The resultant material was subjected to silica gel column
chromatography with CH,Cl, as eluent. The second band (a greenish-
blue one) contains Zn-tri-PcNc (2a), which was recrystallized twice
from 50:50 (v/v) CH,Cl,/MeOH (30 mg, 10%).

A total of 100 mg of Zn-tri-PcNc (2a) was dissolved in 25 mL of
methanol containing 1 g fo Na. The reaction mixture was stirred at
room temperature for 7 days, and then the solvent was removed under
reduced pressure. The obtained material was redissolved in water, and
pH was adjusted to 3.0 by using diluted HCI solution. Then Zn-tri-
PcNc-1 was filtered and dried under reduced pressure. Yield: 98 mg,
98%. '"H NMR (300 MHz, DMSO-d, § ppm): 11.23 (s, 1H), 9.16 (s,
3H), 8.89—8.11 (m, 8H), 7.85—7.72 (m, 3H), 1.83 (s, 9H), 1.14 (s,
9H), 0.73 ppm (s, 9H). Elemental analysis calcd for C,oH,,N3O,Zn-
2H,0: C, 67.16; H, 5.29; N, 12.79; found C, 66.97; H, 4.82; N, 12.73.

Preparation of DH-44. Metal-free organic dye (DH-44) was
prepared according to our previous publication.21 In a Schlenk tube,
N,N-diphenyl-4-(4,4,5,5-tetramethyl-1,3,2- dioxaborolan-2-yl) aniline
(1) (1.1 equiv), aldehyde (2—7) (1 equiv), Pd(PPh,), (0.04 equiv),
and K,CO; (8 equiv) were dissolved in a degassed mixed solvent of
THF/H,0. The mixture was heated at 65 °C under an Ar atmosphere
for 2 days. After the reaction, the organic phase was separated, dried
over anhydrous Na,SO,, and filtered. The filtrate was evaporated to
dryness and purified by silica gel column chromatography with
petroleum ether/CH,CL, (1:1) as eluent to afford target aldehyde (8—
11).

A mixture of the aldehyde (8—11) (1.0 equiv), cyanoacetic acid
(10.0 equiv), and ammonium acetate (0.5 equiv) was placed in a flask
in acetic acid under an Ar atmosphere with heating 130 °C for 12 h.
After cooling, the reaction was quenched by adding water and
extracted with DCM. The organic layer was dried over anhydrous
Na,SO,. After removing the solvent, the crude product was purified by
silica gel column chromatograph eluted with toluene/methanol (10/
1), and the target dyes were isolated as a powder. Yield: 70%. 'H NMR
(300 MHz, DMSO-dg, § ppm): 8.30 (s, 1H), 7.61 (d, 2H), 7.42 (s,
1H), 7.37—7.32 (m, SH), 7.12—7.06 (m, 6H), 2.81 (t, 4H), 1.61 (br,
4H), 1.28 (br, 12H), 0.85 (m, 6H). 3C NMR (75 MHz, CDCl,, §
ppm): 168.9, 156.8, 148.3, 147.5, 145.2, 145.0, 144.7, 129.6, 129.3,
1284, 127.3, 1272, 1268, 126.3, 1250, 1249, 123.7, 123.3, 116.4,
93.9, 31.9, 31.8, 31.5, 30.4, 29.4, 29.2, 22.8, 14.3. MS (ESI): m/z =
672.3. C;,H,N, 0,8, (M, = 614.82): caled. C, 74.96; H, 6.59; N, 4.16;
found C, 74.80; H, 6.77; N, 4.01.
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Preparation of TiO, Nanoparticles and Photoelectrodes.
Preparation of TiO, Nanoparticles. TiO, nanoparticles were
synthesized by a hydrothermal method reported previously.””
Typically, a quantity (125 mL) of titanium isopropoxide is added at
room temperature to 750 mL of a 0.1 M HNO; solution under
vigorous stirring. A white precipitate forms instantaneously. Immedi-
ately after the hydrolysis, the slurry is heated to 80 °C and stirred
vigorously for 8 h to achieve peptization. Then the slurry was under
hydrothermal conditions in an autoclave that was heated for 12 h at
200 °C. The obtained particles were rinsed with water and alcohol,
followed by drying at 70 °C.

Preparation of TiO, Paste and Photoelectrodes. A total of 1.0 g of
TiO, nanoparticles, 0.5 g of ethyecellulose, 5 mL of ethanol, 3.0 g of
terpinol, and 0.2 mL of acetic acid were mixed by ball-milling for 12 h
to obtain a homogeneous paste. A paste for a scattering layer was also
prepared through the same method by using larger TiO, nanoparticles
(diameter of ~200 nm). TiO, paste was spread on clean FTO glass (6
cm X 6 cm, 15—20 Q sq7*) and heated at 500 °C for 30 min, and then
a scattering layer was spread on the film and heated at 500 °C for 30
min again. The thicknesses of the TiO, nanoparticles film and the
scattering layer were controlled by adhesive tape (Scotch, SO ym)
serving as spacers and measured to be ~6.7 and ~5.2 pm, respectively,
by using TalyFormvS4C-3D profilometer (U.K.). The obtained bilayer
film electrodes were dipped in 50 mM TiCl, solution at 70 °C for 30
min, followed by calcination at 500 °C for 30 min, and then incised
into smaller pieces to obtain TiO, film with the same thickness.

By comparing the overall conversion efficiency of the corresponding
fabricated solar cells, the individual sensitization and co-sensitization
processes of Zn-tri-PcNc-1 and DH-44 on the TiO, photoanode are
optimized in a preliminary experiment. Finally, it was found that the
individual dye-sensitized electrodes prepared by immersing the
obtained films in Zn-tri-PcNc-1 ethanol solution (0.05 mM) or DH-
44 ethanol/THF (volume ratio 9:1) solution (0.3 mM) overnight
could give the best conversion efficiency, while the co-sensitized
electrode sensitized stepwise for 1 h in DH-44 solution and 3 h in Zn-
tri-PcNc-1 solution in sequence exhibited the best efficiency.
Moreover, the corresponding dye-loaded amounts on the TiO,
photoanodes were estimated according to the absorbance differences
(at 694 nm for Zn-tri-PcNc-1 or 497 nm for DH-44) between the
initial dye solution and the filtered solution after the above-mentioned
sensitization process by using the Beer—Lambert law.

Fabrication of DSSCs and Measurements. A dye-sensitized
electrode was assembled in a classic sandwich-type cell. The platinum
counter electrode was attached on the dye-sensitized photoanode after
injection of the electrolyte solution, which consists of 0.5 M Lil, 0.05
M I, and 0.1 M 4-tert-butylpyridine in 1:1 acetonitrile—propylene
carbonate, into the interspaces between the photoanode and the
counter electrode. The DSSC was illuminated by light with energy of
100 mW cm™ (AML.S) from a 300 W solar simulator (Newport,
91160). A computer-controlled Keithley 2400 source meter was
employed to collect the photocurrent—voltage (J-V) curves. The
electrochemical impedance spectrum (EIS) measurements were
carried out by applying open-circuit voltage under illumination and
recorded over a frequency range of 0.05—10° Hz with ac amplitude of
10 mV. The obtained spectra were fitted with Z-View software (v2.1b,
Scribner Associate, Inc.) in terms of an appropriate equivalent
circuit.”® The incident photon-to-current conversion efficiency (IPCE)
was measured as a function of wavelength from 320 to 800 nm by
using a Model QE/IPCE system (PV Measurements, Inc.).

Bl RESULTS AND DISCUSSION

Dye Absorption Spectra Analyses. Figure 1 illustrates
the UV—vis absorption spectra of Zn-tri-PcNc-1 and DH-44 in
ethanol (EtOH) solution and adsorbed on TiO, film,
respectively. The absorption maximum (4,,) and the
corresponding molar extinction coefficient (¢) data of Zn-tri-
PcNc-1 and DH-44 dyes are summarized in Table 1. As shown
in Figure 1 and Table 1, Zn-tri-PcNc-1 in solution shows a
Soret-band centered at ~343 nm and a Q-band at ~694 nm,
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Figure 1. UV—vis absorption spectra of Zn-tri-PcNc-1 and DH-44 in
solution and adsorbed on TiO, film.

while DH-44 in solution also exhibits absorption bands at two
distinct spectral regions. One is at 300—400 nm that can be
assigned to the localized aromatic 7—z* electron transition of
the conjugated molecules, and the absorption band centered at
~497 nm is attributed to an intramolecular charge transfer
(ICT) process. As shown in Scheme 1, Zn-tri-PcNc-1 is a
highly asymmetric ZnPc derivative containing tribenzonaphtho-
condensed porphyrazine and three tBu peripheral substituent
groups with high steric hindrance.'” As reported in our previous
investigation on a series of organic dyes (DH-41 and DH-44)
with the same structural backbone,'® changing p-substituted
positions of the hexyl groups of the 2,2"-bithiophene unit can
alter the molecular coplanarity, intramolecular charge transfer
(ICT) effect, and spectral absorption property, and DH-44 with
two hexyl groups at non-ortho-pB-substituted positions of the
2,2-bithiophene unit has the best photovoltaic performance in
its series applied in DSSCs.*"

After adsorption on TiO, film, both Zn-tri-PcNc-1 and DH-
44 show an absorption spectrum with broadened spectral
response range and dramatic red-shift as compared to their
respective absorption spectra of dye solution. For example, Zn-
tri-PcNc-1 adsorbed on TiO, film shows an absorption
spectrum with broadened Q-band and a dramatic red-shift of
the Soret-band. The enlargement of the Q-bands may be due to
the Pcs’ adsorption and aggregation on the TiO, surfaces, and
the red-shift of the Soret-band can be attributed to the
expanded s-electron szrstems derived from the adsorbed dye
coupling with TiO,.** After adsorption on TiO, film, the
absorption band of DH-44 is also dramatically red-shifted as
compared to the same dye in solution, as Zn-tri-PcNc-1 does.
This should be due to the increased delocalization of the z*
orbital of the conjugated framework caused by the interaction
between the carboxyl group and the Ti** ions on the TiO,
surfaces.

Zn-tri-PcNc-1 with excellent near-IR absorption contains an
optical window in the visible region as shown in Figure 1, which
allows its use in combination with DH-44 to obtain
panchromatic spectral response. Namely, the UV—vis absorp-
tion spectra of Zn-tri-PcNc-1 and DH-44 match each other
perfectly in either solution or on TiO, films, and therefore, it
can be concluded that a combination of these two dyes in
DSSCs is expected to expand the spectral absorption range and
increase the light-harvesting efficiency of the solar cells. This
conjecture can be further validated by the UV—vis absorption
spectra of the co-sensitizers (Zn-tri-PcNc-1 and DH-44) in
solution and adsorption on TiO, film as shown in Figure 2. The
co-sensitization of the two dyes displays a highly broadened
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Table 1. Optical Properties and Electrochemical Properties of Dyes®

dye Amax (nm)/ & (10* M~! em—1) Ey_g (eV)© E, (V)? HOMO (eV)® LUMO (eV)
Zn-tri-PcNc-1 694/10.6 0.36 -5.07 -3.31
DH-44 497/3.56 0.78 —521 325

“Corresponding data of Zn-tri-PcNc-1 and DH-44 are cited from refs 12 and 16, respectively. ® Absorption maxima (4, and corresponding molar
extinction coefficient (). “E,_, is the 0—0 excitation and can be estimated from the absorption spectrum. 9E, . is oxidation potential with reference to
the ferrocene that was used as internal standard. Calculated with the formula Ejopo = —(Eo+4.71) eV. fCalculated with the formula E umo =

(Buomo + Eo—o) eV.

—— Co-sensitizer in ethanol solution

— = Co-sensitizer on TiO, film electrode

0.2

0300300 600 700 800 300
Wavelength (nm)

Figure 2. UV—vis absorption spectra of the co-sensitizers (Zn-tri-
PcNe-1 and DH-44) in solution and adsorbed on TiO, films.

spectral response range, and the much lower absorbance in the
range of 400—600 nm for the co-sensitizers solution, which is
contributed by the absorption of DH-44, can be ascribed to the
much lower molar extinction coefficient (¢) of DH-44 as
compared to Zn-tri-PcNc-1 as shown in Table 1. Moreover, the
co-sensitized TiO, film with two dyes shows very broad spectral
absorption ranging from ~300 to 850 nm with a high
absorption plateau in the range of ~400—700 nm, exhibiting
a panchromatic response feature and a great potential to
increase the light-harvesting efficiency of the co-sensitized solar
cells.

In a preliminary experiment, the individual sensitization and
co-sensitization processes of Zn-tri-PcNc-1 and DH-44 on the
TiO, photoanode are optimized based on the measurements of
the overall conversion efficiency of the fabricated solar cells,
and the corresponding dye-loaded amounts on photoanodes
derived from different sensitization processes are shown in
Table 2. As shown, the Zn-tri-PcNc-1-loaded amount (2.78 X
107® mol cm™2) on the co-sensitized photoanode is much lower
than that (3.64 X 10™® mol cm™) on the individually sensitized
one although there is a similar DH-44-loaded amount between
the co-sensitized (7.03 X 10™® mol cm™>) and the individually
sensitized (7.18 X 107® mol cm™2) ones. It suggests that the
Zn-tri-PcNc-1-loaded amount is strongly influenced by the
preadsorbed DH-44 on the TiO, electrode due to their
competitive anchoring processes, and the differences in the dye-
loaded amount would influence the photovoltaic behavior of

the co-sensitized solar cells, which will discussed in the
following sections.

Photocurrent Density/Voltage Characteristics of
DSSCs Fabricated with Different Dye-Sensitized Electro-
des. Figure 3 shows the incident photon-to-current conversion

60

- a- Co-sensitization

50 —e—DH-44
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Figure 3. IPCE curves of DSSCs fabricated with Zn-tri-PcNc-1, DH-
44, and Zn-tri-PcNc-1/DH-44 sensitized TiO, electrode.

efficiency (IPCE) curves of DSSCs fabricated with a Zn-tri-
PcNc-1/TiO,, DH-44/TiO,, or Zn-tri-PcNc-1/DH-44/TiO,
electrode. As shown, the Zn-tri-PcNc-1-sensitized solar cell
shows high IPCE in the range of 320—450 nm (corresponding
to its Soret-band) and 600—750 nm (corresponding to its Q-
band), while the DH-44—sensitized solar cell is effective in the
range of 320—650 nm, and its corresponding IPCE values in
near-IR region is relatively low. After the co-sensitization of
DH-44 and Zn-tri-PcNc-1 in sequence, the co-sensitized solar
cell exhibits effective panchromatic spectral response from UV
to near-IR region in the IPCE curves. The main IPCE peak
from each single dye can be significantly discovered in the
IPCE curve of co-sensitized solar cell, and the spectral response
of the “molecular cocktail” extends up to 750 nm, which
corresponds to the Q-band of Zn-tri-PcNc-1. Although those
IPCE values of the co-sensitized solar cell are higher than those
of the individual dye-sensitized ones in the range of region of
300—620 nm, the co-sensitized cell renders lower IPCE values
relative to those of the individual ZnPc-sensitized one in the
region of ~620—750 nm, which corresponds to the Q-band of
Zn-tri-PcNc-1. One possible reason for this issue may be due to

Table 2. Photovoltaic Parameters of Solar Cells Based on Zn-tri-PcNc-1 and DH-44 Individually Sensitized or Co-Sensitized

TiO, Electrodes

dye Jsc (mA em™)* Voc (V)* FF*
Zn-tri-PcNc-1 5.98 0.54 0.74
DH-44 12.72 0.61 0.67
co-sensitization 17.94 0.56 0.66

n (%)“’b dye-loaded amount (mol cm™?)
2.38 + 0.13 3.64 x 107
5.16 + 0.26 7.18 x 1078
6.61 + 0.35 2.78 X 107% (Zn-tri-PcNc-1) 7.03 x 107% (DH-44)

“Data are stemmed from the corresponding typical J-V curves shown in Figure 4. bStandard deviation is the calculated values based on the

measurements of five parallel solar cells.
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the much lower Zn-tri-PcNc-1-loaded amount of the co-
sensitized electrode as compared with that of the individually
sensitized one as mentioned above. Nevertheless, the above
panchromatic spectral response including both DH-44 and Zn-
tri-PcNc-1 spectral absorption regions indicate the effective
contributions of both dyes in the co-sensitized solar cell, and its
overall IPCE profile is significantly improved as compared to
the single dye-sensitized one. Therefore, it should be expected
that a much higher short-circuit current and better performance
could be obtained from the co-sensitized solar cell, which will
be discussed in the following sections.

A series of five parallel solar cells sandwiched with each kind
of dyed TiO, electrode were fabricated for the photovoltaic
measurements, and the typical photocurrent—voltage (J-V) and
dark current curves of DSSCs fabricated with Zn-tri-PcNc-1/
TiO,, DH-44/TiO,, or Zn-tri-PcNc-1/DH-44/TiO, electrode
under AM1.5 one sun illumination (100 mW cm™2) or in dark
are shown in Figure 4. The corresponding photovoltaic data,

20
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Figure 4. J-V curves of DSSCs fabricated with Zn-tri-PcNc-1, DH-44
and Zn-tri-PcNc-1/DH-44 sensitized TiO, electrode under 100 mW
cm™? light irradiation and in the dark (bottom portion, scan rate is 10
mV s™).

such as conversion efficiencies (7), short-circuit current (Jsc)
and open-circuit voltage (Vc), are listed in Table 2. It should
be noted that the standard deviation followed the conversion
efficiency listed in Table 2 is the respective calculated values
based on the measurements of the five parallel solar cells, while
the listed Jsc, Voc FF, and 7 values, which are very similar to
their respective average values based on the measurements of
the five parallel solar cells, are stemmed from the corresponding
typical J-V curves shown in Figure 4. As shown, the

reproducibility of the efficiency was confirmed within an
uncertainty of +6% by measuring five such parallel solar cells.
The Zn-tri-PcNc-1-sensitized solar cell shows an impressive
conversion efficiency of 2.38% with a Jsc of 5.98 mA cm™> and a
Voc of 0.54 V. The DH-44-sensitized solar cell gives a relatively
high conversion efficiency of 5.16% with a Jic of 12.71 mA
cm™* and Ve of 0.61 V, whereas the co-sensitized solar cell
shows an overall efliciency of 6.61% with a Jsc of 17.94 mA
cm™ and Vo of 0.56 V. It is noted that the Jsc value is
tremendously improved by the co-sensitization of Zn-tri-PcNc-
1 and DH-44, which is in good agreement with the above IPCE
curve. Because of the expanded spectral response to near-IR
region, the Jsc of the co-sensitized solar cell is much higher than
that of the single dye-sensitized ones, resulting in greatly
enhanced conversion efficiency.

Unlike the Jq results, the co-sensitized solar cell exhibits the
largest dark current (which is slightly higher than that of the
Zn-tri-PcNc-1-sensitized cell), and the DH-44-sensitized cell
shows the lowest one. It is inexplicable that the co-sensitized
solar cell shows the highest Js value but with the largest dark
current. In principle, the Jsc and dark current values of a dye-
sensitized solar cell are affected mainly by two processes:>>°
(1) Electron photogeneration achieved by the electron
injection from the photoexcited dye to the semiconductor,
which can be maintained at a stationary rate because the
reduced electrolyte species (i.e., I” ions), are able to regenerate
the oxidized dye.>>*® (2) Photo-injected electron recombina-
tion by reaction with the electrolyte-oxidized species (i.e., I, or
I;7), which is thought to be predominant in comparison with
electron recapture by the oxidized dye because the regeneration
of the oxidized dye by I, is significantly faster than the charge
transfer from TiO, to the oxidized dye.zs’26 Namely, the Jsc
value increases by the electron photogeneration and injection
that depends on the incident light intensity, dye’s absorption
coefficient, interfacial processes of dye/TiO, such as electron
injection and transfer, and decreases by the photoinjected
electron recombination (dark current). The present incon-
sistency in the changing trends of the Jsc and dark current of
the co-sensitized solar cell might relate to competitive processes
such as light absorption, dye excitation, and the photogenerated
electron injection/recombination between the two kinds of
dyes adsorbed in the co-sensitized film, which need to be
further investigated.

Photoelectrochemical Behaviors of DSSCs Fabricated
with Different Dye-Sensitized Electrodes. To further
investigate the properties of Zn-tri-PcNc-1, DH-44, and DH-
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Table 3. Photoelectrochemical Data of Solar Cells Based on Zn-tri-PcNc-1 and DH-44 Individually Sensitized or Co-Sensitized

TiO, Electrodes

dye R (Q) R, ()
Zn-tri-PcNec-1 13.56 28.47
DH-44 14.64 12.58
co-sensitization 14.62 12.71

R, (Q) f (Hz) 7, (ms)
40.52 31.50 5.06
24.37 2.11 75.65
1271 1436 11.09

44/7Zn-tri-PcNc-1-sensitized TiO, electrodes, the electrochem-
ical impedance spectra (EIS) of their respective sensitized solar
cell were measured under AM1.5 one sun illumination, and
their corresponding Nyquist and Bode plots™****”*® are shown
in Figure Sa and b, respectively. Normally, a Nyquist plot
features three semicircles that in the order of increasing
frequency are attributed to the Nernst diffusion within the
electrolyte, electron transfer at the oxide/electrolyte interface,
and redox reaction at the Pt counter electrode.”” In our EIS
diagrams shown in Figure Sa, two obvious semicircles can be
detected in the Nyquist plots. The semicircle attributed to the
Nernst diffusion within the electrolyte is featureless due to the
fast diffusion of the electrolyte in the porous
7 Therefore, a simple equivalent circuit model, as
exhibited in the inset of Figure Sa, was used to simulate the
solar cells according to Kern et al.*® On the basis of the model
circuit for the dye-sensitized solar cell, the semicircles are
assigned as shown in Figure Sa. R represents the series
resistance, which is mainly influenced by the sheet resistance of
the substrate and electrical contact between FTO-glass/TiO,
interfaces, R; (Z,) represents the impedance with charge
transfer at the Pt counter electrode and/or electrical contact
between TiO, particles, and R, (Z,) represents the impedance
related to the charge transfer process at TiO,/dye/electrolyte
interfaces.””*® The corresponding fitted R, R, and R, values
for the solar cells are shown in Table 3, and R, will be discussed
in detail because it relates significantly to the used dyes.

As shown in Table 3, the R, value (12.71 Q) of the co-
sensitized solar cell is greatly reduced as compared to the
individual dye-sensitized ones (40.52 Q for Zn-tri-PcNc-1 and
24.37 Q for DH-44). Because R, represents the impedance
related to the charge transfer process at TiO,/dye/electrolyte
interfaces, it can be inferred that the charge combination rate
between the injected electrons and electron acceptor (I;7) in
the electrolyte is lowered after the co-sensitization. As stated
above, adding Zn-tri-PcNc-1 to a DH-44-sensitized electrode
could expand the spectral response range of the solar cell from
320 to 650 nm to 320—750 nm. The light in the near-IR region
can be effectively absorbed by the co-sensitized solar cell,
resulting in much enhanced incident light-harvesting efficiency
as reflected in IPCE curves shown in Figure 3. Because of the
increased light-harvesting efficiency, more electrons can be
excited from the HOMO to the LUMO energy levels of the
combined dyes, and the injected rate of electrons in the dye
LUMO levels to conductive band (CB) of TiO, can be
accelerated. Therefore, the TiO,/dye interface resistance
decreased significantly as compared to the individual dye-
sensitized solar cell. Consequently, the R, value of the co-
sensitized solar cell is smaller than that of Zn-tri-PcNc-1 or
DH-44-sensitized one, which is beneficial for improving the
solar cell’s performance.

In the Bode plots (Figure Sb), the minor peak at the higher
frequency corresponds to the charge transfer at the counter
electrode. The peaks at the lower frequency are related to the
charge recombination rate, and its reciprocal is regarded as

23,242
ms. ”
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electron lifetime, 7, = 1/(27xf), where 7, and f mean the electron
lifetime and frequency of superimposed ac voltage, respec-
tively.”® The obtained electron lifetimes of different solar cells
are listed in Table 2 as well. As shown in Table 2, the electron
lifetime (z,) of the solar cell fabricated with Zn-tri-PcNc-1, DH-
44-sensitized, and their co-sensitized TiO, electrodes is 5.06,
75.65, and 11.09 ms, respectively. Namely, the individual Zn-tri-
PcNe-1 and DH-44-sensitized solar cell has the shortest and
longest lifetime, respectively. This result is understandable by
considering their different driving forces during the dye
regeneration because dye energy levels (for instance, the
LUMO level corresponds to the excited-state oxidation
potential, while HOMO to the first oxidation potential) are
crucial to electron injection and dye regeneration during the
DSSC operations.”” According to those optical and electro-
chemical data (Table 1) of those dyes reported in our previous
literatures,"”*" the energy level diagrams of Zn-tri-PcNc-1, DH-
44, and TiO, are shown in Figure 6. As shown in Figure 6 and

E (eV)
A
24 LUMO
s LUMO Flectron E';‘;:: e -3.31 &V
™ 325 ¢V e— injection
Ecs /
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HOMO 490 ey= - - - - - > HOI\_’E% &V
S L/ Dy >
-5.21 eV n— Dye regencration
6 regeneration
74 DH-44 Evg Zn-tri-PeNe-1
I
TiO,

Figure 6. Energy level diagrams of Zn-tri-PcNc-1 and DH-44 dyes and
TiO,. "¢

Table 1, the onset oxidative potentials of Zn-tri-PcNc-1 and
DH-44 are around 0.36 and 0.78 V, respectively, that give the
LUMO energies of those dyes around —3.31 and —3.25 €V,
respectively. Both LUMO energies of those dyes are higher
than the TiO, conduction band (—3.90 eV).*>*! This indicates
that there is sufficient driving force for the electron injection
from the excited dye to TiO,. Moreover, their HOMO energies
of around —5.00 eV are lower than the I"/I;~ potential (—4.90
eV),*® suggesting that there is enough driving force for the
dye’s regeneration. Moreover, Zn-tri-PcNc-1 has a HOMO
level (—5.07 €V) much closer to the energy level (—4.90 eVv)?®
of the I,7/1” shuttle than that (—5.21 eV) of DH-44, which can
result in a lower driving force for the electron transfer from the
I;7/I" shuttle’s level to the dye’s HOMO during the dye
regeneration. Therefore, it may be one of the hurdles for the
relatively low efficiency and poor charge separation, and the
reason for the shortest lifetime of Zn-tri-PcNc-1-sensitized solar
cell. Oppositely, the DH-44-sensitized solar cell shows the
longest electron lifetime due to the sufficient electron transfer
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rate from I;7/I" to the HOMO of DH-44 and the sufficient dye
regeneration. Because the electron lifetime relates largely to the
Voc of the solar cells, the longer electron lifetime always leads
to higher V.. Moreover, it is worth noting that the length of
electron lifetimes of the solar cells in our case is in good
agreement with the V¢ performances as shown in Table 2, ie,,
Voc of the co-sensitized solar cell is reduced from 0.61 to 0.56
V as compared with the DH-44-sensitized one, while still higher
than that of the Zn-tri-PcNc-1-sensitized one.

On the basis of the above experimental results and
discussion, it can be concluded that the co-sensitization of
Zn-tri-PcNc-1 and DH-44 dyes with complementary absorption
spectra as sensitizers of semiconductor film can obtain an
efficient panchromatic spectral response feature in the range of
320—750 nm of the solar cells. The light in the near-IR region
can be effectively absorbed by the co-sensitized solar cell,
resulting in much enhanced incident light-harvesting efficiency.
Then the accelerated injection rate of the excited dye electrons
to TiO, and, therefore, the TiO,/dye interface resistance,
decreased significantly as compared to the individual dye-
sensitized one, which is beneficial for improving the solar cell’s
performance. Apparently, the above results suggest interesting
possibilities for fabricating efficient and low-cost co-sensitized
solar cells with a panchromatic spectral response and high
conversion efficiency.

B CONCLUSIONS

In conclusion, we have used a co-sensitized TiO, electrode
containing zinc phthalocyanine (Zn-tri-PcNc-1) and D-7-A
triarylamine—bithiophene—cyanoacrylate-based metal-free or-
ganic dye (DH-44) to fabricate solar cells and found that the
co-sensitized solar cell exhibited a significant improvement in
short-circuit current density and overall conversion efficiency
(6.61%), which is much greater than that of the individual Zn-
tri-PcNc-1 (2.38%) or DH-44 (5.16%) sensitized one. Because
of the complementary absorption spectral response between
Zn-tri-PcNc-1 and DH-44, the co-sensitized solar cell can
expand the absorption spectra to about 750 nm and then
enhance the short-circuit current density and overall conversion
efficiency enormously. We hope the present work can provide a
simple stepwise co-sensitization method to design appropriate
molecules and seek more promising co-sensitized solar cells
using an increased portion of the solar spectrum and providing
low cost and high photovoltaic performance.
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