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Near-infrared absorbing porphyrin dyes with
perpendicularly extended m—conjugation for dye-
sensitized solar cells

Wenhui LiT, Zonghao LiuT, Xiaobao Xu', Yi-Bing Chengﬂ, Zhixin ZhaoT*,
Hongshan He'*

Two new porphyrin dyes, coded as ZZX-N6 and ZZX-N6C12, with photon-to-electron
response up to 800 nm in the solar spectrum were synthesized for dye-sensitized solar cells
(DSCs). Four alkynyl groups were conjugated perpendicularly to the donor-m-acceptor axis of
the porphyrins through triple bonds, resulting in 40~56 nm red-shift of absorption onset
compared to porphyrin dye YD2-0-C8, leading to higher short-circuit current density. Post
treatment of dye-coated TiO, films by chenodeoxycholic acid (CDCA) with a concurrent
increase of iodide concentration in an electrolyte improved the cell performance. Both
impedance spectroscopic and photovoltage decay measurements showed that charge resistance
at the TiO,/electrolyte interface increased after the CDCA treatment. Increasing iodide
concentration in the electrolyte enhanced the reduction of I;” at the Pt counter electrode,
leading to a higher short-circuit current density (Jsc) and a fill factor (FF). Under the
optimized conditions, ZZX-N6 based device exhibited the energy conversion efficiency of
7.21%, which is comparable to YD2-0-C8 based device. The results demonstrate an alternative

to broaden the light absorption capability of porphyrin dyes for high efficiency solar cells.

Introduction

Dye-sensitized solar cells (DSCs) as a low-cost, environmental
friendly alternative to Si-based solar cells have drawn
considerable attention in the past twenty years."* A typical
DSC is consisted of a dye-sensitized working electrode, an
electrolyte and a counter electrode in a sandwiched
configuration. Ruthenium(II) bipyridyl complexes were the
most efficient dyes; however, they suffer from high costs, low
molar extinction coefficients, and weak absorption in the near-
infrared (NIR) region limiting their photovoltaic performance.'”
4 A variety of alternative dyes have been developed. Among
those, porphyrin dyes are attractive due to their versatile
structural functionality for tuning photophysical properties.
Recently, energy conversion efficiency exceeding 12% has
been achieved in devices when porphyrin dyes (i.e. YD2-0-C8
and SM315) were used in conjunction with Co(II/III)
electrolyte.™®

The energy conversion efficiency of DSCs is largely
dependent upon the light absorption capability of dyes.
According to the energy distribution of the solar radiation, the
NIR region accounts ~50% of the total energy. It is important to
match the absorption spectra of dyes to the solar radiation in
order to achieve better energy conversion efficiency. Though

porphyrin dyes have intense absorption in the visible region,
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they usually show weak absorption in the NIR region.”'?
Narrowing the energy gap between lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) by extending the conjugated m-system along
the donor-rm-acceptor (D-n-A) axis is the most straightforward
strategy. In 2007, Tanaka et al. 16 reported a naphthyl-fused zinc
porphyrin achieving a red-shift of 131 nm compared to its
unfused counterpart. The energy conversion efficiency is
improved by 50%. Ball et al.'” fused an anthracene into a
porphyrin ring and extends the absorption to 900 nm. However,
the resulting solar cell only produces less than 0.1% energy
conversion efficiency due to unfavourable electron injection
from its LUMO to the conduction band of TiO, nanoparticles.
Diau and Lin ef al.'® found that inserting an anthracene between
the donor and porphyrin ring extends the absorption edge over
750 nm giving efficiency between 8-10%. Here the balance
between light absorption of dyes and electron injection from
dyes to TiO, conduction is becoming crucial to achieving high
efficiency.

It is rare to tune the energy level of frontier molecular
orbitals through the extension of m-conjugation in the direction
that is perpendicular to the D-n-A axis. In the state-of-the-art
porphyrin dyes, these positions (i.e. two meso positions) are
often used to attach bulky groups to suppress dye aggregation
on the TiO, nanoparticles. Consequently, the potential of
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extending m-conjugation in this direction vanishes. Previously
we'? found that bis(9,9-dihexyl-9H-fluorene-7-yl)amine as a
donor is bulky enough to reduce the dye aggregation. To take
this advantage, we describe a new strategy to extend the =«
conjugation through two meso positions that are perpendicular
to the D-n-A axis. The structures of two new porphyrin dyes,
coded as ZZX-N6 and ZZX-N6C12, are shown in Scheme 1.
Different from YD2-0-C8, two dyes use a bis(9,9-dihexyl-9H-
fluorene-7-yl)amine as an electron donor and another fluorene
as a spacer. Two tris-isopropylsilane (TIPS) groups in ZZX-N6
were attached to the other end of the triple bonds to provide
some hindrance to dye aggregation, whereas a fluorene with
two p-dodecyloxylated phenyl groups in ZZX-N6C12 was used
to replace the TIPS to further extend the m-conjugation and
provide more hindrance. We expect this strategy will not only
broaden the absorption spectra of the dyes, but also suppress
the dye aggregation on the surface of TiO, nanoparticles.

Scheme 1 Structure of ZZX-N6 and ZZX-N6C12.

Experiment section

General

All materials were commercially available and were used
directly without further purification. Solvents used for reactions
were dried by standard procedures. YD2-0-C8,° 5,15-
dibromoporphyrinzinc (2),2° 9,9-bis(4-hydroxyphenyl)-2-iodo-
9H-fluorene,>’  and  2-(triisopropylsilyl)ethynyl-7-[bis(9,9-
dihexyl-9H-fluorene-7-yl)amino]-9,9-dihexyl-9H-fluorene(1)
synthesized according to literatures.' Dye-loading
amounts were obtained by de-adsorption of dyes from TiO,
transparent films in a tetrabutylammoniumhydroxide solution
and measurement of their absorption on a spectrophotometer.
SYNTHESIS OF 3

To a solution of 1 (1.31 g, 1.1 mmol) in 160 mL dry THF was
added TBAF (1 M in THF, 6.6 mL). The mixture was stirred at
room temperature in the dark for 45 minutes and then quenched
by adding water. The mixture was extracted with CH,Cl, and
dried over anhydrous MgSO,. The solvent was removed under
reduced pressure. The residue was re-dissolved in a mixture of
120 mL dry THF and 20 mL dry TEA. After degassing with
nitrogen for 30 minutes, Pd(PPh;),Cl, (73.2 mg, 0.104 mmol),
Cul (20 mg, 0.104 mmol) and 2 (892 mg, 1 mmol) were added
to the mixture. The solution was then refluxed under nitrogen
for 3.5h. The solvent was removed under reduced pressure. The
residue was subjected to column chromatography (silica gel)
using hexane/EtOAc = 30/1 as eluent. Recrystallization from

were
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CH,Cl/MeOH gave 3 as a green solid. Yield:35.1%.'H
NMR(CD,Cl,, 400MHz) & 9.63 (d, J=4.44Hz, 2H), 9.56 (d,
J=4.48Hz, 2H), 9.37 (d, J=4.16Hz, 2H), 9.23 (d, J=3.84Hz,
2H), 8.15 (d, J=7.76Hz, 1H), 8.09 (s, 1H), 7.94 (d, J=7.76Hz,
1H), 7.69 (t, J=9.34Hz, 4H), 7.41 (m, 9H), 7.17 (t, J=8.00Hz,
3H), 2.00-2.29 (m, 12H), 1.57 (d, J=5.68Hz, 42H), 1.16-1.30
(m, 36H), 0.72-0.91 (m, 30H). MS (m/z, TOF) calcd for
C19H14BrN;5S1,Zn1850.0, found 1850.4.

SYNTHESIS OF ZZX-N6

Compound 3 (280 mg, 0.15 mmol) and 4-ethynylbenzoic acid
(80 mg, 0.55 mmol) were dissolved in a mixture of dry THF
(10 mL) and dry TEA (1.5 mL) and degassed with nitrogen for
15 minutes, then Pd(PPh;), (31 mg, 0.027 mmol), Cul (5 mg,
0.027 mmol) were added to the mixture. The solution was
refluxed under nitrogen for 5h. The solvent was removed under
reduced pressure. The residue was subjected to column
chromatography (silica gel) using CH,Cl,/MeOH = 20/1 as
eluent. Recrystallization from CH,Cl,/MeOH gave ZZX-N6 as
a green solid. Yield: 80.1%.'"H NMR (CD,Cl,, 400MHz) &
9.66-9.81 (overlapped, 8H), 8.28 (s, 2H), 8.17 (s, 2H), 8.10 (d,
J=7.56Hz, 1H), 8.07 (s, 1H), 7.89 (d, J=7.68Hz, 1H), 7.65-7.74
(m, 4H), 7.32-7.43 (m, 9H), 7.14 (t, J=6.50Hz, 3H), 1.87-2.43
(m, 12H), 1.55 (d, J=5.76Hz, 42H), 1.15-1.26 (m, 36H), 0.70-
094 (m, 30H). Elemental Analysis: caled for
C12sH153N50,81,Zn C 80.27%, H 8.05%, N 3.66%; found C
80.31%, H 8.11%, N 3.64%. MS (m/z, TOF) caled for
C128H153N50,51,Zn 1915.2, found 1915.2.

SYNTHESIS OF 4

To a mixture of 9,9-bis(4-hydroxyphenyl)-2-iodo-9H-fluorene
(476 mg, 1 mmol), K,CO;(249 mg, 1.8 mmol), KI (33.2 mg,
0.2 mmol) and acetone (10 mL) in a 25 mL flask was added n-
bromododecane (0.53 mL, 2.2 mmol) under nitrogen. The
mixtures were heated to reflux and stirred for 72h. After the
reaction was cooled to room temperature, the mixture was
poured into water and extracted with CH,Cl,. The organic
extracts were washed with brine, dried over anhydrous MgSQO,,
filtered and concentrated in vacuo. The resulting yellow oil was
purified on silica gel chromatography using hexane/CH,Cl, =
8/1 as eluent to give 600 mg of 4 as light yellow oil. Yield:
73.8%.'"H NMR (CDCl;, 400MHz) & 7.70 (m, 3H), 7.50 (d,
J=8.00Hz, 1H), 7.32 (m, 3H), 7.08 (d, J=8.76Hz, 4H), 6.76 (d,
J=8.80Hz, 4H), 3.91 (t, J=6.52Hz, 4H), 1.77 (m, 4H), 1.32 (m,
32H), 0.91 (m, 6H). MS (m/z, ESI) calcd for C49Hgs10, 812.9,
found 812.5 [M]".

SYNTHESIS OF ZZX-N6C12

To a solution of ZZX-N6 (19 mg, 0.01 mmol) in 2 mL dry THF
was added TBAF (1M in THF, 0.2 mL). The mixture was
stirred in dark at room temperature for 45 minutes and then
quenched by water. The mixture was extracted with CH,Cl, and
dried over anhydrous Na,SO,.The solvent was removed under
reduced pressure. The residue was dissolved in a mixture of
SmL dry THF and1.5 mL dry TEA and degassed with nitrogen
for 0.5h; Pdy(dba); (5 mg, 0.0056 mmol), AsPh; (13.5 mg,
0.045 mmol) and 4 (81.3 mg, 0.1 mmol) were added to the
mixture. The solution was stirred for 24h under nitrogen at
room temperature. The solvent was removed under reduced
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pressure. The residue was subjected to column chromatography
(silica gel) wusing CH,Cl,/MeOH = 20/1 as eluent.
Recrystallization from CH,Cl,/MeOH gave the ZZX-N6C12 as
a green solid. Yield: 30.3%.'"H NMR (CD,Cl,, 400MHz) &
6.48-9.31 (overlapped, 60H), 4.03 (s, 8H), 0.73-2.05
(overlapped, 178H). Elemental Analysis: caled for
Cy08H241N506Zn C 84.04%, H 8.17%, N 2.36%; found C
84.12%, H 8.24%, 2.30%. MS (m/z, HRESIMS) calcd for
C,0sH241N5O6Zn 2972.6, found 1485.9 [M/2Z]".

Fabrication of solar cells

Working electrodes (an 8um-thick transparent TiO, layer with a
3 um-thick TiO, scattering layer) were dipped in a freshly
prepared TiCl, aqueous solution at 70°C for 30 minutes. The
electrode was then flushed with de-ionized (DI) water, ethanol
(EtOH), and dried with an air flow. Electrodes were then
sintered at 500°C for 30 minutes. After being cooled to 80°C,
the electrodes were immersed in the dye solutions (0.2 mM in
THF for ZZX-N6 and ZZX-N6C12, and 0.2 mM in EtOH for
YD2-0-C8, respectively) for 12 hours. The films were flushed
with respective solvents thoroughly and dried in air for use. The
counter electrodes were prepared by casting H,PtClg solution
on clean FTO glass and sintered at 450°C for 30 minutes. Two
electrodes were sandwiched using a 45 pm thick hot-melt ring
(Surlyn, DuPont). The internal space was filled with liquid
electrolytes using a vacuum back filling system through pre-
drilled holes on the counter electrode. The holes were sealed
with a Surlyn sheet and a thin glass cover.

Device characterizations

Current-voltage cures were obtained by using an AM 1.5G
solar simulator equipped with a 450 W xenon light (Oriel,
model 9119) and an AM 1.5G filter (Oriel, model 91192).
During the I-V measurement, a 0.09 cm” mask was used to get
a uniform working area for all the cells. In the incident photon
to electron conversion efficiency (IPCE) measurement, light
from a 300 W xenon lamp (ILC Technology, U.S.A.) was
focused through a Gemini-180 double monochromator
(JobinYvon Ltd., U.K.) onto the cell under test. The
monochromator was incremented through the visible spectrum
to generate IPCE spectra. A white light bias (1% sunlight
intensity) was applied onto the sample during the testing with
an AC model (10 Hz).

Electrochemical impedance spectroscopy (EIS) and photovoltage
decay measurements

Electrochemical properties were obtained on an Autolab
Frequency Analyser set-up consisting of an Autolab PGSTAT
30 (Eco Chemie B.V., Utrecht, Netherlands) and a frequency
response analyser module. Electrochemical impedance
spectroscopy (EIS) was recorded in a frequency range of 107'-
10° Hz. The determination of the interfacial recombination rate
constant was carried out by performing transient photovoltage
decay measurements and charge extraction experiments using a

method from previous reports.?2%°
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Results and discussion

Scheme 2 shows the major synthetic steps for two porphyrin
dyes. Compound 1 was prepared using a Sonogashira reaction
as we described previously.!” Compound 2 was prepared
according to a method reported by Anderson et al.*® Further
reaction between compounds 1 and 2 gave intermediate 3,
ZZX-N6 and ZZX-N6C12

consecutively with yields 80.1 and 30.3%, respectively. Both

which was converted to

compounds were fully characterized by NMR and high-
resolution MS.

Scheme 2 Synthesis of ZZX-N6 and ZZX-N6C12

Absorption spectra ofZZX-N6 and ZZX-N6C12 in THF are
shown in Fig. la with details in Table 1. Both dyes exhibited
typical absorption features of porphyrin dyes with a strong
Soret band and two moderate Q bands, corresponding to So—S,
and So— S, transitions, respectively.?’*The Soret band of ZZX-
N6 and ZZX-N6C12 are centered at 478 and 496 nm,
respectively. The Q bands of ZZX-N6 and ZZX-N6C12 are
located at 686 and 702 nm, respectively. Both Soret and Q
bands are significantly red-shifted compared to those of YD2-o-
C8. The molar extinction coefficients of Q bands decreased in
the order of ZZX-N6C12 > ZZX-N6 > YD2-0-C8.

Absorption spectra of ZZX-N6 and ZZX-N6C12 on TiO,
films are shown in Fig. 1b. The spectra were obtained by
dipping dye-sensitized working electrodes in a cuvette
containing acetonitrile to mimic the real situation in devices.
Upon adsorption onto TiO, films, ZZX-N6 and ZZX-N6C12
showed similar spectra changes compared to their absorption in
solution. Both Soret and Q bands were broadened. The band
broadening can be caused by either light scattering or dye
aggregates. The working electrodes used in this measurement
was comprised of ~ 20 nm TiO, particles only, and their
scattering is negligible.*” Therefore the band broadening was
caused by dye aggregates. A blue-shift of Soret band was also
observed. These results indicate that both ZZX-N6 and ZZX-

N6C12 form H-type aggregation on TiO, films.?32 4344
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Table 1 Electronic and electrochemical properties of ZZX-N6 and ZZX-N6C12.

Dyes Absorption Emission Eox Eoo° Eox-Eo.0
Amax/nm (loge M'cm™) Amax"/nM V(vs. NHE) V(vs. NHE) )
ZZX-N6 686 (4.83) 628 (4.19) 478 (5.35) 696 1.19 1.85 -0.66
ZZX-N6C12 702 (4.94) 645 (4.24) 496 (5.51) 713 1.23 1.80 -0.57
YD2-0-C8* 645 (4.49) 581 (4.08) 448 (5.33) 663 0.82 2.11 -1.29

*77X-N6 was excited at 490nm and 506nm forZZX-N6C12; *Electrochemical measurements were performed at 25°C with each porphyrin (0.1 mM) in
THF/0.1 M TBAP/N,, GC working and Pt counter electrodes, Ag/AgCl reference electrode, scan rate=50mV/s; “Estimated from the intersection wavelengths
of the normalized UV-vis absorption and the fluorescence spectra; “The data of YD2-0-C8 was obtained from reference 5.

respectively. The E (S"/S") are slightly more negative than the

@) TiO, conduction band (-0.5 V vs. NHE). The results showed
a4 :;g;ﬁfa that the introduction of two extra alkynyl groups in the meso
——ZZX-N6C12

positions of the porphyrin ring effectively lowered the excited
state extending the absorption band edge.

The photovoltaic performance of dyes was evaluated in
Gritzel type devices. The dye loading time was fixed at 12h. It
was found the ZZX-N6 sensitized cell exhibited 5.06% energy
conversion efficiency with an open-circuit voltage (Voc) of 536
mV and a short-circuit current density (Jsc) of 13.99 mA/cm?.
The efficiency was lower than we expected. We attributed this
400 500 600 700 80 deficiency to the dye aggregation as evidenced by their

Wavelength (om) absorption spectra on TiO, films. A cocktail dye-loading
method (CT) was then used to overcome this problem. The

s (10M'em™)

() _g;:g Z't')'l" CDCA was added to the dye solution during the dye loading
process. The photovoltaic data of cells from this method were
g summarized in Table 2. It was found the addition of CDCA to
§ \_A the dye solution lowered the performance of ZZX-N6. The
% s energy conversion efficiency decreased from 5.06 to 4.62, 4.22
E — Z7X-N6G12 Sol and 3.14% when molar ratio of CDCA to ZZX-N6 increased
S from 0, 2, 6 and 10 as shown in Table 2. This decrease of
efficiency stems from significant drop of Jsc. Dye loading
density measurements showed that the density of ZZX-N6 on
- - TiO, film decreased from 5.34x10°® mol/cm?® to 4.54x107%
Wave,:::m (nm) o aoo mol/cm? when the ratio of CDCA/dye increased from 0:1 to
Fig. 1 Absorption spectra of ZZX-N6, ZZX-N6C12 andYD2-0-C8 in THF (a) and on 21
TiO; films (b).
= ZZX-N6 12h (1:0)
® ZZX-N6 12h (1:2)
154 A ZZX-N6 12h+3h
Cyclic voltammetry (CV) measurements and calculations ~ :::::::::5::3::55555!!!{;;-._
were conducted to make sure if ZZX-N6 and ZZX-N6C12 can § “.;:
fulfill the basic energetic requirements of devices.*> The & 104 05.
detailed CV spectra in Fig. S1 (See ESI) and data in Table 1, g o,
oxidation potentials (E(S/S")) for ZZX-N6 and ZZX-N6C12 are % et
1.19 V and 1.23 V vs. NHE, respectively; both are much more 3 * '_‘A
positive than the redox potential of I/I3”(~0.5 V vs. NHE). From 1\
the intersection of the normalized absorption spectra and p . . & .
emission spectra, the zero—zero excitation energies (Eq.) were A & Yoo 04 =

obtained as 1.85 V and 1.80 V vs. NHE for ZZX-N6 and ZZX-

N6C12 respectively. The reduction potentials (E (S*/S+)) were Fig. 2 Current-voltage curves of ZZX-N6 sensitized solar cells using CT method
’ . . . *, + (coded as black and red lines) and a SQ method (coded as blue line).

then determined from the relationship E (S /S") = E(S/S")-E.o,

giving reduction potentials as -0.66 V and -0.57 V vs. NHE,

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Table 2 Cell performances of ZZX-N6 and ZZX-N6C12 sensitized solar cells from a cocktail and a sequential dye-loading method®
Electrolytes® Dyes Immersing time (h)° Voc (mV) Jsc (mA/cm?) FF (%) n (%)
Cocktail Dye-loading Method
A (0.03M I, no TBP) Z7ZX-N6 12h (1:0) 536 13.99 69.62 5.06
12h (1:2) 538 13.23 66.82 4.62
12h (1:6) 540 10.86 71.56 4.22
12h (1:10) 532 8.00 73.71 3.14
Sequential Dye-loading Method
A (0.03M I, no TBP) Z7ZX-N6 12h+3h 579 13.91 60.40 4.72
12h+%h 570 12.90 60.42 4.44
B (0.2M L, no TBP) Z7ZX-N6 12h+3h 565 17.44 69.60 7.21
Z7ZX-N6C12 12h+3h 516 14.88 69.63 5.63
YD2-0-C8 12h+3h 602 7.97 68.49 3.29
C (0.03M L, 0.5M TBP) Z7ZX-N6 12h+3h 701 8.39 65.17 4.03
ZZX-N6C12 12h+3h 564 3.85 73.31 1.68
YD2-0-C8 12h+3h 773 13.43 68.80 7.14

“Electrolyte A: 1.0M 1,3-dimethylimidazolium iodide, 0.03 M iodine, 0.05 M Lil, 0.1 M guanidiniumthiocyanate, in an 85:15
acetonitrile/valeronitrile;electrolyte B: 1.0 M 1,3-dimethylimidazolium iodide, 0.2M iodine, 0.05M Lil, 0.1 M guanidiniumthiocyanate, in an 85:15
acetonitrile/valeronitrile; electrolyte C: 1.0 M 1,3-dimethylimidazolium iodide, 0.03M iodine, 0.05M Lil, 0.1 M guanidiniumthiocyanate, 0.5M 4-fert-pyridine
(TBP)in an 85:15 acetonitrile/valeronitrile; ®Only the differences between three electrolytes were included; “The molar ratio of ZZX-N6 to CDCA is included

in the parenthesis.

Alternatively, a sequential (SQ) dye-loading method was
used to prepare photoelectrode. In the SQ method, the TiO,
film was first immersed in a dye solution for 12h, followed by
immersing in a 2.0M CDCA acetonitrile solution for three or
nine hours. As shown in Fig. 2 and Table 2, three-hour post
treatment by CDCA led to ~45 mV increase of V¢ with nearly
no loss in short-circuit current density (Jsc) with the efficiency
of 4.72%. When the post treatment time increased to nine
hours, the efficiency dropped to 4.44%. The absorption spectra
of dye-coated TiO, film recorded before and after CDCA
treatment was shown in Fig. 3. It was found that the absorption
intensity decreased after post CDCA treatment, which is in
consistent with the drop in Jgc (see Table 2). The inset in Fig. 3
is the normalized absorption of Q bands before and after CDCA
treatment. The absorptions were similar, but a slightly narrowed
band width was observed after CDCA treatment indicating the
dye aggregation was slightly reduced.

—— Before CDCA 5
—— After CDCA

Absorbance

T T T
400 500 600 700 800 900
Wavelength (nm)

Fig. 3 Absorption spectra of ZZX-N6 coated films before and after a sequential
CDCA treatment.

The post CDCA treatment may result several effects on
alignment of dye molecules on the surface of the TiO, film.
After being adsorbed onto TiO, nanoparticles, dye molecules
likely align on the TiO, surface with a tilt angle as reported by
Imahori e al.** As depicted in Fig. 4a, neighbouring molecules
could overlap each other, resulting in aggregation or
overlapping of molecules. Thus generates large voids between
molecules. This will create opportunities for recombination of
electrons on TiO, with I3 in electrolyte. The post CDCA
treatment could exert three effects on cell performance: (i)
inserting CDCA molecules between dye molecules, forming an
the

injected electrons and I3 as

insulating layer which effectively retarded charge
recombination between the
demonstrated by EIS and photovoltaic decay measurements
(see Fig. 5); (ii) removing of loosely bound dye molecules from
TiO, surface. This will certainly reduce the fluorescence
quenching; (iii) we noted that FF was lowered when post
CDCA treatment was adopted as shown in Table 2, indicating
that the resistance for mass transfer of redox couples was
increased, and this should be an by-effect of increasing the

compactness on the TiO, nanoparticle surface.

Fig. 4 Proposed dye interaction before (a) and after (b)CDCA treatment.

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 (a) Comparison of Rct at certain Voc from EIS test in the dark; (b)
Comparison of electron life times at certain light intensity from photovoltaic
decay measurement.

The cell performance was increased significantly when the
iodide concentration of electrolyte increased from 0.03 M to 0.2
M. The Jyc increased from 13.91 mA/cm? to 17.44 mA/cm? for
ZZX-N6 sensitized cells. The J-V curves are shown in Fig. 6.
Even though a 14 mV drop in Voc was observed, the overall
cell efficiency increased from 4.72% to 7.21%. The V¢ loss is
ascribed to the side effect of increasing I;” concentration as
more I3 means faster charge recombination at the
TiO,/electrolyte interface. It should be mentioned that the FF is
generally higher in electrolyte B than in electrolyte A, which
was also observed in multilayer systems as reported by Wang et
al® Increasing the iodide concentration could enhance the
reduction reaction of I;” at the counter electrode, leading to
higher Jyc and FF as observed in current work.

It was found that the ZZX-N6 exhibited higher efficiency
than ZZX-N6C12 and YD2-0-C8 when the electrolyte B with
higher I, concentration is used. Cells sensitized by ZZX-N6C12
and YD2-0-C8 were fabricated under the same condition using
the SQ method and electrolyte B. The J-V curves were shown
in Fig. 6. Table 2 listed the photovoltaic performance of ZZX-
N6 and ZZX-N6C12 in the same cell fabrication conditions.
Both ZZX-N6 and ZZX-N6C12 sensitized cells exhibited
highest energy conversion efficiency by using electrolyte B.
The ZZX-N6 sensitized cell exhibited the energy conversion
efficiency of 7.21%, which is much higher than YD2-0-C8
(3.29%). The Jsc of DSCs can be calculated from the IPCE()L)
and the photon flux (®(A)) incident on the cell:*®
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Jse =€ [ IPCE - d(N) dA (1)

where e is the elementary charge and Ag,...An., defines a
wavelength range where both of them are non-zero. One can
easily get a conclusion from eq (1) that either extending the
IPCE spectra or increasing the IPCE can lead to higher Jsc. The
Fig.6b shows the IPCE action spectra of the devices. All
devices showed typical characteristics of porphyrin based
DSCs, exhibiting strong Soret and Q bands signals. The long-
wavelength peaks of ZZX-N6 device and ZZX-N6C12 device
were found to be red shifted into the NIR region cantered at
~710 nm and ~720 nm, respectively, while the IPCE of YD2-
0-C8 device dropped rapidly in this region with a cut-off at
~720 nm. This result was in consistent with their absorption
spectra. Because of the enhanced NIR absorbing ability, both
Z7X-N6 B device and ZZX-N6C12 B device exhibited higher
Jsc than YD2-0-C8 devices, which are consistent with their
IPCE values. The desorption experimental showed that ZZX-
N6 coated films exhibited higher dye loading compared to
ZZX-N6C12 counterpart (5.34 <10 mol/cm? and 4.53 %107
mol/cm? for ZZX-N6 and ZZX-N6C12, respectively) due to its
smaller size. Though the ZZX-N6 B device exhibited lower
Voc than YD2-0-C8 device using electrolyte C, it was
compensated by its much higher Jsc (563 mV and 17.44
mA/cm?vs.773 mV and 13.43 mA/cm?).
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Fig.6 (a) Current-voltage curves; (b) IPCE spectra of the corresponding devices
using a SQ method.

Transient photovoltage and charge extraction measurements

were used to investigate the origin of the difference in Vgc
between ZZX-N6 device and ZZX-N6C12 device. The decrease

This journal is © The Royal Society of Chemistry 2012

Page 6 of 10



Page 7 of 10

in Voc may originate from either (1) a downshift of the
conduction band or (2) shorter electron lifetime resulting lower
electron density in the conduction band.>’ As shown in Fig. 7a,
the cells made with ZZX-N6 and ZZX-N6C12 feature nearly
the same extracted charge (Q) at the same potential bias Vg,
ruling out a downshift of the conduction band as the origin of
the decreased Voc in ZZX-N6C12 device. Fig. 7b shows the
lifetime of electrons as a function of charge density and ZZX-
N6C12 device displayed shorter lifetime at a given charge
density. It should be noted that the relative high lifetime
observed here is due to the low electron density in the TiO,
films.* The electron lifetime is determined by two time
characteristics as described by following equation:*®

on n n

x- T, @
where 1, and 1p are the lifetimes determined by the
recombination reactions between injected electrons and

oxidized dye and I3, respectively. The contribution from the
former is negligible as the oxidized dyes are far more prone to
react with I in the electrolyte.*
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Fig. 7 (a) Comparison of the charges extracted from the porphyrin-grafted
TiOfilms at a certain Voc; (b)Electron lifetime against electron density.

We performed EIS measurement in the dark to obtain R. In
the dark condition, dyes at ground states cannot be excited and
thus form oxidized dyes, so R, obtained here can be assumed to
be equal with the recombination between electrons in the
conduction band and I;. As shown in Fig. 8, ZZX-N6C12
device exhibited smaller impedance for charge recombination

suggesting faster recombination reaction in ZZX-N6C12

This journal is © The Royal Society of Chemistry 2012
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device. The enhanced recombination in ZZX-N6C12 implies
that expanding the m-conjugation by replacing TIPS groups
with fluorenyl groups is disadvantageous in suppressing charge
recombination.
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Fig. 8 Comparison of R at certain Voc from EIS tests in the dark.

It was found the energy conversion efficiency of ZZX-N6
and ZZX-N6C12 was very sensitive to 4-tert-butylpyrindine
(TBP). The energy conversion efficiency of ZZX-N6 and ZZX-
N6C12 was decreased when the TBP was added in the
electrolyte. As shown in Table 2, ZZX-N6 sensitized cells
showed 4.03% energy conversion efficiency when electrolyte C
was used; whereas efficiency of YD2-0-C8 was 7.14%.
Comparing to YD2-0-C8 sensitized cells, ZZX-N6 and ZZX-
N6C12 sensitized cells showed lower Voc. The lower Voc
mainly comes from the enhanced charge recombination at the
TiO,/electrolyte interface in ZZX-N6 and ZZX-N6C12
sensitized cells, as shown in Fig. 9. The lower energy
conversion efficiency of ZZX-N6 and ZZX-N6C12 sensitized
cells using electrolyte C should come from the smaller driving
force for electron injection after adding 4-tert-butylpyridine to

the electrolyte.**4!
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Fig. 9 Comparison of lifetimes of three porphyrins

Conclusion

Two new porphyrin dyes were synthesized to broaden the
absorption of sunlight through direct conjugation of triple
bonds to two meso positions of porphyrin ring. This strategy
successfully red shifted the maximum absorption into the NIR

J. Name., 2012, 00, 1-3 | 7
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region. In efforts to improve cell performance, a sequential
CDCA treatment was introduced to suppress the charge
recombination at the TiO,/electrolyte interface and restraining
dye aggregation by increasing the compactness on the TiO,
surface. Then electrolyte with higher I, concentration was used
to accelerate the reduction of I3™ at the electrolyte/Pt counter
electrode interface. Conjunction of these two improvements
increased the energy conversion efficiency of ZZX-N6 based
devices from 5.06% to 7.21%, which is comparable to YD2-o-
C8 sensitized cells. Considering the low Voc observed in these
two new dyes based devices, further improvement in cell
performance could be achieved by using Co(II/III) based
electrolyte. The results also suggested that broadening the
absorption to longer wavelength could result insufficient
electron injection driving force during the cell operation. It is
therefore of importance to balance the band edges to maximize
the energy conversion efficiency.
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Two new near-infrared porphyrins exhibited energy conversion efficiency of 7.21% in dye-
sensitized solar cells.
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