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A new porphyrin sensitizer, LD31, was designed based on a donor—
T—acceptor structure, in which an ethynyl-anthracenyl moiety was
inserted between the dioctylaminophenyl group and the porphyrin
core in order to extend the m-conjugation of the dye for improved
light-harvesting ability. The device made of LD31 exhibited panchro-
matic spectral features covering the whole visible region and further
extending over 800 nm. When combined with an organic dye (AN-4),
the performance of the LD31/AN-4 co-sensitized device attained Jsc/
mA cm~2 = 20.3, Voc/mV = 704, FF = 0.72, and the overall efficiency
of power conversion n = 10.3%.

Introduction

Dye-sensitized solar cells (DSSCs) have drawn much attention in
recent years as promising and economic alternatives to
conventional silicon-based solar cells.*” Porphyrins and their
derivatives have been of great interest as DSSC sensitizers due to
their vital roles in photosynthesis, strong absorption in the
visible region and the ease of adjusting chemical structures for
light harvesting.® Since Officer and co-workers reported their
pioneering work in 2007 for the power conversion efficiency
(PCE) of the device reaching 7.1% based on a side-anchoring
and fully conjugated porphyrin dye,* rapid progresses have been
made for porphyrin-based DSSCs.*™® Recently, Yella et al
reported a porphyrin-sensitized SC in a cobalt-based electrolyte
to raise the device PCE greater than 12%,>* which becomes a
new milestone for the development of highly efficient DSSCs.
For most porphyrins, the w-conjugation system gives rise to
two groups of UV-visible absorption, the B and Q bands.” The
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nm and efficiency exceeding 10%

Chin-Li Wang,® Jyun-Yu Hu,? Cheng-Hua Wu,? Hshin-Hui Kuo,? Yu-Cheng Chang,?
Zih-Jian Lan,® Hui-Ping Wu,® Eric Wei-Guang Diau*® and Ching-Yao Lin*?

Broader context

With the potential of becoming a clean, unlimited and renewable energy
source, the dye-sensitized solar cell (DSSC) has been considered as one of
the feasible technologies for solar energy conversion. In order to raise the
power conversion efficiency of DSSCs, co-sensitization methods as well as
light-conversion towards the near-IR region have been under investiga-
tion. A good co-sensitizer naturally should enhance the photovoltaic
performance of the DSSC synergistically and should not compete with the
main photo-sensitizer. For utilizing the near-IR energy, red-shifting the
absorption bands of a sensitizer is the most common way. However, this
method often creates very easily aggregated dyes with a very low-energy
excited state, thus hampering energy conversion and electron injection
processes. To circumvent these issues, we herein report a novel porphyrin
dye with a suitable electron-donating group and six long alkyl chains.
When combined with an organic dye especially tailored for the porphyrin,
the co-sensitized system achieves an overall efficiency of 10.3% and power
conversion up to 800 nm.

intrinsic gap between the B and Q bands, however, limits the
light-harvesting ability of the porphyrin dyes for DSSC applica-
tions. To overcome this problem, co-sensitization methods have
been reported to effectively improve the photovoltaic perfor-
mance of porphyrin-based DSSCs.*%®b13-1617¢ Thig strategy is
especially successful for the highly efficient porphyrin dyes with
light harvesting in the visible region, such as YD2 and YD2-
0C8.>** Unfortunately for many porphyrins with absorption
spectra toward the near-IR region,>**>' the corresponding
device performances were relatively less impressive. For
example, a co-sensitization system containing three spectrally
complementary dyes (YD2-oC8/CD4/YDD6) was reported to
perform well in the visible region with PCE 10.4%; however, the
monochromatic incident photon to current conversion effi-
ciencies (IPCE) were only modest in the near-IR spectral region.>?
A recent study of a fused porphyrin'® showed that largely red-
shifting absorption bands of a dye toward the near-IR region
could result in a very low excited state level. This would be a
drawback when developing near-IR dyes for DSSCs because
electron injection from such excited dyes to the conduction
bands of semiconductors (e.g., TiO,) may be hampered.
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In this work, we report a new porphyrin dye, LD31, based on
the molecular structure of a highly efficient porphyrin sensi-
tizer, LD14,"¢ but with extended m-conjugation. Through
attaching a 4-dioctylaminophenyl-ethynyl-anthracenyl group
via an acetylene bridge at the meso position of the porphyrin
core opposite to the anchoring group, the molecular design of
LD31 is very successful in harvesting sunlight with panchro-
matic spectral features extending beyond 800 nm.*” Further-
more, in addition to the four 1-dodecanol groups protecting the
porphyrin core, LD31 has two more octyl tails added to the
electron-donating group to increase the solubility and to reduce
the extent of dye aggregation on a TiO, surface.'” This change
in the chemical structure from that of the previous dye, LWP3,*”
not only greatly simplifies the dye-adsorption procedure of
LD31 and noticeably improves the overall efficiencies of the
DSSCs from LWP3's 9.51% to LD31's 9.95%, but also renders co-
sensitization feasible to achieve a higher performance.

As for the organic co-sensitizer, AN-4, it contains the same
electron-releasing and anchoring groups as in LD31 but with the
pivot porphyrin core replaced by a phenyl ring. Fig. 1 depicts the
chemical structures of LD14, LD31, and AN-4 dyes. With these
dyes, the DSSCs made of LD14 and LD31 attained PCEs 9.3% and
10.0%, respectively, whereas the co-sensitized cells of LD31 and
AN-4 show a further improved overall efficiency of 10.3%.

Fig. 2 shows the UV-visible absorption spectra of LD14,
LD31, and AN-4 in THF. Owing to the extended m-conjugation,
the B and Q bands of LD31 are significantly broadened and red-
shifted from those of LD14 by 60 and 25 nm, respectively. As a
result, the absorption spectrum of LD31 extends toward the
near-IR region with the light-harvesting ability over 750 nm. The
fluorescent maximum of LD31 is also red-shifted by 31 nm with
respect to that of LD14 (Fig. S1 and Table S1, ESI}). These
spectral features are important for the development of an effi-
cient near-IR dye. For the redox properties, LD31 is more easy to
reduce and more difficult to oxidize than LD14 (Fig. S2, S3 and
Table S17). Based on these results, we found that the energy
levels of LUMO of LD31 and AN-4 are both above the conduction
bands of TiO, whereas those of HOMO are well below the energy
level of the electrolyte. This suggests that the electron injection
and dye regeneration of LD31 and AN-4 are feasible processes to
occur in the devices.

To optimize the photovoltaic performance of porphyrin-
sensitized SCs, we tested four different photoanodes (Fig. 3,
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Fig. 1 Molecular structures of LD14, LD31 and AN-4.
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Fig. 2 Absorption spectra of LD14, LD31 and AN-4 in THF.
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Fig. 3 Photoanodes A-D containing varied TiO, film configurations
(NP: nanoparticles, NR: nanorods and HD: octahedron-like nano-
crystals, and SL: scattering layers).1

denoted as devices A-D) with LD14 as a reference dye. Three
TiO, nanostructures (NP: nanoparticles, NR: nanorods and HD:
octahedron-like nanocrystals)* in a bi-layer (BL) or a multi-layer
(ML) configuration were used to construct these photoanodes.}
Fig. 4 and Table 1 collect the results. As shown in Table 1, the
thicknesses of the TiO, films (L) are 19, 23, 25 and 26 um for
devices A-D, respectively; but the corresponding short-circuit
current densities (Jsc) exhibit a less prominent trend: D ~ C ~ B
> A. On the other hand, the open-circuit voltages (Voc) show a
more apparent tendency D > C > B ~ A. As a result, we observed a
systematic performance trend, D > C > B > A, with device D
attaining the best PCE 9.34 + 0.06%. The higher performance of
device D corresponds to a greater Voc which may be attributed
to the superior crystallinity of the HD1 nanocrystals. This

Q20 oA 80
[ (b
5 () E
E15 F 1 60
= r X
> b Js50 <
‘B0 | ' 3 Jawd
S F—Device A(7=86% ] 17Q
O [——DeviceB(7=8.9%) T 1% =
E 5 F——Device C (7=9.2 %) T 420
‘g [ — Device D (7=9.4 %) I - 10
Ool— v+ v v v N T TP T N S P

o
o

1 1 L
0.6 0.8 400 500 600 700 800

02 0.4
Voltage /V Wavelength /nm

Fig. 4 (a) J-V characteristics and (b) IPCE spectra of LD14-sensitized
DSSCs employing varied TiO, photoanodes for the corresponding film
configurations shown in Fig. 3.
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Table 1 Photovoltaic parameters of devices made of LD14 and TiO,
photoanodes (total film thickness L) with varied film configurations?

Device L/um Jso/mAcm > Voo/mV  FF /%

A 19 16.85 + 0.02 713 +2 0.712 + 0.002 8.55 4+ 0.03
B 23 17.62 £ 0.04 7124+ 3 0.706 = 0.003 8.86 £ 0.03
C 25 17.75 £ 0.05 724 +4 0.715 + 0.006 9.19 + 0.02
D 26 17.50 £ 0.16 738 =4 0.723 = 0.004 9.34 £ 0.06

“ Raw data, see Table S2, ESI.

suggests that HD1 is not only good for ruthenium dyes** but
also suitable for the porphyrin sensitizer reported herein. The
superior crystallinity of HD1 should result from its larger crystal
size than that of NPs. The size effect of TiO, nanocrystals
affecting the DSSC performance has also been demonstrated
recently by Snaith and co-workers.?*?

DSSCs with photoanode D configuration were therefore used
to examine the photovoltaic performances of the LD31, AN-4
and LD31/AN-4 co-sensitized systems. The corresponding j-V
curves and the IPCE action spectra are shown in Fig. 5 and the
photovoltaic parameters are summarized in Table 2. For the
IPCE action spectrum of the LD31 device (Fig. 5b, black curve),
panchromatic behaviour was observed, covering the entire
visible region and extending toward the near-IR region. With
such a great light-harvesting ability, the LD31 cell exhibits an
excellent Jsc value exceeding 20 mA cm > as well as an
outstanding PCE value approaching 10.0%. Although the
organic sensitizer AN-4 alone gave a modest PCE of 4.4%,
co-sensitization of LD31 with AN-4 in a molar ratio of 2/1 further
enhanced the DSSC performance to achieve Jso/mA cm 2 =
20.27 + 0.33, Voo/mV = 704 + 4, FF = 0.718 =+ 0.004, and the
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Fig. 5 (a) J-V curves and (b) IPCE spectra of the devices made of
LD31, AN-4 and the co-sensitized LD31/AN-4 system using the pho-
toanodes D.

Table 2 Photovoltaic parameters of DSSCs made of LD31, AN-4 and
the co-sensitized LD31/AN-4 system?

Dye JsomAcem™  Voo/mV  FF n/%

LD31 20.02 £+ 0.23 699 +2  0.711 £ 0.010 9.95 + 0.04
AN-4 8.85 + 0.02 692 +2  0.726 £ 0.001 4.44 £+ 0.01
LD31/AN-4  20.27 £ 0.33 704 +7 0.718 £ 0.004 10.26 £ 0.07

¢ Devices using photoanode D (raw data, see Table S3, ESI).
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overall efficiency 7 = 10.26 £ 0.07%. Therefore, the LD31 and
the LD31/AN-4 systems outperforming the LD14 system can be
attributed to the superior light-harvesting capability of the LD31
dye compared to that of the LD14 dye.

To understand the photovoltaic properties reflected by the
individual dyes and the co-sensitization system, we measured
charge densities (N.) via the charge extraction (CE) method and
electron lifetimes (tg) via the transient photovoltage decay
(TVD) method for the devices made of LD31, AN-4 and co-
sensitized LD31/AN-4 under seven light intensities.”® The CE
and TVD results are displayed in Fig. 6a and b, respectively.
According to the CE results, it shows that the TiO, potential
sensitized with LD31 was slightly down-shifted compared to
that of the co-sensitized system. However, the electron lifetimes
of the LD31 device were slightly larger than those of the co-
sensitized device. The net effect makes a balance on the V¢
values so that all three devices showed very similar V¢ values.
The extraordinary performances of the LD31 and the co-sensi-
tized LD31/AN-4 devices are thus attributed to the outstanding
light-harvesting ability of the porphyrin dye extending beyond
the 800 nm spectral region.

In conclusion, we report a highly efficient porphyrin sensi-
tizer, LD31, with panchromatic spectral features to harvest solar
energy up to 800 nm. For comparison, Fig. 7 overlays the IPCE
spectra of the devices sensitized with YD2-0C8,°¢ LD14 and
LD31. These action spectra show a systematic trend of the light-
harvesting range, LD31 > LD14 > YD2-0C8. More specifically,
the IPCE spectral band edges of the LD14 and LD31 cells are
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Fig. 6 Plots of (a) of Voc vs. charge density (No), and (b) electron
lifetime (zr) vs. N, for the devices made of LD31, AN-4 and the co-
sensitized LD31/AN-4 system.
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Fig.7 IPCE action spectra of devices made of (a) individual dyes (LD31,

LD14 or YD2-0C8) and (b) co-sensitized systems (LD31/AN-4 vs. YD2-
oC8/CD4/YDD6). The results of YD2-0C8 and the corresponding co-
sensitized system shown in broken curves are adopted from ref. 5d.

This journal is © The Royal Society of Chemistry 2014



Communication

~20 nm and ~60 nm red-shifted from that of the YD2-0C8
device, respectively. As a result, the values of jsc/mA cm™>
increased from 16.4 in a YD2-0C8 device*? to 17.7 in a LD14
device, and further enhanced to 19.8 in a LD31 cell. For the co-
sensitization systems, Fig. 7b shows that the IPCE spectrum of
the LD31/AN-4 cell outperforms that of the YD2-0C8/CD4/YDD6
device®? in the 450-750 nm region. Therefore, the great light-
harvesting performance of the LD31/AN-4 system in the present
study exhibits a remarkable Jsc beyond 20 mA cm ™ * with an
overall efficiency of power conversion 10.3%.

The IPCE spectrum of LD31 has broad spectral features
covering the entire visible region with the plateau values
attaining ~80%. This is consistent with the I~V results. If the
loss from light scattering of the glass surface can be reduced,
one would observe greater IPCE values and higher current
densities. In addition, future strategies to design high-perfor-
mance near-IR dyes should consider extending the 7-conjuga-
tion to further cover the 900-1000 nm region. Carefully
designed dimeric porphyrins in combination with suitable co-
sensitizers may fulfil this idea and the corresponding devices
could generate higher current densities than the present
system. An investigation is well in progress.
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