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Fig. 1 The molecular structures of porphyrine (A) and metal
porphyrins (B)
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Fig. 2 The structure of dye-sensitized solar cell
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Fig. 3 The operating principle of dye-sensitized solar cell
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Fig. 6 The molecular structures of porphyrins LD14 and LW1-LW4
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Fig. 7 The UV-VIS absorption spectra of porphyrins LD14
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Fig. 11 A. Current density-voltage curves of LD14, LW5 and LW6 based DSSC; B. The corresponding IPCE spectra

%2 T LW5-LW6 & LD14 fhukfy DSSC #1161k =
e
Tab. 2 Photovoltaic parameters of DSSC devices based on
LW5-LW6 and LD14 porphyrins

Dye Jso/(mA - cm?) VoV FF 1n/%
LW5 12.66 0.805 0.75 7.75
LW6 10.66 0.759 0.74 6.09
LD14 13.23 0.810 0.73 7.93
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{ = )coor Lac3
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12 LAC1 .LAC2 1 LAC3 43 &5 44 /5]
Fig. 12 The molecular structures of porphyrins LAC1, LAC2
and LAC3
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Fig. 13 The molecular structures of porphyrins LD14 and LW11-LW13
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Fig. 14 The UV-VIS absorption spectra of porphyrins
LD14 and LW11-LW13
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Tab. 3 Photovoltaic parameters of DSSC devices based on
LW11-LW13 and LD14 porphyrins

Dye Jso/(mA - cm?) VodV FF n/%
LWI11 8.20 0.634 0.77 3.96
LWI12 2.84 0.541 0.74 1.24
LWI13 9.83 0.632 0.74 4.59
LD14 17.38 0.730 0.71 9.01
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Fig. 15 A. Current density-voltage curves of DSSC devices based on porphyrins LD14 and LW11-LW13 ; B. The corresponding

IPCE spectra
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Fig. 16 The molecular structures of LW14-LW16 porphyrins
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% 4 T LWI14-LWI16 NNk fg DSSC i fF 6k 241
Tab. 4 Photovoltaic parameters of DSSC devices based on
LW14-LW16 porphyrins

Dye J/mA-em?) VoV FF /%
LW14 14.73 0.646  0.71 6.87
LW15 15.88 0711  0.72 8.20
LW16 16.70 0701  0.72 8.53
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Fig. 19 The molecular structure of LD14, LD14-C4 and
LD14-C8 porphyrins
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Fig.21 A. The TEM image of graphene oxide; B. The molecular structure of CoTMPyP; C. The SEM image of [ERGO@CoTMPyP],,

thin film

0k
20
O —— Initial
S 4 —— After 1000 cycles
< =4 -
&
=
S o6l
8t

06 05 04 03 02 -0l
E/V(vs. RHE)
K 22 [ERGO@CoTMPyP],/PDDA/4-ABA/GC i 4 &
RERVIIFFy
Fig. 22 Stability testing result for the [ERGO@CoTMPyP],/
PDDA/4-ABA/GC electrode

i XA LBL ZH 2 39 1k b etk g S EL A
JFE T O SMEBORM LR, MRS ZRL
WA 2 RN, B R R I R
Prathae .

3 & iE

R AT 2 OB AL AL S5 B TR R H
A BORBOEPRE ST, P AE G A A T T A A
R T 73 . A G K BH B8 F 3t 4 1 T
i3 BRI D-mr-A BURRIR S TR S5 R RE S A
RCHL A T8 TR AR AR G S L, L B b 4 1 Y
P A GORIHER, S v A O T e A5 3
S B 't H e 5 AR AR DI H A A o 0T T A
R, T Ui i B A [ 9 sk 1, He AN fE

e /KW WOH RS EAFAE R 701, IR T RE B AR
b 14 1O FH T LA ) <

2 % 3T (References):

[1] Li L L, Diau E W G. Porphyrin-sensitized solar cells[J].
Chemical Society Reviews, 2013, 42(1): 291-304.

[2] Yang W J(FH T1'%) , Guo C C(5Fli3k), Mao Y L(& £ #1),
et al. Catalysis and substituent effects of monom anganese
porphyrins and monoiron porphyrins for pinene oxidation
with air[J]. Chemical Journal of Chinese Universities ({7
e R A2 247, 2005, 26(9): 1690-1694.

[3] Wang B, Zuo X, Wu Y Q, et al. Preparation, characteriza-

tion and gas sensing properties of lead tetra-(tert-butyl)-5,

10, 15, 20-tetraazaporphyrin spin-coating films[J]. Sensors

and Actuators B: Chemical, 2007, 125(1): 268-273.

Li F Y(Z & &), Yu ] H(4 ZE48), Zhang B W(ik 5 30), et

al. Study on photocurrent generation of three porphyrin

—
~
=

monolayer modified electrodes with various side chain
lengths[J]. Acta Chimica Sinica(fk 2% % 1), 2006, 64(4):
301-305.

Gregg B A, Fox M A, Bard A J. Porphyrin octaesters: New

—
W
—_

discotic liquid crystals[J]. Journal of the Chemical Society,
Chemical Communications, 1987 (15): 1134-1135.

Jin Z P(4% & 1), Peng X J(¥ 2 %), Sun L C(#h 57 BR).
Application of porphyrin supramolecular compounds in
molecular devices[J]. Chemistry(fk 2% i 4 ), 2003, 66(7):
464-473.

[7] Lu J, Xu X, Li Z, et al. Zinc porphyrins with a pyri-

[6

=

dine-ring-anchoring group for dye-sensitized solar cells[J].
Chemistry-An Asian Journal, 2013, 8(5): 956-962.
[8] Tétreault N, Griietzel M. Novel nanostructures for next

generation dye-sensitized solar cells [J]. Energy & Envi-



-354.+ W,

r%»l: 2016 4

ronmental Science, 2012, 5(9): 8506-8516.

[9] Listorti A, O’Regan B, Durrant J R. Electron transfer dy-
namics in dye-sensitized solar cells[J]. Chemistry of Mate-
rials, 2011, 23(15): 3381-3399.

[10] Nazeeruddin M K, Kay A, Rodicio I, et al. Conversion of
light to electricity by cis-X2bis (2,2"-bipyridyl-4,4'-dicar-
boxylate) ruthenium (IT) charge-transfer sensitizers (X =
CI, Br, I, CN, and SCN") on nanocrystalline titanium
dioxide electrodes[J]. Journal of the American Chemical
Society, 1993, 115(14): 6382-6390.

[11] Mishra A, Fischer M K R, Béuerle P. Metal-free organic
dyes for dye-sensitized solar cells: From structure: Prop-
erty relationships to design rules[J]. Angewandte Chemie
International Edition, 2009, 48(14): 2474-2499.

[12] Gongalves L M, Bermudez V D Z , Ribeiro H A, et al.
Dye-sensitized solar cells: A safe bet for the future [J].
Energy & Environmental Science, 2008, 1(6): 655-667.

[13] Parisi M L, Maranghi S, Basosi R. The evolution of the
dye sensitized solar cells from Gritzel prototype to
up-scaled solar applications: A life cycle assessment ap-
proach[J]. Renewable and Sustainable Energy Reviews,
2014, 39: 124-138.

[14] LiQ, Jiang Z, Qin J, et al. Heterocyclic-functionalized or-
ganic dyes for dye-sensitized solar cells: Tuning solar cell
performance by structural modification[J]. Australian Jour-
nal of Chemistry, 2012, 65(9): 1203-1212.

[15] Kay A, Graetzel M. Artificial photosynthesis. 1. Photo-
sensitization of titania solar cells with chlorophyll deriva-
tives and related natural porphyrins[J]. The Journal of
Physical Chemistry, 1993, 97(23): 6272-6277.

[16] Wang Q, Campbell W M, Bonfantani E E, et al. Efficient
light harvesting by using green Zn-porphyrin-sensitized
nanocrystalline TiO, films[J]. The Journal of Physical
Chemistry B, 2005, 109(32): 15397-15409.

[17] Campbell W M, Jolley K W, Wagner P, et al. Highly effi-
cient porphyrin sensitizers for dye-sensitized solar cells
[J]. The Journal of Physical Chemistry C, 2007, 111(32):
11760-11762.

[18] Mathew S, Yella A, Gao P, et al. Dye-sensitized solar
cells with 13% efficiency achieved through the molecular
engineering of porphyrin sensitizers[J]. Nature Chemistry,
2014, 6(3): 242-247.

[19] LuJ, Liu S, Li H, et al. Pyrene-conjugated porphyrins for
efficient mesoscopic solar cells: The role of the spacer[J].
Journal of Materials Chemistry A, 2014, 2(41): 17495-
17501.

[20] Yella A, Mai C L, Zakeeruddin S M, et al. Molecular en-
gineering of push-pull porphyrin dyes for highly efficient
dye-sensitized solar cells: The role of benzene spacers[J].
Angewandte Chemie International Edition, 2014, 126

(11):3017-3021.

[21] Lu J, Zhang B, Yuan H, et al. D-w-A porphyrin sensitiz-
ers with m-extended conjugation for mesoscopic solar
cells[J]. The Journal of Physical Chemistry C, 2014, 118
(27): 14739-14748.

[22] Wang C L, HuJ Y, Wu C H, et al. Highly efficient por-
phyrin-sensitized solar cells with enhanced light harvest-
ing ability beyond 800 nm and efficiency exceeding 10%
[J]. Energy & Environmental Science, 2014, 7(4): 1392-
1396.

[23] Yella A, Lee H W, Tsao H N, et al. Porphyrin-sensitized
solar cells with cobalt (II/Il)-based redox electrolyte ex-
ceed 12 percent efficiency[J]. Science, 2011, 334(6056):
629-634.

[24] Cao K, LuJ F, Li H, et al. Efficient dye-sensitized solar
cells using mesoporous submicrometer TiO, beads[J]. RSC
Advances, 2015, 5(77): 62630-62637.

[25] LuJ, Zhang B, Liu S, et al. A cyclopenta [1, 2-b:5,4-b’]
dithiophene-porphyrin conjugate for mesoscopic solar
cells: A D-w-D-A approach[J]. Physical Chemistry Chem-
ical Physics, 2014, 16(45): 24755-24762.

[26] Imahori H, Umeyama T, Ito S. Large m-aromatic molecu-
les as potential sensitizers for highly efficient dye-sensi-
tized solar cells[J]. Accounts of Chemical Research, 2009,
42(11): 1809-1818.

[27] Urbani M, Gra?tzel M, Nazeeruddin M K, et al. Meso-
substituted porphyrins for dye-sensitized solar cells [J].
Chemical reviews, 2014, 114(24): 12330-12396.

[28] LulJ, Xu X, Cao K, et al. D-mw-A structured porphyrins for
efficient dye-sensitized solar cells[J]. Journal of Materials
Chemistry A, 2013, 1(34): 10008-10015.

[29] Liu Y, Xiang N, Feng X, et al. Thiophene-linked por-
phyrin derivatives for dye-sensitized solar cells[J]. Chem-
ical Communications, 2009 (18): 2499-2501.

[30] Guo M, He R, Dai Y, et al. Electron-deficient pyrimidine
adopted in porphyrin sensitizers: A theoretical interpreta-
tion of m-spacers leading to highly efficient pho-
to-to-electric conversion performances in dye-sensitized
solar cells[J]. The Journal of Physical Chemistry C, 2012,
116(16): 9166-9179.

[31] LinCY, Wang Y C, Hsu S J, et al. Preparation and spec-
tral, electrochemical, and photovoltaic properties of
acene-modified zinc porphyrins[J]. The Journal of Physi-
cal Chemistry C, 2009, 114(1): 687-693.

[32] Hardin B E, Snaith H J, McGehee M D. The renaissance
of dye-sensitized solar cells[J]. Nature Photonics, 2012, 6
(3): 162-169.

[33] Hao S, Wu J, Fan L, et al. The influence of acid treatment
of TiO, porous film electrode on photoelectric perfor-

mance of dye-sensitized solar cell[J]. Solar Energy, 2004,



554 W

XA - WO K G5 v AL~ BT 5 i

+355-

[35]

[36]

[37]

[38]

[40]

[41]

76(6): 745-750.

Lopez-Duarte I, Wang M K, Humphry-Baker R, et al.
Molecular engineering of zinc phthalocyanines with
phosphinic acid anchoring groups[J]. Angewandte Chemie
International Edition, 2012, 124(8): 1931-1934.

Lee C Y, Hupp J T. Dye sensitized solar cells: TiO, sensi-
tization with a Bodipy-porphyrin antenna system[J]. Lang-
muir, 2009, 26(5): 3760-3765.

Lee CY, She C X. Jeong N C, et al. Porphyrin sensitized
solar cells: TiO, sensitization with a m-extended por-
phyrin possessing two anchoring groups [J]. Chemical
Communications, 2010, 46(33): 6090-6092.

LiuJ Y, Zhang J, Xu M F, et al. Mesoscopic titania solar
cells with the tris (1, 10-phenanthroline) cobalt redox
shuttle: Uniped versus biped organic dyes[J]. Energy &
Environmental Science, 2011, 4(8): 3021-3029.

LulJF, Liu S S, Shen Y, et al. Alkyl-thiophene function-
alized D-w-A porphyrins for mesoscopic solar cells [J].
Electrochimica Acta, 2015, 179: 187-196.

Wang C L, Lan C M, Hong S H, et al. Enveloping por-
phyrins for efficient dye-sensitized solar cells[J]. Energy &
Environmental Science, 2012, 5(5): 6933-6940.

Panda M K, Ladomenou K, Coutsolelos A G. Porphyrins
in bio-inspired transformations: Light-harvesting to solar
cell[J]. Coordination Chemistry Reviews, 2012, 256(21):
2601-2627.

Dhanalakshmi K B, Latha S, Anandan S, et al. Dye sensi-
tized hydrogen evolution from water[J]. International Jour-
nal of Hydrogen Energy, 2001, 26(7): 669-674.

Gragtzel M. Artificial photosynthesis: Water cleavage in-
to hydrogen and oxygen by visible light[J]. Accounts of

[43]

[45]

Chemical Research, 1981, 14(12): 376-384.
Kalyanasundaram K, Gr?tzel M. Light induced redox re-
actions of water soluble porphyrins, sensitization of hy-
drogen generation from water by zincporphyrin deriva-
tives[J]. Helvetica Chimica Acta, 1980, 63(2): 478-485.
Ngweniform P, Kusumoto Y, Ikeda M, et al. Conforma-
tion-dependent hydrogen evolution with cobalt (II) te-
traphenylporphyrin solubilized into poly(l-glutamate)-de-
cylammonium ion complex[J]. Chemical Physics Letters,
20006, 428(4): 436-439.

Kim W, Tachikawa T, Majima T, et al. Tin-porphyrin
sensitized TiO, for the production of H, under visible
light[J]. Energy & Environmental Science, 2010, 3(11):
1789-1795.

[46] Jacques P A, Artero V, Pé caut J, et al. Cobalt and nickel

diimine-dioxime complexes as molecular electrocatalysts
for hydrogen evolution with low overvoltages[J]. Proceed-
ings of the National Academy of Sciences, 2009, 106
(49): 20627-20632.

[47] Zhang P, Wang M, Gloaguen F, et al. Electrocatalytic hy-

drogen evolution from neutral water by molecular cobalt
tripyridine-diamine complexes[J]. Chemical Communica-
tions, 2013, 49(82): 9455-9457.

Rao C N R, Sood A K, Subrahmanyam K S, et al.
Graphene: The new two-dimensional nanomaterial [J].
Angewandte Chemie International Edition, 2009, 48(42):
7752-7777.

Huang D K, Lu J F, Li S H, et al. Fabrication of cobalt
porphyrin. Electrochemically reduced graphene oxide hy-
brid films for electrocatalytic hydrogen evolution in
aqueous solution[J]. Langmuir, 2014, 30(23): 6990-6998.

Prospects of D-7r-A Structured Porphyrins and
Their Photoelectrochemical Applications

LIU Shuang-shuang', LU Jian-feng?, WANG Ming-kui"
(1. Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology, Wuhan,
430074, China; 2. Materials Science and Engineering, Monash University, Clayton, 3800, Victoria, Australia)

Abstract: Porphyrins and their metalloderivatives are a class of compounds exhibiting a wide variety of interesting and highly
useful properties, such as chlorophyll. Porphyrins are particularly interesting in photoelectrochemical applications due to their struc-
tural similarity to chlorophylls in natural photosynthetic systems, as well as their strong and tunable absorption properties. Recently,
various porphyrins have been extensively studied for their applications in solar cells, photocatalytic hydrogen production, optical in-
formation storage and others. This review will focus on the unique physical and chemical properties of D-w-A structured por-
phyrins, and their photovoltaic performances in dye-sensitized solar cells. A brief discussion in the future development of por-
phyrins is presented.
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