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Development of wideband dye-sensitized solar cells employing spin inversion
transition

KINOSHITA, Takumi

18,800,000

(30mAcm-2)
21.5

In this research project, the mechanism of spin-inversion excitation was
clarified to enable a significant expansion of the light absorption range by dye-sensitized solar
cells, and device design was conducted to realize broadband and highly efficient dye-sensitized
solar cells. Molecular designs of sensitizing dyes were obtained computationally to realize the
extension of light absorption wavelength by sensitizing dyes. The development of a new method for
the surface modification of TiO2 has led to the achievement of the world®s highest photocurrent
value (30 mAcm-2). We succeeded in achieving 21.5% energy conversion efficiency in multi-junction
solar cells by combining wideband dye-sensitized solar cells and metal halide perovskite solar
cells. Results obtained were far beyond the initial numerical targets.

Ru



U 0 Ooobbbobbbtbdoddoouooouooboboooobooo
obooobobooonog

googo co,0boobnoobuoobobbuoboobooboobobobooboobnon
0000000000000 000DO000O0DO00DO0DO0bO0OOooDgDoOoOo ssoH)ooo
OO00O0DbOoopogobssconooooo(io)booobooooboonooooooonDo
00000000 0b000O0oO0oOoooobDoooDo g, booo(@HUDOODODODO
O0000O0oOooooboooooa7/p))oo0o0ob0ooooo0bOoooDOobOoOoDo
g0ooobmoobobooobooboob RObODODODOOO0DOOODOODOODOODO
0000000000000 00O0bO00DO@bOoDoOobOoO)mooobssconoooooDo
obooboobobooobgicoonmb0obo0b0ob0bO0Ob0O0ODbm™OobDRDOODOO
gboooboobobooboobobobobbo0obo0oboobobobooboobooboo
0000b0oo0ooO@boobooboooOo)yoooboooooboooooOoooooOooDo
gbooobooboboobooboobobboboobooboboboboooboobo
gbooobooboboobooboobobboboobooboboboboooboobo
oboobooboboogobgobsschopboobouoobooboomboboooboobo
gbooobooboboobooboobobbooboobooboobobobooboob

oooobgoo
goobobooobooobooboobobooboooboobobobobobooboobon

obooboogooobsscooonoooboobobooobooobooboobooboobog

o0o0oboobobobooboonog

(L) 00000000000 bO00ODO0DOO0bOO00OOObOU0ODODO0oDOO0obOOoOoDOOobOobODoO

o0oobobobobooobo

() 00000000000 b00ODO0bOO00OOoOobOOobOOoOoDOONMOOODOODOODODOO

gooobooboboobooboobobboboobooboboboboooboobo

gbooobooboboobooboobobbooboobooboobobobooboob

@) 00000O0b0o0ooO0bO0obO0o0oO0obOo0ooO0DO0DOO2)boooboooDOoDOobo

ob0oobo0obobobobooobooboobon

@ Tio, 0000000 0Ob0O0ODoOoDoOoDbOOo T TicLODODODODbOOoODOOoDOOooOooDd

(G) opooobsscOboOoooDboooooo

(6) ODODDOOOODODSsCcODO

gboooboboboboooboobobbooboooboob

ooooooo
(HO OoOoDOoOooOooooooDooo
000oo000ooo00oooooooooooooooooooooDoDooooogo
0000oDoo00o0ooo00ooo0o0oooooooooooDoooooooooooDoo
000000000000 0oo0o00ooooooDoooooDoooDFTOOO0OOnoOOoOnO
0000oDoo00o0ooo00ooo0o0oooooooooooDoooooooooooDoo
000 XOOoODOUODOOrROOODODDOODOODODOOOODOODOODODODOOODO
(2 000000OoOoO00oooOoooooOoooDooog
OO0DFTOO000DDOO00NDOO00ON00ooOoDOooooOooooOMFHOODoDOonod
000 GaussianO O Gaussian0 O OO0 O0ODO0OODOODOODOODOODOOOOODOODO
O (meta-hybrid GGA)O OO OO M6 O ODOOOOODOODO 6-316(d)0 RuO OO DO LanL2Dz
000000000 DO000(¢GeAHhODODOOODOODOODOODOODOODODODOODOODO
00000000 go(-pFHO0b00bD0nD0obO0oonoOoSsiMDOAFODODOODOODOO
00000000 gd@oec)Donooonogn zeroth-order regular approximation (ZORA)O O
002000000 birac0000O00OODOODOO
() 00000o0ob0obo0oooDOobOoooOOoDOoDbo
000oo000oooooooooooooooooooooooooooDooooogo
0000000000 0oooOo@oooooDFTogooooooooooonooooon
0000Doo000ooo00ooo0oooooooooooooDooooooDo0oooooo
0000Doo0ooooOoooooooooog
@ Tio, 00000000 Db0O0OD0OoDOOoDbOOo T TiIcLODODODDODOOODODOoDOOooOooOoDOd
000o000ob0ooooOooOoobO snmO3onmO00000000000DOO0OOODODOO
0000000000 FFOOUODOODOO0OOODOODOOODOODOS0 D0D0O0DbOoOoDooDo
0000000000000 000bO0O0DoDOOooooo(ClLpO0ODooDonO
0000ooo00DoOooooDooooooooooDooooo
G)ooobpsscOoopoooOooOoDO
0020000000000000000000D00O00000D000O0O0O0O0OOOO0O
0000DooO000oDoOo00oooo0oDoo00ooDoooooDoooooDooooooog
0000Doo00moo0ooooooooooooooooDooooooooooooDog
0000Doo00o0oo00ooo0o0oooooooooooDooooooo0ooooDOoo
ooo



(6) ODODDOOOODODSscODO

gobooboooboooboobo0obobooobooobooboboboboooboobOon
gbooobooboboobooboobobbobooobooboboboobooboobo
0000000000000 0MooO0obO0o0oo00ooO0boo0ooOO0oboooOooEGoODO
gbooobooboboobooboobobbobooboobobobobooboobo
oopooTmio, 000000000 ODO o, bOODODOODLOUODODOODOODODOD
0500 COODODOODOODOO Mo, 0000DODOODOODOODOODOODODDOODO
gbooobooboboobooboobobbobooboobobobobooboobo
HRN

oooooo
(L) 0OO0D0O0DOO0bOOOoDOobooon
goobobooboobooboboboobooobooboobobobooboooboobon
O00000000DO000000 RROODOOX1, O HDODODODOODOODOODODO
gbooobooboboobooboboboboooboobooboobo s-Tobooboobo
000000001 0000000000000 0o00oo00oboooooDgOX1-pydoo
goooboobobooboobmooboboooboob Xpoboboooboobooo
Ru-O00000000DO00O0DOOCOOODX1I-pyODOOODXIODOODODODODOODOODOO
o0o0o@obooobobooob 3gboobobooobooboobob0DbRObDOODbDO
gbooobooboboobooboobobobobooboobobobobooboobo
oboobooboboobo0bob0b ROODOODbDOODODODDODOODOO™DO
ob0oobo0obOobooobboboboobuoobobbo0br-ODO0DDOODODOODOODO
O0o0DobooooowecnHooobooooooooooOOobooooboooooDOoDo
gooMmcThbooboboooboobobbooobo-boobOooo
gboobooboboobo0oboooboobobooboobooboo
o0oboboo0obobooobobboooobboooobobbooobooo
obooboobobooboobmoboboboobuoobooo
goOpXioooooowMCcTOO(@WOOODO RO dODODOODO
n*000000000000000)O0000000b00booogo

COOH

D000000D0000000000000000 d0000000 g i0ooo00n
00000000000000000000000000000000 [ pyn 00 0 bx1)

() 000000000000 000000000000
00000000000000000000000 RUOD DX2-3(0 2)000000000
D00000000000D00000000000000000 000000000000
000000000000 00000000000 To-DFT 000000000000000
000000000000 000000000000000000000000000000
D00000 000000000000 00000 7,0 T,000000000000000
000000000000 000000000000000000000000000000
000000000000 000000000000000000000000000000
000000000000 000000000000000000000000000000
D000D0000000 RROODODO0ODOOOO0DO00O0OO00000000000000
000000000000 00000000000000
DOo0Oo00

000000000000 0000000000000
DX3O OO0 DSSCOO100m I 000000000000
ODO0O0OD0OAMMLL.56 00000000 300Aem?0000 Jg
000000000000 00000000000000 -
000000000000 D0SSc000000000000 Hooe
oooooooood 02.0x1-3000.

R

32 DX1 Ry:H, Ry:OMe, Rq:OMe
DX2 R:Me, Ry:Ph, R3:Me
DX3 R;:Me, R,:Me, Ry:Me

(3) 0000000000000000000000
00000000000000000000000000000000000000000
000000DXIO00000000000000000MCTO00OO0N00N0N000N0nnnO
000000000000000000000000000000000000000000
O0OMCTOOOOD00000000000OOMOD0000N0N0N0NNoNoNooONoNononono
000000C00OMCTO000000000000000000000000000000
00000000000000000000C00000DXL 000000000000000
0000 Complex1-3(0 3) 000000000
000000000000000000000000000000000000000000
000000000000000000000000000 Complex2, 3-ester 000000
00 Complexl-ester 10000350 nmmOO00 1.700790 mO0 000 1.10000000
0000000000000 O30pndTio2000000000000(00 100 p MDMF



000140000)000DSSCO000000000000000000 Complexl, 2000
000000000000000000000000000000000000000000
O(PCE)DOOODO Complex2 00000000 O ICEDDDDODOODODDDD (Jsc)
000000000000000 10.2%0000000000000000000000
Complex2, 3000000 CComplex30 0000000000000 00000O0DOOOOIPCE
00000 50%000 Complex2 0000000 J, 000000000000 (V)OOOOO
000000000000000000 Complex3s00000000-00000000000
0000000 Voc0OOOO0O0DO0OOOOOOOOOO0O0000 Tio,00000000000
00000000000000 Tio,0J000000000 00 Ocomplex3 O Complex2 00 1.2
0000000 OComplex30 000000
000000000000000000
0000 Tio, 0000000000000
000000000000000000
000000000000000000
000000000000000

Ry Rz R
DX1 4-CooH 5-COOH §-COOH

Complex1 §~COOMe §-COOH §-COOH

R,
Complex2 2’@\c00Me

Complex3 5-COOMe 4-COOH ¢ /Q\

4-COOH 4-cooH

COOH

(4 TiclL,0ODODOO0OO0O0O0O0OO0O0000 03.0Xx1000b0buoogooboooga
0000000000000 o0oon RuOOO0O Complex1-3000.

000000000000 DOO00000DODOO00ODX1 OOoo0ooooobo0oooon
000000000000 DbOO00bOO0oDOOoDooOooJrecB)0DOD0DODODOODOODO
00000000000 oOoOo0000bDoObOo000ooDoOoOo000o0oobOo0oOoOon
00000000000 oOoOo0000bDoObOo000ooDoOoOo000o0oobOo0oOoOon
00000000000 oOoOo0000bDoObOo000ooDoOoOo000o0oobOo0oOoOon
00000000000 oOoOo0000bDoObOo000ooDoOoOo000o0oobOo0oOoOon
00000000000 oOoOo0000bDoObOo000ooDoOoOo000o0oobOo0oOoOon
0d0o00Oo0000ddooOoOo000ooobOoo00o0oooobOoOo0o0o0oooDooDoOoOoa

(5) 00O DSSCOO0DONODOOOOOOO
000000000000000000000000@MO000000N0N0N0N0N0oNononon
0000000000000000000000000000000000000000000
000000000000000000000000000000000000000000
0000000000 0000000RIOOOODXIO00000000DSSCOOO00O
0000000000000000000000000000DSSC000000000000
000000000000000000000000000000000000000000
0000000000000000000 Tio,000000000000000000000
00000000000000000000000000AM 1.560100 mien?0 000000
00MOC00000D005000000000000ROOOOOOO00N1900000
000000000000NI9000000000000 RuOOOO0OOOOOO00000
0000000000000 0n-n*000000000000000N719000000
000000O00ON7190000000000000000000000000000000
0000000000000 00000000000MN7I900000000000MD205
00000000000000000000000C00000000000M0000MN719
0000000000000000000 11.4%000000000M00000000MmM0O0
10%J00000000000000000000000000000000 4001000
0000 110 00000000000000000000000000000000000
00000000000000000000000DSSC00000000000000000
0000000000000000000000000000000
0000000000000000000MO000000000000000 (0X3)00
00 DSSCOMOON0000DNONONDONOOOON0NNN0NNNNNNNNNoNONOnNnnna
(PSC) 00000000 D0O0OOOOOOODD0000000O0ODNONONONOOOOOO Tio,
000000000 FIOOOOO0DDOOODO0O0D0O0D0D0O0O0O0O0000O0O0(@OO
0 :CHNH,POI,)D 0 0000000000000 (Spiro-OMeTAD)D D D0 O000O0O0OOO OO
0000000000000 DSSC000000000000000000000000000
000000000000000000000C000000000000000000000
000 Tio, 00000000 20000000000000000000000C000000
00000000000000XK3O0000000DSSC0 000000000000 0nnndO
000000000000000000000000000000000000000000
0000000000000000000 18.400000000000000000000
0000000000000 60mO00000000000000DSSCO0COON000N
000000000D00000 DSSC 000000000000 0000000000000
0000000200000000000000000000000000000000000
00000000000 7/0m 00000000000 00000000000000000
00000000 21,540 00000000000000000000000000000



(6) ODOOOODOobsscOOO
goopsscO0d0OOobO0oO0O0OO0DO0bOO00oOoOobOobObOOooDOobODHEMMOODODODO
obooobooboboobooboobobobobo0oboobobobo2b00b00bO
gboooboobobooboobooboboboboobooboboboboooboobo
gboooboobobooboobooboboboboobooboboboboooboobo
O0ooobob0boboooboo0obboobobobooboobooo bsscoboboobnuoobo
000000000000 00ODO000O0DO0DbO0O0DOODO0O0D00OD0O0 spiro-OMeTAD O O
gboobooboboobooobXxrt booboboobooboobobooobuoobo
ooo0(@.e6e4V) O ODODODODODOODODOODODODOODOODOODOODODO
000 1.86mAcm?00 0000000000000 0OODOOOOODOOOOOOOOOOO
obooobooboboooboob ool ooboo@Wboobobooboobo
000000000000 0D000D00D00DO00D0ODOspiro-OMeTADODOODOODOODODO
gbooobooboboobooboobobbobooboobobobobooboobo
00000000 o870 00000000 0ODO00ODOD0OODbO0OD0OOOMDbOo0.3ODDO
gbooboobobooboobuoobobbooboobooboobobobooboob

oooooooog

Oo0oo0omoi100d

(1) “ Solid-state Dye-sensitized Solar Cells Using (CH;NH,),Snl, Perovskite with Wideband
Sensitizer”
Takumi Kinoshita, Rentaro Kakeno, and Hiroshi Segawa,
Chemistry Letters, 47, (2019) in press.(00O0)

(2) “ Pyrrolopyrrole aza boron dipyrromethene based two-photon fluorescent probes for
subcellular imaging”
Yimin Zhou, Chao Ma, Nengyue Gao, Qiong Wang, Pui-Chi Lo, Kam Sing Wong, Qing-Hua Xu,
Takumi Kinoshita and Dennis K. P. Ng
Journal of Materials Chemistry B, 6, (2018) 5570-5581. (0O O)

(3) “ Highly Efficient 17.6% Tin-Lead Mixed Perovskite Solar Cells Realized through Spike
Structure”
Gaurav Kapil, Teresa S. Ripolles, Kengo Hamada, Yuhei Ogomi, Takeru Bessho, Takumi
Kinoshita, Jakapan Chantana, Kenji Yoshino, Qing Shen, Taro Toyoda, Takashi Minemoto,
Takurou N. Murakami, Hiroshi Segawa, and Shuzi Hayase,
Nano Letters 18 (2018) 3600-3607. (0O O)

(4) “ Modulations of Various Alkali Metal Cations on Organometal Halide Perovskites and
Their Influence on Photovoltaic Performance”
Zeguo Tang, Satoshi Uchida, Takeru Bessho, Takumi Kinoshita, Haibin Wang, Fumiyasu Awai,
Ryota Jono, Masato M. Maitani, Jotaro Nakazaki, Takaya Kubo, Hiroshi Segawa,
Nano Energy 45, (2018) pp-184. (0D O)

(5) “ Near-infrared Photoelectric Conversion by Singlet-Triplet Transition of the
Iminopyridine Ru(ll) Complex”
Takumi_ Kinoshita, Hiroshi Segawa
Chemistry Letters 47, (2018) 1311-1313. (0O O)

(6) “ Hysteresis-free perovskite solar cells made of potassium-doped organometal halide
perovskite”
Zeguo Tang, Takeru Bessho, Fumiyasu Awai, Takumi Kinoshita, Masato Maitani, Ryota Jono,
Takurou murakami, Haibin Wang, Takaya kubo, Satoshi Uchida, Hiroshi Segawa,
Scientific Reports 7, (2017) pp.12183. (DO DO)

(7) “ Push-Pull Distyryl Boron Dipyrromethenes as Near-Infrared Sensitizers for
Dye-Sensitized Solar Cells”
Wen-Jing Shi, Takumi Kinoshita, and Dennis K. P. Ng,
Asian J. Org. Chem., 6, (2017) pp. 1476-1485. (0O O)

(8) Inside Cover: Ethynyl- Linked Donor- 1t - Acceptor Boron Dipyrromethenes for
Panchromatic Dye- Sensitized Solar Cells (Asian J. Org. Chem. 6/2017)
Wen-Jing Shi, Takumi Kinoshita, and Dennis K. P. Ng,
ASIAN JOURNAL OF ORGANIC CHEMISTRY 6(6) (2017) 635-635.

(9) *“ Ethynyl-Linked Donor-tt -Acceptor Boron Dipyrromethenes for Panchromatic
Dye-Sensitized Solar Cells”
Wen-Jing Shi, Takumi Kinoshita, and Dennis K. P. Ng,
Asian J. Org. Chem. 6(6) (2017) pp.758-767. (0O 0O)

(10) “ Spectral splitting photovoltaics using perovskite and wideband dye-sensitized
solar cells”
Takumi Kinoshita, Kazuteru Nonomura, Nam Joong Jeon, Fabrizio Giordano, Antonio Abate,




Satoshi Uchida, Takaya Kubo, Sang Il Seok, Mohammad K. Nazeeruddin, Anders Hagfeldt
Michael Gritzel, and Hiroshi Segawa,
Nature Communications, 6 (2015) pp. 8834 (8 pages). (0O O)

(11) “ Theoretical Investigation of [Ru(tpy),]*, [Ru(tpy)(bpy)(H,0)]*, and
[Ru(tpy) (bpy) (C1)]* Complexes in Acetone Revisited: Inclusion of Strong Spin-Orbit
Couplings to Quantum Chemistry Calculations”

Kenji Mishima, Takumi Kinoshita, Michitoshi Hayashi, Ryota Jono, Hiroshi Segawa, Koichi
Yamashita,

Journal of Theoretical and Computational Chemistry, 15 (2016) pp. 1650001 (20 pages) -
(coo)

(12) “ Theoretical Studies on the Absorption Spectra of cis-[Ru(4,4"-C00-2,2"-bpy),(X),]*
-, (X =NCS, CI) and Panchromatic trans-Terpyridyl Ru Complexes Including Strong Spin
-Orbit Coupling”

Kenji Mishima, Takumi Kinoshita, Michitoshi Hayashi, Ryota Jono, Hiroshi Segawa, Koichi
Yamashita, Sheng Hsien Lin,
Physical Chemistry Chemical Physics, 17 (2015) pp.12317-12327. (0O 0O)

(13 “ O0ooooooooooooooo
0ooooopoooood oooooo, oOoooogno 10(4) (2015) pp.24-29.

(14 * DO00U00OOoO00U0DOOoO0O0U0DO0OoO0UOOooDooOoooog”

oooo, ooooogog, 77(4) (2014) pp.627-630. (O O)

(L) 00000 DoO00o00o0ooo0ooooo0ooooooooooooooooooog
og”
doooooooo, oooo, 35(11) (2014) pp-171-175. (DO 0O)

00000 o 2000000000

(1) Takumi Kinoshita, "Solution processed multijunction perovskite solar cells with
wideband photosensitizers" 2018 Taiwan-Japan Bilateral Symposium on Green Energy 2018.
ooooo)

(0000000000000 0d000o0o0d00ooo0UoooU0ooooOoooogo
0000 Oo7000000000000000000002018. 0DOOO0O)

@G U000 0D0oDooo0oo0oooooooooo0ooooooooooooog 9sd
ooo 2050000000

(4) Takumi Kinoshita “ Wideband ruthenium sensitizers for multi-junction photovoltaics
using lead halide perovskite solar cells” 11th International workshop on
supermolecular nanoscience of chemically programmed pigments 2015 (DO DO O)

G) Ddoddoooooooooooooooooooooooooooo 11oo0oog
0ooodoooooog 224000000

Ooomo20d0

() 0000000-00000000000000000O0DOO0OoOoOooO"dO020 OO0
00-000000o0guoooogooooogo
0000o0oogoooseToo (2016)

(2 000D0oOo00ooooooooOooooo” po300o00oooooooooo
0J000000oo0d00 0O 700000000000000000O00O0O0OO0
ooo
0000, oooooog (2014)

ooooooo

oJ0O0OO0OO100

000000o000o0o0o0UoU0oooooooooooogoooogo

gooooo oo, 00 OO, 00 OO, U0 ODOO, OO0 O, 00 OO

oooooogo

ooooooo

000000 61016250

O0O00ooO 290303000

000000000000 W02012-121236)

oooooo
(HOOooo0O0 OO0
(QODOoo000 00

gbooobooboboobooboobobobobooboobobobobooboobo
gbooobooboboobooboobobobobooboobobobobooboobo
gboobooboobobooboobo



