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The self-assembled J-aggregates of a newly synthesized planar dithiafulvene
sensitizer optimized the TiO,/dye interface, uplifting the power conversion efficiency

from 4.68% to 7.48% aongside with a high open-circuit voltage of above 850 mV.



A planar dithiafulvene based sensitizer forming J-aggregates on TiO,

photoanode to enhance the perfor mance of dye-sensitized solar cells
Jun Cheng? Fang Zhand’, Ke Li, ¢ Jie Li,® Xiaoging Lu, Jingxia Zhend} Kunpeng
Guo,? Shihe Yang® Qingchen Dong

a Ministry of Education Key Laboratory of Interfa@cience and Engineering in
Advanced Materials, Research Center of Advanceeids Science and Technology,
Taiyuan University of Technology, Taiyuan 030024RPChina

b Department of Chemistry, The Hong Kong UniversityScience and Technology,
Clear Water Bay, Kowloon, Hong Kong, China

c College of Science, China University of Petroleu@ingdao, Shandong 266555,
China.

Corresponding Author: guokunpeng@tyut.edu.cn; ahggaust.hk

Abstract

A newly planar dithiafulvene sensitizedd TF-C4) trending to formJ-aggregates on
the surface of mesoporous Ti®y simply rinsing with a poor solvent acetonitivas
synthesized. We further show that the self-asseinbéggregates optimized the BO
surface utilization, enhanced the light harvestiabgility by broadening and
red-shifting the absorption, and suppressed thetrele recombination, thereby
significantly promoting the solar cell efficiend@ompared to the photoanode surface
modified withDTF-C4 and the classical coadsorbent chenodeoxycholit(&DCA),
the DSC based thBTF-C4 compactl-aggregates exhibited a dramatically improved
performance without the loss of adsorbed dyes,ftingi the power conversion

efficiency from 4.68% to 7.48% alongside with ahigpen-circuit voltage of above



850 mV, which is higher than that of the commerbdi@ll9-based cell (770 mv).

KEYWORDS: dye-sensitized solar cells; planar dithiafulvelvaggregates; surface

engineering; light harvesting; electron recombiorati

1. Introduction

Dye-sensitized solar cells (DSCs) consisting ofsgaers adsorbed on mesoporous
semiconducting metal oxide (e.g., B)Othat convert sunlight to electricity have
generated considerable research and commerciakshterhis interest is brought
about by the fact that their low cost and easeevia# fabrication [1]. Compared to
ruthenium-polypyridyl complex sensitizers, domebridge-acceptor (De-A)-type
metal-free organic sensitizers exhibit cost-effextisynthesis and flexibility of
molecular structure tailoring to meet practical deoh [2, 3]. Recently, an
N-annulated indenoperylene (NIP) as electron-ddrased metal-free organic dyes
has achieved power conversion efficiengy ¢f 12.5%, close to the DSCs record
efficiency of 13% based on zinc porphyrin sensitig5]. In parallel with the
development of sensitizers, the dye adsorptionfsioh the surface of TiChave also
attracted much attention for understanding the @adtaic behavior and for
optimizing the device performance, as the chargars¢ion takes place right at the
TiO,/dye interface [6-12]. The present work seeks tdress the challenge of
developing a special dye adsorption motif that@aimance DSC performance.

It is well known that organic dyes are prone torfaggregates when adsorbed onto

TiO, surface, which is conventionally regarded as arel® behavior for decreasing



the DSCs performance [13-15]. This is because #oant sites on the Tisurface
between dye aggregates would lead to adverse abeatecombination, thus
decreasing the open-circuit voltagé.d [16-18]. In order to tackle this problem,
several strategies have been developed that inthedeoating of inorganic barrier
layers, the introduction of co-adsorbents and démpasulating and transparent SIO
onto the vacant sites of TiQurface [19-24]. Among them, utilization co-adsots,
e.g., chenodeoxycholic acid (CDCA), that is regdrde a simple way to suppress dye
aggregation and/or electron recombination by coitipetadsorption with dyes [22,
23]. However, in order to further improve the DSfesformance, full coverage of the
TiO, surface by the dye self-assembled layer is consider be the most efficient
TiO,/dye interface configuration of a cell [25, 26].lIFdye coverage can address the
issue of keeping the amount of adsorbed dye on, Tiich is expected to maximize
the light absorption efficiency, as well as shartwit current densityJ of a DSC.
Further, a compact dye block layer will reduce rebmation losses by separating the
oxidized species in electrolyte and the Fiads to imprové/y. In this context,
turning the unfavorable aspects of dye moleculeregaies to positive effects on
DSCs performance is a challenge [9, 27].

Crystallization and precipitation from poor solvenesult in molecular stacking
with well-defined motifs in many organic dyes tletibit advanced photo-electronic
properties have been reported [28, 29]. Inspiredhis;, we exploit the strong S-S
interactions between adjacent dithiafulvenyl umitl goor solubility of dithiafulvene

sensitizers in acetonitrile to form dye aggregatedliO, surface for efficient DSCs.



Herein, we introduce a surface modification strated TiO, photoanodes with a
planar geometry dithiafulvene sensitizeDTF-C4, Fig. 1) self-assembled
J-aggregates to realize an optimized J$Qrface utilization by pristine dyes and, as a
result, to enhance the light harvesting capabdity to retard electron recombination
more effectively than with part dye aggregates dogeand classical disturb dye

aggregates with co-adsorbents CDCA.
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Fig. 1 Molecular structure dDTF-C4.

2. Experimental section
2.1. Materials and reagents

All solvents and reagents, unless otherwise staterk of purist quality and used as
received. 3,4-ethoxylene dioxy thiophene, 4-forrhgipylboronic acid, triethyl
phosphite Pd(PPh)s, and cyanoacetic acid were purchased from Enehgniial.
FTO conductive glasses (sheet resistance 61/3§, Nippon Sheet Glass) were used.
2.2. Characterization

NMR spectra YH and **C) were recorded at room temperature on Bruker AV
400MHz, Data are listed in parts per million (ppon)the delta scal&) and coupling
constants were reported in Hz. The splitting patteare designated as follows: s
(singlet); d (doublet); t (triplet); q (quartet); fmultiplet) and br (broad). UV-Vis

spectra of dye in solution and loading on Ffns were measured with a HITIACH

4



U-3900 spectrometer at room temperature. Photolesoent (PL) spectrum was
recorded in a Horiba Fluoromax 4 spectrometer linteti THF solution (1x18 M).
Cyclic voltammetry of dye was carried out on a CHIE Electrochemical Analyzer at
a scan rate 0.1V's The oxidation potential of the sensitizer was sueed in DMF
with TBAPFK; (0.1 M) as electrolyte and glassy carbon as wagrkiectrode, Ag/Ag+
as reference electrode, Pt as counter electrodepdtential of the reference electrode
was calibrated with Fc/Fc+ as an internal refereara converted to normal hydrogen
electrode (NHE) by addition of 630 mV.
2.3. Fabrication and characterization of DSCs

The preparation of DSCs photoanode and electrohgefollows the previous
literature [30]. In cell assembly, for type | bassalls, the DTF-C4 was loaded onto
the TiG, (~ 12um thick) film by immersion into its THF solution8.6 mM dye) with
CDCA (10 mM) for 24 h at room temperature. For typand type lll based cells, the
DTF-C4 was loaded onto the T¥3ilms by immersion into their THF solutions (0.5
mM dye) without any coabsorbants for 24 h at roemgerature. Before drying under
vacuum, the type | and type Il films were rinsedhwacetonitrile to remove the
unabsorbed dyes multiple times until the solutiename clear, and, the type Il based
films were rinsed with THF. Then, the films wersasbled into a solar cell together
with a Pt-sputtered FTO counter electrode and aitate / valeronitrile (85:15,
volume ratio) electrolyte containing 0.6 M 1, 2-ditmyl-3—propylimi dazolium
iodide, 0.03 M 4, 0.1 M guanidinium thiocyanate, and 0.5 M 4—tartytpyridine.

The active area of the photoanode film for the O&€formance test was typically



0.25 cm?. In the interest of making comparison, N719 DS@senalso fabricated and
evaluated under the same conditions.

The photocurrent density-voltag@ ) characteristics curves were measured by the
Newport PVIV-3A system. The light source (Oriel@osimulator, 450 W Xe lamp,
AM 1.5 global filter) was calibrated to 1 sun (160N cmi?). Incident Photon to
Current Efficiency (IPCE) was measured at varyiray@lengths (350-850 nm) with an
interval of 5 nm. Intensity modulated photovoltagpectroscopy (IMVS) was
measured on the same electrochemical workstatiahn@r, Zennium) with a
frequency response analyzer under an intensity ratetli(5-70W rif) light emitting
diode (525 nm) driven by a Zahner (PP211) sourpplguThe frequency range was set
from 100 KHz to 0.1 Hz.

2.4. Synthetic procedures
2.4.1. 5,7-dibromo-2,3-dihydrothieno[3,4-b][1,4]dime (A4)

A THF (20 mL) solution of 3,4-ethoxylene dioxy tpieene (1.42 g 10.60
mmol), N-bromosuccinimide (3.74,g12.80 mmol) and acetic acid (20 mL) were
charged sequentially into a round-bottom flask. Thigture was stirred for 2h at
room temperature. After the reaction, pouring #ection mixture into distilled water
and stirring with a glass rod, precipitate waseféid to affordA4 as a white solid

(2.50 g 8.30 mmol yield 83%) *H NMR (400 MHz, CDC4,ppm):5=4.27 (s, 4H).

2.4.2. 4,4'-(2,3-dihydrothieno[3,4-b][1,4]dioxing®&diyl)dibenzaldehydeBd)

4-formylphenylboronic acid (2.40,916.00 mmol) was treated with A5 (2.00 g



6.70 mmol) in the presence of Pd(RR21(0.49 g 426 umol), 1 N aqueous solution of
K2CO; (25 mL) and 1,2-dimethoxyethane (100 mL). The om&twas refluxed for 6 h.
After cooling down to room temperature, the solvevdas removed by rotary
evaporation and the residue was purified by siligghcolumn chromatography with
petroleum ether: aceticether (6: 1, viv) as eluenafford B4 as a yellow powder
(1.41 g, yield 60%JH NMR (400 MHz, CDCJ, ppm):5=9.98 (s, 2H); 7.93 (d, 4H,
= 6.4 Hz, );7.88 (d, 4H] = 6.4 Hz); 4.44 (s, 4H}’*C-NMR (100 MHz, CDC}, ppm):
0=190.86 139.93 137.88 133.76 129.57% 125.64 115.70 64.02. MALDI-TOF:

m/z [M]" cacld. GoH1404S, 350.0613; found: 350.0609.

2.4.3. 4-(7-(4-((4,5-bis(hexylthio)-1,3-dithiol-Adene)methyl)phenyl)-2,3-
dihydrothieno[3,4-b][1,4]dioxin-5-yl)benzaldehyd€4)

HDT(1.01 g 2.76 mmol) and B4 (0.80,g2.70 mmol) were dissolved in 25 mL
of boiling toluene under a nitrogen atmospheren tAEOEt} (8 mL) was added. The
resulting mixture was refluxed for 3 h. After cagliand addition of dichloromethane,
the mixture was washed with brine and dried on mamm sulfate. Solvents were
removed by rotary evaporation and the residue wasigrd by silicon gel column
chromatography with petroleum ether: aceticethef (4:v) as eluent to affor@4 as
yellow solid (0.81 g, yield 52%H NMR (400 MHz, CDC},ppm): 5=9.83 (s, 1H);
7.82 (g, 4HJ= 8.4 Hz); 7.69 (d, 2H]= 4.4 Hz); 7.17 (t, 3HJ= 7.2 Hz); 6.39 (s, 1H);
4.33 (d, 4HJ= 5.2 Hz); 2.76 (t, 4H)= 7.2 Hz); 1.58 (m, 4HJ=5.2Hz); 1.35 (m, 4H);

1.23 (m, 8H); 0.82 (g, 6H56.8Hz). *C-NMR (151 MHz, DMSO, ppm)5=191.91,



141.07, 139.23, 138.12, 134.55, 133.83, 131.27,1B830129.40, 127.08, 126.93,
125.75, 125.35, 123.78, 116.42, 114.25, 112.62(844.49, 35.21, 35.14, 30.73,
29.31, 29.15, 27.43, 27.39, 21.99, 21.98, 13.8B2LMALDI-TOF: m/z [M] cacld.

CssH4003Ss, 668.1581; found: 668.1578.

2.4.4. (E)-3-(4-(7-(4-((4,5-bis(hexylthio)-1,3-dih2-ylidene)methyl)phenyl)-2,3-
dihydrothieno[3,4-b][1,4]dioxin-5-yl)phenyl)-2-cyaacrylic acid DTF-C4)

A CH3CN (25 mL) solution of compoun@4(0.80 g,0.52 mmol), cyanoacetic acid
(66 mg,0.78 mmol) and two drops of piperidine weharged sequentially into a
three-necked flask and heated to reflux till notstg material C4 was detected by the
TLC plate. After cooling to room temperature, soiige were removed by rotary
evaporation, and the residue was purified by sdjeacolumn chromatography with
CH.CI,:CH30H (6:1, v:v) as eluent to afford the dil'F-C4 as a dark-red solid
(0.26g, vield 36%)H NMR (400 MHz, DMSO,ppm)5=7.92 (d, 3H,J= 8.4 Hz);
7.79 (d, 2HJ= 8.4 Hz); 7.72 (d, 2H]= 8.8 Hz); 7.25 (d, 2H]= 8.8 Hz); 6.71 (s, 1H);
4.42 (s, 4H); 2.85 (t, 4H= 7.2 Hz); 1.55 (m, 4HJ=6.8Hz); 1.35 (m, 4H); 1.23 (m,
8H); 0.85 (g, 6H]=7.2Hz). *C-NMR (151 MHz, DMSO, ppm)5=166.94, 162.05,
140.82, 139.27, 134.49, 131.17, 130.68, 126.97,74825125.40, 123.86, 115.86,
114.33, 112.98, 64.76, 64.52, 35.18, 35.13, 3@V130, 29.13, 27.40, 27.35, 21.96,

13.83. MALDI-TOF: m/z [MT cacld. GgH41NO4Ss, 735.1639; found: 735.1637.

3. Resultsand discussion



3.1 Synthesis of DTF-C4

The synthetic procedure toDTF-C4 is depicted in Scheme 1.
4,5-bis(hexylthio)-1,3-dithiole-2-thioneHDT) was synthesized according to our
previous work [30]. Bromination of compound 3,4@thilene dioxy thiophene with
NBS produced the brominated intermediates, and tBeruki cross-coupling of
brominated 5,7-dibromo-2,3-dihydrothieno[3,4-b][[tiéxine A4 and
4-formylphenylboronic acid produced the aromatialdithydeB4. Horner-Wittig
condensation oHDT and aromatic dialdehydB4 produced the key intermediate
n-extended DTF-bearing aldehy@d. Finally, Knoevenagel reaction of the resulting
aldehydeC4 and cyanoacetic acid in the presence of piperidiferded the target

sensitizer compound3TF-C4.

/ 6 o Q P
Q o (HO)ZB@CHO
= I
S Acetic acid, THF §4 Pd(PPha)s, KsCOs, HyO, (CH;0Me), Ny,
B4

Toluene,

S-S
CgH13~
e I =S P(OEY)
6H13\S [ 3

HDT N,
o o
s s M NC”COOH s e QP
2 OO T o X OO
CeHia~ S S COOH CgHia~ S
S , CH3CN s7 7S
N
DTF-C4 N c4

Scheme 1 Synthetic route t®TF-C4.

3.2 Theoretical calculations

The investigatedTF-C4, adopting a dithiafulvenyl unit as electron doaod
phenyl- 3,4-ethoxylene dioxy thiophene-phenylrasridge and cyanoacetic acid as
electron acceptor and anchor group. To gain degghininto the molecular geometry

of DTF-C4, time-dependent functional theory (DFT) calculatwas carried out at
9



the B3LYP/6-31+g** level. The optimized moleculaeagnetry ofDTF-C4 is shown
in Fig. 2(a). Different from some organic sensit&ee.g., triphenylamine based
sensitizers with a $phybridization of the nitrogen atom, possess inmefeuge
sterically hindered configuration leads to largéeimolecular distance, thus they
reduce dye aggregation and intermolecular intevaston TiQ surface. The dihedral
angel between the donated dithiafulvenyl unit amelntbridge of DTF-C4 is about
18°, implying a good planar geometry of this molecuvhich makes the molecule

trending to aggregate more closely in solid stam@mare to other organic sensitizer
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Fig. 2 (a) Optimized molecular geometry BITF-C4 based on the B3LYP/6-31G*

level and (b) Electron-density distribution for tHOMO and LUMO of theDTF-C4.

DFT calculations further revealed the photoinducgthrge separation of
DTF-C4. As shown in Fig. 2(b), the HOMO electron dengifyDTF-C4 is mainly
distributed on the dithiafulvenyl donor part ané #idjacent aromatic rings, while the
LUMO electron density is shifted to the acceptoit.ubherefore, upon excitation, the
HOMO-LUMO excitation can efficiently transfer théetron from donor part to the

acceptor part anchored on TiQvhich is desirable for the required charge sdjmara
10



in DSCs.

3.3 UV-vis absorption and electrochemical charaizition

E/ev

G
©

Absorption
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Wavelength / nm wavelength / nm Potential / Vvs Fc' / Fc

Fig. 3 (a) Absorption and PL spectra &TF-C4 in THF (10°M). (b) UV-Vis
absorption spectra @TF-C4 in THF/acetonitrile mixtures with different acetuoiie

fraction. (c) Cyclic voltammograms &fTF-C4 in DMF.

DTF-C4 is well soluble in THF, however, nearly insolubte acetonitrile. The
UV-Vis absorption spectrum @TF-C4 in dilute tetrahydrofuran (THF) is shown in
Fig. 3. (a), and the corresponding spectroscopiarpaters extracted are summarized
in Table 1. At concentration PM, it was found that the absorption maximulm)
of DTF-C4 in monomeric state peaks at 435 nm (molar extnctoefficiente =
4.18x 104 M' cm-1), which can be attributed to the intramolacuharge transfer
transition. The absorption band of the monomerreddeo ~ 550 nm. However, the
absorption begins to show red-shifting when a lasgaount of poor solvent
acetonitrile is added to the THF/acetonitrile mietuas shown in Fig. 3. (b). Compare
with its pure THF solution, red-shifted absorptionsets by ~ 50 nm is observed
when acetonitrile fraction reaches 90% indicates Haggregation may occur.

Cyclic voltammograms (CV) in combination with thecgation transition energy
(Eo-o) determined by the intersection of absorption Bhdspectra were carried out to

11



determine the molecular orbital energy leveldf-C4, as shown in Fig. 3 (a) and
(b). As indicated in Table 1, the highest occupiealecular orbital (HOMO) energy
level of DTF-C4, corresponds to the first oxidation potentids,), is 1.48V vs NHE,
which is sufficiently positive than the iodine/idéi redox potential (0.4V vs NHE),
indicating the regeneration of the photooxidi¥OF-C4 by accepting electrons from
the surrounding lons would be efficiently. The lowest unoccupietital (LUMO)
energy level o DTF-C4 is -1.07V, calculated aB.x — Eo.o, IS sufficiently negative
relative to the conduction-band edge of F7¥{@.5 V vs NHE), ensuring an efficient

thermodynamic driving force for the electron injent

Table 1 Absorption and electrochemical propertiedfF-C4.

L. Amax & on E(()li)(s)/em on - EO—O
Sensitizer
(nm) (Mtem?) (VvsNHE) (eV) (Vvs NHE)
DTF-C4 435 4.18x1¢ 1.48 2.55 -1.07

3.4.DTF-C4 aggregated motifs on Ti(photoanodes

1.0

rinsed by acetonitrile
—e—rinsed by THF
0.8+ —— co-adsorbed with CDCA

0.6+

0.4

Absorbance

0.2

0.0 T T T T T
400 450 500 550 600 650 700

Wavelength / nm

Fig. 4 UV-Vis absorption spectra dDTF-C4 on 4um TiO2 films under various

conditions.

The profiles of the absorption spectra of Fidms (4um) with DTF-C4 loading

12



and rinsing under various conditions show drambgicaroaden and red-shift
absorption relative to its solution spectrum, aswahin Fig. 4. Experimentally, all of
the TiG, films were immersed in solution @TF-C4 in good solvent THF with

concentration of 0.5 mM, which ensure there araggregates in dye bath.

CDCA

DTF-C4
molecules

molecules

\ Disturb dye aggregation J-aggregates and random dyes J-aggregates domaln
iﬂwm [ W" ///MWM/
Model A Model B Model C

Fig. 5 Schematic illustration of the proposed three n®aéldye aggregated motifs

on the TiQ films under various conditions.

Firstly, to test the solvent effect impact on malec stacking, dye-absorbed O
films that before drying under vacuum were rinsethwood solvent THF and poor
solvent acetonitrile, respectively. It was foune tabsorption band of dye loading
films both rinsed by THF and acetonitrile extenditag 650 nm, indicating the
J-aggregates formation. Note that the absorptioensity in the region between 400
nm to 550 nm of the film rinsed by acetonitrile vaakttle higher than that of the film
rinsed by THF when the two films have same thickn@dis result suggests that
different dye loading amounts on H@ms under these two conditions, and, the
DTF-C4 aggregated motifs on TpOsurface show rinsing solvents solubility
dependence. For acetonitrile, revealing a domicantpactJ-aggregates formation
that undergoes re-crystallization due to its pamulslity. For THF, due to its good
solubility for DTF-C4, some absorbeBTF-C4 molecules on the outermost surface

13



of TiO, film were rinsed, and, bothaggregates and random dye aggregates formed.
To prevent dye aggregation on the Tifdms, DTF-C4 loading with co-absorbents
CDCA (10 mM) were also investigated. It was fouhdttwhether rinsed with THF or
acetonitrile, one observes a decreased intensity namrowed absorption band for
TiO, film with co-absorbents CDCA compare to those withco-absorbents ones,
suggesting inhomogeneous distribution of the dyeya aggregates throughout the
TiO, surface due to the competitive adsorption resuliower amount oDTF-C4
loading. Based on the current study, from distuckammf dye aggregation to
J-aggregation formation, three models (A, B and {3 gpregated motifs fdDTF-C4

on TiO;, films are proposed in Fig. 5.

3.5. Photovoltaic performance

(b) 100
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Fig. 6 (a) Photocurrent-voltage curves of the three typeBSCs and (b) Incident

photon to current efficiency (IPCE) spectra of tineee types of DSCs.

In order to evaluate the functions of the varioye dggregates on Tidilms for
DSCs performance, three types of cells based tbeealmentioned aggregated motifs

were investigated by assembling ~uf® TiO, films as photoanode andIf as

14



electrolyte. The photocurrent density-voltage cargethe cells were measured under
an irradiance of 100 mW cfsimulated AM 1.5 sunlight. Typecklls based model A
were first selected as the aggregation disturbettee As shown in Fig. 6 (a) and
Table 2, the type | based cells showed average powversion efficiency#) of
4.69%, withJsc of 9.33 mA cnif, Ve of 716 mv and fill factor KF) of 0.70. This
result seems acceptable according to the UV-Visctap@ of DTF-C4 in dilute
solution. The average, Js, Vocand FF for type Il cells base model B were 6.97%,
12.60 mA cnif, 787 mv and 0.70, respectively. While the trendlgfs plausible
according to Fig. 4., such ,cand  improving as the result of th&aggregates
forming is counter to conventional results. Frombl€&a2, we find that the dye
absorbed amounts of type Il cells are higher thgme tl cells, indicating the
J-aggregation formation based planar geometry DdiF-C4 on TiO, films is
presumably to increasing DSCs performance with ikgeihe amounts of dye loading.
To further test thd-aggregates domain effect for DSCs, type Ill ceised model C
were explored. As expected, one observes a draatigtincreased;, Jsc and V. for
type Il cells. The average andJs. of the J-aggregates domain based type Il cells
were 7.48% and 13.48 mA &nrespectively. These values were over 1.5-fold and
1.4-fold higher than those in type | cells. Notaldyery impressiv&/,. of 856 mv
was obtained based type Il cells, which was aldo2tfold and 1.1-fold higher than
that in type | cells and N719 based cells, respelsti The increased dye adsorbed
amounts of type Il cells also indicate more compacd orderedJ-aggregation
formation.

15



The incident photon-to-current conversion efficigfi®CE) spectra shown in Fig.
6 (b) have confirmed the trend & variation in the order of type 11l > type Il > tgg.
For type I, relatively low IPCE value (slightly igr than 60%) was observed. For
type lll, the IPCE curve is both broad in widthexting from 350 nm to 580 nm and
high in magnitude with values over 70%. Taken tlye @bsorbed amounts and
red-shifting UV-Vis spectra into together, thisfdience in IPCE shows that the
J-aggregates domain of tielr F-C4 dye formed on Ti@films leads to enhanced light

absorption capabilities and charge carrier injegttbus raising thdsc.

Table 2 Photovoltaic performance of DSCs baseddrt--C4

Dye absorbed

Cells % Voo " ! amounts
[MA cm’?] [mV] [%] [mol cm™]
Type | 9.33 716 070 469  (1.64+0.1) x 10-7
Type || 12.60 787 070 697  (2.37%0.1) x 10-7
Type lll 13.48 856 065  7.48  (2.52+0.1) x 10-7
N719 17.16 770 0.63 8.28

3.6 Intensity-modulated photo-voltage spectroscopy

To understand thé&/,. enhancement from type | to type Il caused by the
J-aggregation formation of th®TF-C4 dye, we measured the injected electron
lifetimes in the conduction band of TiCby intensity-modulated photo-voltage
spectroscopy (IMVS) as shown in Fig.7. It is wetiokvn the variation of electron
lifetimes were attributed to different electron getination times with respect to the

redox electrolyte, which would influencé,. dominantly. Obviously, the electron
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lifetimes of the three types of cells showed aa&ation between thé&aggregates and
electron recombination. Especially, type Il basetls withJ-aggregates domain and
hold the longest electron lifetime which is alm@8tfold higher than that of type |
based cells. This result suggests that compaggregates dDTF-C4 form a thicker
dye layer, thus preventing redox electron accegtors approaching the Tgsurface
efficiently. Namely, rinsing the absorbed planaometry of DTF-C4 on TiG; films

with poor solvent acetonitrile would produce mdraggregates, thus increasé/i.

o
o

Electron life time /s
g

Type lll Cell
e Typell Cell

A TypelCell

1E15 1E16
Photon density / cm?s™

Fig.7 Variation of electron lifetime for the three types DSCs with incident light

intensity.

4. Conclusion

In conclusion, we have developed a surface modidicastrategy with formation of
J-aggregates of planar dithiafulvene sensitizer nprove the energy conversion
efficiency of DSCs. The planar geometry®f F-C4 dye molecule and poor solvent
acetonitrile effect endoldTF-C4 molecules tend to form compagtaggregates on
the TiG, surface, extending the absorption spectra andowitlosing the amount of
absorbedTF-C4 dyes, which enhancing the light absorption capggbi solid state,

thus increasing the photocurrent. Moreover, the pamh J-aggregates of dye
17



molecules on the TiO surface passivating the surface to reduce thetrefec
recombination significantly, resulting in an impse®e Voc of 856 mv. This work
paves a practical way to optimize dye/Ti@terface byJ-aggregates of more efficient

planar geometry dithiafulvene sensitizers for depilg high-performance DSCs.
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Highlights

A newly planar geometry of dithiafulvene sensitizer DT F-C4 was synthesi zed.
Formation of J-aggregates of DTF-C4 on TiO, by rinsing with a poor solvent

acetonitrile.

Increasing the J-aggregates of DTF-C4 on TiO,lead to uplift PCE to 7.48% and

Vo @bove 850 mv.
J-aggregates of DTF-C4 enhanced light harvesting ability and retarded electron

recombination.



