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a b s t r a c t

Coumarin dyes containing a low band-gap chromophore of benzothiadiazole, which comprises a
coumarin moiety as the electron donor and a cyanoacrylic acid moiety as electron acceptor in DeAepeA
system, were developed to use in dye-sensitised solar cells (DSSCs). The introduction of the benzo-
thiadiazole unit into the molecular framve distinctly narrowed the band-gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), so that the
absorption peak was red-shifted. As a result, a solar cell based on the HKK-CM4 sensitiser showed better
photovoltaic performance with a JSC of 14.3 mA cm�2, a VOC of 0.58 V, and an FF of 0.72, corresponding to
an overall conversion efficiency h of 5.97% under standard AM 1.5 irradiation.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Dye-sensitised solar cells (DSSCs) based on mesoporous
nanocrystalline TiO2 films have attracted significant attention
due to their low cost and high sunlight-to-electric power-
conversion efficiencies of 10e11% [1e4]. In these cells, the sen-
sitiser is one of the key components for high power-conversion
efficiency; the Ru(II) complex is the most efficient heteroge-
neous charge-transfer sensitiser and is widely used in nano-
crystalline TiO2-based DSSC [5e9]. However, the main drawback
of the Ru(II) complex sensitiser is the cost of ruthenium metal,
the requirement for careful synthesis, and tricky purification
steps [10].

In recent years, interest in metal-free organic dyes as an alter-
native to noble metal complexes has increased due to their many
advantages, such as the diversityofmolecular structures, highmolar
extinction coefficients, simple synthesis, as well as low cost and
environmental issues. Many organic dyes, based on the donore(p-
spacer)eacceptor (DepeA) system, exhibiting relatively high
DSSC performance, have so far been designed and developed. They
þ82 418675396.

All rights reserved.
include coumarin dyes [11,12], triarylamine dyes [13e16], hemi-
cyanine dyes [17,18], thiophene-based dyes [19], indoline dyes
[20e26], porphyrin dyes [27e31], and phthalocyanine [32] dyes.
Although remarkable progresshas beenmade in thedevelopmentof
organic dyes as sensitisers for DSSCs, optimising their chemical
structures is required for further improvements in performance.
Among the metal-free organic dyes studied in DSSCs, coumarin-
based dyes coupled to TiO2 are promising sensitisers because of
their good photoresponse in the visible region, good long-term
stability under one sun-soaking [12,33], and appropriate lowest
unoccupied molecular orbital (LUMO) levels matching the conduc-
tion band of TiO2.

Tian et al. have reported a series of donoreacceptore
pebridgeeacceptor (DeAepeA) structural organic dyes incorpo-
rating benzotiadiazole into the triphenylamine framework, result-
ing in red-shift in absorption and weakening the deprotonation
effect on TiO2 film, which is beneficial for light-harvesting [34].
Here, we report benzotiadiazole-substituted coumarin derivatives
for the use in DSSCs, inwhich an electron-deficient benzotiadiazole
unit is connected to a donor group in DeAepeA chromophores
with two following reasons: (i) the use of a p eextended benzo-
thiadiazole derivative bridging unit between the coumarin donor
and the cyanoacrylic acid anchoring group leads tomore red shift of
absorption and emission bands; (ii) the introduction of electron-
rich 3,4-ethylenedioxythiophene (EDOT) unit is achieved to be
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Scheme 1. Chemical structures and synthesis of coumarin dyes containing benzothiadiazole.
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connected to a acceptor group in order to destabilise the energy of
the highest occupied molecular orbital (HOMO) in DeAepeA
chromophore, leading to a red-shifted absorption and emission
band.
2. Experimental

2.1. Materials

All reactions were carried out under a nitrogen atmosphere.
Solvents were distilled from appropriate reagents. All reagents
were purchased from Aldrich. 9-formyl-1,1,7,7-tetramethyl-2,3,6,7-
tetrahydro-1H,5H-pyrido [3,2,1-ij]quinoline [35], 2-(7-bromobenzo
[c][1,2,5]thiadiazol-4-yl)acetonitrile [36,37], 2-tri-butylstannyl-
3,4-ethyl-enedioxythiophene [38], and 2-tributylstanyl-5-
dioxolanylthiophene [39] were synthesised following the same
procedures as described previously.
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2.2. Measurements

1H NMR spectra were recorded at room temperature with
Varian Oxford 300 spectrometers and chemical shifts were
reported in ppm units with tetramethylsilane as the internal
standard. FT-IR spectra were measured as KBr pellets on a Perkin
Elmer Spectrometer. UVevisible absorption spectra were
obtained in THF on a Shimadzu UV-2401PC spectrophotometer.
Cyclic voltammetry was carried out with a Versa STAT3 (AME-
TEK). A three-electrode system was used and consisted of
a reference electrode (Ag/AgCl), a working electrode, and a plat-
inum wire electrode. The redox potential of dyes on TiO2 was
measured in CH3CN with 0.1 M TBAPF6 with a scan rate between
50 mV s�1.
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Fig. 1. Absorption and emission spectra of 2�10�5 M HKK-CM dyes in CHCl3/MeOH.
2.3. Density functional theory (DFT)/time-dependent DFT (TDDFT)
calculations

To better understand the molecular structures of HKK-CM4 and
HKK-CM5, we carried out density functional theory (DFT) calcu-
lations using the CAM-B3LYP hybrid functional with the 6-
311þG** basis set using a suite of Gaussian 09 programs [40]. The
protonated HKK-CM4 and HKK-CM5 were adapted in DFT calcu-
lations. To obtain the photophysical properties of HKK-CM4 and
HKK-CM5 in THF solution, time-dependent DFT (TDDFT) calcula-
tions employing the conductor-like polarisable continuum model
(CPCM) [41e44] were performed using the optimised geometries
in the gas phase.
2.4. Synthesis

2.4.1. Preparation of 9-(4-bromo-2,1,3-benzothiadiazole-7-yl)-
1,1,6,6-tetramethyl-2,3,5,6-tetrahydro-1H,4H,11-oxa-3a-azabenzo
[de]anthracen-10-one] (3)

Compound 1 (3.20 g, 11.7 mmol) and compound 2 (3.00 g,
11.8 mmol) were dissolved in 50.0 mL of N,N-dimethylformamide
(DMF), then acetic acid (2.38 mL) and piperidine (4.06 mL) were
added to the solution, which was then kept at 140 �C for 6 h.
Addition of methanol afforded crystals of compound 3. Yield was
42%. mp 232 �C. 1H NMR (CDCl3) d (TMS, ppm): 1.32 (6H,s), 1.75 (6H,
s), 1.77e1.85 (4H, m), 3.24e3.36 (4H, m), 7.22 (1H, s), 7.89 (1H, d),
8.16 (1H, d), 8.51 (1H, s); 13C NMR (75 MHz, CDCl3) d 29.13, 30.77,
32.38, 35.87, 39.46, 47.10, 47.56, 109.49, 112.59, 113.82, 114.87,
124.37, 127.93, 128.64, 129.99, 132.52, 145.42, 146.13, 152.67, 153.42,
153.91, 160.82.

2.4.2. Preparation of 50-(1,1,6,6-tetramethyl-10-oxo-2,3,5,6-
tetrahydro-1H,4H,10H,11-oxa-3a-aza-benzo[de]anthracen-9-yl)-
[2,1,3-benzothiadiazole]-4-thenyl-5-carbaldehyde (5)

A mixture of compound 3 (0.20 g, 0.39 mmol), compound 4
(0.20 g, 0.45 mmol) and Pd(PPh3)2Cl2 (0.02 g, 0.03 mmol) was
heated in 50.0 mL of dry THF at 80 �C for 20 h under an inert N2



Table 1
Optical properties and DSSC performance parameters of HKK-CM dyes.

Dye Absorption Emission (lmax/nm) Eox
b/V (vs. NHE) E0e0

c/V ELUMO
d/V (vs. NHE)

lma/(nm),a ε (M�1 cm�1) lmax/TiO2 (nm)

HKK-CM4 397(23,900), 507 (31,000) 336, 494 720 1.06 2.12 �1.06
HKK-CM5 401(23,100), 520 (31,000) 399, 512 720 1.03 2.05 �1.02

a Absorption and emission spectra were measured in CHCl3/MeOH.
b Oxidation potentials of dyes on TiO2 were measured in CH3CN with 0.1 M TBAPF6 with a scan rate of 50 mV s�1 (vs. NHE).
c E0e0 was determined from the intersection of absorption and emission spectra in CHCl3/MeOH.
d LUMO was calculated by Eox� E0e0.
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Fig. 2. Absorption spectra of HKK-CM dyes on 2 mm TiO2 transparent films.

K.D. Seo et al. / Dyes and Pigments 94 (2012) 469e474 471
atmosphere. After concentration, the residue was dissolved in
CH2Cl2. The organic phase was washed twice with a saturated
solution of NaHCO3 and then with water. After drying over MgSO4
and evaporating the solvent, the product was purified by chroma-
tography on silica gel (CH2Cl2ehexane 2:1) to give compound 5.
Yield was 57%. 1H NMR (CDCl3) d (TMS, ppm): 1.33 (6H, s), 1.76 (6H,
s), 1.78e1.86 (4H, m), 3.25e3.37 (4H, m), 7.25 (1H, s), 7.84 (1H, d),
8.06 (1H, d), 8.17 (1H, d), 8.40 (1H, d), 8.64 (1H, s), 9.98 (1H, s).

2.4.3. Preparation of 2-cyano-3-[50-(1,1,6,6-tetramethyl-10-oxo-
2,3,5,6-tetrahydro-1H,4H,10H-11-oxa-3a-aza-benzo[de]anthracen-9-
yl)-[2,1,3-benzothiadiazole]-4-thiophen-2-yl]-acrylic acid (HKK-CM4)

Compound 5 (0.10 g, 0.18 mmol), dissolved in CHCl3 (20 mL) and
acetonitrile (20 mL), was condensed with 2-cyanoacetic acid
(0.02 g, 0.29 mmol) in the presence of piperidine (0.03 mL,
0.35 mmol). The mixture was refluxed for 12 h. After cooling the
solution, the organic layer was removed in vacuo. Dark red solid of
HKK-CM4 was obtained by silica gel chromatography (MC/
MeOH¼ 4:1) Yield was 80%. mp 261 �C. 1H NMR (DMSO-d6) d (TMS,
ppm): 1.15 (6H, s), 1.51 (6H, s), 1.69e1.98 (4H, m), 3.28e3.32 (4H,
m), 7.43 (1H, s), 7.79 (1H, d), 8.11 (1H,s), 8.18e8.21 (3H, m), 8.58 (1H,
s); 13C NMR (75 MHz, DMSO-d6) d 28.63, 31.71, 31.91, 108.59,
110.858, 112.951, 113.47, 119.37, 124.21, 127.64, 128.26, 138.56,
142.70, 145.90, 151.50, 151.97, 153.14, 159.62, 162.55. UVevis (THF,
nm): lmax (log ε) 397 (23,900), 507 (31,000). PL (THF, nm): lmax 720.
FAB-mass: Calcd. for C33H28N4O4S2, 608.73; found, 608.00.

2.4.4. Preparation of 9-(4-(3,4-ethylene dioxythiophene)-2,1,3-
benzothiadiazole-7-yl)-1,1,6,6-tetramethyl-2,3,5,6-tetrahydro-
1H,4H,11-oxa-3a-azabenzo[de]anthracen-10-one] (7)

A mixture of compound 3 (0.20 g, 0.39 mmol), compound 6
(0.25 g, 0.58 mmol) and Pd(PPh3)2Cl2 (0.02 g, 0.03 mmol) was
heated in 50.0 mL of dry THF at 80 �C for 20 h under an inert N2
atmosphere. After concentration, the residue was dissolved in
CH2Cl2. The organic phase was washed twice with a saturated
solution of NaHCO3 and then with water. After drying over MgSO4
and evaporating the solvent, the product was purified by silica gel
chromatography (MC/Hex¼ 2:1) to give compound 7. Yield was
62%. 1H NMR (CDCl3) d (TMS, ppm): 1.33 (6H, s), 1.75 (6H, s),
1.77e1.86 (4H, m), 3.23e3.35 (4H, m), 4.31e4.44 (4H, m), 6.58 (1H,
s), 7.24 (1H, d), 8.31 (1H, d), 8.41 (1H, d), 8.55 (1H, s).

2.4.5. Preparation of 50-(1,1,6,6-tetramethyl-10-oxo-2,3,5,6-
tetrahydro-1H,4H,10H,11-oxa-3a-aza-benzo[de]anthracen-9-yl)-[2,1,3-
thiadiazole]-4-(3,4-ethylene dioxythiophenyl)-5-carbaldehyde (8)

POCl3 (0.03 mL, 0.34 mmol) was slowly added to 15 mL of
anhydrous DMF under a nitrogen atmosphere at 0 �C. The mixture
was vigorously stirred for 2 h, then compound 7 was dissolved in
10 mL of anhydrous DMF. After 12 h at room temperature, the
solution was added dropwise on ice, then NaOAc(aq) was added
until a pH of 7e8 was achieved. The mixture was extracted with
dichloromethane and brine. After drying over MgSO4 and evapo-
rating the solvent, the product was purified by silica gel chroma-
tography (MC/Hex¼ 2:1) to give compound 8. Yield was 59%. 1H
NMR (CDCl3) d (TMS, ppm): 1.34 (6H,s), 1.62 (6H, s), 1.79e1.87 (4H,
m), 3.26e3.38 (4H, m), 4.50 (4H, s), 7.27 (1H, s), 8.42 (1H, d), 8.55
(1H, d), 8.68 (1H, s), 10.0 (1H, s).

2.4.6. Preparation of 2-cyano-3-[50-(1,1,6,6-tetramethyl-10-oxo-
2,3,5,6-tetrahydro-1H,4H,10H-11-oxa-3a-aza-benzo[de]anthracen-
9-yl)-[2,1,3-benzothiadiazole]-4-(3,4-ethylene dioxythiopheneyl-5-
yl)]-acrylic acid (HKK-CM5)

Compound 8 (0.08 g, 0.13 mmol), dissolved in CHCl3 (20 mL) and
acetonitrile (20 mL), was condensed with 2-cyanoacetic acid
(0.02 g, 0.21 mmol) in the presence of piperidine (0.03 mL,
0.35 mmol). The mixture was refluxed for 12 h. After cooling the
solution, the organic layer was removed in vacuo. Dark red solid of
HKK-CM5 was obtained by silica gel chromatography (MC/
MeOH¼ 3:1) Yield was 75%. mp 276 �C. 1H NMR (DMSO-d6) d (TMS,
ppm): 1.28 (6H, s), 1.52 (6H, s), 1.72e1.80 (4H, m), 3.28e3.32 (4H,
m), 4.49e3.32 (4H, m), 7.44 (1H, s), 8.09 (1H, s), 8.19 (1H, d), 8.47
(1H, d), 8.59 (1H, s); 13C NMR (75 MHz, DMSO-d6) d 28.62, 29310,
30.38, 31.70, 31.89, 56.44, 64.83, 107.91, 108.61, 113.08, 113.50,
113.91, 116.43, 119.77, 123.34, 126.63, 128.24, 129.23, 140.28, 144.17,
145.83, 151.49, 151.93, 152.96, 159.62, 162.75. UVevis (THF, nm):
lmax (log ε) 401 (25,100), 520 (31,000). PL (THF, nm): lmax 720. FAB-
mass: calcd. for C35H30N4O6S2, 666.77; found, 667.00.

2.5. Fabrication and testing of DSSC

FTOglass plates (Pilkington)were cleaned in a detergent solution
using an ultrasonic bath for 1 h, then rinsedwithwater and ethanol.
The FTO glass plates were immersed in an aqueous solution of
40 mM TiCl4 at 70 �C for 30 min and then washed with water and
ethanol. Thefirst TiO2 layerwitha thickness of 8 mmwaspreparedby
screen-printing TiO2 paste (Solaronix, 13 nm anatase), and the



Fig. 3. Plots of the isodensity surfaces (B3LYP/6-31G* in THF) of the HOMOs and LUMOs of HKK-CM dyes.
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Fig. 4. Typical action spectra of incident photon-to-current conversion efficiencies
(IPCE) obtained for nanocrystalline TiO2 solar cells sensitized by HKK-CM dyes.
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second scattering layer containing 400 nm sized anatase particles
was deposited by screen-printing. The TiO2 electrodes were
immersed into the dye solution (0.3 mM) in CHCl3/MeOH (3:1) with
DCA (40 mM) and kept at room temperature overnight. Counter
electrodes were prepared by coating with a drop of H2PtCl6 solution
(2 mg of Pt in 1 mL of ethanol) on an FTO plate. The dye-adsorbed
TiO2 electrode and Pt counter electrode were assembled in
a sealed sandwich-type cell. One drop of electrolyte was then
introduced into the cell, which was composed of 0.6 M 1,2-dimetyl-
3-propyl imidazolium iodide, 0.05 M iodine, 0.1 MLiI, and0.5 M tert-
butylpyridine in acetonitrile. The electrolytewas introduced into the
inter-electrode space from the counter electrode side through pre-
drilled holes. The drilled holes were sealed with a microscope cover
slide and Surlyn to avoid leakage of the electrolyte solution.

2.6. Photoelectrochemical measurements of DSSC

Photoelectrochemical data were measured using a 1000 W
xenon light source (Oriel, 91193) that was focused to give 1000 W/
m2, the equivalent of one sun at AM 1.5G, at the surface of the test
cell. The light intensity was adjusted with a Si solar cell that was
double-checked with an NREL-calibrated Si solar cell (PV
Measurement Inc.). The applied potential and measured cell
current were measured using a Keithley model 2400 digital source
meter. The currentevoltage characteristics of the cell under these
conditions were determined by biasing the cell externally and
measuring the generated photocurrent. This process was fully
automated using Wavemetrics software.

3. Results and discussion

The synthetic procedures of coumarin dyes containing benzo-
thiadiazole are depicted in Scheme 1. Coumarin aldehyde deriva-
tives were synthesised by either a VilsmeiereHaack or Stille
coupling reaction. These aldehydes, upon reactionwith cyanoacetic
acid in the presence of a piperidine catalyst, produced the coumarin
dyes presented here.

Fig. 1 shows the absorption and emission spectra of coumarin
dyes measured in CHCl3/MeOH solution; their photophysical
properties are summarised in Table 1. The absorption spectrum of
the HKK-CM5 dye, with the introduction of an EDOT unit into the
thiophene-containing coumarin dyeHKK-CM4 to up-lift the HOMO
level and down-shift the LUMO, showed a maximum absorption of
520 nm (ε¼ 31,000 M�1 cm�1), which was 13 nm red-shifted in
contrast to HKK-CM4. The absorption spectra of HKK-CM dyes on
the surface of TiO2 are shown in Fig. 2. Typically, the blue shift on
TiO2 is a common phenomenon for most organic dyes, which is
regarded as the result of a strong interaction between the dye and
the semiconductor surface. A similar trend has been demonstrated
when dyes were deprotonated in the presence of a base. However,
such an effect is partially annihilated by the DeAepeA system. [34]

The electrochemical properties were investigated by cyclic vol-
tammetry (CV) to obtain the HOMO and LUMO levels of the present
dyes. The cyclic voltammogram curves were obtained from a three-
electrode cell in 0.1 M TBAPF6 in CH3CN at a scan rate of 50 mV/s,
using a dye-coated TiO2 electrode as the working electrode, a Pt
wire counter-electrode, and an Ag/AgCl (saturated KCl) reference
electrode (þ0.197 V vs. NHE) which was calibrated with ferrocene.
All of themeasured potentials were converted to the NHE scale. The
band-gap was estimated from the absorption edges of UVevis
spectra and LUMO energy levels were derived from the HOMO
energy levels and the band-gap. HOMO values (1.03e1.06 V vs.
NHE) were more positive than the I�/I3� redox couple (0.4 V vs.
NHE). Electron injection from the excited sensitisers to the
conduction band of TiO2 should be energetically favourable because
of the more negative LUMO values (�1.02 to �1.06 vs. NHE)
compared to the conduction band edge energy level of the TiO2
electrode [45]. The shapes of HOMO and LUMO of HKK-CM4 and
HKK-CM5 are shown in Fig. 3. The dihedral angles between the
benzothiadiazole moiety and the coumarin moiety in HKK-CM4
andHKK-CM5were calculated to be 26.37� and 27.27�, respectively.
On the other hand, the dihedral angle between the thiophene/EDOT



Table 2
Dye-sensitised solar cell performance data of the HKK-CM dyes.

Dye DCA (mM) G/10�7

(mol cm�2)
JSC (mA/cm2) VOC (V) FF h (%)

HKK-CM4 0 2.3 12.2 0.58 0.68 4.82
40 1.3 14.3 0.58 0.72 5.97

HKK-CM5 0 2.2 10.8 0.55 0.66 3.93
40 1.7 13.3 0.56 0.68 5.03

N719 e e 16.7 0.71 0.73 8.64

TiO2 thickness 9,5þ4,sc,TiCl4; electrolyte condition 0.6 M DMPII, 0.5 M LiI, 0.05 M I2,
0.5 M TBP in an acetonitrile solution; dye was dissolved in CHCl3/MeOH.
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moiety and the benzothiadiazole moiety in HKK-CM4 and HKK-
CM5 were calculated to be 16.83� and 9.82�, respectively. The
structural difference was negligible for the dihedral angle between
the benzothiadiazole and coumarin moieties; however, the thio-
phene ofHKK-CM4 and the EDOTofHKK-CM5 caused a remarkable
difference in the dihedral angle with benzothiadiazole; HKK-CM4
possessed a more tilted structure than HKK-CM5. As shown in
Fig. 3, the shapes of HOMO and LUMO for both compounds were
very similar. The electrons of HOMO in both compounds were
distributed over the entire conjugated chromophore, while those of
LUMO were mainly distributed over the benzothiadiazole-
substituted thiophene (or EDOT) moiety. It was found that
HOMO-1/ LUMO, HOMO/ LUMO, and HOMO/ LUMOþ 1
contributed to the lowest transitions of HKK-CM4 and HKK-CM5.
The calculated excitation energies of HKK-CM4 and HKK-CM5 in
THF were calculated to be 2.5822 and 2.5713 eV, respectively,
which correspond to absorption wavelengths of 480.16 and
482.18 nm, respectively. The red-shifted absorption of HKK-CM5 as
compared with HKK-CM4 could be explained in terms of the
effective conjugation. HKK-CM5 showed better planarity, hence
better conjugation than HKK-CM4, thus charge-transfer excitation
in HKK-CM5 was easier than in HKK-CM4.

Fig. 4 shows the incident monochromatic photon-to-current
conversion efficiency (IPCE) of the sensitised coumarin dyes. The
onset wavelengths of the IPCE spectra for DSSCs based on HKK-
CM4 and HKK-CM5 were 800 nm. IPCE values higher than 60%
were observed in the range of 410e605 nmwith a maximum value
of 66% at 500 nm for the DSSC based on HKK-CM4. The maximum
IPCE value of the DSSC based on HKK-CM5 was slightly lower than
the efficiencies of the DSSC based onHKK-CM4 due to the increased
intermolecular pep interaction with introduction of EDOT.
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Fig. 5. Photocurrentevoltage characteristics of representative TiO2 electrodes sensi-
tized with HKK-CM dyes.
The photovoltaic performance of the coumarin DSSC are sum-
marised in Table 2. Under the standard global AM 1.5 solar condi-
tion, the HKK-CM4 sensitised cell gave a short circuit photocurrent
density (JSC) of 14.3 mA cm�2, an open circuit voltage (VOC) of
0.58 V, and a fill factor (FF) of 0.72 (Fig. 5), corresponding to an
overall conversion efficiency h 5.97%. The HKK-CM5 sensitised cell
gave a JSC of 13.3 mA cm�2, a VOC of 0.56 V, and an FF of 0.68, cor-
responding to an overall conversion efficiency h of 5.03%. We
observed that the adsorbed dye amount of HKK-CM5 dye larger
than adsorbed dye amount of HKK-CM4 dye with DCA as a co-
adsorbent. This can be rationalized by the increased intermolec-
ular pep interaction with introduction of EDOT. The EDOT unit in
HKK-CM5 may lead to strong pep interaction which would
decrease the lower efficiency of electron injection [46].

4. Conclusions

Coumarin dyes containing low band-gap chromophores were
designed and synthesised. The DeAepeA system of the dyes could
effectively elongate the absorption wavelength. A wider wave-
length of absorption was favourable for the light-harvesting effi-
ciency of DSSCs. The HKK-CM5 dye had a broader light harvesting
range than HKK-CM4, while strong pep interaction in HKK-CM5
was less efficient than that of HKK-CM4, due to the introduction of
EDOT moiety. As a result, the solar cell based on the HKK-CM4
sensitiser showed better photovoltaic performance than HKK-
CM5-based solar cells, with a JSC of 14.3 mA cm�2, a VOC of 0.58 V,
and an FF of 0.72, corresponding to an overall conversion efficiency
h of 5.97% under standard AM 1.5 irradiation.
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