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al theory design of double donor
dyes and electron transfer on dye/TiO2(101)
composite systems for dye-sensitized solar cells†

Chundan Lin, Yanbing Liu, Di Shao, Guochen Wang, Huiying Xu, Changjin Shao,
Wansong Zhang and Zhenqing Yang *

In this work, we designed a series of double donor organic dyes, named ME101–ME106, based on

experimentally synthesized dye WD8, and further investigated their electronic structure, the stability of

the dye/TiO2 (101) systems, density of states (DOS) and absorption spectra using density functional

theory (DFT) and time-dependent DFT (TDDFT). The molar extinction coefficients of all designed dyes

are higher than WD8. It's fascinating that ME106 exhibits a smallest energy gap and 75 nm redshifts

compared to WD8. The results of calculations reveal that ME101–ME106/TiO2(101) surfaces are more

stable than WD8, double donor dyes have sufficient electron injection driving force and have very strong

transfer electron ability. It is expected that the design of double donors can provide a new understanding

and guidance for the investigation of high efficiency dye-sensitized devices.
1. Introduction

Dye sensitized solar cells (DSSCs) have attracted signicant
interest owing to their high efficiency, easy manufacturing
process and their low-cost, and have become one of the most
promising photovoltaic devices.1–7

DSSCs have a typical sandwich structure, mainly including dye
molecules, a metal oxide layer, an electrolyte and a counter elec-
trode. A pivotal component “photosensitizer” is excited by har-
vesting light and then the conductor band (CB) of TiO2 accepts the
photo-induced electrons with electricity generation. Especially,
the sensitizers play a critical role in inuencing the photoelectric
conversion efficiency (PCE).8,9 Till now, ruthenium-polypyridyl
complexes and metal-free organic dyes have been investigated
commonly.10–13 Conventional Ru-complexes, such as N3/N719
have shown the recorded PCE exceeding 11%,14–16 and the PCE
of zinc porphyrin sensitizers has reached 13%.17,18 At the same
time, more efforts have been turned to design and explore metal-
free organic dyes. P. Wang synthesized a new pure organic dye,
C281–286, which exhibits high PCE of exceed 13.0%.19 There are
also photosensitizers for colorful and semitransparent dye-
sensitized solar cells, which increase its aesthetics while
ensuring efficiency.20–22 And DSSC has effective output power
under various lighting conditions, and even has excellent
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performance under dim conditions, thus paving way for the self-
powered indoor light harvesting Internet of Things (IoT) applica-
tions.23–25 These give us more attention to develop more potential
organic sensitizers for DSSCs. Up to now, various structures
organic dyes are composed of electron donors (D), p-bridges (p)
and acceptormoieties (A). At present, there aremethods to obtain
thePCEofDSSCswithD–p–Astructureusingonly the results from
density functional theory (DFT) and time-dependent DFT calcu-
lations.26 In 2019, Zhang et al. further explored the molecular
structure and internal electron transfer mechanism of TH series
dyes (D–A–p–A).27 In 2008, Ning et al. rstly proposed a new D–D–
p–Aconguration for improving theperformanceofaDSSC.28The
additional electron donor in D–D–p–A structure is benecial not
only enhance light absorption capacity, but also inhibit the dye
aggregation.29–31 For example, Dai et al. incorporated the M45
sensitizer based on D–D–p–A form with overall power conversion
efficiency of 9.02%.32 These suggest that D–D–p–A sensitizers will
have more brilliant advantages in DSSCs elds.

Dye sensitizers and semiconductor photoanodes are the core
of dye-sensitized solar cells. It is important that the individual dye
molecule has excellent performance. However, aer the dye is
adsorbed on TiO2 surface, the anchoring group will interact with
the semiconductor. The excited state electron can be effectively
injected into the semiconductor, which is a key process regulating
the PCE of the DSSCs. Dye-sensitized solar cells have made great
progress, but it is still a difficult problem to accurately investigate
the internal electron transfer mechanism of DSSCs. In fact, it
turns out to be exertive for giving an in-depth interpretation of the
experimental method from the atomic level. Therefore, we use
theoretical simulation methods to analyze the electron transfer
mechanism. In 2012,Wan et al. newly synthesized double electron
RSC Adv., 2021, 11, 3071–3078 | 3071
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donor type organic dyeWD8 using phenothiazine as donor group,
furan as p-bridge and carboxylic acid as acceptor group.33 In this
work, we designed a range of organic dye ME101–ME106 by
replacing theWD8's donor group in order to seekmore promising
organic dyes, as shown in Fig. 1. Moreover, we present a system-
atic investigation on the inuence of the dye/TiO2 on their elec-
tronic and optical properties. The geometry of the dye/TiO2

complex system, electron injection, absorption spectra, and life-
time of the excited state were studied in order to evaluate the
performance of the adsorbed systems in DSSCs.
Fig. 2 The energy levels of WD8 and ME101–ME106.
2. Computational methods

All the ground-state geometries were optimized by DFT combined
with B3LYP functional in acetonitrile solution with Gaussian
09.34–37 The excitation states were calculated by CAM-B3LYP/6-
31+G*/LanL2DZ for Ti atoms in acetonitrile using conductor like
polarizable continuum model (CPCM).38,39 DFT/DFT+U calcula-
tions of dye/TiO2 were operated on this model using the Vienna Ab
initio Simulation Package (VASP).40,41 The Perdew–Burke–Ernzerh
(PBE) methods based on generalized gradient-approximation
(GGA) were are carried out in all calculations. DFT+U correction
is for titanium on the 3d orbital, and the band gap and lattice
parameters of TiO2 were applied: U ¼ 6 eV and J ¼ 0.5 eV. All
methods were believed to access the reliable results compared to
the experimental values.42–44
3. Results and discussion
3.1 Electronic structure and stability of the dye/TiO2 (101)
system

The excellent performance of the dye molecules depends on
individual dye molecules and stability of the dye/TiO2, which
Fig. 1 Molecular structures of dyes WD8 and ME101–ME106.

3072 | RSC Adv., 2021, 11, 3071–3078
improve photon-to-current conversion efficiency. The structures
of WD8 and ME101–ME106 were optimized (Fig. S1†), and
further energy levels and absorption spectra for WD8 and
ME101–ME106 were calculated, as shown in Fig. 2 and 3. We
can clearly see that the LUMOs of all dyes are higher than the
conduction band edge (CBE) of TiO2 (about �4.0 eV) and
HOMOs are lower than the potential (about �4.8 eV) of the I�/
I3
� redox shuttle.45 That is to say, these dyes possess enough

injection driving force and driving force, so as to ensure the
transfer of electrons from the double electron donor to the
acceptor (Fig. S2†). In addition, the energy gaps decrease in the
sequence of WD8 > ME101 > ME102> ME103 > ME104 > ME105
> ME106, which has a favorable characteristic lead to harvest
longer light. From Fig. 3(a), it is obvious that the absorption
spectra of the four dyes, ME101, ME102, ME105, and ME106,
have red-shis compared to WD8, especially maximum
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The calculated UV-visible absorption spectra of all dyes. (a)
WD8, ME101, ME102,ME105 andME106 (b)WD8,ME103 andME104.
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redshis of ME106, which is consistent with the smallest
HOMO–LUMO energy gap. From Fig. 3(b), the absorption
spectra of ME103 and ME104 show a blue shi. The main
reason is that the ME103 molecule contains a nitrogen–
nitrogen double bond, which mainly undergoes n–p* transi-
tions, and blue shis easily occur in the polar solution of
acetonitrile. TheME104molecule contains –OCO– group, which
is also prone to blue shi. Although the ME103 and ME104
molecules have only one absorption peak (perhaps because the
other absorption peak is weaker, only one absorption peak is
displayed), but their molar extinction coefficient increase
signicantly, the light absorption area ofME103 andME104 are
also much larger than that for WD8.

Aer calculation of the isolated dyes, a bidentate chemi-
sorption conguration of the carboxylate of the dye attached to
the TiO2 has been adopted. In other words, the two O atoms of
the carboxylic acid in the dye molecules are combined with the
Ti atom with a 5-bond to form an O–Ti bond, respectively. The
remaining H atoms are attached to the O atom on the corre-
sponding TiO2 substrate, and the optimized structure of
ME101–ME106/TiO2(101) are shown in Fig. 4. As can be seen
from the gure, all the dyes are double-donor dye sensitizers
and the different electron donor, but all the dye molecules are
© 2021 The Author(s). Published by the Royal Society of Chemistry
“T” structures with good verticality. These dyes have a very good
planar structure, which facilitates the injection of electrons
from the donor to the TiO2 substrate. We calculated the binding
energies of dyes/TiO2 and the O–Ti bond lengths of the biden-
tate bridges. The adsorption energy is estimated as: Eads ¼ Eslab
+ Edye � Edye/slab, where Eads presents the adsorption energy of
the composite system, Eslab is the energy of the slab supercell of
the TiO2 anatase (101) surface, Edye is the energy of the sensi-
tizer, and Edye/slab represents the total energy of the dye/TiO2

(101) composite system. The Eads value is greater than zero,
indicating that the bidentate adsorption structure is stable, the
larger the Eads value, the more stable adsorption.

3.2 Energy level alignment structure of the dye/TiO2 (101)
system

We theoretically calculated the projected density of states (DOS)
forME101–ME106/TiO2, given in Fig. 5 and S3.† The Fermi level
is the energy equaling to zero and other energies are relative to
Ef. It can be seen that the calculated HOMO energy levels of all
dyes are between the semiconductor conduction band and the
valence band (VB), which helps to reduce the band gap of dye-
sensitized solar. The narrow band gap promotes the absorp-
tion of more long-wavelength light and increases the electron
transfer rate at the interface. However, the low energy level of
TiO2 is not benecial to improve Voc. The LUMO levels of the
dyes are all located in the CB of the TiO2. It is noted that energy
level alignment ensures ultrafast interfacial electron injection
from the dye to TiO2 conduction band and reduces the chance
of recombination between the injected electrons in CB of TiO2

and the oxidized dyes. As depicted in Fig. 5 and S3,† the LUMO
orbital energy level of ME101–ME106 dye molecules is higher
than that of WD8, which the newly designed dye molecules are
coupled with TiO2 conduction band, and also implies the larger
injection driving of ME101–ME106. Therefore, the dye/
semiconductor composite system can effectively transfer and
inject electrons, which is expected to improve the performance
of DSSCs.

The calculated the energy gaps of isolated dyes WD8 and
ME101–ME106 are 2.56, 2.43, 2.40, 2.32, 2.23, 2.17, and 2.07 eV,
respectively. It is worth noting that when dyes were adsorbed on
the surface of TiO2, the energy gaps of all dye molecules
decreased to 1.25, 1.13, 1.10, 1.02, 0.94, 0.87, and 0.77 eV. The
results show that when the dyes have been adsorbed, which
indicate the same tendency the energy gaps of dyes decrease
with the absorption range for the molecules is increased. These
ndings suggest that changes in the donor group of dye mole-
cules can affect the charge transfer mechanism from the dye to
the TiO2 surface and the energy-level arrangement of the dye/
TiO2 (101) system.

3.3 Absorption spectra of the dye/TiO2 system

The UV-visible absorption spectra of isolated dye molecules
reveal that the newly designed dual-donor dyes have wider
absorption spectrum than WD8 dye, but the HOMO orbital of
the dye molecules adsorbed on the TiO2 substrate changes
signicantly, which indicates that the dye/TiO2 system has
RSC Adv., 2021, 11, 3071–3078 | 3073
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Fig. 4 The configurations of WD8 and ME101–ME106 on TiO2 anatase (101).

Fig. 5 Calculated projected density of states for WD8. Red curves are
for the dyes and the black lines are for the TiO2 substrate.
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a certain impact on UV-visible absorption spectra. In order to
verify that the absorption spectrum of adsorbed dyes will be very
different from the absorption spectrum of isolated dyes.
According to Peng et al.19 recently proposed the model, we
consider as a rst approximation that the dye is connected to
one TiO2 unit. The binding model is in perfect accordance with
the recent results obtained which have demonstrated from
infrared spectroscopy analysis in CH2Cl2 solution. Therefore, in
order to save computing costs, we use the one TiO2 unit instead
of the entire larger TiO2 substrate to simulate the absorption
spectrum of the dye/TiO2 system. The two O atoms of the anchor
group are linked to one Ti atom by a bidentate bonding bridge,
with one hydrogen being isolated as one proton on the surface
2c-O atom. The optimized geometry of the dyes ME106 and
WD8 adsorbing TiO2 units are shown in Fig. 6. Based on the
optimized structure, the excited state of the adsorbed dye was
3074 | RSC Adv., 2021, 11, 3071–3078 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The geometries of dye WD8 and ME106 binding with the minimal TiO2 cluster.

Fig. 7 The UV-visible absorption spectra for isolated dyes and the adsorbed dyes.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 3071–3078 | 3075
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calculated by TD-CAM-B3LYP, are presented in Fig. 7. It can be
noticed that the absorption spectrum of the adsorbed dye is
basically consistent with the absorption spectrum of the iso-
lated dye. There are two absorption peaks, and the main
absorption peak of the dye/TiO2 is superior to isolated dye's,
which may be mainly related to the strong interaction between
TiO2 and anchor group of the dye. However, its secondary peak
has decreased, which agrees with the transition from p to p*.
The UV-visible absorption spectrum of the dye/TiO2 is overall
red-shied, owing to the smaller energy gap of the dye/TiO2,
and at the same time, the oscillator strength is also signicantly
increased. This is a key factor for assessing the photophysical
properties of dyes. Therefore, the ME106 may be theoretically
a good candidate as sensitizer of DSSC device.
4. Conclusions

In this work, we present a systematic theoretical study on a new
double electron donor organic dyes ME101–ME106 based on
the experimental synthesis organic dye WD8. We nd that the
isolated dyes ME101–ME106 have the smaller energy gap and
the broaden absorption spectrum compared to WD8. The
calculated results show that ME101–ME106 possessed more
stable adsorption on the TiO2 surface compared to WD8. In
addition, the density of states and the absorption spectra of the
dye/TiO2 were calculated by rst-principles calculations. Series
of characterizations support the roles of the dye/TiO2 can
effectively transfer and inject electrons. The HOMO–LUMO
energy gap is reduced and the absorption spectra overall red
shi. In theory, ME101–ME106 may have greater short-circuit
photocurrent and open-circuit photovoltage. It is expected
that the design of double donors can provide a new strategy and
guidance for the investigation in high efficiency dye-sensitized
devices.
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