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Model systems for dye-sensitized solar cells:
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Theoretical study of structural, optical, and photovoltaic properties of novel bio-nano hybrids (dye-
nanocluster), as well as at TiO, surface model support is presented in the context of the application for
dye-sensitized solar cells (DSSC). A group of anthocyanidin dyes (pelargonidin, cyanidin, delphinidin,
peonidin, petunidin, and malvidin) represented by cyanidin covalently bound to silver nanoclusters (NCs)
with even or odd number of valence electrons have been investigated using DFT and TDDFT approach.
The key role of nanoclusters as acceptors in hybrids cyanidin-NC has been shown. The nanoclusters
with an even number of valence electrons are suitable as acceptors in hybrids. The interaction of bio-
nano (cyanidin-NC) hybrid with the TiO, surface model has been investigated in the context of
absorption in near-infrared (NIR) and charge separation due to donor and acceptor subunits. Altogether,
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1 Introduction

In a search for a photovoltaic cell that would be commercially
more attractive due to better energy conversion efficiency,
Grétzel et al. proposed a dye-sensitized solar cell (DSSC),'
based on light harvesting dye that sensitizes the transparent
TiO, semiconductor film. Since then, a significant experimental
and theoretical effort has been invested into finding the optimal
sensitizer.*® Transition metal compounds, specifically Ru-
complexes, have emerged as highly efficient DSSC dye candi-
dates with promising photovoltaic properties.>* However, the
search for new materials has led to natural dyes,'"* that are
non-toxic for both humans and the environment," and easily
available through plant extraction." The reported efficiency of
these dyes is rather small (maximum value of over 4%").
Nevertheless, their modification by small silver nanoclusters
(NCs) opens a route to design new systems with donor-acceptor
properties. These properties have been previously studied
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nano hybrids at TiO, surface for DSSC application.

within sensitizers®® based on ruthenium,'®"” porphyrin*®
complexes, and metal-free'® organic dyes.

Anthocyanidins, a subclass of flavonoids, have absorption
maxima lying ~500 nm?® and are extensively investigated in the
context of the DSSC application.”*>* However, they have low
stability* and low efficiency as solar cell sensitizers (maximum
around 1%?). Also, they do not satisfy the donor-acceptor
condition.

Although several properties of the DSSC system can be tuned
to improve efficiency, our approach is the modification of the
sensitizer by introducing the donor-acceptor concept through
bio-nano hybrid. A variety of modified natural dyes based on
bio-nano hybrids have been investigated. Those include but are
not limited to complexes of two or more natural dyes,>>*
natural and synthetic dyes” and multilayered natural dyes
DSSC.?® Also, the addition of metal atoms to natural dye (e.g
iron-cyanidin complex) has been reported to improve optical
properties compared to pure pigments.*

Furthermore, the silver nanoclusters (NCs) forming bio-nano
hybrids substantially increase optical absorption of pure
biomolecules due to the interaction between intense excitations
within the cluster and w-m* excitations within aromatic rings of
biomolecule.®® This opens a route for enhancing the optical
properties as well as improving the light-harvesting efficiency of
natural dyes through interaction with silver NCs which intro-
duces donor-acceptor subunits. Previous work has demon-
strated that ligated noble metal NCs*"** as well as noble metal
nanoparticles (NPs)**** can contribute towards more efficient
sensitizers.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The anchoring of the dye on the TiO, surface is critical for
ensuring electron injection from the dye to the semiconductor,
which is one of the important conditions for DSSC efficiency.*
Therefore, anchoring the cyanidin-NC on the TiO, semi-
conductor has been investigated by modeling the complex
{cyanidin-NC}-TiO,. Such hybrids have not been investigated
previously in the context of DSSC application.

In the present paper, we focus on the theoretical study of the
dye and silver NC (cyanidin-NC) hybrids by their opto-electronic
and DSSC properties within the DFT and TDDFT methods.
Results involve theoretical prediction of structural and linear
optical properties (one-photon absorption, OPA) of bio-nano
hybrids, in order to find out how the overall efficiency
depends on selected NCs. Calculations of nonlinear optical
properties (two-photon absorption, TPA) on chosen example
have also been performed. Anchoring of the bio-nano hybrids
on the semiconductor surface of TiO, model is addressed in the
context of charge separation and shift in near-infrared (NIR)
regime for a potential application.

2 Molecular models for dye-NC
hybrids anchored on TiO, surface

The basic concept behind the proposed DSSC system is that
light is captured by sensitizer dye-NC hybrid which is coupled to
the semiconductor allowing electron injection into its conduc-
tion band after which dye is regenerated via electrolyte.’®
Photovoltaic parameters (light harvesting efficiency, LHE and
driving force for electron injection, AG™°®), defined in the
supplement, serve as an indication for the appropriate choice of
hybrid sensitizer.

Anthocyanidins as salt derivatives of flavylium cation belong
to the group of natural pigments.*” The most common naturally
produced anthocyanidins are pelargonidin, cyanidin, delphi-
nidin, peonidin, petunidin, and malvidin®*° (¢f Scheme 1).
However, they do not contain acceptor-donor subunits. For this
purpose, the silver nanoclusters serve to offer one of the needed
subunits. Among structures from this family of natural
pigments, we have chosen cyanidin to study the interaction with
the NCs whose sizes have been selected according to their
electronic properties. Structural and optical properties, as well
as DSSC parameters of cyanidin-NCs with silver clusters con-
taining 2, 4, 8, and 20 valence electrons, have been compared

Ry Ry Rs

Pelargonidin OH H H

Cyanidin OH OH H

Delphinidin  OH OH OH Rl
Peonidin OH OCH; H
Petunidin  OH OH OCH;
Malvidin OH OCH; OCH;

Scheme 1 The molecular structure of the six most common antho-
cyanidin dyes.
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with hybrids involving clusters with an odd number of valence
electrons. All of them have discrete energy levels and belong to
the size regime <2 nm in which each atom counts.* It is well
known that the pure nanoclusters with an even number of
electrons are more stable than those with an odd number of
electrons.*’

A TiO, semiconductor was used as a surface model to
investigate the anchoring of cyanidin-Ago hybrid. Anatase is the
most widely used crystal type of TiO, for DSSC application since
it has a large band gap and conduction band edge energy.**!
Consequently, the 2-layer anatase model of TiO, (100) adapted
from Koch et al. was selected.*”** The anchoring on the surface
was modeled by hydroxyl groups (-OH) through dissociative
binding, which is more energetically favorable than the undis-
sociative one.* The link between the cyanidin-Ag, hybrid and
the surface is established by two titanium-oxygen bonds. In
addition, binding over Agy and over both Ag, and cyanidin has
been also studied. However, the energies of all studied isomers
are very close.

3 Computational

The structural and optical properties of cyanidin and cyanidin-
NC hybrids have been determined using density functional
theory (DFT) and its time-dependent version (TDDFT) in
Gaussian 16 program.* The ground state geometries of all
systems were optimized with the Perdew-Burke-Ernzerhof
(PBE) functional.***” For cyanidin-NC hybrids, an extensive
search for the lowest energy isomer has been carried out using
simulated annealing as implemented in TURBOMOLE.*® The
Coulomb-attenuated version of Becke's three-parameter
nonlocal exchange functional together with the Lee-Yang-Parr
gradient-corrected correlation functional (CAM-B3LYP)* has
been employed to calculate optical properties due to its accurate
assessment of silver NCs excitation energies.”>* For all atoms,
split valence polarization atomic basis set (SVP) has been
used.® For the silver atoms, the 19-e™ relativistic effective core
potential (19-e” RECP) from the Stuttgart group taking into
account scalar relativistic effects has been employed.*
Nonlinear optical properties; TPA spectra and cross sections
(0)** were obtained using either single residue or double residue
quadratic response procedure®*® implemented in Dalton elec-
tronic structure program®”->®

The fragment representing semiconductor TiO, contains 30
TiO, units saturated with 12 hydrogen atoms forming
(TiO,)3006H1,. Systems of similar sizes have been already used
for such applications.® The considered surface model is {cya-
nidin-Ago}-TiO,, where TiO, fragment is interacting with a cya-
nidin-Agy, hybrid. The complex was optimized within the
Gaussian 16 program® using the PBE exchange-correlation
functional. The SVP basis set was used for all atoms, with the
addition of a 19-e~ RECP for Ag atoms.*>*® Due to the size of the
complex, the density fitting Weigend-06 (W06) was employed
with the GGA functional to speed up computations. The calcu-
lation of the absorption spectrum was performed at the same
level of theory as for the hybrids.
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Fig.1 TDDFT calculated absorption spectra for the: (A) cyanidin-Ags, (B) cyanidin-Ags, (C) cyanidin-Agg and (D) cyanidin-Ag,; employing CAM-
B3LYP/def2-SVP method. For the cyanidin-Agp; (D), Sy is located at 1794 nm with zero oscillator strength. Structures have been optimized at PBE/

def2-SVP level of theory. DFT HOMO, LUMO, HOMO-1, and LUMO+1 energy gaps versus vacuum [eV] and HOMO-LUMO orbitals. Experimental
TiO, conduction band edge (full red line) and |7 /Is~ redox level (dashed red line).
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4 Results and discussion

None of the anthocyanidin dyes including selected cyanidin
satisfy conditions for photovoltaic parameters needed for DSSC
applications (¢f. Fig. S1T). HOMO and LUMO orbitals of pure
anthocyanidin dyes are delocalized over all three aromatic rings
as presented by cyanidin creating characteristic bright m—m*
transition (¢f. Fig. S21). In order to form bio-nano hybrids as
sensitizers for solar cells, adequate HOMO and LUMO energy
levels are needed. The HOMO of the dye-NC should be lower
than I" /I;~ redox potential allowing for system regeneration. In
addition, to ensure conditions for charge generation the LUMO
of the system should be higher than TiO, conduction band.*®
Both HOMO and LUMO energy levels of the anthocyanidin dyes
lie below the electrolyte redox potential and semiconductor
conduction band, thus requiring correction which is possible by
silver NCs (cf. Fig. S17).

The inclusion of silver NC of the given size and number of
valence electrons shifts HOMO and LUMO energy levels to
higher values allowing them to satisfy photovoltaic parameters.
Absorption spectra for cyanidin-Ag, (n = 3, 5, 9, 21 with 2, 4, 8,
20 valence electrons) together with MO energies as well as
values for TiO, conduction band edge and I" /I;~ redox potential
are shown in Fig. 1. Notice that the binding energy of NC's to
dye is ~ —12 eV (¢f. Table 1). In contrast, for cyanidin-Ag, (n = 6,
12) with an odd number of valence electrons (5, 11) HOMO,
LUMO energy levels lie above TiO, conduction band edge and
1" /I3~ redox potential, due to their lower stability (c¢f Fig. S3T
and Table 1).

For dye-Ag, hybrids containing silver cluster with an even
number of valence electrons, the HOMO, LUMO energy levels
are shifted in the right direction where HOMO level is lower
than electrolyte redox potential and LUMO is higher than the
TiO, conduction band, making them capable for electron
injection and system regeneration (cf. Fig. 1). The decrease of
the HOMO-LUMO gap with increasing cluster size shifts the
absorption band towards the red regime which is suitable for
efficiency.** Dye-Ag, (n = 3, 5, 9, 21) hybrids containing an even
number of valence electrons have much smaller HOMO-LUMO
energy gaps (3.9 eV-2.3 eV) in comparison with cyanidin dye
(4.8 eV, cf. Fig. 1 and Fig. S2t). Furthermore, the HOMO energy
level of cyanidin-Ag, hybrids remains similar to the cyanidin-
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Ag; systems, but the HOMO-LUMO gap of the cyanidin-Ag,,
hybrid is further reduced due to considerably larger cluster size.
Overall, the silver NC interacting with the dye sensitizer influ-
ences the energy gap in the following manner: cyanidin > cya-
nidin-Ag;, Ags, Agoe, > cyanidin-Ag,;. This suggests that the
cyanidin-Ag, and the cyanidin-Ag,, are preferable in the context
of DSSC application. From the experimental point of view, in
the gas phase, only the charged species (cyanidin-Ag,)”~ can be
identified.

A slight difference in the steric configuration (dihedral angle
(6) and the bond length) of dye-NC hybrids with even and odd
numbers of electrons is shown in Fig. S4.f HOMO orbitals of
hybrids are delocalized mainly within cyanidin, whereas LUMO
orbitals are delocalized within nanoclusters, as shown in Fig. 1.
Absorption spectra of hybrids are characterized by two groups of
transitions. The first one is ~600 nm and below with low
intensities and the second one is ~300 nm with higher inten-
sities. For the latter one with a higher intensity, clusters with

< &
48

negative

positive

Fig. 2 Molecular electrostatic potential surface for (A) cyanidin-Ags,
(B) cyanidin-Ags, (C) cyanidin-Ags and (D) cyanidin-Agz;. The red
region represents the electron-rich area centered around the
acceptor (NC) and the blue represents the electron-poor area corre-
sponding to the donor (cyanidin).

Table1 Calculated wavelengths (1) and oscillator strengths (f.) of maximum absorption, ~-HOMO, LHE, AG™*" and binding energies £y, (defined
in the supplement) for cyanidin dye and cyanidin-NCs at CAM-B3LYP/def2-SVP level of theory. Cyanidin-Ag, (n = 3, 5, 9, 21) hybrids with an even
number of valence electrons are listed in part | of the table, and cyanidin-Ag,, (n = 6, 12) with an odd number of valence electrons are listed in part

II. Plus and minus signs represent cations and anions, respectively

Amax

Smax [nm] fo —HOMO [eV] LHE AG™Et [ev] Ey, [eV]

I Cyanidin® S 459 0.60 10.52 0.75 3.815
Cyanidin-Ag; S, 467 0.57 5.35 0.73 ~1.304 —12.45
Cyanidin-Ag; Se 367 0.34 5.65 0.55 -1.730 —12.56
Cyanidin-Ag, S16 311 0.71 5.28 0.80 —2.706 —~11.73
Cyanidin-Ag,, Sgy 332 0.68 4.82 0.79 —2.908 -11.07
i (Cyanidin-Age)~ S1o 393 0.49 2.47 0.68 —4.683 —8.26
(Cyanidin-Ag;,)~ Ss0 360 0.68 2.69 0.79 —4.750 -8.97

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a given number of valence electrons are responsible. This is
illustrated in Fig. S5 in which absorption spectra obtained for
pure cationic clusters with an even number of electrons are
shown. Cluster structures have been taken from optimized
hybrids. In fact, donor-acceptor properties of cyanidin-NCs are
illustrated in molecular electrostatic potential surfaces (cf.
Fig. 2), where clusters correspond to acceptors and cyanidin to
donors.

In this contribution, two photon absorption (TPA) of cyani-
din and cyanidin-Ags is also presented (cf. Fig. S6t). The addi-
tion of Ag, cluster to cyanidin dye produces a large cross section
only in near-infrared due to the resonance of OPA S; and TPA
S;4 state. MOs presented for the S;, state demonstrate the
donor-acceptor nature of the cyanidin-Agy system indicating
charge transfer between cyanidin and Agy NC. This increases
transition dipole moments causing the enhancement of TPA
cross sections. The enlarged NIR region of calculated TPA
spectra is shown also in Fig. S6t. For cyanidin-Ag, cross sections
are several orders of magnitude larger compared to cyanidin dye
which extends the TPA spectrum in the near-infrared range
(notice the ¢ values for 600-1100 nm). Investigation of the
nonlinear optical properties is needed for the evaluation of the
solar cells since their enhancement is connected with better
photovoltaic performance.

A design of novel materials with desirable linear and
nonlinear optical properties can induce in solar cells a better
harvesting of photons in the visible and near-infrared region.

Photovoltaic parameters such as LHE and AG™°* are
important for influencing incident photon to the conversion
efficiency (IPCE) of the solar cell. LHE of the sensitizer is directly
connected with the oscillator strength of absorption maximum.

The increasing size of the NC enhances the intensity of the
absorption spectra of the hybrids in a region ~300 nm con-
sisting of multiple transitions with similar intensities. In
contrast, the maximum absorption of cyanidin dye is charac-
terized by a single transition. For this reason, regardless of
hybrids having larger absorption intensity, LHE values of both
cyanidin dye and hybrids remain similar (¢f. Table 1). Cyanidin
dye has the LUMO below the TiO, conduction band which is

62,63
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reflected in the positive value of the AG™®*, and the low
possibility of the electron injection. In contrast, the interaction
with the small silver NC containing an even number of electrons
shifts the HOMO and LUMO energy levels matching the TiO,
conduction band and I /I;~ redox potential. This produces
negative values of the AG™*** favoring spontaneous electron
injection from the excited state of the sensitizer to the semi-
conductor conduction band. The trend for the lowering AG™°t
is further supported by the increased size of the nanocluster.

Anchoring of cyanidin-Agy on TiO, semiconductor has been
investigated due to the importance of the efficient charge
transfer from the sensitizer to the semiconductor. The details of
the model system are described in the Sections 2 and 3.

The isomers bound to surface over silver cluster have very
low oscillator strengths (¢f: Fig. S7A and Bt). Therefore, we have
selected the isomer bound over cyanidin which exhibits
stronger interaction (¢f. Fig. 3A). The structure of selected cya-
nidin-Ag, forms two covalent bonds with the TiO, model, which
results in the adsorption energy (E.qs, defined in the supple-
ment) of the hybrid by —2.1 eV. The calculation of the binding
energy of cyanidin to TiO, has a similar value (—2.13 eV). This
ensures the formation of the complex necessary for the electron
injection from the hybrid cyanidin-Ag, to the semiconductor.

The calculated absorption spectrum of the cyanidin-Ag,
anchored on TiO, reveals a bathochromic shift (¢f. Fig. 3A)
compared to the spectrum of the cyanidin-Ag,. It also reveals
two distinct regions, one ~ 500 nm and the other one ~ 700 nm.
Both regions consist of transitions with low intensities. The
HOMO of the anchored hybrid is delocalized on the cyanidin
and two silver atoms. Also, it is energetically close to the HOMO
of the hybrid without support. In contrast, the LUMO is entirely
delocalized on the TiO, model, as reported previously.”* The
HOMO and LUMO orbitals (¢f. Fig. 3B) along with the analysis of
transitions corresponding to the largest absorption peaks (c¢f.
Table S1 and Fig. S81) demonstrate charge separation between
the hybrid and TiO, semiconductor which is a prerequisite for
efficient DSSC performance. Altogether, the hybrid cyanidin-Ag,
anchored on the TiO, surface serves as a model for stabilization
of the bio-nano hybrid at the semiconductor surface.

A B
0.30 0
0.251
o
18 S
=0 > | D4 25ev
514 w
0.101 .
64
0.05 ‘
0.0 i . -u.I.||J I |..|| L, ‘ S1
800 300 400 500 600 700 800 -8
nm

Fig. 3

(A) TDDFT calculated absorption spectrum at CAM-B3LYP/def2-SVP level of theory for {cyanidin-Age}-TiO, with a structure optimized

with PBE/def2-SVP/WO06, (B) HOMO is delocalized at bio-nano hybrid, while LUMO at the surface model.
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5 Conclusion

Theoretical investigation of optical properties of model systems
including the direct estimate of photovoltaic parameters is an
important step in the context of improvement of DSSC perfor-
mance. In the present paper, we have proposed bio-nano
donor-acceptor hybrids as photosensitizers for DSSC applica-
tion. These systems are formed by the interaction of silver NCs
with the most common anthocyanidin dyes represented by
cyanidin. The proposed strategy is based on a simple concept of
bringing together natural dye and silver metal nanoclusters to
form a donor-acceptor hybrid. The hybrids containing NC with
an even number of valence electrons are more stable than those
with an odd number of valence electrons. Therefore, NCs of
selected sizes (with 2, 4, 8, 20 valence electrons) play a key role
for the optical properties of cyanidin-NC hybrids as well as for
determining photovoltaic parameters. In contrast to pure
anthocyanidin dyes, bio-nano hybrids reveal the improvement
of the overall efficiency (¢cf. LHE and AG™°*"), The interaction of
the hybrid with TiO, semiconductor model confirms the
stability of the bio-nano system.

We have demonstrated that silver NCs due to their unique
electronic and optical properties introduce acceptor subunits
interacting with natural pigments as donors. In summary, these
findings serve to stimulate experimental investigation of optical
and photovoltaic properties of bio-nano hybrids at TiO,
support, in order to realize novel materials at the nanoscale to
improve DSSC's efficiency.
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