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In an effort to reduce the carbon footprint, green alternative technologies such as dye sensitized solar
cells (DSSCs) are being developed. In this evolving field, the search for efficient photosensitizers that can
enhance light harvesting, charge transfer, and interfacial stability remains a central challenge. One
promising direction for their development includes nanostructured materials, in particular, atomically
precise noble metal bio-nanoclusters (bio—NCs). Because of their unique properties that can bridge the
gap between classical bulk and quantum systems, they offer great potential as novel, non-traditional
photosensitizers. In this Perspective, a computational chemistry-driven outlook is provided, developed in
close collaboration with experimental insights, on recent advances in the study of noble metal bio—NCs.
Emphasis is placed on their nonlinear optical (NLO) properties — an aspect crucial for DSSC perfor-
mance, yet often overlooked. Three proposed photosensitizer systems are addressed: cyanidin—Ags
hybrid, Agz—DNA, and liganded Ag,s. Furthermore, heterometal atom doping has been discussed as a
strategy to tune the electronic structure of NCs, thereby influencing their stability, catalytic properties,

Received 13th August 2025, and photoluminescence. Additionally, as interactions with the semiconductor surface play an important

Accepted 15th September 2025 role in charge separation, the anchoring modes of these systems on a TiO, model are proposed. By
DOI: 10.1039/d5ma00901d integrating insights from time-dependent density functional theory (TDDFT) with emerging experimental
perspectives, this work aims to provide a deeper understanding of noble metal bio—NC properties

rsc.li/materials-advances towards revival in solar energy research.

More recently, growing global climate concerns have shifted
the focus towards improving solar cell efficiency to address the

1. Introduction

Representing green and sustainable technology, dye sensitized
solar cells (DSSCs) offer a promising alternative to conventional
fossil fuel-powered devices. Starting with pioneering studies by
Griitzel et al.,' a number of advantages have been demonstrated,
from affordable and relatively easy production to integration into
buildings,” with a maximum photoconversion efficiency of up to
15.2%.” Since then, DSSCs have evolved substantially with their
first reported application-driven renaissance in 2012,* followed by
different strategies for power conversion enhancement. As multi-
component systems, DSSCs have been improved via targeting
photosensitizers,”” redox couples,®™® interface engineering,"™*3
light-trapping techniques,**™® or co-sensitization.*"®
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sustainability of devices. Additional efforts have thus been
made to develop greener solutions for each of the solar cell
components. The period around 2020, accompanied by further
increase in photoconversion efficiencies of DSSCs, is some-
times regarded as their second renaissance.”

At the core of the DSSC device lies the mesoporous semi-
conductor layer, typically TiO,, with adsorbed dye molecules
(photosensitizers). Upon illumination, the dye is excited and
injects electrons into the TiO, conduction band. The oxidized
dye is then regenerated by a redox mediator, which also
transports charge through the electrolyte to the counter elec-
trode via diffusion.™® At the counter electrode, the redox med-
iator is reduced. Device operation is thus affected by several
factors that govern the electron transport dynamics and con-
tribute to the nonlinear behavior of DSSCs.>® Some of these
factors are light intensity, surface defects, trap-assisted recom-
bination, charge accumulation at the semiconductor/electrolyte
interface, and ion diffusion in the electrolyte. For instance,
higher light intensities accelerate electron transport, while
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surface defects and trap states create localized energy levels
that promote trap-assisted recombination.’®*' In addition,
charge accumulation at the semiconductor/electrolyte interface
can lead to improved chemical capacitance and charge-transfer
resistance.>” Together, these processes strongly influence the
stability and overall performance of DSSCs.

Since photosensitizers are responsible for electron injection
into the semiconductor, they play one of the key roles in the
solar cell cycle. For efficient device performance, photosensiti-
zers must meet several key requirements."® Primarily, they
should exhibit high thermal, electrochemical, and photo-
stability, with the HOMO lying below the energy level of the
redox mediator and the LUMO above the semiconductor band.
The anchoring to the semiconductor must be strong, which is
usually achieved through acidic anchoring groups. Further-
more, the absorption spectrum of the dye should extend from
the visible to the near-infrared (NIR) region. These criteria
ensure effective electron injection and dye regeneration.'® In
terms of sustainable photosensitizers, critical raw material-free
(CRM-free) organic and natural dyes have been proposed as
potential replacements for ruthenium-based systems.”> How-
ever, due to limitations such as the use of harmful reagents
in the synthesis of organic dyes, and the limited stability and
efficiency of natural dyes, these systems still face challenges
that have yet to be overcome.

Nanostructured materials, crossing the boundary between
classical bulk and quantum-sized systems, offer potential for
the development of novel, non-traditional photosensitizers
with exceptional properties that satisfy the required precondi-
tions.>®* Among them, atomically precise noble metal nanoclus-
ters (NCs) based on Au, Ag, Pt, and Pd represent a new
paradigm in solar and chemical energy conversion.* Neither
a molecule nor a nanoparticle, but rather a molecule-like
species, NCs possess discrete energy levels with strong fluores-
cence and a high surface-to-volume ratio. With dimensions
below 2 nm, they show extraordinary properties arising from
quantum size effects.”® In this non-scalable regime, each atom
can make a difference, since the removal, addition, or doping of
one atom leads to new properties.

Generally, noble metal NCs are unstable under environmental
conditions, necessitating specialized synthetic procedures for stabili-
zation. When biomolecules are used for this purpose, the resulting
structures are often termed bio-NCs*® (see Fig. 1). They can be
broadly categorized into two main types: liganded NCs and bio-nano
hybrids. For structural functionalization, liganded NCs commonly
utilize sulfur-containing ligands (cysteine (Cys), glutathione (SG),
mercaptopropionic acid (MPA), bidentate dihydrolipoic acid (DHLA)
and thiolated polyethylene glycol (PEG)). Bio-nano hybrids encom-
pass all other unique structures of noble metal NCs synthesized with
various possibilities for biomolecular protection (DNA scaffold,
protein, etc.).>*”3! This protection significantly reduces the toxicity
and aggregation of the NCs and enhances their biocompatibility.
Furthermore, biomolecules can be functionalized for specific appli-
cations, such as improving their anchoring to semiconductors.

NCs are particularly intriguing because of their unique
optical properties. Unlike larger plasmonic nanoparticles,
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Fig. 1 Noble metal NC and biomolecular protection forming proposed
photosensitizer systems in a metal cluster sensitized solar cell (MCSSC).

which are dominated by surface plasmon resonance (LSPR),
the optical properties of noble metal NCs are, as discussed,
molecule-like. The exact number of metal atoms is directly
correlated with their electronic structure and thus with their
absorption and emission spectra. This distinction makes them
highly attractive for various optical applications. Many noble
metal NCs show strong and tunable photoluminescence, often
in the visible to NIR region, which are ideal characteristics for
sensitizers in solar cells. Notably, the origin of their photo-
luminescence (PL) properties is not determined by only the
metal core. The quantum yield of this luminescence can be
influenced by the ligand shell, solvent, and structural integrity.
For example, NCs with the same number of core atoms but
different protecting ligands exhibit different PL properties.*>
In addition, bio-NCs exhibit strong nonlinear optical (NLO)
responses conveniently tuned through cluster size, doping, and
ligand exchange. Although this property is often overlooked in
studies on solar cell performance, it is important to emphasize
that enhanced two-photon absorption (TPA) and hyperpolariz-
ability are related to improved light harvesting efficiency.?”-*®

Emerging new studies on theoretical and experimental
characterization of NCs, along with their unique optoelectronic
properties, have motivated us to provide a perspective on noble
metal bio-NCs in DSSC applications. Going beyond previously
reported metal cluster sensitized solar cells (MCSSCs), we aim
to highlight the importance of NLO properties and introduce a
new concept of bio-nano hybrid photosensitizers. In this con-
text, we present systems based on noble metal NCs and natural
dyes, as well as NC-DNA assemblies as potential sensitizers.
While the focus of this Perspective is on a computational
chemistry viewpoint, the discussion is framed within a
theory-experiment dialogue to encourage collaborative efforts
toward advancing noble metal bio-NC photosensitizers
in DSSCs.

2. Liganded noble metal NCs for light
harvesting

The slow progress in the research of liganded noble metal NCs
as light harvesters has been attributed to the treatment of NCs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as traditional sensitizers despite their key differences.?
Although power conversion efficiencies (PCEs) of liganded
NCs are still far behind those of photosensitizers in DSSCs,
the optimization of MCSSC systems has led to gradual improve-
ments. A review of the work in this area over the past 15 years
shows that most experimental efforts have focused on thiolated
gold clusters.***° Specifically, the first reported liganded metal
clusters for light harvesting application were glutathione pro-
tected Au,, (n =15, 18, 22, 25, 29, 33, and 39) with Au,; showing
the best performance.*®

An important step forward in developing MCSSCs was taken
with the work of Kamat et al. who achieved a PCE of above
2% using an Au(0) core@Au(r)-thiolate shell structure and a
Co>*/Co*" redox couple.*! This was followed by a new record
PCE of 3.8% in Au,3SG,, operated using the I /I;~ redox
couple.”? Similarly, a study on Au;;SGy;, Au;5SGy3, AU;5SGyy,
Au,5SG,g also identified Au,3SG;, as the most efficient
photosensitizer.** In general, the photovoltaic properties of
liganded NCs have been demonstrated to be size dependent,
influenced by their light absorption and excited state
behavior."* Although earlier studies focused mainly on the
photoelectrochemical response of glutathione liganded gold
NCs, they were soon extended to systems with ligand protection
based on BSA (bovine serum albumin), SBB (4-(¢-butyl)
benzylmercaptan), and MBA (4-mercaptobenzoic acid).*®

An interesting way of applying gold NCs in light harvesting
was the cosensitization of thiolated Au, NCs with squaraine
dye.*" This approach revealed a broadened photoresponse, as
Au NCs absorb below 500 nm and the dye in the 550-800 nm
region. NCs had two functions: suppressing the photovoltage
penalty and acting as a voltage booster and sensitizer. Interest-
ingly, small structural changes within the NC core (for example
in Au,;) were found to dramatically alter interfacial behavior
and, as a result, overall photoconversion efficiency.*®

Tatsuma et al. also proposed liganded silver,™ palladium,** and
platinum® clusters as potential photosensitizers. Compared to Au
NCs, thiolated Ag NCs have been less studied and face two main
limitations in solar energy applications: low stability and shorter
excited state lifetimes.”> While smaller Ag NCs have longer excited
state lifetimes, higher stability, and lower self-recombination, their
wider HOMO-LUMO gaps limit light absorption. Larger Ag NCs, on
the other hand, absorb more widely but suffer from poor stability
and fast recombination.> This presents a challenge when selecting
the most suitable Ag NC size for the light harvesting application. In
this regard, among a series of glutathione capped Ag, (n = 15, 25,
and 29) systems, Ag;s showed the highest internal quantum
efficiency.”® Other promising candidates included Ag;¢SGo>* and
Ag,5SRy;5 (SR = 2, 4-dimethybenzenethiol).”® In particular, it has been
shown that liganded Ag,s is a stable photosensitizer that can boost
photocatalytic efficiency.®> When coupled with a CdS nanowire, it
exhibits pronounced photoactivity and efficient charge transfer at
the NC/CdS interface due to the favorable energy level alignment.
This demonstrates the potential of Ag,s in solar energy conversion.

An effective approach for enhancing the PCE of liganded
NCs is heteroatom doping. However, in the context of noble
metal NCs, this strategy is more accurately described as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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heterometal atom doping. It enables a precise tuning of their
electronic structure, which can, in turn, affect their stability,
catalytic activity, and photoluminescence properties. These
effects will be illustrated through selected examples presented
later in this work. So far, the highest measured PCE among NC
light harvesters is found for AgAu,,SG;, NC with a PCE of
4.22%.%°

2.1. Nonlinear optical properties of liganded noble metal
NCs: hidden potential

In the context of Gratzel cells and the development of novel
photosensitizers, research studies were focused on enhancing
photovoltaic performance by optimizing the kinetics of TiO,
adsorption and studying linear optical properties (one-photon
absorption (OPA), fluorescence lifetime, fluorescence quantum
yields, and PL measurements), all with the goal of achieving
high absorption coefficients and broad spectral responses.
However, one critical aspect often overlooked in sensitizer
design was their NLO properties.

Nonlinear optics describes the complex, nonproportional
relationship between an optical medium’s induced polarization
and the electric field of the incident light. This field becomes
particularly relevant when materials interact with high-
intensity light, such as from lasers, resulting in responses that
go beyond simple linear interactions. The NLO properties have
considerable potential to advance solar energy harvesting tech-
nologies. Although conventional solar cells predominantly rely
on linear light absorption to convert photons into electrical
energy, exploring the NLO properties may significantly improve
both efficiency and functionality. A typical NLO active molecule
consists of a m-conjugated system that incorporates electron-
donating (D) and electron-accepting (A) groups, forming a
donor-n-acceptor (D-n-A) architecture. This configuration is
particularly well-suited to facilitating intramolecular charge
transfer (ICT), a key mechanism underlying many NLO effects.

In the context of linear optics, the polarization induced in a
material by an electromagnetic wave is directly proportional to
the applied electric field. However, in nonlinear optics, this
relationship becomes non-proportional at high field intensi-
ties, giving rise to a range of nonlinear responses that can be
harnessed for advanced optoelectronic applications. In non-
linear optics the connection of polarization and electric field is
complex and it can be expanded into Taylor power series:

Py = e[y + /PE + /PEE + . ]E, 1)

where 'V is the linear optical susceptibility and 7? is the
second-order nonlinear optical susceptibility. Furthermore, the
7? term is responsible for second harmonic generation (SHG),
where light at frequency w is converted into light at 2w (double
the frequency, half the wavelength). This occurs for asymmetric
systems. 3 is the third-order nonlinear optical susceptibility
that gives rise to effects such as third harmonic generation
(THG) (converting w to 3w), TPA, and the optical Kerr effect
(where the refractive index changes with light intensity). Mate-
rials can exhibit these effects regardless of their symmetry.>”>°
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TPA is a third-order nonlinear optical process in which two
photons are simultaneously absorbed, promoting the system to
an excited state with an energy equivalent to the sum of the two
photon energies. To quantify the TPA of an individual mole-
cule, the TPA cross-section, denoted as opa(w), is commonly
used. The quantity is typically expressed in units of 107°° cm*
s/photon, a unit also known as the Géppert-Mayer (GM) unit,
named in honor of Maria GOppert-Mayer, who created the
theoretical basis for investigations using the double-photon
effect.*>* The TPA cross-section in SI units can be written as
follows:

srea (o) = 2 ©)
where e opps(w): two-photon absorption cross-section
[em®* s/photon per molecule]

e o,(w): two-photon absorption coefficient [cm W]

e 7i: reduced Planck constant [J s]

e : angular frequency of the photon [rad s ]

e N: number of molecules per unit volume [molecules per cm?]

Noble metal NCs, particularly those of gold and silver, are
exceptional materials in nonlinear optics. Their molecular-like
behavior and distinct electronic transitions provide specific
pathways for multiphoton absorption and other nonlinear
interactions. In particular, in ligand-protected NCs, charge
transfer processes between the metal core and the surrounding
ligands can significantly enhance their nonlinear optical coeffi-
cients, mimicking the D-n-A molecular system.

2.2. ‘“Ligand-core” NLO phores: a multishell perspective

Ligand-protected noble metal NCs can be conceptualized as a
multishell system composed of three regions: the metallic core,
the metal-ligand interface, and the ligand shell.>® Each of these
layers plays a crucial role in defining the structural and
electronic properties of the noble metal NCs. The metal core
typically consists of a compact cluster of noble metal atoms.
Often forming well-defined staple motifs, the interface is
characterized by strong metal-ligand interactions, particularly
in thiolate-protected systems. The ligand shell further stabilizes
the NCs and contributes to their solubility and surface chem-
istry. The ligands can act as electron donors or acceptors,
facilitating charge transfers and increasing the overall hyper-
polarizability. A representative example is Ag,s(SG);s, often
referred to as the ‘“golden” silver nanoparticle due to its
structural and electronic similarity to its familiar gold analo-
gue, Au,s (SR)15.°" As shown in Fig. 2, the metallic core is a
13-atom icosahedral silver unit, surrounded by a network of
Ag-S bonds at the metal-ligand interface, which form staple-
like structures. These structural motifs are not passive. They
enable charge transfer processes from the ligand shell to the
metal core, which is essential for tuning the NC’s optical and
electronic properties. This class of ligand-protected noble metal
NCs is also termed “ligand-core” NLO phores, emphasizing the
cooperative interaction between the ligand shell and the metal
core in generating nonlinear optical responses such as two-
photon absorption. Recently, increasing attention has been
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Fig. 2 Multishell perspective of glutathione liganded Ag,sSGig: metal
core, metal-ligand interface, and glutathione ligand shell.

directed toward investigating the TPA properties of ligand-
protected noble metal NCs for applications
biosensing and medical diagnostics. The nonlinear behavior
enables deeper tissue penetration and higher spatial resolution
in imaging applications.®*®

The TPA cross-section of bio-NCs is orders of magnitude
greater than that of commercially available dyes. This signifi-
cant enhancement in their NLO properties arises from a
delicate interplay of resonance effects and large transition
dipole moments. Furthermore, structural asymmetry inherent
to the metal core itself or introduced by an uneven arrangement
of surface ligands can dramatically enhance the second-
harmonic generation process.****7°

2.2.1. Tailoring NLO properties through heterometal atom
doping of Ag,sSR;g. The liganded NC synthesis has undergone
remarkable evolution, from bulk material production to engineer-
ing of nanostructures with atomic precision. The precise hetero-
metal atom doping of liganded NCs is a prime example of this
evolution. This advanced technique enables strategic integration of
other metal atoms, a single or even a few atoms, into liganded NCs
while taking care of suitable stabilizing ligands. Such precision
leads to finely tuned electronic, optical, or catalytic properties that
are uniquely determined by the specific atomic arrangement.
Heterometal atom doping can largely improve the physicochemical
performances versus homometallic NCs. However, the doping
modes are not universal since they depend on the metal of choice.
Multiple doping modes are also a versatile strategy to tune
optoelectronic properties since they offer simultaneous doping of
the central metal core, kernel shell doping, and ligand-core inter-
face rich in metal-sulfur bonds.”

Heterometal atom doping presents a cost-effective strategy for
exploring and enhancing MCSSC’s optoelectronic properties. To

in nano-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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illustrate the application of liganded noble metal NCs in MCSSC
energy harvesting, the well-known silver NC Ag,s(SR),s was selected
as a model system. This NC, with SR = S-PhMe,, was first
synthesized and structurally characterized by Bakr and co-
workers in 2015.°" In a subsequent study, platinum and palladium
atoms were for the first time successfully introduced into the
central site of the metal kernel of the thiolated Ag,s cluster via
single-atom doping.”® Since then, several research efforts have been
focused on investigating the properties of heterometal atom doping
in Ag,s5(SR)1s, particularly using platinum and gold doping
strategies.®®”®® Some of the recent studies focused on the doping
strategies of Ag,s NCs have aimed to enhance their nonlinear
optical properties - for instance, the effect of multiple gold doping
on two-photon absorption,*® as well as the influence of precise
single-atom doping with Pt, Pd, or Au on hyperpolarizabilities.**

Building upon this foundation, a recent study explored the
impact of single-atom metal doping on the photophysical and NLO
properties of silver NCs.** Specifically, the Ag,5(SR);s NCs were
doped with single atoms of Pt, Pd, and Au. The aim was to
investigate how such precise heteroatom substitutions influence
two-photon excited photoluminescence and second-order non-
linear optical scattering properties, particularly the first-order
hyperpolarizability. The first hyperpolarizability is denoted as
B(2w), where 2w refers to the second harmonic frequency.”® Among
the doped NCs, Pt and Pd-doped Ag,s exhibited the most signifi-
cant enhancement in NLO properties. The absorption spectra
showed a notable blue shift, directly attributed to doping of the
metal core. One-photon and two-photon excited photolumines-
cence spectra both showed enhanced emission intensity, with
platinum doping having the most pronounced effect. The mea-
sured first hyperpolarizability f(2w) values for these systems were
up to an order of magnitude higher than those reported for
Au,5(SR)yg, reaching as high as 1001 x 107%° esu for the Pt-
doped system. These are the highest values ever observed for
ligand-protected NCs to date. Time-dependent density functional
theory (TDDFT) calculations of OPA spectra for all systems of Ag,s
as well as its Au, Pd, and Pt-doped variants, showed trends
consistent with experimental measurements. A similar trend was
observed in the TDDFT calculated hyperpolarizabilities upon blue-
shifted excitation wavelengths.

OPA *gifg;g

K —— Agz4Pt

T T T T T T T T T T T 1
200 300 400 500 600 700 800
A (nm)
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Here, as shown in Fig. 3, we demonstrate TDDFT OPA and
TPA simulations of single Pt-doped Ag,s;SRig NC.%* The short
SCH; ligands are used to qualitatively explore the TPA spectra
following Pt doping. The OPA spectra are located between
700 nm and 300 nm and are in qualitative agreement with
experimental findings. Since the S; state in OPA is located
around 560 nm, the lowest two-photon transition occurs at
approximately 1120 nm, with a very low TPA cross-section. High
TPA cross-sections were observed around 750 nm and 700 nm.
Key contributing factors to the enhanced TPA cross-sections
were proposed:®® resonance between TPA and OPA states, large
transition dipole moments resulting from ligand-to-core or
core-to-ligand charge transfer, and non-uniform electronic dis-
tribution within the metal core.

The enhanced linear and nonlinear optical properties of
doped Ag,s(SR);s NCs provide a strong rationale for their
application in DSSCs. The blue-shifted absorption observed
upon doping, especially with Pt and Pd, extends the photo-
response of the NCs toward higher energy photons, improving
the overlap with the solar spectrum and thereby enhancing
light harvesting efficiency. This is important for efficient light
harvesting in DSSCs. Moreover, the strong TPA and high first
hyperpolarizability (f(2)) values indicate that these NCs can
contribute through NLO processes under NIR excitation.
Although conventional DSSCs operate under one-photon con-
ditions, materials with high nonlinear responses provide new
opportunities for advanced DSSC architectures, such as
upconversion-enhanced®® or multi-photon driven designs,
where NIR photons can be utilized.

In addition to heteroatom doping, other strategies can also
be envisioned for enhancing NLO responses of nanoclusters.
Surface ligand engineering, including ligand exchange and
ligand-shell or protein-shell rigidifying, can tune electronic
coupling and light-matter interactions. Electron donating
group-based ligands result in enhancing the PL intensity which
directly favours charge transfer through metal-ligand interface
directly influencing nonlinear optical properties.®®*>%8 The
chirality of surface ligands plays a pivotal role in governing
the optical properties of nanoclusters, whether the ligands are
inherently chiral or achiral but are arranged in a manner that

le2
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Fig. 3 TDDFT OPA (left) and TPA”*~73 (right) spectra calculated at the CAM-B3LYP”*/def2-SVP”> level of theory for PtAg,4 (SCHs)ig. For the Pt and Ag
atoms the 19-electron relativistic effective core potential (19-e RECP) developed by the Stuttgart group’® was implemented. DFT optimized structure
with centrally doped single Pt atom is shown at the center, as well as HOMO-LUMO analysis. Atoms are colored by element: Ag in grey, Pt in turquoise,

S in magenta, C in green, and H in white.
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induces intrinsic chirality in the protected nanocluster.®>°
Aggregation-induced fluorescence (AIF) represents another
approach, where nanoclusters that are weakly emissive in
solution become highly luminescent upon aggregation, and
such enhanced excited-state responses could in principle be
exploited to improve light-matter interactions and nonlinear
optical processes.”™®* Excited state dynamics offers another
avenue, where tailoring relaxation pathways may optimize non-
linear absorption or scattering.”® Finally, host matrix embed-
ding and size effects, though more relevant for nanoparticles
and plasmonic systems, highlight the diversity of approaches
that have been explored in the wider NLO field.”**

Taken together, the tunable electronic properties resulting
from precise heteroatom doping, as well as by using other
strategies, provide multiple routes to optimize electron injec-
tion efficiency and open-circuit voltage (Voc) in DSSCs, while
also pointing toward next-generation architectures capable of
exploiting NLO effects.

3. Bio-nano hybrid systems for light
harvesting

Previous studies on light harvesting have used the term bio-
nano hybrids for natural pigments®®"°" including photoactive
proteins'®>'** interacting with nanomaterials (quantum dots,
nanotubes, and nanoparticles). In this Perspective, the concept
of bio-nano hybrids refers specifically to systems based on
atomically precise noble metal NCs and biomolecules. Their
interaction leads to synergistic effects that are used for differ-
ent purposes, such as label-free detection.>® Consequently, they
can serve as building units for optical, biosensing, and photo-
catalytic materials. For example, biosensing applications have
been demonstrated in biomolecule-NC hybrid composed of a
small Ag NC bound to a peptide. Enhanced optical absorption
of this system arises from the coupling between electronic
excitations within the NC and the n-n* excitations of amino
acids in the peptide.””

To explain the origin of absorption enhancement induced by
metallic NCs, Bona¢i¢-Koutecky et al.>” compared the absorp-
tion spectra of pure peptides with those of cluster—peptide
hybrids. In gas-phase experiments, charged Ag;' and Ag,"
NCs were coupled with the dipeptide Trp-Gly and the tripeptide
Trp-Ala,. The resulting bio-nano hybrids showed stronger
absorption and a shift into the ultraviolet region relative to
pure peptides. The most intense peaks were attributed to the
coupling of excitations within the NC with charge transfer
excitations between the NC and the indole. In this context,
NCs act as probes that enhance sensitivity of detection, and can
serve as substitutes for conventional chromophoric dyes. More-
over, the absorption spectrum of neutral Cys-TrpAg, deposited
on the MgO surface revealed a clear optical signature of the
peptide. Essentially, NCs were shown to both immobilize the
peptide and improve biosensing. Until recently, in addition to
biosensing, these systems have been discussed mainly in the
context of biochips and diagnostics. Here, we extend this
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concept to new bio-nano hybrid systems for solar cell applica-
tions, based on noble metal NCs and natural dyes.

3.1. Cyanidin-Ag;

To address the limitations in stability and efficiency of natural-
based DSSC sensitizers, we have introduced a new class of bio-
nano hybrid sensitizers containing small silver clusters coupled
with cyanidin dyes. In this section, we present our previous
study on these hybrid systems'®® and extend it to our more
recent work on their coinage metal-doped counterparts.'®®
Compared to other works on natural-based sensitizers in
DSSCs,”* ™ we have identified that the proposed bio-nano
hybrids possess unique photovoltaic and optoelectronic proper-
ties that surpass those of pure natural dyes. Moreover, our
study of the doping effect confirmed further improvements in
their stability, photovoltaic parameters, as well as remarkable
TPA. Notably, incorporating small noble metal NCs into cyani-
din dye introduces donor-acceptor characteristics, inducing a
favorable shift of the HOMO, LUMO levels that enables effective
electron injection and dye regeneration. Enhancement in OPA
and TPA originates from the coupling between the excited
states of the dye and the NCs.

Specifically, in our previous work published in 2023,"*> we
proposed hybrid systems based on Ag, (n =3, 5, 9, and 21, with
2, 4, 8, and 20 valence electrons, respectively) coupled to
anthocyanidins. The latter were selected because they are read-
ily available, nontoxic, and have already been investigated as
photosensitizers."*>"'> However, their application in DSSCs
has been limited as a result of poor stability, low efficiency,
and unfavorable HOMO, LUMO energy levels. Coupling with
NCs properly shifted their HOMOs and LUMOs and improved
their optical properties. In addition, NCs introduced donor-
acceptor regions important for charge separation. Subse-
quently, in our following work,'*® we explored the influence
of coinage metal doping with Au and Cu atoms on the photo-
physical properties of these bio-nano hybrids.

Fig. 4 shows TDDFT calculated OPA and TPA spectra for the
bio-nano hybrid cyanidin-Ags, as well as coinage metal doped
cyanidin-Ag, Au and cyanidin-AgAuCu.'%>'°® The OPA spectra
for all three systems follow a similar trend, with two distinct
absorption regions (around 300 and 500 nm). Among all
systems, cyanidin-Ag, Au shows the strongest transition
around 460 nm. This is directly reflected in the calculated light
harvesting efficiencies: cyanidin-Ag, Au > cyanidin-AgAuCu
> cyanidin-Ag;. The electron injection values were negative for
all systems, indicating a spontaneous process and satisfying an
additional requirement for effective photosensitizers. Molecu-
lar orbitals reveal that the HOMO is delocalized over the dye
and part of the silver trimer, while the LUMO is mostly
delocalized on the NC.

The TPA spectra, with insets of the NIR region, shown in
Fig. 4, reveal significant differences between the systems.
Although cyanidin-Ag; exhibits a large cross-section around
460 nm, single gold doping enhances it approximately four
times. Remarkably, heterometal doping with both Au and Cu
increases the cross-section from the 10® GM to the 10'° GM

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intensity of the cross-section, supporting the presence of charge
transfer between the NC and the dye. The differences in TPA
arise from variations in the electronic configurations of the
coinage metal atoms and occupancies of the s and d orbitals.

To evaluate the properties of realistic DSSC systems, we also
modeled cyanidin-Ag; and cyanidin-Ag, Au adsorbed on a TiO,
semiconductor. In both cases, strong binding to TiO, was
observed, with molecular orbitals indicating charge separation
between the hybrid and the semiconductor surface. These
findings, particularly their superior NLO and photovoltaic
properties, suggest that bio-nano hybrids based on noble metal
NCs and natural dyes have great potential for light harvesting
applications.

3.2. Ag;-DNA

DNA is a biopolymer with exceptional structural versatility.
Beyond its role as the carrier of genetic information, DNA
possesses several physicochemical properties that make it an
attractive candidate for integration into optoelectronic devices.
DNA has a well-ordered structure, rich chemical functionality,
and programmable base-pairing interactions. It exhibits quasi-
one-dimensional electronic conduction, facilitated by n-n
stacking interactions between its base pairs, which can support
coherent or hopping-based charge transfer over nanometric
distances.""® While DNA has been widely studied in nanotech-
nology, optoelectronics, and biosensing, its application in
DSSCs remains largely unexplored, with only a handful of
preliminary studies available in the literature.**™'*°

In our previous work published in 2018, we investigated the
intriguing properties of silver trimers intercalated within DNA
duplex structures, exploring the question: Why do silver trimers
intercalated in DNA exhibit unique nonlinear properties that
are promising for applications?'%® This theoretical study, based
on experimentally and theoretically determined crystal struc-
tures of synthesized Ag-DNA complexes,'!” revealed that DNA
not only stabilizes silver NCs but also modulates their electro-
nic states through nucleotide base-specific coordination
and conformational interactions. The Ag;-DNA assemblies
exhibited size- and environment-sensitive optical properties,
with two-photon absorption cross-sections markedly enhanced
in proximity to guanine- and cytosine-rich regions of the DNA
duplex (see Fig. 5). These properties strongly suggest potential
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Fig. 5 TDDFT calculated OPA (left) and TPA (right) spectra at the PEQM level'®” for Ags* (CGCGCGCGCG),. The structure is shown in the central part.

Results are visualized based on our previous study.*°®
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utility in light-harvesting and electron-transfer applications.
Since then, research on DNA-protected noble metal NCs has
continued to expand.'*®*™?* Together, these findings laid the
groundwork for viewing DNA not only as a biological scaffold,
but as an active functional matrix for hosting and tuning
noble metal NCs - an idea we now extend to the design of
advanced DSSCs.

4. Anchoring onto the TiO,
semiconductor

Another aspect of noble metal bio-NCs to discuss is their
interface with the semiconductor surface. Although these
interactions have been studied before, their true nature is
only partially understood.> As demonstrated by several
groups,”>'**'*® when bound to TiO,, NCs behave as
small bandgap semiconductors. This differs from traditional
DSSCs and resembles quantum dot sensitized solar cells
(QDSSCs).'?>12913% However, they are considered a separate
class of photosensitizers because they possess unique optoelec-
tronic properties, show molecule-like behavior, and can trans-
form into plasmonic nanoparticles upon irradiation.”*'>>*3*

Efficient sensitization depends on the charge separation
between the photosensitizer and the semiconductor. Therefore,
it is important to examine adsorption modes, adsorption
energies, and their influence on light harvesting. Generally,
adsorption modes are determined by different interactions of
the sensitizer anchoring groups with the surface of the semi-
conductor. These modes can be divided into strong covalent
bonding, weaker electrostatic interactions, hydrogen bonding,
hydrophobic interactions, van der Waals forces, and physical
confinement within surface cavities."”"** Among them, chemi-
sorption provides the strongest linkage through covalent bond
formation, which enhances DSSC performance compared to
weaker physisorption (e.g., van der Waals forces)."® Strong
chemical binding also stabilizes the sensitizer and prevents
its desorption from the surface.

Fig. 6(A-C) show the proposed binding modes of cyanidin-Ag;,
Ag,55G1s, and Ag;-DNA on the TiO, semiconductor model, con-
sidering the functional groups that are most likely to bind to TiO,.
The adsorption site for cyanidin-Ag; was determined based on the
previous density functional theory (DFT) calculations'® on a small
TiO, fragment presented in Fig. 6D. Several binding orientations
were examined, including binding through silver atoms, hydroxyl
(-OH) groups, and combinations of the dye and the silver atoms.
Anchoring over two hydroxyl groups via chemisorption was found
to be the most energetically favorable. The formation of two Ti-O
covalent bonds (d = 1.9 A) results in adsorption energies around
—2 eV confirming strong chemical bonding with the surface. The
HOMO is mainly delocalized on the dye and partly on the NC,
whereas LUMO is entirely delocalized on TiO,, demonstrating clear
charge separation between the sensitizer and the semiconductor.

Recently, as experimentally demonstrated for the glu-
tathione protected Au cluster, anchoring to TiO, also proceeds
over chemisorption.*® This is possible since glutathione ligands
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Fig. 6 Proposed anchoring modes of (A) cyanidin—Ags,'°® (B) Ag255Gyg,*°
and (C) Ags—DNA™* on the TiO, anatase model. (D) DFT optimized
cyanidin-Ags@TiO, model at PBE5/def2-SVP”® level of theory as
reported in ref. 105 along with corresponding energy levels and the HOMO
and LUMO. Atoms are colored by element: Ag in grey, C in green, O in red,
S in magenta, P in orange, N in blue, Ti in lilac and H in white.

contain carboxylic (-COOH) groups that can form covalent
bonds with the semiconductor surface. In general, -COOH
can interact with TiO, over monodentate or bidentate modes.
The bidentate mode can be chelating (both O atoms bind to a
single Ti atom) or bridging (each O binds to a different Ti
atom). Since the bidentate mode involves the formation of two
Ti-O bonds, it ensures a stronger linkage compared to the
monodentate mode.'** The bidentate (bridging) mode was thus
chosen to illustrate the binding of Ag,5SG;g in Fig. 6B.

As for the Ag;-DNA system, spectroscopic studies on DNA
immobilization on TiO, have shown that the PO, phosphate
backbone binds through chemisorption over strong P-O-Ti
bonds™* (¢f Fig. 6C). This chemical interaction enables
increased electron mobility between DNA and the surface.
Different DNA geometries can change the contact area between
the photosensitizer and the surface, affecting both the adsorp-
tion strength and charge transfer. Additional theoretical and
experimental studies on the interfaces between noble metal
bio-NCs and the semiconductor could help elucidate their
effect on solar cell performance and provide new strategies
for its control.

5. Conclusions

Since the early 1990s, DSSCs have undergone significant evolu-
tion, marked by an initial revival nearly two decades later. Their
most recent revival has been characterized by improved

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficiency and the development of strategies aimed at device
sustainability. In this work, we present atomically precise noble
metal bio-NCs as a promising new direction in the develop-
ment of photosensitizers for light harvesting. Owing to their
unique optoelectronic properties, they offer a novel paradigm
in solar and chemical energy conversion. Over the past decade,
slow but steady progress has been made in their application
within MCSSCs, mostly concentrating on liganded noble metal
NCs. We have extended that outlook to noble metal bio-nano
hybrids, demonstrating their remarkable attributes. In particu-
lar, we have focused on the often overlooked NLO properties
that could enable more efficient utilization of the solar spec-
trum and improved charge separation.

Bio-nano hybrids composed of natural dyes and small noble
metal NCs are presented as a new class of sensitizers that show
size- and composition-dependent NLO properties while meet-
ing key requirements for DSSC application. In addition, the
Ag;-DNA system rich in guanine and cytosine has been demon-
strated as potential light harvester that may also be suitable for
inclusion in solar cells.

Generally, the two photon absorption cross-section of bio-
NCs is several orders of magnitude higher than that of com-
mercially available dyes. This enhancement arises from a
synergistic interplay of resonance effects and large transition
dipole moments. Furthermore, structural asymmetry, either
intrinsic or introduced by uneven ligand arrangement, can
significantly enhance second harmonic generation. Notably,
in the non-scalable regime where each atom influences the
overall properties of NCs, heterometal atom doping presents an
effective strategy for fine-tuning the optoelectronic properties.
Simultaneously, it can also shift the HOMO and LUMO energy
levels in a favorable direction. These examples provide design
principles and a framework for the rational development of
next-generation photosensitizers with tunable optoelectronic
properties.

Future progress in this field will depend not only on
improved synthetic routes and strategies for tuning the optoe-
lectronic properties of bio-NCs, but also on the development of
more advanced theoretical approaches to model them. Since
several processes occur at the bio-NC/semiconductor interface,
more focus should be put on deciphering these phenomena.
For instance, anchoring modes of the photosensitizers that
affect electron transfer and, consequently, solar cell perfor-
mance could be described in more detail by DFT/TDDFT.
Another key challenge in the further development of bio-NC-
based photosensitizers will also be ensuring their photochemi-
cal stability, both of the bio-NCs themselves and of the bio-NC/
semiconductor assemblies. At the same time, more effort
should be invested in the utilization of the known photocata-
lytic potential of NCs in the context of solar energy applications.
Overall, when insights from theoretical methods are combined
with developments of synthetic protocols, high-resolution
spectroscopy, and systematic testing of solar cell prototypes, a
theory-experiment synergy could provide valuable insights into
the photoelectrochemical properties of these novel non-
traditional photosensitizers.'*>'*® Altogether, this perspective

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aims to encourage new theoretical and experimental findings
on noble metal bio-NC photosensitizers, with a focus on their
linear and nonlinear optical properties, in the hope of starting a
new revival in solar energy research.
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