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Foreword
The ACS Symposium Series was first published in 1974 to provide a

mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface
This ACS Book presents studies of photoinduced processes in nanomaterials

that fall into the category of basic research contributing to solar energy conversion.
The book focuses on photophysical and photochemical processes at surfaces of
semiconductor nanostructures that are related to photovoltaic and photocatalytic
applications with a broader focus on time-resolved spectroscopic monitoring of
related processes in photoactive materials. Changes of the composition, quantum
confinement, size, shape, surface functionalization, doping, and relative spatial
arrangements of nanocrystals, as well as the formation of semiconductor-to-metal
nano-interfaces, tune the timescales of the relevant basic processes and properties
of the materials. The book reports short, up-to-date reviews, recent experimental
data, and computational results that all contribute to an atomistic description of
electronic dynamics and charge transfer induced by optical excitations and lattice
vibrations. Basic processes — such as light absorption, formation and evolution
of charge transfer excitations, hot carrier relaxation, and reaction dynamics — all
are perturbed by the environmental factors, such as lattice vibrations and solvent
polarization, and are treated with different implementations of the "open system"
approach. The merging of experimental and computational approaches allows for
a holistic and coordinated effort to interpret, guide, and optimize the efficiency of
photocatalytic and photovoltaic processes.

Chapters cover the tuning of optoelectronic properties of nanomaterials
for energy application via the broad modification of morphological variables.
Properties of nanostructures are tuned by varying their dimensionality from
zero-dimensional quantum dots (Chapters 5 and 12) and one-dimensional
nanorods (Chapter 10) to two-dimensional thin films (Chapters 2, 6, and 7)
and mesoporous materials (Chapter 3). Additional tune-ability is achieved via
sensitization by dyes (Chapters 1, 8, and 12), doping (Chapters 1, 5, 6, and 9),
or deposition of metal clusters on semiconductor surfaces (Chapters 7 and 11).
Although the main focus of the reported research is basic science, several chapters
report noticeable advances in dye-sensitized solar cells (Chapters 1 and 8),
semiconductor-based photovoltaics (Chapters 7, 9, and 10), sensing applications
(Chapter 6), pharmaceutical applications (Chapter 12), and conversion of solar
energy to chemical energy in a broad variety of photoelectrochemical cells for
photocatalysis and water splitting (Chapters 3, 4, and 11). The contributions
come from both an experimental community (Chapters 1, 3, 4, and 12) and a
community of researchers dealing with computing electronic structure (Chapters
2, 5, and 6), nonadiabatic dynamics of excited states (Chapters 7, 8, 9, and 10),
and modeling chemical reaction dynamics (Chapter 11).
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1. King, Kern, and Parkinson (Chapter 1, Sensitization of Single Crystal
Substrates) provide a starting point and a “system of coordinates” for
other chapters dealing with the sensitization of single crystal wide-gap
single crystal semiconductor surfaces by dyes, polymers, quantum dots,
and doping (Chapters 2, 3, 4, and 8).

2. Giorgi and Yamashita (Chapter 2, Electronic and Optical Properties of
Low-Dimensional TiO2: From Minority Surfaces to Nanocomposites)
focus on the confinement effect for ultra-thin titania films and their
functionalization by graphene, as explored by electronic structure
computations that reveal the excitonic nature of their optical spectra.

3. Mahoney, Rasalingam, and Koodali (Chapter 3, Dye-sensitized
and Doped TiO2 Mesoporous Materials for Visible Light Induced
Photocatalytic Hydrogen Evolution) provide an overview of the benefits
of doped mesoporous materials for visible light-induced photocatalytic
hydrogen production: Sensitization of wide-gap semiconductors such
as titania with dyes, quantum dots and doping by transition metals
extends the response to visible light, while mesoporous morphology
provides high surface-to-volume ratio, which collectively contributes
to the efficiency of photocatalytic processes. This complements other
chapters dealing with the effects of the confinement, morphology, and
sensitization of nanomaterials for solar energy applications (Chapters 1,
2, and 4) and opens a call for the computational modeling of hydrogen
evolution (Chapter 11).

4. Pillai et al. (Chapter 4, Single Site Metal Ions on the Surface of TiO2
Nanorods: A Platform for Theoretical and Experimental Investigation)
summarize the synthetic protocols for controlled deposition of transition
metals on the surface of titania nanostructures and outline possible
ways to characterize those nanomaterials for solar energy utilization,
experimentally and computationally.

5. Proshchenko and Dahnovski (Chapter 5, Transition Metal Doped
Semiconductor QuantumDots: Tunable Emission) examine themodeling
of transition metal doping in semiconductor quantum dots, covering
the impact of crystal field splitting and many-electron effects onto the
absorption and luminescence of such models.

6. Inerbaev et al. (Chapter 6, Theoretical Modeling of Oxygen and Water
Adsorptionon Indium Oxide (111) Surface) address the control of the
optical properties of an indium oxide thin film by the surface adsorption
of oxygen at different air humidity for sensor applications.

7. Micha (Chapter 7, Density Matrix Treatment of Optical Properties in
Photovoltaic Materials: Photoconductivity at a Semiconductor Surface)
focuses on metal clusters deposited on silicon surfaces. An overview
of the practical implementations of the methods to describe the light-to-
matter interaction, which are based on density operator techniques, paves
the way to predict and interpret key observables in such nanostructures:
photovoltage spectra, photocurrent, and photoconductivity. This chapter
is closely connected to three subsequent chapters (Chapters 8, 9, and
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10), which focus on perturbations by light, solvent, substrate, and lattice
vibrations onto the evolution of excited states.

8. Bowman, Chan, and Jakubikova (Chapter 8, Investigating Interfacial
Electron Transfer in Highly Efficient Porphyrin-Sensitized Solar Cells)
explore the way in which electron transfer in dye-sensitized titania
depends on the details of the anchoring group composition, the surface
adsorption, and the binding pattern. This chapter provides an excellent
companion to experimental chapters as well as an overview of one of
the first practical methods for the atomistic modeling of electron transfer
that is based on the survival probability concept.

9. Akimov and Prezhdo (Chapter 9, Nonradiative Relaxation of Charge
Carriers in GaN-InN Alloys: Insights from Nonadiabatic Molecular
Dynamics) provide an overview of hot carrier relaxation in indium-doped
gallium nitride — a promising material for solar energy conversion.
The authors review a commonly used method for atomistic modeling
of relaxation based on Tully’s surface-hopping algorithm and on-the-fly
coupling along molecular dynamics trajectory. Prezhdo and Akimov
highlight the importance of accounting for quantum decoherence effects,
which are responsible for the precision of the computed rates of carrier
relaxation.

10. Kryjevski (Chapter 10, Toward First-principles Description of Carrier
Relaxation in Nanoparticles) focuses on the description of carrier
relaxation due to phonon emission in semiconductor nanostructures,
which is an important process in photo-excited nanostructures and is
potentially relevant to photovoltaics. The chapter discusses an alternative
to the on-the-fly procedure for computing electron–phonon interaction.
Here, the electron–phonon interactions are treated perturbatively using
the Keldysh technique, or non-equilibrium Green’s function, including
one- and two-phonon processes. Nanoparticle-specific electron–phonon
couplings are given by derivatives of the electron–ion interaction along
each normal mode of lattice vibrations.

11. Meng (Chapter 11, Optical, Electronic and Catalytic Properties of
Metal Nanoclusters by ab initio Molecular Dynamics Simulation: A
Mini Review) covers two classes of photoinduced processes related
to metal nanoparticles: their ability to catalyze chemical reactions
and their influence on excited state relaxation. These two classes of
processes relate to the dynamics of inter-atomic distances for molecules
adsorbed at metal cluster and to the dynamics of electronic excited
states, respectively. In the first half of the chapter, Meng provides
computational predictions of the efficiency of proton reduction and
hydrogen evolution at the surface of metal and bimetal clusters, thus
making connections to the experimental chapter on hydrogen generation
(Chapter 3). In the second part of the chapter, Meng addresses the details
of electronic excited state dynamics in metal clusters by combining the
reduced density operator method, similar to the one described in Chapter
7 by Micha, and the on-the-fly procedure for nonadiabatic coupling,
similar to the one used in Chapter 9 by Prezhdo and Akimov. The
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reported methodology paves the way to compute such nonequilibrium
observables as photoluminescence spectra.

12. Zenkevich and von Borczyskowski (Chapter 12, Surface Photochemistry
of “Quantum Dot – Porphyrin” Nanoassemblies: Exciton Relaxation
Pathways and Singlet Oxygen Generation Generation) provide
experimental time-resolved data on energy transfer and electron transfer
at the interface of semiconductor quantum dot and a sensitizing dye
molecule. A range of time-resolved spectoscopical techniques allows
for the coexistence of several pathways of photoexcitation to be
identified: charge transfer, resonant energy transfer, and multi-electron
Auger processes, thus providing new opportunities for the quantitative
comparison of computational and experimental approaches.

In summary, complementary reviews on a broad variety of physical and
chemical processes in functional nanostructures are presented to recognize
recent achievements and to help explore open problems in order to coordinate
experimental and computational efforts toward the further research of materials
for renewable energy.

Dmitri Kilin
Department of Chemistry
University of South Dakota
Vermillion, South Dakota 57069
and
Department of Chemistry and Biochemistry
North Dakota State University
Fargo, North Dakota 58102
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Chapter 1

Sensitization of Single Crystal Substrates

Laurie A. King,1 Meghan E. Kern,1 and B. A. Parkinson*

Department of Chemistry and School of Energy Resources,
University of Wyoming, Laramie, Wyoming 82071

*E-mail: bparkin1@uwyo.edu.
1These authors contributed equally to this work.

Sensitizing large band gap semiconductors to subbandgap
light began with the development of photography and has
recently been applied to solar energy conversion. In this chapter
we review work that employs single crystal semiconductor
substrates, such as oxides, chalcogenides and pnictides, to
investigate this important fundamental photoinduced interfacial
electron transfer processes using sensitizers from dyes to
polymers to quantum dots.

Early History of Dye Sensitization

In the 1830s artists began capturing the world around them using the newly
developed photographic techniques. However, photography did not reach the
masses until films containing grains of silver halides were developed. Silver
halides are ionic semiconductors with band gaps ranging from 2.7 – 3.2 eV
making them mostly insensitive to visible light (1). The optical absorption of
visible light by dyes adsorbed on the multifaceted micron-sized grains of silver
halides enables “sensitization” to visible light where photon absorption by the
dye promotes an electron from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO) that subsequently is injected
into the silver halide producing a latent image or a reduced silver cluster. The
reduced silver center in the grain is a nucleation site for subsequent development
of the whole grain by chemical reduction by developers to produce a photographic
negative. This photon multiplication process resulted in films sensitive enough
to capture images with very little light using either fast shutter speeds or long
exposures such as in astronomical applications (2).

© 2015 American Chemical Society
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Photosensitization of semiconductor electrodes began in the 1960s when
Gerischer and Tributsch studied the ability of organic dyes to sensitize ZnO single
crystals (3, 4). Unlike photography, where the electron is immediately trapped
and reduces a Ag+ center to Ag0, the photoexcited electron of the dye molecule
is injected into the ZnO conduction band and can be drawn off as current. The
oxidized dye can be regenerated by a reducing agent in an electrolyte to enable a
continuous flow of photocurrent (Figure 1) whereas in photography the reducing
agent (developer) further reduces Ag+ around the Ag0 nucleation sites to produce
a dark area forming a negative image. Sensitizing semiconductor electrodes
enabled continuous monitoring of the electron transfer reaction (current) with
the additional advantage of being able to change the driving force for this
interfacial reaction by adjusting the bias, semiconductor band positions and redox
electrolyte. Subsequent work led to the establishment of the general principles
of electron transfer processes in photosensitized systems. In particular, the
alignment of the electron energy levels between sensitizer and the energy bands
of the semiconductor were shown to control electron injection. For example,
photocurrent was not measureable for dye sensitization of a metal (5). Examples
of early sensitization studies include zinc oxide (n-type), copper oxide (p-type)
(6), and gallium phosphide (GaP) (p-type) (7). These early studies led to work
by Tributsch and Calvin on the photosensitization of ZnO single crystals with
chlorophyll; the first direct link between solar energy conversion in nature and
photoelectrochemistry (8, 9).

Throughout early dye sensitization experiments, the dyes were weakly bound
to the single crystal surface by physisorption. To alleviate the problem of dye
desorption experiments were typically performed with dye in solution and hence
adsorbed dye is in dynamic equilibrium with dissolved dye. Spectral sensitization
was demonstrated with dyes adsorbed again to ZnO (11) but also TiO2 (12) and
SrTiO3 (13) single crystal surfaces. Further investigations with single crystal
semiconductors led to developing greater insight into the fundamental process
that dictate electron transfer at these interfaces. For example, the conduction band
of a semiconductor can be shifted with respect to the dye LUMO by controlling
the pH of solution (59 mV per unit of pH). To probe the effect this has on dye
sensitized photoanodes, two dyes were selected such that the conduction band
edge of SrTiO3 at pH 4 approximately matched the LUMO level of the cyanine
dyes. Indeed, a threshold for electron transfer was reached by increasing the pH
of the electrolyte above 4 such that the conduction band of SrTiO3 was moved
above that of the dye LUMO (13).

Such early work with single crystals also led to the need for quantification
of photosensitization driven electron transfer. There are two frequently reported
efficiencies for photocurrent generation – incident photon current efficiency
(IPCE), also known as the external quantum yield and absorbed photon
current efficiency (APCE), also known as the internal quantum yield. Such
spectral measurements enable the comparison between sensitizer absorbance
and photocurrent generation. The early measurements of these efficiencies
produced very low IPCEs and APCEs (<3% APCE) that were often attributed to
recombination effects due to surface states that were unavoidable due to dangling
bonds on the surface of the semiconductor crystals. In retrospect we now know

2
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that many of the limitations were a result of surface contamination that either
blocked the access of the dye to the surface or displaced it from the surface due
to weak van der Waals or hydrophobic interactions.

Figure 1. Rate processes at a dye-sensitized single crystal electrode are depicted
for electron transfer into an n-type semiconductor biased to produce a depletion
layer. Excitation of an electron from the ground state of a dye at a specific

energy to an excited state level results in electron transfer to the semiconductor
conduction band with a rate kinj. This charge is drawn off as current as the
electrons escape the surface at a rate depicted as kesc. The electrons at the
semiconductor surface can also recombine (krec) with the oxidized dye in

competition with reduction by the regenerator (kreg). Reproduced with permission
from Spitler, M. T. and Parkinson B. A. Acc. Chem. Res. 2009 42(12) 2017-2029.

Copyright (2009) American Chemical Society (10).

Dye Sensitization of van der Waal Surfaces

Early work on photoelectrochemical cells made from two dimensional layered
transition metal dichalcogenide (TMD) semiconductor compounds, such as MoS2,
MoSe2, SnS2 and WSe2, produced devices with efficiencies of up to 12% were the
most stable photoelectrochemical cells (14–21). Mark Spitler, an early pioneer
of dye sensitization, arrived at the Solar Energy Research Institute (now called
the National Renewable Energy Laboratory) on a sabbatical where one of the
authors was working on the TMDphotoelectrochemical properties of these layered
materials. The two came together since it was realized that these materials might
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be particularly attractive due the ease of cleaving layers to expose clean, inert and
atomically flat surfaces. Band alignment dictates that due to their relatively small
band gaps (1.1 – 1.2 eV) sensitization of MoS2, MoSe2 and WSe2 is restricted
to infrared absorbing dyes (21). An appropriate dye was selected (3,3′-diethyl-
9,11:15,17-dineopentylene-2,2′-thiapentacarbocyani), and gave astoundingly high
photocurrent yields for a monolayer of dye with IPCE values of 4.4% and APCEs
of virtualy 100% (Figure 2) (14).

Indeed the signals were so high and background currents so low that
they could be easily measured without the use of a lock-in amplifier that
had traditionally been needed to extract the small photocurrent signals. Such
unprecedented high IPCE values were accredited to the absence of interlayer
dangling bonds, and hence lack of trap states that would otherwise lower electron
injection efficiencies, and the absence of competition for adsorption sites from
organic impurities. Additionally, the stability of their surfaces with respect to
water, air or common solvents highlighted them as suitable semiconductors for
sensitization.

Figure 2. (left) Sensitized photocurrent response of a WSe2 crystal
by the infrared absorbing dye shown at the bottom left of the figure

(3,3′-diethyl-9,11:15,17-dineopentylene-2,2′-thiapentacarbocyani) with a
remarkable IPCE value of 4.4% from a monolyer of dye. Reproduced with

permission from Spitler, M. T. and Parkinson B. A. Langmuir 1986 2(5) 549-553.
Copyright (1986) American Chemical Society (14). (right) A very large WSe2
crystal on centimeter/millimeter ruled graph paper showing the platelike

morphology of these two dimensional materials. (see color insert)

Given the small band gaps of the TMD materials, dye sensitization was
limited to unstable IR absorbing dyes, therefore new layered materials, such as
SnS2 with a band gap of 2.2 eV, were explored. SnS2 was shown to be particularly
stable and suitable for study with a broad range of sensitizing dyes (15). Large
crystals were grown using the Bridgman method and could be controllably doped
using chloride substitution for sulfur (22, 23). The large range of oxidation and
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reduction potentials of the dyes that could sensitize SnS2 led to the observation
that lower IPCE values were measured when the potential of the dye HOMO
approaches the energy of the conduction band (CB) of SnS2 (15), implying that
the rate of back reaction could be the controlling kinetic factor in the system. The
rate of photoexcited electron injection in these materials was also measured to
be extremely fast due to the intimate contact and thus strong electronic coupling
between the dye and the semiconductor (19, 24).

Figure 3. Tapping mode AFM images of the squaraine dye
Bis(4-dimethylamino-2-dihydroxyphenyl)squaraine (1-1 OHSQ) aggregates
on SnS2 prepared by a) dipping for 12 minutes, b) dropping 1 mL equivalent
of dye solution and dried in ambient air. Height retraces are shown beneath.
Reproduced from Electrochim. Acta, 45/28, Takeda, N. and Parkinson, B. A.,
The relationship between squaraine dye surface morphology and sensitization
behavior on SnS2 electrodes, 4559-4564, Copyright (2000), with permission

from Elsevier (20).

The atomically flat surfaces of the layered compounds make these materials
ideal for morphological studies of the sensitizing dyes on the surface using
scanning probe microscopies. For example, AFM studies of squaraine dyes
enabled the larger scale structures of dye on a SnS2 surface to be studied. Two
routes were compared for dye sensitization: dipping (soaking the crystal in dye
solution), and dropping (dropping and evaporating dye solution on the crystal).
The resultant dye aggregates that populated the SnS2 surface were found to be
rod shaped, larger and high (approximately 14 nm) for the surface prepared by
the dropping method. Aggregated surfaces from the dipping technique were
conversely much smaller, particularly in height (approximately 2 nm), but were
mostly in rod shapes (18, 20). These two distinct morphologies can be seen in
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Figure 3. Figure 4a shows a IPCE spectrum taken at +0.7 V vs SCE together with
the optical absorption spectrum obtained for a SnS2 electrode sensitized by the
dipping technique. The sensitized photocurrent-voltage curve, measured at 680
nm incident light, is shown in Figure 4b. The onset of anodic photocurrent was
~+0.1 to 0.2 V more positive than Efb of bare SnS2 electrodes. The photocurrent
increased as the positive bias increased and leveled off around +0.55 V vs SCE.
After the introduction of the dye-sensitized solar cell (DSSC) (discussed below)
photoetching of the SnS2 single crystal was done to produce high surface area
“parking garage” structures that yielded IPCE values of up to 30% (Figure 5)
using methylene blue as a sensitizer (23). However there was no expansion of
interest in SnS2 sensitization since single crystals were not widely available and
interest in dye sensitization of oxide semiconductors was revived by the DSSC.

Figure 4. (a) Vis-NIR absorption spectrum (solid curve) and photocurrent
action spectrum obtained at +0.7 V vs SCE bias (symbol) for 1-1OHSQ on

SnS2 prepared by the dipping method (8µM for 2min). Note that the absorption
spectrum contains contributions from adsorbates on both sides of SnS2 surface.
(b) Photocurrent-voltage curve of the sample illuminated at 680nm (104µW).

Reproduced with permission from Takeda, N. and Parkinson, B. A., J. Am. Chem.
Soc. 2003 125(18) 5559-5571. Copyright (2003) American Chemical Society

(18).

During the period when SnS2 was being studied, Michael Gratzel provoked
world-wide interest in dye sensitization with the introduction of the DSSC
where both IPCE and APCE values were very high and solar to electrical power
conversion efficiencies were competitive with other emerging photovoltaic
technologies (25). This breakthrough can be attributed to two innovations; firstly
the usage of covalently bound dyes that strongly bound the dyes to the surface
and promoted electronic coupling, and secondly, the sensitization of high surface
area mesoporous TiO2 electrodes that could then absorb all the incident light since
a monolayer of even highly absorbing dyes can seldom absorb more than 3%.
This work eventually lead to devices with power conversion efficiencies in excess
of 12% and IPCEs approaching 100% (26). In a typical cell, 20 nm crystallites
of anatase TiO2 are sintered together to prepare a mesoporous network with
typically 1000 times the surface area of a planar electrode. The high surface area
of the porous cell architecture circumvents the inherent problem of producing
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high efficiencies with sensitization of planar electrodes, namely, the low optical
absorbance and photocurrent yields of monolayer dye coverage. The dye binding
through carboxylate or phosphonate functional groups also removes the need
to use excess dye in the electrolyte solution to prevent dye desorption. The
unexpected electron lifetime in the high surface area porous network of TiO2 that
is bathed in oxidizing triodide solution was also a key factor in the success of this
solar cell architecture.

Figure 5. A photograph of a SnS2 crystal that was grown using the Bridgman
technique showing several cleavage planes from the twinned crystal (upper).
Reproduced with permission from Sharp, L.; Soltz, D.; Parkinson, B. A.; Cryst.
Growth Des. 2006 6(6) 1523-1527. Copyright (2006) American Chemical
Society (22). Lower left shows a side view of the “parking garage” structure
obtained from photoetching a SnS2 crystal to obtain a high surface area. Lower
right is a top view of the same photoetched crystal. Bottom reprinted from Sharp

Thesis (23). (see color insert)

While both single crystal and mesoporous sensitized electrodes are
electrochemical junctions that enable the extraction of photoexcited electrons
from sensitizers, the physical mechanism/driving force for charge separation
at the dye-semiconductor single crystal interface is different. As shown in
Figure 1, the single crystals support the formation of a space charge field at the
semiconductor electrolyte interface producing a Schottky-like junction where the
band bending drives charge separation of the positive charge that remains in the

7

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

00
1

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1196.ch001&iName=master.img-004.jpg&w=287&h=252


dye from the injected electron. Conversely, nano-sized crystallites are too small
to support a depletion layer and therefore are reliant on concentration gradients of
electrons between the surface and back contact to drive charge separation.

Following the introduction of DSSC technologies the research in dye
sensitization rapidly expanded with thousands of researchers being engaged in
the quest for achieving increased cell efficiencies perhaps due to the ease of
fabrication and low cost of the components (27). Much of this work has, and
continues to concentrate on the design of new sensitizers, new redox couples
and electrolytes, techniques to prepare and modify the mesoporous films and
attempts to manufacture and reduce the costs of this solar cell. Despite the
significant increase in cell efficiencies and commercialization of this technology
there remain significant advantages to utilizing well-characterized atomically
flat single crystals for studying the sensitization process (10). Namely, the
ability to conduct fundamental studies with structurally well-defined and clean
surfaces. Obtainable insights include the deciphering of the role of dye adsorption
geometries, sensitizer coverage and structure, the influence of crystal orientation
and extent, benefit or detriment of sensitizer aggregation on sensitization yields.
The remainder of this chapter will review the progress in both experimental
protocols needed to work with semiconductor single crystal substrates and the
fundamental understanding of the photoinjection process that may aid in the
optimization of nanocrystalline sensitized solar cells.

Metal Oxide Dye Sensitization with Covalently Bound Dyes
Methods To Prepare Clean and Terraced Single Crystal Substrates

To enable the elucidation of sensitizer coverage and ensure reproducible
photocurrent yields, it was necessary to develop techniques to prepare clean,
atomically flat terraced surfaces that are detailed in the following sections.

Titanium Dioxide

Titanium dioxide (TiO2), in the nanocrystalline anatase polymorph, remains
the most commonly sensitized substrate in DSSCs. With a band gap of 3.2 eV
anatase does not absorb visible light. It is known that to obtain high coverages of
dyes on these nanocrystalline substrates that it is best to sensitize them immediately
after sintering the nanocrystals to avoid competitive adsorption to binding sites by
adventitious impurities. The high surface area of these scaffolds means that in this
short time there is relatively little surface contamination, however this is not true
for an oxide single crystal since the actual and geometric surface area are nearly
the same.

Clean and terraced rutile (110) and (100) TiO2 surfaces for
photoelectrochemical studies were previously prepared by a chemical etching
method (28, 29). Specifically, the crystals were submerged in HF, rinsed,
dried and annealed at 550 – 900 °C in air. This route is indeed effective for
obtaining atomically flat crystallographic surfaces since the material etches
in a layer-by-layer fashion. However, for crystal surfaces with higher surface
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energies, pits and channels have been observed due to selective crystallographic
plane etching and increased etching at defects and impurities (30).

To alleviate the issues associated with a chemical etch, an alternative method
was developed to prepare various surface orientations of all three polymorphs
of TiO2 (rutile, anatase and brookite) (31). A combination of manual polishing,
ultrasonic cleaning and annealing was found to produce atomically flat surfaces.
Dependent on the initial condition and roughness of an as received (commercially
grown) or cut (natural crystal) surface, an appropriate polishing procedure must
first be selected or developed. Alumina polishing grits and silica colloidal
suspensions with a polishing pad are used for manual polishing. The polishing
suspensions are used sequentially, stepping down in size until final polishing with
0.02 μm colloidal silica. The sample is ultrasonicated in H2O between each step
to remove excess polishing material. Subsequently, crystals are etched in HF to
remove surface damage caused by polishing and any silica polishing agents that
adhere to the surface. The crystals are then annealed in air for 7 – 16 hours at
temperatures and times appropriate to each TiO2 polymorph (31).

In addition to assisting the preparation of atomically flat crystal surfaces,
HF-annealing treatment was shown to remove inactive/amorphous layers from
polishing damage at the surface, enhancing dye sensitized photocurrent yields
relative to only annealing (32).

UV Treatment/Cleaning of TiO2

In our lab once an atomically flat, terraced TiO2 surface has been prepared
and confirmed by AFM the crystals are ready for sensitization. However, when
crystals were sensitized without a subsequent cleaning treatment, irreproducible
coverages and subsequent photocurrents were measured. A treatment was
therefore developed to clean the surface directly prior to sensitization. Originally,
an ultraviolet (UV) treatment was developed for single crystal anatase (101) TiO2
(33). The treatment uses UV illumination of the TiO2 crystal held at positive
potential (depletion condition) for 5 – 20 min in HCl (anatase) or NaClO4 (rutile)
(34). The surface is subsequently rinsed with deionized water, dried and then
submerged in the sensitizing solution as quickly as possible. The cleaning
treatment was found to improve both the reproducibility and photocurrent
efficiencies of dye sensitization. UV illumination of TiO2 produces highly
oxidizing holes in the TiO2 valance band that form OH radicals at the electrolyte
interface that oxidize residual organic impurities from the TiO2 surface and
perhaps activate the surface for dye binding (33). AFM images verified that
multiple cleaning cycles did not change the surface morphology implying that the
treatment does not etch the surface to produce a higher surface area that could be
responsible for the higher photocurrents measured after such treatments. It does
not eliminate the possibility of etching the surface in a layer-by-layer fashion but
this is unlikely since it works on many low index surfaces of both anatase and
rutile and no increase in pitting at defects is observed. The UV phototreatment led
to reproducible IPCE yields for single crystal dye sensitization of up to 2% and
APCEs approaching 100% (35). The UV treatment allowed for the measurement
of isotherms for N3 and other dyes in a facile fashion whereas before the UV
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cleaning procedure the dye coverages were lower and less reproducible and
the crystal was soaked in the dye solution at every concentration for many
hours before it was thought that equilibrium coverage was reached. Now when
measuring an adsorption isotherm the UV-treatment is used between exposure of
the crystal to the different dye concentrations and a point on the isotherm could
be obtained in a few minutes. However, after many cycles of repeat sensitizing
or long times periods, the surface photocurrents, and presumably the surface
coverage of the dye, declines so a return to polishing and annealing is needed to
rejuvenate the surface.

Doping Density

Not all crystals (naturally occurring or commercially grown) are doped
to the optimum doping density for conductivity, or, indeed sensitization. In
semiconductors, doping refers to electrically active impurity atoms or vacancies
within the crystal. The doping determines the free carrier concentration of a
material and in general, the higher doping density, the more conductive the
crystal. Dependent on the dopant, electron donor impurities create states near the
conduction band or electron acceptors near the valance band and therefore shift the
Fermi level of the semiconductor. Mott-Schottky analysis is commonly utilized to
determine the doping density and the flatband potential. These values are used to
calculate the band positions of crystals in the electrolyte solution. Procedures for
vacuum doping TiO2 have been developed to prepare rutile and anatase crystals
for sensitization (36). Vacuum-doping produces oxygen vacancies that increase
the electron concentration in the conduction band of the TiO2. The process can be
reversed by annealing in air or an oxygen containing environment.

Despite the many years of studying sensitization on single crystals, and the
existence of a one dimensional Onsager model to explain the expected influence of
the doping level of the semiconductor on the collection of photoinjected electrons
(37), there were no systematic experimental tests of this theory. Therefore a
systematic study with rutile (110) crystals with doping levels spanning from
almost insulating (1015 cm-3) to near degenerate (1020 cm-3) TiO2 single crystals
was performed. A photograph of a series of rutile crystals after doping is shown
in Figure 6. Dye sensitized photocurrent quantum yields and the shapes of
the photocurrent voltage curves were measured (36). Three distinct regions of
behavior in the current-voltage curves were identified corresponding to three
ranges of doping densities as seen in Figure 7.

These regions were fit to an Onsager-based model for charge collection at
a semiconductor electrode and revealed the role of physical parameters such as
the space charge layer, diffusion, and rates of electron transfer on photocurrent
yields. At the low doping density range, a slow rise of photocurrent was observed
with increased potential. Across the intermediate range, a saturation level for
photocurrents with applied bias was measured, as expected for Schottky barrier
type behavior. Within the third region, highly-doped crystals, tunnelling currents
were found to play significant role in dictating the photoresponse. The overall
plot showing the IPCE dependence on doping density is shown in Figure 8. It is
clear an optimal doping density is around 2 × 1017 cm-3 for both dyes. The lower
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peak for N3 is a result of an extinction coefficient for this dye being ~1/3 that of
G15. However, the equal values at low and high doping is a result of N3 being
less susceptible to recombination processes.

Figure 6. Photograph of rutile crystals prepared with a reductive doping
procedure at high temperatures in varius atmospheres. (see color insert)

Figure 7. Current-voltage curves for N3 (a,b,c) and G15 (d,e,f) sensitized TiO2
electrodes at doping levels of 2 × 1015 cm-3, 2 × 1017 cm-3, and 1 × 1020 cm-3,
(a,d), (b,e), (c,f) respectively. Curves were measured in the dark (red), under 80
μW of 532 nm illumination (blue), and chopped (green). Permissions requested
to reproduce from Watkins, K., Parkinson, B. A., and Spitler, M. T. J. Phys.

Chem. C 2015, submitted (36).
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Figure 8. Plot of maximum IPCE values for N3 and G15 sensitized TiO2 over a
range of doping densities. Permissions requested to reproduce from Watkins, K.,
Parkinson, B. A., and Spitler, M. T. J. Phys. Chem. C 2015, submitted (36).

Single crystals of the rutile TiO2 polymorph are available from commercial
crystal growing labs. However single crystal anatase, the most commonly used
polymorph in mesoporous DSSCs, is not. Techniques to grow large synthetic
anatase TiO2 have not to our knowledge been developed and to date, only one
report of sensitization of synthetic crystals has been published (38). Therefore,
natural sources of anatase crystals have been utilized for sensitization studies.
Such crystals are sourced from sites in Norway, Pakistan and Brazil. While
natural crystals have been sensitized successfully, the purity, doping densities
and surface morphology are inherently uncontrollable. Finding a smooth terraced
surface with an appropriate doping density can often require sorting through many
natural crystals before a suitable crystal is found. Epilayers of anatase TiO2 are
therefore particularly appealing in order to circumvent and ultimately control the
impurities that influence doping density and carrier mobilities of a semiconductor.
Techniques have been developed to enable the growth of homoepitaxial layers of
rutile-on-rutile and anatase-on-anatase such as molecular beam epitaxy (MBE)
(39), pulsed laser deposition (PLD) (40) and, recently in our lab, atomic layer
deposition (ALD) (41).

Despite the success of growing anatase-on-anatase to enable the control of the
single crystal substrate doping density, an alternative route that does not require
natural crystals was also desired. Anatase (001) heteroepitaxial layers have been
grown on SrTiO3 (100) crystals that has a lattice mismatch of 3%. CVD and MBE
have both been used to prepare around 1 nm thick epitaxial layers (39, 42, 43).
However, ALD produced layer-by-layer epitaxial growth up to 10 nm thick (44)
as seen in Figure 9.
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Figure 9. AFM images of pure (a) SrTiO3(100) and ALD deposited TiO2(100)
films with different thicknesses : b) 6, c) 10, d) 14, e) 20, f) 32 nm. Reproduced
with permission from Kraus, T.; Nepomnyashchii, A.; Parkinson, B. A.; J. Vac.
Sci. Technol., A. 2015, 33, 01A135. Copyright 2014, American Vacuum Society

(44).

The relevance of such epitaxially grown anatase layers for sensitization
studies was confirmed by sensitizating them with both N3 and G15 dyes.
Interestingly, photocurrent yields (IPCE) were found to be dependent on the
thickness of the epilayer. Specifically, the IPCE photocurrent yields almost
doubled when the epilayer thickness was increased from 5 nm to 10 nm, as shown
in Figure 10. Within this region of layer-by-layer growth, the single crystal
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surface area remains constant and therefore increased dye coverage cannot explain
such enhanced yields. The doping level measured for the epilayer should produce
a space charge layer thickness in the anatase film of about 20 nm, greater than
the epilayer thickness. Therefore the electric field gradient between the highly
doped more conductive SrTiO3 substrate is much steeper resulting in a narrower
potential barrier for the electron to tunnel through in the case of the 5 nm film. In
comparison, the thicker, less steep potential barrier of the 10 nm layer, will have
a higher recombination rate with absorbed photooxidized dye. For layers grown
over 10 nm in thickness, the increased photocurrents can be accredited to the
larger surface area due to nanocrystalline growth at the surface and hence more
adsorbed dye coverage and higher IPCE (Figure 9d-f and Figure 10).

Figure 10. Dye sensitization of anatase TiO2 (001) ALD layers grown on
SrTiO3 and sensitized by a) 1 mM N3 and b) 5 x 10-5 M G15. Reproduced with
permission from Kraus, T.; Nepomnyashchii, A.; Parkinson, B. A.; J. Vac. Sci.
Technol., A. 2015, 33, 01A135. Copyright 2014, American Vacuum Society (44).

Studies of Dye Binding Morphologies on TiO2 Crystals

The ruthenium-based dye that was the most commonly used sensitizer for
DSSCs is the complex cis-di(thiocyanato)-bis(2,2’-bipyridyl-4,4’-dicarboxylate)
ruthenium (II), commonly known as N3 the structure is shown in Figure 11a. N3
has four carboxyl groups on the peripheral bipyridines through which the dye can
bind to oxide surfaces. The advantages of N3 include its broad spectral absorbance
range and its demonstrated stability in a DSSC. The visible absorption band is due
to a metal-to-ligand charge transfer transition.
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Figure 11. Molecular structure of a) N3 and b) generic thiacyanine dye
sensitizers where G15 dye has n = 1 and R8 dye has n = 2.

Cyanine dyes are organic dyes where the HOMO-LUMO transition is from π
to π* orbitals. A general molecular structure for carboxylated thiacyanine dyes is
shown in Figure 11b. Most cyanine dyes aggregate (33, 34, 36, 45–48) causing
a shift in the absorbance, emission, reflectance or transmittance spectrum of a
dye solution or in the solid state (49). The different geometric arrangements of
dye monomers lead to either blue or red shifts that characterize them as H- or
J- aggregates, respectively. H-aggregates are the consequence of parallel, dye
molecules stacked plane-to-plane like a deck of cards such that the slippage
angle is formed between the parallel transition dipoles is less than 55°. When the
centers of the dye dipoles are stacked at an angle greater than 55° it is termed
J-aggregation. J-aggregate absorption bands are typically sharper and have higher
extinction coefficients than their corresponding monomer or H-aggregate peaks.

Dye Loading

As mentioned previously it is desireable to covalently attach the dye
molecules to the semiconducting substrate. The majority of the investigated dyes
use a carboxylate linkage but exact binding motif of carboxylate group to the
uncoordinated Ti sites on the TiO2 surface has been a contentious issue in the
dye sensitization literature. The binding motif between dye and semiconductor
could potentially adsorb in one of 3 orienations: unidentate, bidentate, or bridging
fashion (50, 51). Ehret et al. showed that dye sensitization on nanocrystalline
anatase is controlled by dye linkage at the carboxylic acid groups (52). Models
have also been developed to simulate the binding interaction (53). In some cases,
monomeric forms of dye are observed, while dimers have also been evidenced
(54). Control over dye aggregation has been effectively demonstrated by adding
antiaggregation coadsorbants to minimize dye-dye interactions (55).

Quantifying dye coverage at a single crystal surface provides important
information regarding the dependence of dye attachment on the crystalline
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semiconductor face, difference in dye geometry, binding motif, organization
and aggregation. As described above, direct measurement of dye coverage
is non trivial at a single crystal surface. Therefore, adsorption isotherms are
typically measured by assuming that the measured IPCE is directly proportional
to surface coverage. Hence, crystals are soaked in dye solutions over a range of
concentrations and the IPCE is measured at each concentration. This is repeated
until no increase in photocurrent is detected and close to a monolayer of dye
coverage is then assumed. Adsorption isotherms have been measured this way
for N3 (56) and cyanine dyes (33, 34) at various single low index crystal surfaces
of TiO2. Sensitization from low concentration dye solutions led to low surface
coverage in which the monomer dye dominates. With longer exposure times and
higher concentrations the aggregated dye dominated the surface coverage. The
initial rate of adsorption of dyes from solution onto single crystal substrates was
found to be very fast and not resolved by the slow time scale of the measurements
used. However, the second step was a slow adsorption step that was shown to fit
a Langmuir kinetic model. The Langmuir isotherm model assumes that surface
bound molecules do not interact. If aggregation at the surface, an attractive
interaction, is considered in the Langmuir model, a steeper isotherm is predicted.
Similar isotherms were observed for N3 and cyanine dyes.

Dye desorption rates have been measured for both N3 and dicarboxylated
cyanine dyes. N3 has been shown to bind to the surface very strongly and minimal
desorption occurs at a very slow rate (56). The little desorption that was observed
was attributed to the loss of dye molecules bound by just one or two or three
possible carboxylic acid binding groups. In the case of G15, a dicarboxylated
cyanine dye, more than half of the adsorbed dye was lost in 20 minutes when
utilizing hydroquinone as a regenerator in acetonitrile (46). It was speculated that
the desorption was the replacement of G15 dye (most likely the G15 that was
only bound by one carboxylate) with a surface bound quinone species. Along
with the dye desorption process, a rearrangement of monomer into dimers or
small aggregates was also observed. When KI was used as a regenerator very
little change in the photocurrent over time was observed suggesting very little
dye desorption.

Monitoring dye coverage as a function of metal oxide crystallographic plane
for different dyes has been a particularly revealing experiment made possible by
the utilization of oriented low index single crystal surfaces. Specifically, surface-
dye combinations whereby the distance between Ti binding sites on the surface
closely matched the distance between carboxylic acid binding groups on the dyes
were found to have the highest dye loading and photocurrent yields (Figure 12).
Experiments withN3 (56) and dicarboxylate thiacyanine dyes (33, 34) sensitized at
different low-index TiO2 polymorphs were performed to verify the importance of
this effect named “lattice matching”. For example, the highest IPCE acquired for
N3 was measured for anatase (101) and rutile (100) where comparing the distances
between Ti binding sites and the modelled distances between two carboxylates on
the N3 molecules was found to have the closest match. In contrast, the (001) faces
had lower dye coverage and therefore lower IPCE values. This was accredited to
geometric discrepancies between N3 carboxyl groups and the binding sites on the
crystal face.
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Figure 12. Isotherms for N3 adsorption onto the four TiO2 crystal surfaces.
Reproduced with permission of The Electrochemical Society from Lu, Y. et al.

J. Electochem. Soc. 2006 153(8) E131-E137 (56).

The influence of lattice matching on dicarboxylated cyanine dye sensitization
at single crystal surfaces was also probed. In these organic dyes a conjugated
carbon chain separates two cyanine groups which have carboxylate “legs” that
enable binding to the Ti surface sites. To probe the lattice matching model, a
family of four structurally similar dyes were used to sensitize four different low
index TiO2 single crystal surfaces (34). Each dye was identical in structure apart
from the carboxyl-carboxyl distance of the cyanine dye. A simple simulation was
used to calculate the assumed parabolic probability of the intramolecular carboxyl-
carboxyl separation distance with respect to the equilibrium length. The binding
probability is highest for the dyes in which the difference between the carboxyl
distance and that between the Ti binding sites on the different TiO2 surfaces is the
smallest. An example of the lattice matching is shown in Figure 13 for anatase
TiO2 and the thiacyanine dye R8. Photochronocoulometry was used to measure
the actual surface coverage of dye and verified the influence of lattice matching on
surface coverage. Indeed the lattice matching model used to simulate the projected
surface coverage was found to match the correct surface coverage of each dye for
each of the crystallographic faces.

AFM images reveal some of the differences in the binding of N3 and cyanine
dyes on rutile surfaces (Figure 14). The N3 dye appears as dots in the AFM images
broadedend by tip interaction but showing a reasonable height wheras the cyanine
dyes appear to be small aggregates on the surface and often larger higher stuctures
that may be extended aggregates (white feature on right image) are seen. Whether
these larger aggregates are electronically coupled to the surface and contributing
to the sensitized photocurrent is not yet understood but will be discussed in the
ATR section below.
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Figure 13. Possible surface bound confirmations for R8 on TiO2 (a) anatase
(001) and (b) anatase (101) that fall within the approximate parabolic binding
probability of the intramolecular carboxyl-carboxyl separation distance with
respect to the equilibrium length. The grids show surface unit cells for the

crystallographic face with the dots corresponding to Ti binding sites. The long
rectangles represent dye molecules, the two circles within the rectangle represent
the approximate location of the two carboxylate binding groups. Dye binds to
the TiO2 surface as monomers (red) or H-aggregates (blue). The parentheses
contain the slip angle and intermolecular distance between neighboring R8

molecules. Reproduced with permission from Choi, D.; Rowley, J. G.; Spitler, M.
T.; Parkinson, B. A.; Langmuir 2013 29, 9410-9419. Copyright (2013) American

Chemical Society (34).

Figure 14. Representative AFM images of prepared atomically flat single crystal
(110) rutile TiO2 for clean, N3 sensitized, and G15 sensitized surfaces. Red
lines show where the height traces are on the images. Monolayer dye coverage
is evident from the underlying terraces still being visible. The spherical shape
of N3 dye and the tendency of the flat G15 dye to aggregate is observed in the
images. Permissions requested to reproduce from Watkins, K., Parkinson, B. A.,

and Spitler, M. T. J. Phys. Chem. C 2015, submitted (36).

18

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

00
1

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1196.ch001&iName=master.img-012.jpg&w=236&h=143
http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1196.ch001&iName=master.img-013.jpg&w=317&h=118


A further study using the monocarboxylate merocyanine dye also
demonstrated the importance of lattice spacing on photoelectrode efficiencies
(57). Here, the conclusion was based on the IPCE and APCE comparisons
between rutile (100) and (110) TiO2 surfaces. APCE values were found to be
almost identical for both surfaces. On the contrary, IPCE values were much
larger for the (100) surfaces. It was calculated that the density of Ti sites on the
(100) surface was approximately 1.44 times larger than that of the (110) surface.
Therefore, it was concluded that the higher IPCE of (100) was due to increased
dye loading due to the increased density of surface binding sites.

Other Single Crystal Substrates

Single crystals of ZnO, SrTiO3, and SnO2 are other wide band gap
semiconductor materials that have been used as substrates for sensitization. A
significant amount of work has already been carried out on single crystal ZnO
(47, 58–60). ZnO has a band gap of 3.4 eV, ideal for enabling selective excitation
of QDs with high-energy photons avoiding absorption from the substrate, while
also being optically transparent and still exhibiting high electronic conductivity
(61). The amphoteric nature of ZnO and varying stabilities of different faces
does not allow for the harsh cleaning procedures used for TiO2 (discussed above)
to be used. Currently, ZnO single crystals are polished with colloidal silica
and annealed at 1000°C for a few hours. Preparation techniques for ZnO are
currently being investigated to determine the most reproducible method for
acquiring terraced surfaces. SrTiO3 and SnO2 have band gaps of 3.2 eV and 3.8
eV, respectively (62). SrTiO3 is of interest due to its low cost while SnO2 has a
more negative conduction band edge than TiO2 allowing for sensitization from
other materials. Due to limited commercial availability of single crystal SnO2
substrates, natural crystals of SnO2 are currently being investigated to determine
doping densities and preparation techniques.

Specialized Techniques for Single Crystal Sensitization Studies

Given the inherently low optical density of monolayer sensitizer coverage
at single crystal surfaces, it is difficult to measure the absorption spectrum
of a surface attached dye in a conventional manner. Therefore, more
sensitive, specialized techniques have been employed to quantify surface
adsorption. These include total attenuated reflection spectroscopy (ATR) and
photochronocoulometry.

ATR was first implemented to study dye adsorption in Gerischer’s laboratory
in 1979 (63). In ATR spectroscopy, the crystal used for sensitization is fashioned
into an attenuated reflection element (ARE) such that the crystal acts as a
waveguide for the internally reflected probe beam. Signal amplification is
achieved by the inherent nature of ATR and the multiple reflections within the
crystal as dictated by the crystal size and angle of incidence of the probe beam.
Measurement of the probe beam therefore enables simultaneous surface dye
adsorption and photocurrent measurements to be monitored. The general setup
for ATR measurements is shown in Figure 15.
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ATR has been used for both non-carboxylated and carboxylated dye
sensitization studies. Disparities (13, 64) and matches (13, 47) between the
spectral shape of photocurrent yields and sensitizer absorbance have been
observed for different dyes and concentrations. To explain such discrepancies
the considerations go beyond simple molecular dye interactions with substrate
semiconductors. Rather, a description that considers the different oxidation
potentials of monomer and aggregate in combination with a hole-trapping scheme
is required (13). The hole-trapping scheme model was originally established for
photographic literature. In this model, the exciton of an aggregate is broken by
trapping of the hole by either surface defects, or an adjacent monomer/aggregate
(dependent on the H- or J- nature of the aggregate) and therefore leads to a
differing ratio of aggregate to monomer in photocurrent efficiencies relative to
the absorptance spectra.

Figure 15. Schematic of attenuated reflection spectroscopy typical setup used
to monitor the dye on the surface of a large band gap metal oxide shaped into
a prismatic internal reflection element. The crystal is used as one side to a
flow cell enabling the electrolyte and dye to be exchanged. The setup allows
a time-dependent spectral characterization of adsorption of the dye on the

surface as well as an in-situ determination of IPCE. Reproduced with permission
from Rowley, J. G. and Parkinson, B. A. Langmuir 2013 29(45) 13790-13796.

Copyright (2013) American Chemical Society (47). (see color insert)

Deconvolution of cyanine dye spectra (absorptance and IPCE) with respect
to the monomer and dimer (or aggregate) contributions, can be particularly
challenging due to significant spectral overlap between species. Thermal
aggravation shifts the equilibrium of dye monomer to dimer ratio in solution.
Therefore, as a function of temperature, a dye solution spectra can be deconvoluted
to separate the individual monomer and aggregate spectra (65). With regards to
single crystal sensitization, the solution fit was used to fit and hence decipher
the monomer to aggregate contributions to photocurrent and optical absorption
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spectra (34, 47). An alternative route to decipher the monomer and dimer spectra
is through studies over a certain concentration range (specific to each dye) as
shown by their adherence to the law of mass action for the monomer-dimer
equilibrium leading to the presence of an isobestic point when absorption spectra
are normalized by solution concentration. This evidences the presence of two
colored species in equilibrium. As the concentration of dye is increased further,
the cyanine dye typically proceeds beyond the dimer to a more aggregated
state. At this stage, the absorbance spectrum no longer passes through the same
isobestic point. The ratio of concentrations of monomer and dimer can therefore
be found by knowledge (or elucidation), or the molar extinction coefficient of
pure monomer (54).

Chronocoulometry is the measurement of charge versus time in response to
an applied potential and can be used, for example, to estimate electrode surface
areas. Photochronocoulometry was first used to quantify adsorbed triiodide (I3-) at
the surface of MoSe2 electrodes (66). In this study, the photooxidation of adsorbed
I3- and the resultant current was measured, therefore giving the number of
species adsorbed at the electrode surface. More recently, photochronocoulometry
has been developed to elucidate dye coverage of sensitized single crystals.
In these measurements, light excites the dye (as it would in a conventional
photocurrent measurement), but a lack of regenerator prevents the reduction of the
photooxidized dye molecule. In this configuration, theoretically, one electron is
injected into the semiconductor per dye molecule and hence summing the current
and calculating the total charge injected gives the total number of molecules
adsorbed at the surface (34, 48).

Very fundamental work by the late Frank Willig on sensitization of oxide
crystals in UHV is of particular note since it was able to probe the entire density
of states of both dye and semiconductor and the timescales of all of the often
ultrafast processes occurring at the interface (67, 68). In one study, a comparison
between organic chromophore (perylene) injecting electrons into a metal (Ag)
and sensitization of titanium dioxide single crystals was probed by two-photon
photoemission spectroscopy (2PPE) revealing the energy distribution of electrons
injected into acceptor states. The two transfer times for Ag and TiO2 were shown
to be very similar despite the inherent differences in bulk density of states in the
solid electrode. This was rationalized by the assumption that the active electronic
acceptor state share localized electronic states on the surface of TiO2 and are
created in the vicinity of the bonds formed by the anchor groups of the organic
chromophore, hence the similarity between the two systems (67).

Conjugated Polymers as Sensitizers

Conjugated polyelectrolytes (CPEs) are another sensitizer being explored
for solar energy conversion due to their tunable band gap, large absorption cross
section, stability, potentiall low cost and charge transport properties (69, 70). An
additional advantage of utilizing these materials as sensitizers is the ability to
produce an environmentally friendly, lightweight and low-cost device (69, 70).
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A study by Sambur et al. investigated the effect of surface coverage and
morphology of poly(phenylene ethynylene) CPEs on the sensitized photocurrent
yield on single crystal substrates (71). AFM studies revealed an increase in
surface coverage of CPE as a function of both solution concentration and
adsorption time. However, the degree of aggregation present on the surface was
observed to vary as a function of solvent and was attributed to the solubility of
the CPE. Well-solvated CPEs underwent surface limited growth where no further
adsorption of CPE was observed with prolonged adsorption in even the most
concentrated solution, whereas low solubility of the CPE led to the persistent
growth of aggregates with increasing adsorption time. This suggests that in the
case of low solubility, the chain-chain interactions between CPEs were driving
the formation of an aggregated polymer network and increasing the thickness of
the CPE layer. Corresponding IPCE spectra were found to be consistent with
the CPE morphology. An increase in IPCE was observed with increasing both
CPE concentration and adsorption time. However, when the CPE was adsorbed
from low-solubility solution the IPCE was red shifted from that of the solution
absorption indicative of aggregation of the polymer and consistent with the AFM
images. APCE values for the different polymer morphologies revealed that
exciton transport through thicker layers of CPE is not efficient as the IPCE values
saturate while the polymer thickness increases thus decreasing the APCE.

Figure 16. Noncontact tapping mode AFM images of poly-1 deposited on a
ZnO(0001) surface from DMF solutions of different concentrations with a

dipping time of 5 min: (A) 0 (clean ZnO surface), (B) 6, and (D) 60 μg/mL. (C)
Cross section analysis along the red line in (B). Reproduced with permission
from Zhu, X.; Nepomnyashchii, A.; Roitberg, A.; Parkinson, B. A.; Schanze,
K. S.; J. Phys. Chem. Lett. 2013, 4, 3216-3220. Copyright (2013) American

Chemical Society (73).
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The structure of the CPE can be not only used to tailor the HOMO-LUMO
gap but also the structure-property relationship exhibited by the CPE (72).
Through specifically designed syntheses, the degree of aggregation observed by
the polymer in solution can be controlled. The attachment of a non-aggregating
CPE was monitored by AFM to study the morphology of unaggregated polymer
chains (73). The adsorption of the non-aggregating CPE to single crystal ZnO
increased as a function of solution concentration. Submonolayer coverage of
individual polymer chains was observed at low concentration of non-aggregating
PCE and interestingly, monolayer coverages of individual polymer chains can
still be observed at higher concentrations with no aggregation of the PCE (Figure
16). The size of the individual polymer chains measured by AFM were consistent
with the size distribution obtained by GPC analysis.

Sensitized photocurrent was obtained from all concentrations of
non-aggregating CPE solution tested, even the lowest coverage of non-aggregating
polymer, indicating photoinduced electron transfer between the polymer and
substrate (73). IPCE spectra measured as a function of solution concentration
revealed behavior similar to the Langmuir adsorption isotherm where the
photocurrent plateaued at high polymer surface coverage. These results correlated
with the AFM images suggesting that the individual polymer chains are all
strongly electronically coupled to the surface.

Quantum Dots as Sensitizers

Recently, quantum-confined semiconductor materials have been employed
to absorb light and sensitize wide band gap semiconductors in place of molecular
sensitizers but utilizing the same operational principles of the DSSC. Colloidal
semiconductor nanocrystals with a diameter between 1-20 nm, often referred
to as quantum dots (QDs), are one such set of materials. QDs are considered
advantageous for use in solar energy conversion because of their potential
stability (compared to dyes that can bleach but as yet not demonstrated), relatively
simple synthesis and high absorption-cross sections (74–76). Additionally, their
absorption edge can be tuned by varying the particle size allowing for utilization
of much of the solar spectrum and matching their energy levels with various
substrate semiconductors (75). QDs are also particularly attractive because, due
to quantum confinement effects, they can exhibit a variety of phenomena such
as hot electron injection and multiple excition generation (MEG) that could be
exploited to exceed the Shockley-Quiesser limit for a single gap photovoltaic
solar energy converter (77). MEG is particularly attractive because it allows for
more efficient harvesting of high-energy photons by creating multiple excited
electrons instead of heat due to relaxation of the high energy carriers to the band
edges.

Despite the advantages of employing QDs for solar energy conversion, to date
devices exhibit low power conversion efficiencies when QDs are substituted for
dyes in DSSCs (75). This is considered to be primarily due to a lack of knowledge
of the surface chemistry of these materials that would lead to high coverages
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of quatum dots that are all electronically coupled to the semiconductor. QDs
are most commonly synthesized via the hot injection method that involves the
use of organometallic precursors in the presence of a large excess of long chain
organic surfactants (78, 79). The organic surfactants, that also serve as capping
agents, are essential to control the growth to produce stable and monodisperse
suspension of nanoparticles. The complexity of the surface chemistry and larger
size of the QDs, in comparison to the dyes used for sensitization, make it difficult
to control the formation of the sensitizer/metal oxide interface that in turn effects
the efficiency of extraction of photogenerated charge. Fundamental studies of
quantum dot-sensitized solar cells (QDSSCs) utilizing colloidal nanoparticles are
then essential to elucidate the issues that limit the performance of these devices
and again single crystal substrates are very useful for such fundamental studies.

Deposition of Colloidal Quantum Dots

QDs can be deposited on substrates by a variety of approaches such
as: chemical bath deposition (CBD), successive ionic layer adsorption and
reaction (SILAR), direct attachment by drop casting, spin coating methods or
linker-assisted attachment via ligand exchange (80, 81).

QD formation by means of CBD (82–84) and SILAR (85, 86) involves the
synthesis of the QDs directly on the substrate. Both methods utilize solutions of
cationic and anionic precursors to form the QDs but do so in slightly different
manners. For CBD, a substrate is immersed in a solution of both ionic precursors
and the QDs subsequently form on the surface of the substrate. Whereas with
the SILAR method, the substrate is sequentially cycled between solutions of each
individual precursor until the desired QD coverage/size is achieved. While these
deposition methods yield high QD coverages, minimal control over the growth
of the QDs is possible, resulting in a broad size distribution of the QDs on the
substrate. The lack of homogeneity of QD size distribution makes these methods
less useful for fundamental studies of QD photosensitization since they are not
routinely done on the single crystal substrates and so will not be further discussed
in this chapter.

The deposition of QDs synthesized via the hot injection method onto metal
oxide substrates is not trivial but has been used for sensitization on either crystals
or nanocrystalline scaffolds but usually requires a ligand exchange procedure
to remove the native surfactant and replace it with a bridging ligand. QDSSCs
produced by this method are plagued by low and irreproducible QD coverage
on the surfaces, even when using seemingly identical surface modification
procedures, resulting in both low and irreproducible IPCE and APCE values. The
most successful sensitizing molecular dyes contain carboxylate or phosphonate
groups to tether the dye to the metal oxide surface resulting in the formation of a
monolayer. Ligand exchange procedures are therefore frequently used to replace
the native bulky surfactants with short chain molecules with the carboxylate
functionality necessary for covalent attachment to the metal oxide substrate (58,
60, 71, 87–94). Bifunctional molecular linkers, such as mercaptoalkanoic acids,
where the thiol functionality has an affinity for the QD and the carboxylate

24

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

00
1

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



functionality has an affinity for the substrate, are most commonly used for such
ligand exchange reactions. Bifunctional molecular linkers are not only used to
promote the binding of QDs to the substrate surface but also have been shown
to enhance the electronic coupling at the QD/substrate interface that promotes
electron injection (92, 95–98).

Attachment of QDs to substrates through the use of bifunctional linker
molecules can be carried out by either an ex situ or in situ ligand exchange
method. The in situ ligand exchange method involves first functionalizing the
surface of the substrate with the bifunctional linker molecule and subsequently
exposing the functionalized substrate to the synthesized QDs hoping that a ligand
exchange happens between the QD and the surface-bound ligands (87, 89, 90, 92).
One issue with the in situ method is that it often requires extensive purification
procedures to remove excess organic surfactants that can inhibit binding to the
linker-functionalized substrates or replace the surface bound ligands leading to
low QD adsorption that limits efficient sensitization. In contrast, the ex situ ligand
exchange method involves the replacement of the native capping agents with the
bifunctional linker molecule prior to the adsorption of the QDs to the substrate
(60, 92, 93). The benefit of this method is that, if properly done, it removes all of
the organic surfactants that by their nature adsord preferentially to the surface and
insulate the QD from interactions with the surface. However, this method can be
time-consuming and often results in QD suspensions that are stable for less than
the time it takes to carry out the ligand exchange and surface binding procedures.

The influence of ligand exchange methods on QD attachment to TiO2 single
crystal substrates was studied using CdSe QDs prepared via a method reported by
Peng et al. (99) that utilizes tri-n-octylphosphine (TOP) and tri-n-octylphosphine
oxide (TOPO) as the capping agents (92). Rutile (101) TiO2 single crystals were
sensitized with CdSe QDs via the in situ method utilizing 3-mercaptopropionic
acid (MPA) as the bifunctional linker molecule. IPCE spectra were measured for
MPA-functionalized TiO2 crystals sensitized with unwashed, dilute-unwashed,
and thoroughly washed TOPO/TOP CdSe QDs (Figure 17). The highest
photocurrent response was obtained for the crystal sensitized with the thoroughly
washed sample of QDs where the IPCE spectrum mimicked the absorption
spectrum of the suspension. No photocurrent response was obtained for the crystal
that was sensitized with the unwashed QDs. However the dilute-unwashed sample
did exhibit a smaller photocurrent response (~20% of the thoroughly washed
sample). This result was attributed to the dynamic equilibrium between the QD
surface and the amount of excess surfactant/ligand present within the suspension.
The thoroughly washed sample where a majority of the excess surfactant was
removed from the suspension allows for uncompetitive adsorption of MPA to
vacant surface sites and ensures good electronic coupling to the surface. In the
unwashed sample, the probability of MPA penetrating the TOPO/TOP shell to
attach to a vacant surface state is minimal since any ligand desorbed from the
surface is immediately replaced due to the high concentration of excess surfactant.
However, in the case of the dilute-unwashed sample of QDs, the concentration of
excess ligand is lower than the unwashed sample and vacant surface sites will not
immediately be filled therefore allowing MPA to bind to the vacant sites.

25

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

00
1

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Figure 17. IPCE spectra of (a) unwashed, (b) dilute, and (c) thoroughly
washed TOP/TOPO-capped CdSe QDs adsorbed on an MPA-modified rutile
(101) TiO2 single crystal measured at short circuit in an acetonitrile electrolyte
with Co(dtb)32+ as a mediator. The IPCE spectrum of N3 dye (d) on the same
unmodified TiO2 crystal is shown for comparison. The solution absorbance
spectrum of the TOP/TOPO-capped CdSe QDs in toluene (e) is also shown.
Reproduced with permission from Sambur, J.; Riha, S. C.; Choi, D.; Parkinson,
B. A.; Langmuir 2010 26(7) 4839-4847. Copyright (2010) American Chemical

Society (92).

AFM images of MPA-functionalized TiO2 crystals sensitized with unwashed
QDs show the presence of QDs on the surface (Figure 18); although the obtained
coverage was not reproducible and a majority of the surface was covered by
agglomerated QDs. This sample exhibited little or no photocurrent response
perhaps due to the agglomeration of QDs hindering the electronic coupling
between both other QDs and the substrate. Another factor that may contribute
to irreproducibility of the photocurrent response, for electrodes prepared via the
in situ ligand exchange method, is that the QDs are adsorbing to linker-modified
surfaces from organic solvents. Under these conditions the thiol group on
the bifunctional linker molecule remains protonated and no covalent bond
is established between the QD and substrate. Instead, it is likely that when
employing the in situ ligand exchange method, the QDs are physisorbed to the
substrate and this weak interaction leads to irreproducible QD loadings and in
turn irreproducible photocurrents that often decrease with time.
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Figure 18. AFM images of (a) bare rutile (110) TiO2, (b) rutile (110) crystal
after modification with MPA and exposure to unwashed TOP/TOPO-capped
QDs from toluene, and (c) more common regions showing QD agglomeration.
Reproduced with permission from Sambur, J.; Riha, S. C.; Choi, D.; Parkinson,
B. A.; Langmuir 2010 26(7) 4839-4847. Copyright (2010) American Chemical

Society (92).

Excess surfactant present in the QD suspensions can not only block the
adsorption of the bifunctional linker molecule to vacant binding sites on the QD,
but it can also competitively adsorb to the substrate surface. Phosphonates, such
as TOPO and TOP, are commonly used capping agents for QD synthesis and are
also known to bind more strongly than carboxylates to metal oxide substrates
(100–102) and it is well established that long chain carboxylic acid molecules can
readily displace short chain carboxylic acid monolayers on TiO2 (103).

To probe the effect of excess surfactant on the in situ ligand exchange method,
anatase (001) TiO2 crystals were functionalized with TOPO, MPA, and TOP prior
to the adsorption of N3. N3 was used for this study because it binds through
carboxylate groups to the TiO2 crystal surface similarly to MPA and is known to
yield reproducible surface coverage on TiO2. Therefore, any difference in IPCE
spectra between each modified TiO2 surface can be attributed to differences in N3
binding caused by impurities present in QD suspensions. The IPCE spectra for
N3 adsorbed to TOPO- andMPA-modified TiO2 crystals was similar to previously
reported values and indicating that TOPO andMPA did not inhibit binding of N3 to
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TiO2 (Figure 19). However, the IPCE spectrum for N3 adsorbed to TOP-modified
TiO2 was significantly lower in comparison indicating that the presence of TOP-
impurities blocked the adsorption of N3.

Figure 19. IPCE spectra of (a) N3 on TOPO-modified, (b) MPA modified,
and (c) TOP-modified TiO2 surfaces on an anatase (001) TiO2 single crystal

measured at short circuit in an acetonitrile electrolyte with Co(dtb)32+ mediator.
N3 photocurrent spectra for bare anatase (001) (d) surfaces were similar to

those for MPA- and TOPO-modified TiO2 surfaces. Reproduced with permission
from Sambur, J.; Riha, S. C.; Choi, D.; Parkinson, B. A.; Langmuir 2010 26(7)

4839-4847. Copyright (2010) American Chemical Society (92).

Differing from the in situ method of ligand exchange that is carried out
in organic solvent, the formation of MPA-capped CdSe QDs, either by direct
synthesis or ex situ ligand exchange, requires the QDs to be resuspended in
water (pH>10). The high pH is necessary to deprotonate the thiol to promote
thiolate-QD binding that stabilizes the suspension. Once a stable suspension
is prepared, sensitizing the substrate with QDs can be straightforward with the
carboxylate binding to the metal oxide substrate with suitable electronic coupling
between the QD and substrate.

TOP/TOPO-capped CdSe QDs were ex situ ligand exchanged utilizing
MPA as the bifunctional linker molecule (92). The obtained MPA-capped CdSe
QDs required this time consuming procedure and yielded suspensions that
were stable for only a few hours. In order to circumvent this stability issue,
commercially synthesized MPA-capped CdSe QDs prepared utilizing the ex situ
ligand exchange method were obtained (ON-MPA/CdSe). MPA-capped CdSe
QDs were also synthesized in water following a synthesis reported by Chen et
al. (104) (aq-MPA/CdSe) but this produced a suspension with a broad absorption
spectrum, indicative of a large size distribution. Despite these challenges, the
attachment and performance of the two methods to prepare MPA-capped CdSe
QDs on single crystal substrates were compared.
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Rutile (001) and anatase (001) single crystal substrates were exposed to
aq-MPA/CdSe and ON-MPA/CdSe QD samples. Sensitized photocurrents
mimicking the absorption spectra of the suspensions were obtained for both
samples of QDs, however, the aq-MPA/CdSe QDs yielded no photocurrent
response until further purification with isopropyl alcohol and resuspension in
water (pH 10.5) presumably removing unreacted precursors. Interestingly, the
photocurrent stability of the two samples was different despite the similar surface
chemistry of the samples, as they both in principle should be capped completely
with MPA. The photocurrent response from aq-MPA/CdSe was reproducible
and stable over long periods of illumination in both aqueous sulfide/polysulfide
electrolyte, a typical electrolyte for QDSSCs, and the bipyridyl cobalt mediator
(Co(dtb)3) in acetonitrile, a common electrolyte for DSSCs.

The photocurrent response over the course of 15 h of the ON-MPA/CdSe
on anatase (001) TiO2 single crystals was stable for many hours with aqueous
sulfide/polysulfide electrolyte (Figure 20), consistent with the results obtained for
the aq-MPA/CdSe. In contrast the sensitized photocurrent for the ON-MPA/CdSe
decayed immediately upon illumination in the cobalt mediator solution in
acetonitrile. The stability of the photocurrent response for this sample could be
extended by purging the cobalt mediator with nitrogen prior to measurements
but quickly decayed upon exposure to air. Because the stability of both the
ON-MPA/CdSe and aq-MPA/CdSe suspensions is the same prior to exposure to
the TiO2 crystal, the variance between the photocurrent stability in the presence
of oxygen is presumably due to slight differences between the surface chemistry
making one more prone to oxidation than the other.

Figure 20. (A) IPCE spectra of (a) N3 on an unmodified anatase (001) TiO2
single crystal measured at short circuit in an acetonitrile electrolyte with a

Co(dtb)32+ mediator. The solution absorbance spectrum in water (b) is compared
with the IPCE spectrum of (c) ON-MPA/CdSe initially and (d) after 15 h

illumination measured at short circuit in a sulfide/polysulfide electrode. Panel
(B) shows the photocurrent versus time for ON-MPA/CdSe adsorbed on the same
crystal in (a) sulfide/polysulfide electrolyte, and (b) unpurged and (c) purged
Co(dtb)32+. Reproduced with permission from Sambur, J.; Riha, S. C.; Choi, D.;
Parkinson, B. A.; Langmuir 2010 26(7) 4839-4847. Copyright (2010) American

Chemical Society (92).
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Electronic Coupling

The collection of photoexcited electrons in solar energy conversion devices
such as the QDSSC, relies on the efficient transfer of electrons from the QDs into
the metal oxide substrate. The efficiency of this process is strongly influenced by
both the delocalization of photogenerated excitons within the QDs and the strength
of electronic coupling between the QDs and substrate that is influenced by the
nature of the capping/bridging ligands (94). The exciton wave function confined
in the QD can be extended from the QD core to the ligand molecule if the QD and
capping ligands are electronically coupled by exchanging the insulating long-chain
surfactant capping groups with smaller molecules (105).

The importance of electronic coupling in QD sensitization was evident when
the effect of capping ligands on the electron transfer properties of QD-interfaces
was studied (59). To systematically investigate this effect, rutile (110) TiO2
and ZnO (0001) single crystal substrates were sensitized with CdSe QDs
capped with oleic acid/TOPO (OA/TOPO-CdSe), 11-mercaptoundecanoic acid
(MUA-CdSe), and MPA (MPA-CdSe) where MPA- and MUA-CdSe QDs were
prepared via ex situ ligand exchange of OA/TOPO-CdSe. The insulating effect
of long chain surfactants was apparent as no photocurrent was generated from
OA/TOPO-CdSe on either substrate whereas both MPA- and MUA-CdSe yielded
photocurrent response. MPA-CdSe exhibited IPCE values much larger than
those obtained from MUA-CdSe on either substrate demonstrating that shorter
chain bifunctional linker molecules have better electronic coupling between
QDs and substrates than longer chain molecules and the rate of electron transfer
through alkyl chains is known to increase with decreasing chain length (106),
it was therefore likely that the differences observed in IPCE values between
MPA-CdSe and MUA-CdSe were due to the length of the alkyl chain. This led to
the systematic study of the effect the length of the bifunctional linker molecule
on photocurrent yields (60). Photocurrent spectra were obtained for ZnO single
crystal substrates sensitized with CdSe QDs capped with 4-mercaptobenzoic
acid (MBzA), 2-mercaptoacetic acid (MAA), MPA, 8-mercaptooctanoic acid
(MOA), and MUA. The results demonstrated the distance dependence of electron
transfer through alkyl chains. As shown in Figure 21, IPCE values measured
at the exciton peak wavelength increased as the length of the alkyl chain of the
linker molecule was decreased demonstrating that longer chain linkers like MUA
are not as effective at transporting charge as short chain linkers such as MPA
and MAA that reduce carrier recombination. These results are consistent with an
optical study of electron transfer from CdS QDs to TiO2 nanoparticles (96).

Quantum Dot Stability

The low efficiencies of QDSSCs in comparison to DSSCs have led to the
exploration of a variety of strategies to increase power conversion (81). One
attractive method involves increasing the open circuit potential of the device by
tuning the redox potential of the electrolyte; however, the stability of QDs in the
presence of electrolyte is a major problem. A prime example of this is when
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employing the iodide/triiodide (I-/I3-) redox electrolyte commonly used for DSSCs
as the regenerator for QDSSCs. Stability studies of QDSSC performance revealed
that photocorrosion of metal chalcogenide QDs occurs in the presence of I-/I3- as
evident by the rapid decay of the photocurrent (107, 108).

Figure 21. Dependence of the IPCE values at the exciton peak on the (-CH2 -)
units of molecular linkers on ZnO (0001). The molecular structures of MPA and
MBzA are also shown. A solid line (left) connecting the highest values of IPCE for
each MXA molecule is shown, the dashed line (right) corresponds to calculated
light harvesting efficiency (LHE) values estimated for close-packed monolayers
of CdSe QDs (2.62 nm diameter) with different MXA linkers. Reproduced with
permission from Liang, Y.; Thorne, J. E.; Kern, M. E.; Parkinson, B. A., Langmuir
2014 30(42) 12551-12558. Copyright (2014) American Chemical Society (60).

The corrosion process was investigated by continuous 532 nm illumination of
MPA-capped CdSe QDs attached to TiO2 single crystal substrate in aqueous KI
electrolyte (109). IPCE spectra obtained before and after long-term illumination
revealed not only a significant loss of photocurrent but also a substantial blue shift
of the first exciton peak indicative of a decrease in the QD diameter (Figure 22a).
Interestingly, the onset of photocurrent after extended illumination occurred at
530 nm, just above the incident photon energy. This effect was further probed
using monochromatic illumination at different photon energies. For all incident
photon energies examined, a decrease and blue shift of the IPCE spectra was
observed and the onset of photocurrent after extended illumination was shifted to
just above the energy of the incident photons (Figure 22b). These results revealed
that photoelectrochemical corrosion of QDs occurred when the incident photon
energy was greater than the band gap of the QDs but stopped when the photon
energy was less than that of the QD band gap signifying a size-selective etching
process.
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Figure 22. (A) IPCE spectra of MPA-capped CdSe QDs adsorbed on an anatase
(001) measured before (black circles) and after (green triangles) 20 hours of 47.7
mW cm−2 (532 nm) in an aqueous iodide (0.25 M KI) electrolyte at short circuit
vs Pt. The inset shows the short circuit photocurrent vs time (red dots) for the
first 2 hours. The dashed black line represents a double exponential fit to the
data and the individual components are represented as pink and blue lines. (B)
IPCE spectra normalized to the maxima of the excitonic features measured on
anatase (001) before (black circles) and after 12 hrs of continuous 30 μW cm−2
600 nm illumination (red squares) and after an additional 3 hrs of continuous 30
μW cm−2 580 nm illumination (blue triangles). Reproduced with permission from
Sambur J. and Parkinson, B. A., ACS Appl. Mater. Interfaces 2014 ASAP, DOI:
10.1021/am507974h. Copyright (2014) American Chemical Society (109).

Core/shell QDs have been shown to prevent photocorrosion and enhance the
stability of QDs in the presence of usually corrosive electrolytes. Photocurrent
stability tests of MPA-capped CdSe and CdSe/ZnS QDs attached to TiO2 crystals
was performed in aqueous KI electrolyte (91). The photocurrent from the CdSe
QDs decreased by half in minutes and 90% of the initial photocurrent signal
was gone after only a few hours. Conversely, ~21% of the initial photocurrent
signal remained for the CdSe/ZnS QDs after 20 hours of continuous illumination.
Normalized IPCE spectra of CdSe/ZnS QDs before and after illumination
exhibited similar shapes where a significant blue shift was observed for CdSe
QDs consistent with photocorrosion by the electrolyte. Evidently the use of a
stable, wide band gap shell material on the QD core can shield the core from
photocorrosion and in turn improve device stability. It also suggests that the thin
ZnS core layer may not be continuous on ~80% of the QDs as is usually suggested
in the cartoons drawn to depict these core/shell structures.
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Quantum Dots Absorbing in the near-IR

The use of lower band gap and or larger QDs can extend absorption of a device
into the infrared region of the solar spectrum. The potential for device efficiencies
that exceed the Shockley-Quiesser limit is another attractive feature of employing
near-infrared (n-IR) QDs as sensitizers (110). The small band gaps allow for the
production of multiple excitons at the higher photon energies in the visible range
of the solar spectrum. Therefore, the realization of multiple exciton generation
(MEG) and collection (MEC) as well as hot carrier injection is possible.

The extension of sensitized photocurrent into the n-IR was shown when
ZnO single crystals were sensitized with PbS QDs (58). For electron transfer
to occur, the energetic alignment between the sensitizer and the substrate must
be thermodynamically favorable. Mott-Schottky analysis of ZnO single crystals
revealed that the conduction band edge is at -4.77 eV. Because the intrinsic Fermi
level of PbS is known to be approximately -4.7 eV with a nearly symmetric
distribution of the conduction and valence band (111, 112), the energetic alignment
of the ZnO/PbS interface should allow for the injection of electrons from all sizes
of PbS QDs (Figure 23A).

Figure 23. (A) Band alignment between ZnO single crystal electrodes, PbS QDs,
and redox couples. The positions of the energy level are only shown relatively,
not to scale. The dashed lines indicate back transfer or recombination of injected
electrons. (B) UV–Vis spectra of various size PbS QDs in hexane solution. The
diameters of the four different batches of PbS QDs are estimated to be 3.04 nm
(blue curve), 3.62 nm (green curve), 4.16 nm (red curve), and 5.50 nm (magenta
curve). Reproduced from Phys. Status Solidi A, 211/9, Liang, Y.; Novet, T.;

Thorne, J.; Parkinson, B. A.; Photosensitization of ZnO single crystal electrodes
with PbS quantum dots, 1954-1959, Copyright (2014), with permission from

Wiley (58).

IPCE spectra measured for ZnO single crystals sensitized with PbS QDs
ranging in size from 3.2-5.5 nm in diameter are shown in Figure 23B. Sensitized
photocurrents extending into the n-IR region were obtained for all PbS QD
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samples on ZnO confirming that electron injection from a wide distribution of
PbS QD sizes into ZnO is indeed possible. IPCE spectra for each size of PbS QDs
on ZnO exhibited slight red shifts from the absorption spectra of the suspensions
suggesting enhanced electronic coupling between QDs and substrate or also
between neighboring QDs. The largest size of PbS QDs tested (5.5 nm) resulted
in sensitized photocurrent out to 1580 nm that may currently be the record for the
longest wavelength sensitization achieved for dyes or QDs on oxide substrates.

Multiple Exciton Generation and Collection

The formation of multiple photogenerated carriers from the excess energy
of absorbed high energy photons has been observed via indirect optical methods
such as transient absorption and time-resolved photoluminescence for many
suspensions of QD such as PbS, PbSe, InAs, nanocrystalline Si, as well as carbon
nanotubes (77, 110). These methods rely on the detection of signatures of MEG
such as Auger recombination and enhanced luminescence or decay rates. The
minimum threshold energy necessary to induce MEG has been shown to be close
to twice the band gap; however, the minimum energy measured to induce MEG
within such materials has often been reported to be higher than this (110). While
indirect measurements have proven MEG is possible in QDs, the collection of
multiple carriers within QD-devices has only recently been shown (93, 113).

The first direct measurement of the production and collection of photocurrent
from MEG was measured in a model single crystal sensitized photoanode (93).
Four distinct sizes of PbS QDs (2.5, 3.1, 4.5, 9.9 nm corresponding to band gap
energies of 1.39, 1.27, 0.96, and 0.85 eV, respectively) were attached to single
crystal anatase (001) TiO2. To efficiently extract multiple carriers generated
within QDSSCs, the energetics of the interface must be such that the conduction
band of the QD is more negative on the electrochemical scale than that of the
conduction band of the semiconductor for dissociation of excitons into free
carriers. Features consistent with the first excitonic band present in the absorption
spectrum of the suspension were observed in the IPCE spectra for QDs 4.5 nm
or smaller in diameter (Figure 24). No excitonic features were present in the
IPCE spectrum of the 9.9 nm QD sample coinciding with the energetics of the
conduction band of the QDs being more positive than that of the TiO2. However,
photocurrent response was detected for this sample at wavelengths <700nm
indicative of hot injection from higher lying energy states in the QDs.

IPCE values obtained from steady-state short circuit photocurrents at various
incident light intensities were converted to APCE by accounting for the light
harvesting efficiency of the QDs on TiO2. APCE values revealed quantum yields
above unity were achieved for 4.5 nm PbS QDs where the onset of MEG for this
system occurred at approximately 2.6 times the energy associated with the band
gap of the QDs (Figure 25). A size-dependent MEC effect was observed, as APCE
values for the 2.5 and 3.1 nm PbS QDs approached/exceeded unity however,
they were within the range of experimental error for lower energy photocurrent
measurements and could therefore not conclusively be considered MEC.
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Figure 24. IPCE spectra of various band gap PbS QDs adsorbed on an anatase
(001) electrode. Photocurrents were acquired in an aqueous electrolyte (0.5
M Na2S and 0.01 M S in 0.1 M NaOH) at short circuit in a two-electrode

configuration versus a platinum wire. (A) IPCE spectra for each QD size. The
green trace represents the bare anatase (001) photocurrent response. (B) IPCE
spectra displaying the near-IR region to compare the photocurrent (solid dots)
and QD absorbance in water (dashed lines). From Sambur, J. B.; Novet, T.;

Parkinson, B. A. Multiple Exciton Collection in a Sensitized Photovoltaic System.
Science 2010, 330, 63–66 (93). Reproduced with permission from AAAS.

Figure 25. APCE values as a function of the illumination energy. (A) APCE
versus the absolute incident photon energy. (B) APCE vs the incident photon
energy divided by the QD band gap energy (indicating the multiples of the band
gap). Adjustments that would increase the APCE because of solution absorption
and reflection from the cell window and TiO2 crystal were not performed. From
Sambur, J. B.; Novet, T.; Parkinson, B. A. Multiple Exciton Collection in a
Sensitized Photovoltaic System. Science 2010, 330, 63–66 (93). Reproduced

with permission from AAAS.
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Gallium Phosphide Sensitization
Gallium phosophide (GaP) has a band gap of (2.26 eV) and a higher carrier

mobility than TiO2. Memming and Tributsch originally investigated the suitability
of GaP for dye sensitization of both n- and p-type single crystals in 1971 (7)
but there has been almost no work on this material until recently. The earlier
study found that despite being under positive bias, both n- and p-type crystals
gave cathodic sensitized photocurrents. A subsequent study was conducted with
dye sensitization from the same dye, Rhodamine-B, again on both n- and p-
type GaP. Intriguingly, both anodic and cathodic photocurrent on n- and p-type
crystals respectively was observed post sensitization from the same dye as shown
in Figure 26. Of particular interest was the n-type GaP sensitization whereby
despite the LUMO position being lower than the conduction band of GaP,
photosentization (photocurrent) from the dye was measured (114). This led to
the speculation of numerous possible mechanisms of electron injection including
electron tunnelling, hot carrier injection, triplet-triplet annihilation, reductive
quenching and energy transfer. It was, however, rationalized that the most likely
mechanism for anodic sensitization was sensitized photoanodic decomposition of
GaP. By this mechanism, anodic decomposition drives oxidation of GaP liberating
electrons that are able to generate anodic current.

Figure 26. (a) Time dependence of the sensitized photocurrent response for n-
and p-type GaP single crystals sensitized with Rhodamine-B dye and illuminated
at 582 nm (3.9 μW) under −0.4 V (for n-type GaP) and 0 V (for p-type GaP) (vs.
Ag/AgCl) applied. Photocurrent response on n-type GaP (black line) and on
p-type GaP (pink line). (b) Expanded region from 0 sec to 150 sec, saw-tooth
profile due to chopping of the illumination light. Reproduced with permission
of The Electrochemical Society from Choi, D. et al. J. Electrochem. Soc 2012

159(11) H846-852 (114).

Work with GaP by the Maldonado group investigated the sensitization
of p-GaP single crystals (100) with six different, non covalently bound
triphenylmethane dyes in aqueous solution (115). The steady-state internal
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quantum yield of the GaP sensitized photoanodes was found to be unusually high
with values approaching 10%. These results were compared to a finite-difference
model which determined that such high efficiencies were due to the presence of an
internal electric field within the depletion layer at the p-GaP surface. In the same
study it was also observed that the sensitized photocurrents measured in aerated
solution were larger than those measured in deaerated solutions. The difference
was variable for each of the six dyes tested, however, it was consistent within the
subset of the triphenylmethane dyes.

Another study by the Maldonado group involved the adsorption of CdSe QDs
to p-GaP (100) single crystals (116). Time-resolved photoluminescence decay
measurements revealed an enhanced decay response for CdSe QDs deposited on
GaP in comparison to CdSe QDs deposited on glass indicating the presence of
an additional quenching pathway. Steady-state photoelectrochemical data showed
an enhanced photocurrent response when CdSe-sensitized GaP was illuminated
with sub-band gap monochromatic light. These results combined with external
quantum efficiencies, mimicking the absorption spectrum of the CdSe suspension,
confirm that sensitized hole injection to p-GaP single crystals from CdSe QDs is
occurring.

Summary and Future Outlook for Single Crystal Sensitization

Since the original work on dye sensitization of semiconductor crystals
almost fifty years ago there has been considerable progress in understanding this
interesting and fundamental photoinduced interfacial electron transfer process.
It has also produced a technology in the DSSC that may have a niche in future
photovoltaic energy conversion but certainly became a cottage industry for
thousands or researchers throughout the world who investigated variations of
every aspect of this device. It was also useful in verifying that solar energy
conversion device efficiencies can perform in excess of the Shockley-Quiesser
limit and that hot injection from higher QD states can produce photocurrent. It
is expected that the field will continue to diversify the substrates, sensitizers and
regenerators and employ more and more sophisticated techniques at even smaller
spatial and time scales (24, 67) that will also have important implications on
future solar energy conversion processes.
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Chapter 2

Electronic and Optical Properties of
Low-Dimensional TiO2: From Minority

Surfaces to Nanocomposites
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The University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo, Japan and

CREST-JST, 7 Gobancho, Chiyoda-ku, Tokyo 102-0076, Japan
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We present a review of our most recent work concerning the
electronic and optical properties of several low-dimensional
systems of anatase TiO2. First, we describe the analysis of the
(001) minority surface of anatase, for which we offer evidence
of improved photoactivity as function of the reconstruction. We
then describe the analysis of bilayers of anatase, (001)-oriented
and lepidocrocite type, and confirm the experimentally reported
excitonic nature of their optical spectra. The primary role
that packing plays in the optical properties of such layered
systems is also revealed. Finally, we focus on the structural
and electronic features of nanocomposites formed by anatase
(001)-oriented bilayers and graphene. Interesting differences
between chemisorbed and physisorbed heterostructures are
found.

Introduction

Modern photocatalysis era begins with the pioneering discovery of the
Fujishima–Honda effect (1). After nanoparticles of TiO2 rutile immersed in
H2O were exposed to a source of light, there was clear evidence of H2 and O2
evolution. Specifically, photocurrent flows from the Pt counter electrode to the
TiO2 electrode through an external circuit when the TiO2 electrode is exposed to

© 2015 American Chemical Society
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light at energies just lower than the energy band gap of the semiconductor. The
overall reaction scheme, i.e., the sum of the two half-reactions at the electrodes,
is given by the following equation (2):

Improving on the initial discovery has represented, and still represents, one
of the most studied chemical processes over the last four decades. Subsequently,
further significant milestones have been achieved, and several reviews that
shed light on the state-of-the-art of the mechanism of this reaction have been
published. (For a full overview from a surface science perspective, e.g., see
(3–5).) Motivation for the great interest in this arises from the fact that hydrogen
production via photocatalytic water splitting represents a promising strategy for
a clean, environmentally friendly, and affordable solar-to-energy process, for the
production of H2. It is thus the most viable alternative pathway to the polluting
fossil-fuel-derived energy pathway.

The photovoltage required to achieve water photocatalysis is minimal (1.23
V). A further requirement to achieve efficient production of H2 and O2 from
an ideal system is that the valence band maximum (VBM) (conduction band
minimum [CBM]) level of the semiconductor must be more positive (negative)
on the electrochemical scale than on the H2O oxidation (reduction) level (6).
Figure 1 shows a simplified scheme of the photocatalytic mechanism.

Figure 1. Schematic diagram of the photocatalytic mechanism: the electron
(hole) at the CBM (VBM) favours H2O reduction (oxidation) to form H2 (O2).

Photocatalysis is also used for the purification of air and water from pollutants
(7–27). In a broader context, photocatalysis can be related to an artificial
photosynthesis mechanism (28–31) because of the similarities with the natural
process of photosynthesis, which governs biological activities on earth: both
photocatalysis and photosynthesis take advantage indeed of solar light in order to
produce chemical energy.
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Of importance is that the two photocatalytic processes, i.e., that for hydrogen
production and that for environmental purification, rely on different chemistries.
In the latter case, only the VBM level is important because it is the holes that are
responsible for pollutant degradation. On the other hand, for the former process,
also the CBM level becomes important.

The band edge requirements for photocatalytic H2O splitting are met by
a large class of binary semiconductors, for example, SiC, CdS, GaP, oxide
semiconductors such as TiO2 (as mentioned), SrTiO3, CaTiO3, KTaO3, Ta2O5,
ZrO2 (32, 33), perovskites (34, 35), and others. The impressive recent progress
in computational methods now even enables computational screening for the
prediction of the possible suitability of newmaterials for photocatalysis: materials
experimentally known and materials still to be synthesized (36). Unfortunately,
most of the known materials have disadvantages in photocatalysis, e.g., a too
wide band gap, a corrosive nature and poor availability (which increases material
cost), leading to unsuitability for efficient use in solar energy conversion. Because
of its combination of chemical stability, low cost, wide availability, and highly
oxidizing/reducing photogenerated carriers (32), TiO2 is regarded as the best
material to date for photocatalytic applications.

There remain some important issues that characterize this manifold material
in light-to-energy conversion processes: a rapid carrier recombination, the
possibility of a backward reaction and, most importantly, the fact that it mainly
absorbs in the UV region, which represents only ~4% of the whole solar spectrum.
In order to avoid the later drawback, much effort has been directed at improving
the absorption onset towards the visible region. Modifications of TiO2 have been
experimentally performed and theoretically investigated (37, 38) in efforts to
accomplish this. The following, in particular, have shown promising results:
dye-sensitization (39–51) heterosemiconductor coupling (52–60), and doping
(e.g., metal (61–63)/anion (64–69)).

The importance of doping TiO2 to enhance its absorption towards the visible
region was first recognized almost three decades ago (70, 71). The relevance
of the process for the preparation of N-doped TiO2 was again recognized later,
and the photocatalytic activity of N-doped TiO2 in the anatase form was widely
investigated (72–74). Similarly, S-doped TiO2 in the anatase form was also found
to be photocatalytically active when sulfur atoms were substituted onto the oxygen
sites (anion doping) (67, 68). Interestingly, S-doped TiO2 was successfully
produced with the S atoms substituted onto the titanium sites (cation doping).
While the visible light absorbance of this form of S-cation-doped TiO2 was higher
than that of the N-, C-, or S-anion-doped forms, its photocatalytic activity was
lower due to catalytic poisoning induced by the sulfate ions formed (75).

Dyes used in photovoltaics (76) also satisfy the characteristics required for
efficient functioning in photocatalytic systems (e.g., see (77–81)). The electrons,
once that the dye is excited, transfer to the TiO2 CBM activating the H2O splitting
process. Several dyes have been tested on different substrates (82). Substantial
efficiency improvement due to the presence of dyes has been recorded, but no
conclusive results about the most suitable dyes have been obtained.

During the last decade, our group deeply investigated the photocatalytic-
oriented applications of TiO2. In particular, we investigated its two most stable
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polymorphs, rutile and anatase, in several morphological shapes, from bulk to
surface (83) and nanosheets (NS) (84), and combined in heterostructures (85).
We focused on the impact of defects (86), doping (87, 88), and dopant-defect
mutual interactions (89, 90), with the aim of describing the relationship between
atomic structure and photoresponsivity. This was done in efforts to predict viable
procedures to optimize TiO2 performances in photocatalytic applications.

We here want review our more recent theoretical results obtained for the 2D
TiO2-derived systems (83, 84) and for the heterostructures formed by TiO2-derived
NS and graphene (85).

From Bulk to Surface: Excitonic Effects on the Reactive
Minority Surfaces of Anatase – A Combined Density Functional

and Many Body Perturbation Theory Analysis

The surface of a semiconductor, it being the boundary region of the bulk
and thus the access point for the light, has a significant effect on photocatalytic
properties. Knowledge of the structural, electronic, and optical features of the
surface enables us to better understand the photocatalytic properties of the material
under investigation.

In this section, we focus particularly on the relationship between optical
properties and the structure of minority surfaces of anatase, and aim to determine
how the exciton spatial localization may impact on the photocatalytic activity.

It is well documented that the (photo)catalytic performances of TiO2 are
strongly influenced by the exposed surfaces (91, 92). In the case of anatase, the
most stable surfaces are the (101) and the (100)/(010) (93). A reduced defect
concentration characterizes the {001} facet compared with other facets of both
anatase and rutile (94–96). This finding, in conjunction with enhanced reactivity
(97, 98), makes the (001) minority surfaces extremely appealing for photocatalytic
and photovoltaic applications. The {001} facet, in conjunction with the {101},
represents the main surface in nanocrystalline films (99). Importantly, the (001)
surface impacts on the photoreactivity of anatase nanoparticles (98, 100). There
is proof of the extremely localized nature of the exciton along the [001] direction
in such nanosized systems, as reported by Chiodo et al. (101).

We performed excited-state calculations (102) of stoichiometric slab models
to first obtain the quasi-particle (QP) energies (by means of Green’s function based
formalism, G0W0) and solved the Bethe–Salpeter equation (BSE) in efforts to
describe the optical excitonic properties of the minority (001) surface.

Experimentally, a (1 × 1) periodicity is obtained according to the procedure
reported by Hengerer et al. (103) and Herman et al. (104), while a (1 × 4)
reconstruction appears after annealing under UHV (103, 105). Interestingly, from
the (1 × 4), once oxygen or air is introduced into the experimental chamber, the (1
× 1) is recovered (103).

After carrying on an investigation based on the screening of twelve
non-metallic elements terminating the (001) reconstruction, Yang et al. (106)
used hydrofluoric acid (HF) as a capping agent under hydrothermal conditions
and then clearly demonstrated that fluorine is able to highly stabilize the {001}
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facet and that, under such conditions, the {001} is even energetically preferable to
the {101}. Samples were obtained that exposed up to 47% (1 × 1) facets. Using
2-propanol as a synergistic capping agent and reaction medium, together with HF,
64% was reached in the case of high-quality anatase TiO2 single-crystal NS (107).

While the (1 × 1) periodicity clearly represents the bulk cut of anatase along
the [001] direction (108, 109), more complex is the (1 × 4) reconstruction for
which several structural models have been formulated. Using low-energy electron
diffraction (LEED), X-ray photoelectron spectroscopy (XPS), and angle-resolved
mass spectroscopy of recoiled ions analyses, Herman et al. (105) described such
reconstruction on the basis of a micro-faceted surface that exposes (103) and
( 03) surface planes. It is suggested that the (103)-like surfaces are lower in
energy than the (001) surface. On the other hand, Hengerer et al. (103) suggested
a missing oxygen row model for the (001) surface as explanation for the origin
of the observed (1 × 4) pattern. Based on scanning tunnelling microscopy,
XPS, reflection high-energy electron diffraction and LEED results, Liang (110)
proposed an “added” and “missing” row model to account for such reconstruction.
Further experimental findings indicated that the anatase (1 × 4) reconstruction is
stoichiometric, exposing Ti4+ centred along the highest points on the structure,
and does not expose fourfold coordinated Ti4+. This feature is accounted for by
Tanner et al. (111) who proposed a new model based on {101} micro-facets,
which is consistent with the experimental observations.

In our calculations, we also took into account the “ad molecule” model
suggested by Lazzeri and Selloni (112). Here, rows of TiO3 species periodically
replace rows of surface-bridging oxygens of the parental (1 × 1) surface, strongly
reducing (by ~43%) the large surface tensile stress that characterizes the (1 ×
1), due to the Ti–O–Ti angle at the surface (~150°), which is much wider than
expected for a sp2 hybridized O atom (112).

The two investigated reconstructions of the (001) surface are presented in
Figure 2.

Concerning the computational details, our initial structures were all relaxed at
the DFT-PBE level of calculation (113), along with a projector augmented wave
(PAW) approach (114–116), as implemented in the VASP code (17, 118). Eight-
atomic-layer (001) oriented slabs were considered. At these fixed geometries, we
recalculated the occupied and 800 empty KS states (119) with norm-conserving
pseudopotentials (120, 121), the results used then as input for the G0W0 and BSE
calculations performed using theYambo code (122). Full details of the calculations
are available elsewhere (83).

Accordingly, we calculated the G0W0 gap correction for the (001)-(1 × 1) slab
to be 1.8 eV (119, 122). The same gap correction was assumed for the (001)-(1 ×
4) slab.

Results of the electronic properties of bulk anatase and the two surface
reconstructions are quite similar; the only difference is the increase of a peak in
the DOS of the two surface systems, which is not observed in the bulk case.

In the (1 × 1) case, the O p orbitals at the VBM overlap among themselves
along the [100] (x) direction because of their reduced hybridization with the
subsurface Ti d orbitals, although their orientation is along the [010] direction.
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The different structure and electronic symmetry of the (1 × 4) surface does not
allow for such chain-like hybridization and the VBM is mainly localized on the
O px orbitals along the top of the ridge in the [010] direction.

Figure 2. Top, (a): anatase TiO2 (001) surface with (1 × 1) periodicity. Bottom,
(b): same surface with (1 × 4) periodicity. [Online version, light blue: Ti atoms,
red: O atoms].The calculated energy difference between the two surfaces at

PAW/PBE level is ~0.43 J m-2.

In Figure 3, the imaginary part of themacroscopic dielectric functions of the (1
× 1) and (1 × 4) models, calculated at the independent QP level, and after including
the electron-hole interaction, are reported.

It is interesting to note that there is a strong similarity between the optical
spectrum of bulk anatase and that of the (1 × 4) case (Figure 3d). For the (1
× 1) termination, optical structures (S2 and S3) are present below the first bulk
absorption peak B1. This result clearly reflects the different nature of the VBM
of the two reconstructions. In particular, the first direct exciton (S1 in Figure 3c,
S′1 in Figure 3d) is at ~3.2 eV for the (1 × 1) case and at 3.5 eV for the (1 × 4)
case, respectively; it results constituted by the mixing of vertical transitions at
, from VBM/VBM-1 states to CBM/CBM+1. The former two states have a strong
surface character; the latter two are mainly localized on the Ti atoms of the slab.
In the (1 × 1), the S2 and S3 peaks derive from the mixing of IQP transitions at the

point from VBM and VBM–1, as in the S1 case, to CBM/CBM+1/CBM+2.
The peak B1 (which corresponds to the first structure, referred to as B1 in the inset,
of the bulk spectrum for light polarized perpendicular to c) results from mixing
transitions (at some k points near , along the – and – directions)
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from a few bands below to a few bands above the Fermi level. Surface termination
for both the (1 × 1) and (1 × 4) cases induces an optical anisotropy in the (001)
plane (see Figure 3), which is still related to the nature of the VBM of the two
systems.

Figure 3. Macroscopic dielectric function ε2M (ω) for (1 × 1) (left column)
and (1 × 4)-(001) (right column) cases. (a) and (b) Spectra calculated at IQP
level. (c) and (d) As before, but calculated including the local-field effects and
the electron-hole Coulomb attraction. Online version, the black solid (orange
dashed) curves are for light polarized along the [100] ([010]) direction. Inset
(a): Bulk BSE (blue curve) and experimental (red diamonds, ref. (131)) spectrum
for light polarized perpendicular to c. The arrows indicate the exciton energies
under consideration. The widths of the orange (left), green (middle), and blue
(right) boxes indicate the energetic windows where the excitonic eigenvalues are
summed to plot the electron-hole distribution probabilities discussed in Figure
4. [Reprinted figure with permission from ref. (83). Copyright 2011 by the

American Physical Society.)]

For the (1 × 1) case, the optical structures S2 and S3 are completely
polarized along the [100] direction, while B1 is slightly more intense for this
light polarization. In the (1 × 4) case, however, an opposite anisotropy is
observed for B1, hence the [010] polarization is favoured. Both absorption and
photoluminescence (PL) data are available for polycrystalline thin layers or
nanostructures. This means that the reported optical properties often refer to
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a mixture of crystalline orientations, and various phases (mainly anatase and
rutile) are present in the experimental samples. There are some reports of optical
spectra of thin films very similar to bulk anatase (123, 124). According to our
predictions, these should correspond to the presence of the (1 × 4) reconstruction.
A few reports of optical data of anatase thin films include absorption at energies
3.2 eV (125, 126).

To complete the experimental scenario, we now mention PL spectra of TiO2
films prepared via dc reactive magnetron sputtering, where the presence of a
band ranging from 2.8 to 3.1 eV is attributed to surface-trapped exciton emission
(127). Other PL spectra (128) measured on fluorinated NS with dominant (001)
facets are characterized by optical peaks around 2.6–3.1 eV. A very interesting
feature derived from the calculations is the carrier spatial distribution, i.e., the
most probable position that an electron and hole occupy in the surfaces after the
photoexcitation process (Figure 4).

Figure 4. Two-body electron-hole pair correlation function for the main excitonic
peaks (in Fig.3) for the two investigated reconstructions. Online version, large,
yellow (small, blue) spheres represent Ti (O) atoms in the (1 × 1)-(001) [panels
(a)–(c)] and (1 × 4)-(001) [panel d] slabs. (a) Magenta isosurface (at 25% of
its maximum value): probability of finding the electron when the hole position
(green ball) is fixed near a given atomic site. All the excitons summed in the
energetic window indicated by the orange area of Figure 3c around S2. (b) As
in (a), but for excitons in the window indicated by the green area of Figure 3c
around S3. (c) As in (a), but for excitons in the window indicated by the blue area
of Figure 3c around B1. (d) As in (a), but at the (1 × 4) surface and summing over
all the excitons in the window indicated by the blue area of Figure 3d around
B1. [Reprinted figure with permission from ref. (83). Copyright 2011 by the

American Physical Society.)].
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In the (1 × 1) model, the electron is mainly localized in the vicinity of the
surface plane, mainly on the top of the two nearest neighbour Ti surface atoms
along the [100] direction (Figure 4a). Fixing the hole position on one bridging
oxygen at the surface, and summing over all the excitons related to the S3 structure
(green in Figure 3c), we observe that the electron has a nonzero probability to
localize near other Ti surface atoms (Figure 4b). For higher energy excitons, close
to B1 (blue in Figure 3c), although the electron-hole spatial distribution results
in more spread over the subsurface and bulk part of the slab, other Ti surface
sites have a nonzero probability to host the electron (Figure 4c). For the (1 × 4)
reconstruction, the exciton at the optical onset (S′1), and all the excitons around
B1 (blue in Figure 3d), show a similar spatial behaviour. With the hole fixed near
either a ridge surface oxygen or a bulk oxygen atom, the probability to find the
electron is buried in the central part of the slab (Figure 4d). The two different
reconstructions have different impacts on the photocatalytic performances of
the minority (001) surface of anatase. For the (1 × 4), the electrons are spread
over the subsurface region when the hole is at the surface meaning reduced
photocatalytic activity. In the (1 × 1) case, at variance, we can predict improved
photocatalytic performance due to the observed net spatial separation between
the photocarriers in addition to their concomitant presence at the surface (129).
For excitation energies around 3.2–3.4 eV, the electron tends to be mainly on
the two nearest-neighbour Ti atoms bound to the O 2c atom, where the hole
is mainly localized. For higher excitation energies, other Ti surface atoms can
be photoactivated, supporting the idea that Ti and O atoms involved in such
photochemical reactions do not necessarily need to face each other, as they do in
chemical reactions. This offers further evidence of the heterogeneous nature of
the hydroxyl groups present at the surface (130).

From Surfaces to Nanosheets: Enhanced Excitonic Effects on
Spatially Confined Systems

Directly related to (001) minority surfaces are anatase NS oriented
along the same [001] direction. Such NS show improved performances in
photochemistry due to their intrinsic enhanced exposed surface area (107,
132). TiO2 bidimensional nanomaterials, other than the anatase-derived, have
recently been synthesized and attracted much attention for their device-oriented
applicability (see (133–135) and references therein). However, not much
information is available on this class of low-dimensional materials; furthermore,
most importantly, their photoexcited and structural properties are still largely
unknown (136–140).

Using the same computational set-up employed for the previously investigated
case of the surfaces (for full details, see (84)), here we calculated the optical
properties of several TiO2-based NS; we similarly tried to relate them to structural
and electronic properties. The inclusion of local-field effects and electron-hole
interaction (see (102) and references therein) enabled us to focus on the reported
excitonic nature of such TiO2 NS, a behaviour widely documented for similar
low-dimensional semiconducting materials, as in the case of single-walled carbon
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nanotubes (141), silicon nanowires (142), boron nitride nanotubes (143), and
others. Here we analysed the properties of pristine (001)-anatase bilayers and
the lepidocrocite NS. This latter structure (144, 145) is related to the former by
a barrierless phase transition associated with the gliding of the upper layer of a
pristine (001)-anatase NS on top of a bottom one, which leads to considerable
reduction in the tensile stress (146). The stability of the lepidocrocite NS is
further enhanced by the fact that Ti atoms recover the sixfold coordination, as
in the bulk of anatase. A lepidocrocite NS is only 0.18 eV/unit formula more
unstable than bulk anatase (147).

We modelled three different isolated anatase-like NS: the first two, anatase-S
and anatase-AS1, have the same lateral lattice parameter a as bulk anatase, they
only differ in the nature of the Ti–O–Ti angle at the surface. In the case of the
former, two identical and symmetric (S) Ti–O bonds (1.96 Å) at the surface are
present. In the case of latter (Figure 5b), which is more stable since it is less
stressed at the surface (148), two asymmetric (AS) bonds are present (1.74 and
2.24 Å).

Figure 5. (a) Anatase-S: perspective view of the planar 2D infinite sheet (top);
lateral view along the (100) direction (bottom). (b) Lateral view of anatase-AS1.
(c) Lateral view of anatase-AS2. (d) Lepidocrocite-I sheet: perspective view
of the 2D infinite sheet (top); lateral view along the (010) direction (bottom).
(e) Isolated bilayer sheet, lepidocrocite-I-SC. (f) 3D packed atomic model
(lepidocrocite-C2) where the distance between the periodic layers along the
(001) direction is d = 0.37 nm. In (e) and (f), only the lateral view along the
(010) orientation is shown. Online version, the gray region in (a) and (d)

represents schematically the size of the fundamental cell in the xy plane. [Ti (O)
atoms yellow (blue).]. [Reprinted with permission from ref. (84). Copyright 2012

American Chemical Society.]

The last of these three structures (anatase-AS2, Figure 5c) is obtained via
energy minimization with respect to the lattice parameter a, and keeping as
constraint the squared geometry of the (001) surface (i.e., a = b) (146).
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Finally, the isolated lepidocrocite-I sheet is obtained by minimizing the
total energy with a, along (010), fixed to its bulk value, while varying the lattice
parameter b along the (100) direction. See Figure 5d (146, 147). Following Sato
(147), we also modelled an isolated double-sheet model (lepidocrocite-I-SC) in a
stacked configuration (Figure 5e).

The optimized lattice parameters, the associated total energies, and the
formation energies of the four isolated NSs are reported in Table 1.

Table 1. Optimized in-Plane Lattice Parameters (a and b), and Film
Formation Energy (FE, eV) for the Four Isolated NS Here Considered

Model a b FE

Anatase-S 3.78 3.78 0.896

Anatase-AS1 3.78 3.78 0.775

Anatase-AS2 3.51 3.51 0.580

Lepidocrocite-I 3.76 3.03 0.165

FE calculated according to the formula FE = TE/n – Etot(TiO2), where TE is the total energy
of the sheet, n is the number of TiO2 units in the sheet, and Etot(TiO2) is the energy per unit
of TiO2 in bulk anatase.

Besides considering the isolated layers, we likewise considered two models
in the case of lepidocrocite (periodic also along the (001) direction) with different
distances (d) between the layers: lepidocrocite-C1 (d = 1.3 nm) and lepidocrocite-
C2 (d = 0.37 nm). (The latter is shown in Figure 5f). A periodic 3D arrangement
of the lepidocrocite-I-SC case was also considered (lepidocrocite-SC).

Concerning the electronic properties of the four isolated NS investigated here
(see Figure 6) we now report the direct and indirect minimum gaps, calculated
at the single-particle DFT-KS level (PBE (113)). Moving from the anatase-S to
lepidocrocite-I, the DFT gaps increase, and, because of the quantum confinement
effect, they are larger than the gaps calculated at the same level, for rutile and
anatase bulk compounds (101, 149). The relevance of the inclusion of a nonlocal
and energy-dependent description for the exchange and correlation self-energy
term is evident when looking at the corresponding GW gaps. They are much
wider than the GGA-PBE gaps calculated here and those previously reported in
the literature for similar nanostructured TiO2-based systems. Our GW-calculated
gap of 5.6 eV for the lepidocrocite-I atomic model closely resembles previous
results at the hybrid DFT level of calculation (150).

Interestingly, upon passing from anatase-S to lepidocrocite-I, the band gap
changes character – it passes from indirect to direct. The three anatase models
show, similar to the (001)-anatase surface (83, 108), M– indirect minimum gaps,
while the lepidocrocite sheet has a direct minimum gap at Γ.
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Figure 6. Energy values (eV) of the minimum direct (indirect) gaps (Eg) for the
four isolated NS, calculated at different levels of theoretical approximation.
Single-particle DFT-KS direct (indirect) gaps, within the GGA approximation:
online version, inverted red triangles (black triangles). GW electronic direct
(indirect) gaps: green dots (golden diamonds). BSE optical (excitonic) direct
gaps: blue squares. The energy difference (E) between the minimal band gap
calculated at DFT-KS level and that at the GW level is also reported. [Reprinted
with permission from ref. (84). Copyright 2012 American Chemical Society.]

Before commencing with the discussion on the optical properties of the four
isolated TiO2 NS, it is important to observe that, as a result of the strong attractive
electron-hole interaction associated with the structural reduced dimensions, the
optical (BSE) gaps (blue squares in Figure 6) are > 1.5 eV smaller than the
corresponding QP electronic gaps (green dots in Figure 6).

Consequently, the corresponding optical spectra for such systems have a clear
excitonic nature in the UV-Vis region. Figure 7 shows the ε2(ω), calculated at
both at the independent QP and at the BSE levels of approximation. The excitonic
nature of the optical spectra is evident by looking at the important differences
between the independent QP curves and the BSE ones, where the electron-hole
interaction and local-field effects are “switched on” in the calculation.

Once excitonic effects are included in the calculation, the anisotropic optical
behaviour already found at the IQP level becomes even more evident. In close
agreement with the case of the surfaces previously discussed (83), for all the NS,
we predict a net optical anisotropy, as a function of the atomic orbital character
(Ti and O) at the surface, with the (100) polarization preferred over the (010)
polarization.
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Figure 7. Imaginary part of the macroscopic dielectric functions, ε2(ω), of the
four isolated NS, calculated at the IQP (online version, green) and BSE (blue)
levels of approximation for the (100) (above) and (010) (below) light polarization.
The intensity was renormalized to the thickness of each NS. [Reprinted with
permission from ref. (84). Copyright 2012 American Chemical Society.].

In the case of the previously analysed minority (001) surfaces, the increased
stability of the (001)-(1 × 4) reconstruction associated with the stress reduction
is observable in the disappearance of the low energy peaks which, at variance,
are typical of the more stressed (001)-(1 × 1) surface. In the case of NS, we
predict a very similar interplay between stress and electronic and optical properties.
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Furthermore, for NS in the lepidocrocite structure, the final structure is more stable
as a consequence of the recovered coordination (as in the anatase bulk) for Ti
atoms. This fact supports the idea that the marked increase in the lower energy
peaks is a consequence of the stress present in the atomic structure.

The optical spectra calculated at the BSE level further reveal that some optical
peaks are present at lower energies for anatase-S and anatase-AS1 sheets, while
the optical absorption of lepidocrocite-I and anatase-AS2 commences at higher
energies (4 eV).

For the structure of lepidocrocite, which has been subject of optical
measurements as a function of number of layers (151), we also considered the
3D packing; we studied electronic and optical properties of the 3D counterpart.
Similarly, as reported earlier (147), we found that the 3D packing has little impact
on the calculated electronic properties; the DFT band gap between the NS and
their 3D counterparts was almost identical.

Figure 8. Role of packing effect on the lepidocrocite sheets optical response.
Imaginary part of the theoretical dielectric functions calculated at the BSE

(online version, blue) and IQP (green dashed) levels of approximation averaged
over the three light polarizations. Inset: Zoom of the experimental absorbance
spectra of ref. (153),_corresponding to a deposition of 1 (bottom, black, scaled
by a factor 5) and 10 (top, red) layers. [Reprinted with permission from ref. (84).

Copyright 2012 American Chemical Society.].
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In the 3D counterparts, the inclusion of many-body effects changes the QP
electronic gaps and the exciton binding energies: the QP electronic bandgap
energy decreases by more than 1 eV when moving from isolated to 3D packed
NS and the exciton binding energy correspondingly decreases from ~1.8 eV to
<0.5 eV. The optical gaps remain around 4 eV in all atomic models.

Focusing further on this aspect, we show, in Figure 8, the imaginary part of
the dielectric function calculated at the QP and BSE levels of approximation for
the atomic models lepidocrocite-I, lepidocrocite-I-SC and lepidocrocite-C2. The
blue shift due to the self-energy correction and the red shift due to the electron-
hole attractive interaction almost compensate for each other, making the optical
gaps, similarly to the shape of ε2(ω), calculated at the BSE level (Figure 8), very
similar in the three cases. This finding is consistent with experimental observations
(151–153), where no impact of the layer number on the energetic position of the
main optical peaks is observed. Consistent with experimental data (see the inset in
Figure 8), a small blue shift is observable when going from an isolated to a packed
structure.

Analysis of the exciton spatial localization of the two different reconstructions
reveals that the lowest energy exciton is a bright one, only present in isolated NS,
while several dark excitons are present below the first bright one when 3D packed
structures are considered. The reported extremely localized nature of the exciton
for other semiconductor NS is confirmed here for the case of TiO2. For the anatase-
S sheet, it is mainly distributed on first-neighbour Ti sites along the (010) direction,
while for the anatase-AS2 (a very similar behaviour also holds for anatase-AS1)
the electron prefers to localize on the first-neighbour Ti along the (100) direction.
Similar localization on the nearest Ti atoms along the (100) direction also occurs
in the lepidocrocite-I sheet. Finally, the extremely localized nature of the excitons
observed when the packing effect in the lepidocrocite-C1 case is taken into account
is consistent with experimental light absorption and luminescence measurements
carried out on TiO2-based nanotubes by Bavykin et al. (154), which reveal an
apparent 2D behaviour. In this case, the electron-hole couple, because of its high
spatial localization, seems not to “feel” the curvature until very small diameters
beyond which the tube nature prevails.

We thus observe that, in view of photocatalysis application, the excitonic
nature of the main optical peaks clearly arises from the analysis of the theoretical
spectra of isolated NS. Our analysis shows that the layer packing plays a primary
role both in the electronic and the optical features of these nanosystems. Not
secondarily, the enhanced surface area (compared to the bulk) in conjunction
with the immediate co-presence of the photocarriers at the surface of such 2D
systems, similarly to the case of the previously investigated (001)-1x1 surface,
are fundamental prerequisites that highly improve the water-splitting process
(155) even if, on the other hand, an enhanced exciton binding energy could, in
principle, result in worsened photocatalytic performances.
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The Emergence of New Optical Features in Titania/Graphene
Nanocomposites

Nowadays, nanocomposites formed by graphene and titania are receiving
particular attention for their possible applications in photocatalysis and
photovoltaics (156–168). The idea of a material that is semiconducting (TiO2)
and, simultaneously, has excellent transport properties (graphene) is very
appealing. Due to its large surface area, high transparency, flexible structure,
and good electrical/thermal conductibility, graphene represents a material with
superior characteristics in nanocompositing (169–176). It also exhibits excellent
mobility of charge carriers and is expected to be able to slow the recombination
of photogenerated electron-hole pairs, contributing to the improvement of the
photocatalytic efficiency of the titania/graphene hybrid material.

Titania/graphene nanocomposites find their own device-oriented applicability
according to the synthetic route that they undergo (177–180). For example,
the incorporation of graphene in TiO2 by means of hydrothermal hydrolysis of
Ti(SO4)2 in an acidic suspension of graphene oxide (GO) followed by UV-assisted
photocatalytic reduction affords TiO2-graphene nanocomposites with enhanced
adsorption capacity towards azo dyes (181). The addition of small amounts of
graphene (177, 179) to TiO2 NS with exposed (001) facets gives a very high H2
production rate; it exceeds the rate observed for samples constituted by only TiO2
NS by more than 41 times. This result can be clearly ascribed to the ability of
graphene sheets to efficiently separate the photogenerated charge carriers (177).

The term “graphene oxide” defines those materials with an insulating nature
(181, 182) characterized by the presence of a highly heterogeneous number of
oxidized terminations at the surface of graphene. Over the years, several models
have been suggested for GO to disclose its structure. The nonstoichiometric
amorphous model (183) has recently received much attention from the scientific
community and is preferred to the lattice-based structure proposed earlier by
Ruess (184). The similar chemical and physical properties that characterize
reduced graphene oxide (RGO) and the pristine graphene layer make the reduction
process probably the most studied for GO layers. This process allows the
production of RGO, which is the most viable alternative to pristine graphene for
large-scale applications.

We now analyse the electronic and optical properties of (001)-oriented
anatase TiO2 NS and graphene interfaces. The anatase (001)-oriented NS is
considered in the assembling procedure of TiO2/graphene hybrids since the
enhanced photoactivity reported for the NS TiO2 systems oriented along the
(001) direction (106, 185–187). Our modellization_provides hybrids of both
graphene-TiO2 NS and GO-TiO2 NS, i.e., a semimetal–semiconductor and an
insulator–semiconductor hybrid, respectively.

As was done for the geometry optimizations in the cases of surfaces (83) and
NS (84), we used the VASP code (117, 118), by means of the GGA-PBE functional
(113), along with the projector augmented waves (PAW) approach (114–116). The
electron wave functions are expanded on a plane-waves basis set with an energy
cut-off of 500 eV.
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Whereas the mechanical and thermodynamic properties are all calculated on
the basis of a pure PBE approach, the electronic and optical properties are all
discussed based on the PBE+U approach (188). In particular, for Ti we used Ud
= 4.0 eV, i.e., the U value we required to open the band gap in bulk anatase to
its experimental value (3.2 eV (189)). A 7×9×1 Γ-centred k-point sampling of
the Brillouin zone was used in the geometry optimization of all the investigated
interfaces, while a 22×24×1 one was used in the calculation of electronic and
optical properties (the latter calculated at the random phase approximation (RPA)
level).

The choice of a “simpler” (simpler than BSE) level of calculation, as RPA is,
in the study of optical properties of our hybrid nanocomposites is clearly because
of the computational burden associated with their prohibitive sizes. Nevertheless,
in the case of pure NS (84), we have clearly demonstrated how the excitonic nature
of such layered materials makes the spectra obtained at DFT level very similar to
those obtained at BSE level.

Indeed, the electronic band gap opening induced by the QP correction is
counterbalanced when the local and excitonic effects are included (BSE) in
the calculation, with the overall result that the two induced shifts (by the two
methods) tend to compensate for each other.

The area of our models ranges between 30.07 Å2 (d2model) and 30.74 Å2 (w1
model). The rotation that transforms hexagonal graphene into tetragonal graphene,
which in turn is able to better match the in-plane anatase (001)-oriented NS lattice
parameters, is accompanied by an increase in the number of C atoms (from 2
to 4). In the case of the supercells of our heterostructures, 3 × 1 replicas of the
initial tetragonal cell were used (d1, d2, w1, and w2 [d = dry, w = wet] models are
all constituted by a 12 C atom layer of graphene). According to the geometrical
rearrangement, the graphene topology of these supercells changes, with the Dirac
cones (zero energy gap points) occurring at Γ and not, as in the biatomic standard
hexagonal cell, at K (K’).

We modelled the hybrids following the experimentally reported procedure. In
particular, two physisorbed models (d1, d2,) mimic the occurrence of a dry process
(atomic layer deposition) (180). Whereas the first model (d1) optimization leads to
a bilayer still formed by graphene and TiO2NS, optimization of the second of these
non-aqueous interfaces (d2) shows the formation of a topological defect of the
same class of the Stone–Wales defects in the graphene subunit, with the subsequent
formation of Cn≠6 rings (190–193). The high concentration of such defects due to
the reduced area of the interface is more consistent with the study of predicted
new 2D metallic carbon allotropes for which more specific metallic properties are
reported (194). Similarly, we modelled two chemisorbed systems (w1 and w2,
see Figure 9) for which the moisture of the aqueous environment is accounted for
by including H2O molecules anchored on the TiO2 NS. Water molecules are thus
split by the high-energy (001) surface that favours their dissociative adsorption
(195). The anatase subunit will be hydroxylated at both the surfaces, while GO
is considered in assembling these aqueous interfaces (177). Figure 9 shows the
lateral and top view of the four models considered in our work.
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Figure 9. Lateral and top views of graphene-TiO2 bilayer nanocomposite models.
(a) first “dry” model (d1), (b) second “dry” model (d2), (c) first “wet” model
(w1), and (d) second “wet” model (w2). Online version: brown: C atoms; light
blue (large): Ti atoms; red: O atoms. [Reprinted with permission from ref. (85).

Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

We performed a preliminarily analysis of the stress present at the interfaces
and found that, generally, the TiO2 (001)-oriented NS contributes more than the
graphene layer does to the final amount of stress.The w1 model is characterized
by a chelating region where Ti is bound via two O atoms to the two nearest
neighbour C atoms. In this case, we considered as precursors for the interface a
hydrated TiO2 bilayer and GO. In assembling such a model, we considered one
O atom as part of a TiO2 NS and the other of a GO layer. The second wet model
(w2) is still characterized by the presence of direct chemical bonds between the
two layers forming the interface, but with an enhanced number of O atoms in the
GO side arranged in epoxidic fashion. As for w1, the formation of the chemical
bonds induces a net stabilization of the system, leading to a stress-released
nanocomposite (compared to the dry models) due to the enhanced flexibility
offered by the Ti–O–Ti bond rupturing induced by the reactive H2O molecule.
The Ti–O–C bond lengths are different in the two models: the average length
of the Ti–O bond is 1.831 Å (w1) and 1.829 Å (w2) and that of the O–C bond is
1.435 Å (w1) and 1.425 Å (w2), suggesting that the hybrid formation is facilitated
by the oxidized environment. The slightly shorter distances optimized for the
w2 model indicate a stronger interaction between the graphene part and TiO2 NS
compared to for the w1 model. The band structures of the investigated models
are reported in Figure 10. The CBM of TiO2 NS and CBM of graphene are at
(almost) the same energy level near Γ in Figure 10a. From a comparison of the
experimental results for TiO2 thin films and graphene (195, 196), the CBM level
of TiO2 is expected to be located very close to the band edges (CBM/VBM) of
graphene, which is in good agreement with our band calculation for the d1 model.
VBM-1, VBM, CBM, and CBM+2 are localized in the p orbitals of graphene
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C atoms, while CBM+1 and CBM+3 are in the Ti d orbital of the TiO2 bilayer.
Results of the d2 model charge density distribution are similar to those of d1.
VBM and CBM are mainly localized on graphene, and such localization holds
along the band edges of the hybrid (from VBM-2 to CBM+1). The instability of
d2 is further witnessed by the electrostatic potential profile analysis (not reported
here); d2 quantum wells are indeed shallower than d1.

Analysis of workfunction and charge transfer (197–199) reveals that the
presence of the chemical bond induces charge delocalization over an entire hybrid
system. The presence of an additional electronegative O atom on the GO layer
induces the reduction of charge flow between layers for the w2 model, compared
to thew1 one. Such charge transfer is responsible for electron (hole) accumulation
in TiO2 NS (graphene).

Figure 10. Band structures of (a) d1, (b) d2, (c) w1, and (d) w2 at PBE+U
level. (Γ=0.0, 0.0, 0.0; X=0.5, 0.0, 0.0; M=0.5, 0.5, 0.0.). [Reprinted with
permission from ref. (85). Copyright 2014 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim].

The VBM-1 of w1 comprises chelating O 2p orbitals, while the VBM and
CBM comprise the mixing of C 2p, Ti 3d, and 2p orbitals of the chelating O atoms.
The Dirac point (200) of thew1model is only qualitatively observed. The position
of the two cones is shifted and they no longer lie on the point. The valence edge is
still on Γ while the CBM is observed on X of the Brillouin zone, i.e., at the Γ point
the Fermi level crosses the VBM, as a consequence of the hole-doped conditions
(p-type doping). Moving towards the X point, we observe the inversion of such
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a trend; here the Fermi level crosses the CBM, clearly revealing electron excess
associated with n-type doping. Concerning the w2 model, its VBM consists of C
and O 2p orbitals of the atoms of the anchoring group, while the CBM is localized
in the 3d orbitals of Ti.

The band profile of the w2 interface system is much more complex and very
different from other interface models, with a clear band gap opening (1.64 eV at
PBE+U level). The presence of the chemical bond therefore has a dual role: it
enhances the electronic coupling between the two layers and induces noticeable
modifications in the electronic features of the final wet systems. Furthermore,
an oxidized environment, like that of w2, where the GO layer is still present,
further impacts on the band structure shape of the final hybrid: system has
indeed completely different electronic features compared to the other investigated
hybrids. Such a result is mainly because of the replacement of the graphene layer
with a GO one and the nature of the oxidizing functionality present in GO itself.

Figure 11. The imaginary part of the dielectric function for the: (a) d1 system,
(b) graphene, and (c) TiO2 bilayer. Likewise, for the (d) w2 hybrid, (e) graphene
oxide, and (f) the hydrated TiO2 NS. Online version, blue and red are the two
ordinary rays (Ex,y), i.e. along the [100] and [010] directions, respectively, and
green is the extraordinary ray (Ez, [001]). [Reprinted with permission from ref.
(85). Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].
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To analyse the role of the chemical bond on such systems further, we
investigated and compared the dielectric functions (2) of a physisorbed (d1) and
a chemisorbed (w2) model. The spectrum of the d1 hybrid system and the two
components, graphene and TiO2 NS, are shown in Figure 11a, b, and c. The
shape of the d1 spectrum closely resembles the sum of those of its separate
constituents: graphene and TiO2 NS. The peak below 1.0 eV is associated with an
intra-graphene local excitation. At variance, the absorption in the UV region is
due to the sum of still one intra-graphene local excitation plus an intra-TiO2 NS
local one. The peak that disappears near 0.2 eV is expected to be because of the
slight hybridization effect of graphene and TiO2 NS, as deduced from the analysis
of the charge density distribution (not reported here). From the same analysis, the
VBM and CBM of graphene and CBM of TiO2 NS are slightly hybridized around
Γ with some VBMg → CBMTiO2 electron transfer. Therefore, the joint density
of states between VBM and CBM of graphene decreases and, accordingly, the
intra-graphene local excitation peak decreases. Moreover, in order to improve
the CBMTiO2 → CBMg excitation flow, better alignment between these two band
levels is highly desirable. Likewise, the spectra of w2, GO, and the hydrated TiO2
layered precursor are shown in Figure 11d, e, and f.

The w2 spectrum shows a strong and anisotropic peak at ~2.0 eV, suggesting
that this hybrid system absorbs at wavelengths longer than TiO2 NS. This new
absorption peak is the result of the GO/TiO2 NS hybridization. Analysis of the
frontier orbitals shows that the O 2p orbitals of the anchoring O atoms and the C
2p orbitals of GO are shared between VBM-1, VBM, and CBM. Therefore, a key
role is clearly played by these orbitals in the increase of the observed anisotropic
peak. This new longer wavelength region absorption for thew2 hybrid system thus
involves 2p orbitals of the anchoring O atoms, GO C 2p orbitals, and Ti 3d orbitals
from the CBM TiO2 NS. The absorption at ~2.0 eV is the sum of the excitations
between the VBM-1/VBM and the CBM states. The orbital composition suggests
that this longer wavelength region absorption would involve mainly GO localized
VBM-1/VBM and GO and TiO2 hybridized CBM.

Such excitation therefore seems to be associated with the electron localization
in the conduction region (mainly constituted by TiO2) and the hole localization
in the valence region (mainly formed by GO orbitals). In other words, this
absorption could favour the excitonic couple separation between TiO2 NS and
the GO layer, potentially leading to significantly reduced charge recombination.
Such behaviour has been reported, experimentally, in the assembling procedure
of a hybrid titania/graphene photoanode in solar cells, where graphene addition
enhances the photovoltaic performance of dye-sensitized solar cells (201). The
signature peaks around 0.5~1.0 eV in the spectrum of GO are not observed in that
of w2, indicating the paramount relevance of the chemical bond on the optical
properties, similarly to the electronic ones, of the final hybrid system formed by
GO and TiO2 NS.

In this final section, we have focused on the structural, electronic, and optical
properties of several graphene/TiO2 NS and GO/TiO2 NS hybrids, offering proof
of the fact that the presence of a chemical bond between the organic and the
inorganic layers has a great impact on the electronic and optical properties of the
final nanocomposite. In particular, the GO/TiO2 chemisorbed system results of a
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higher photoresponsivity in the visible region, while the physisorbed system does
not enhance the photoresponsivity in the visible region, and a better alignment
between the CBM of the two components, is beneficial for the TiO2 to graphene
electron transfer.
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Chapter 3

Dye-Sensitized and Doped TiO2 Mesoporous
Materials for Visible Light-Induced
Photocatalytic Hydrogen Evolution

Luther Mahoney, Shivatharsiny Rasalingam, and Ranjit T. Koodali*

Department of Chemistry, University of South Dakota,
Vermillion, South Dakota 57069

*E-mail: Ranjit.Koodali@usd.edu.

Intense research in solar energy conversion has been devoted
in recent years due to concerns of growing energy demands
and increasing threats to the quality of human life from
problems from climate change. In response to these needs, a
variety of new materials have been developed and explored
for harnessing solar energy. Mesoporous materials have been
used as photocatalysts for water splitting reactions. Among the
materials explored, titanium dioxide has been the most widely
studied material; however, it lacks activity in the visible region
of the solar spectrum. Thus, efforts have been directed towards
extending the response to the visible portion and these include
coupling with small band gap semiconductors, doping, and
sensitizing with dyes. In this work, we have doped mesoporous
titania with transition metal ions and have used dyes for visible
light induced hydrogen generation.

Introduction

Porous semiconductor materials have great potential in lowering our
dependence on fossil and nuclear energy by utilizing solar energy input (1). The
solar energy striking the Earth’s surface for one hour could provide the energy
to supply all the world population’s need for one year (2). However, designing
materials with an optimal band gap energy that models the solar spectrum on
Earth has been challenging (3). Stable semiconductors made of metal oxides, such

© 2015 American Chemical Society
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as titanium dioxide, have relatively large band gap energies, and can only exploit
the UV spectrum of solar radiation. However, metal sulfides like CdS can absorb
visible light, but these materials lack stability under solar illumination. Therefore,
the challenge facing the world population includes developing renewable energy
sources that will sustain the future generations (4). It has been shown previously
that doping metal ions in TiO2 matrices can shift the absorption spectrum to
longer wavelength of light (5). In addition, the metal doped TiO2 materials with
high porosities (large pore sizes and pore volume) and high surface areas may
adsorb several dye molecules significantly compared to non-porous materials.
Thus, using mesoporous doped-titania materials that contains dye molecules may
afford opportunities for designing a visible light photocatalyst for solar water
splitting reaction. This chapter details the opportunities and challenges towards
this efforts.

Importance of Water Splitting Reaction

Currently, the world is facing energy challenges because the fossil fuel
production cannot keep pace with the demand (4, 6). The world energy
consumption is projected to increase in coming years leading to the terawatt
challenge to power the future generations (2). Therefore, typical conventional
fossil fuel production will not be able to keep pace at a reasonable cost in coming
years. Furthermore, the environmental costs affected by using fossil fuels include
climate change, reduced life expectancy, and higher health care costs because
of associated increased pollution levels (7). The energy and environmental
challenges will require renewable energy that harnesses abundant sunlight (8).
Solar energy using sunlight to split water into hydrogen and oxygen appears to be
an optimal fuel energy source for fuel cells. Hydrogen combined with oxygen gas
produces only water as an innocuous by-product. Fuel cell may be used to produce
electricity with greater efficiencies compared with the internal combustion engine
(9). Therefore, the conversion of water into hydrogen and oxygen gases using
sunlight provides an avenue to obtain clean energy that will be sustainable for
coming generations. We will review potential means of splitting water using TiO2
based semiconductors that are coupled to low band gap semiconductors such as
CdS, doped with metals, and sensitized by dyes, in the following section.

Water Splitting Using Visible Light

In this section, we will review attempts to extend the visible light response of
titania based materials.

Coupled Semiconductors

Coupled semiconductors, such as CdS/TiO2, take the positive aspects of
visible light active semiconductor (CdS) and the benefits of the wide band
gap material (TiO2). However, such composite materials still needs to have
a sacrificial electron donor source to minimize photocorrosion. Lianos and
co-workers compared the H2 evolution efficiency using ethanol-water mixture
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with sulfide and sulfite as hole scavenging agents (10). They found that an
optimal loading of 33% CdS on TiO2 produced the largest hydrogen yield under
visible light illumination. The crystallinity of TiO2 at this loading of CdS was
not compromised, and further increase of CdS decreased the crystallinity of
TiO2 and reduced the activity for hydrogen evolution. The hole scavenging
agents alone were noted to produce little hydrogen at identical loadings of CdS
on TiO2. Furthermore, Pt was added to the CdS/TiO2 system to increase the
visible light hydrogen evolution rate in the same study. In contrast to alcohols
as electron donors, dye molecules have been considered as poor donors due
to their stable aromatic structures. Stengl and Kralova have studied model
Orange II dye solutions for environmental remediation and hydrogen production
using TiO2/ZnS/CdS composite material (11). They employed two irradiation
source wavelengths of 365 nm (UVA) and 400 nm (visible light). The UVA
light degraded the Orange II dye at a rapid rate compared to the visible light
illumination because the TiO2 was activated under UVA in addition to the metal
sulfide semiconductors. Orange II dye has been indicated to be challenging
to degrade due to the presence of stable resonance structures. The yield of
hydrogen obtained using Orange II was lower compared to ethanol-water mixture
as expected. The main goal of this study was to photodegrade the Orange II dye
to innocuous products with the added benefit of hydrogen production. Sigmund
and co-workers noted the positive benefit of the coupled semiconductors, such as
CdS/TiO2, for efficient hydrogen production due to the greater charge separation
occurring among the two materials (12). This system has shown better efficiency
than either CdS or TiO2 alone towards hydrogen production with model polluted
waters in the presence of electron donors. However, CdS in CdS/TiO2 still
undergoes photocorrosion, limiting its utility. To overcome these challenges,
doped semiconductor systems using metal or non-metals have been explored for
splitting water under visible light illumination, and this is discussed in the next
subsection.

Doped TiO2 Photocatalysts

Metal ions have been incorporated on the surface or in the lattice (bulk) of
TiO2 (3, 5, 12, 13). The surface doping forms a solid solution with essentially no
expansion of the unit cell upon increasing the dopant content in the photocatalyst
(14). The bulk or lattice doping tend to usually increase the recombination
rate of the charge carriers compared with surface doping for solar hydrogen
evolution. Reddy and co-workers studied Fe doped TiO2 for visible light hydrogen
production either on the surface or in the bulk. They found that the 0.5 wt.%
surface doping of Fe produced 1700 µmole H2/h/g catalyst. In contrast, 0.5 wt%
lattice doping in TiO2 gave only 500 µmole H2/h/g catalyt (15). These researchers
suggest that the lattice doped Fe3+ ions in TiO2 act to promote recombination
of the electron-hole pairs. However, the Fe3+ ions on the surface in Fe-TiO2 act
as trap states, thereby minimizing electron-hole recombination and increasing
hydrogen production. In another study, doping in the bulk was found to increase
the activity. In this study, a dye was used for degradation and for generation of
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hydrogen suggesting that mechanistic differences may account for the differences
in the activity trends for production of hydrogen in the presence and absence
of dyes (13). Fan and co-workers studied Fe-Ni-TiO2 photocatalyst for solar
hydrogen production using ethanol-water mixture under visible light, and they
obtained higher photocatalytic activity compared with the individually doped
Fe-TiO2 or Ni-TiO2 materials. Furthermore, Fan and co-workers compared the
activities of Fe lattice doped TiO2 and surface bound Ag-TiO2 and found that
Ag-TiO2 showed higher activity compared to Fe-TiO2 (16). These researchers
only saw a positive effect with bulk metal doping when two different metal ions,
such as Fe and Ag, were co-doped on TiO2. The metal dopant appears to facilitate
either charge separation or recombination depending on its location.

Sun and co-workers studied four different methods for reducing copper
oxide on TiO2, and they noted that the chemical reduction method led to higher
solar hydrogen evolution results compared to wet impregnation, sol-gel, or
photodeposition (17). These researchers indicate dispersion of the copper species
as one of the factors affecting the hydrogen evolution rate.

Another approach to extend the visible light response is by doping with non-
metals, but this discussion is beyond the scope of this chapter. The next section
will explore the avenues for water splitting using dye-sensitized TiO2.

Dye-Sensitized TiO2 Photocatalysts

Visible light water splitting using dye-sensitized TiO2 have been reported in
literature. Chatterjee studied six different dyes adsorbed onto Degussa P-25 TiO2
material for water-splitting (18). The six dyes studied included cationic (thionine,
methylene blue (MB), nile blue A, and safranine O), anionic (eosin Y, EY), and
hybrid (rhodamine B, RhB). Visible light hydrogen evolution was completed using
triethanolamine (TEOA)-water mixture for 15 hour time period, which produced
600 to 1500 µmole H2. There seemed to be no correlation between dye adsorption
and hydrogen production efficiency. Rather, different electron transfer mechanism
for the two classes of dyes was indicated to be the main reason for the trends
seen in hydrogen evolution. EY had the highest visible light hydrogen value of
1500 µmole H2; likewise, RhB produced 1117 µmole H2 evolution under visible
light illumination. Safranine O, a cationic dye, evolved 622 µmole H2, and these
three dyes were among the most active; the high efficiency was explained by three
step mechanism that involved direct injection of electrons from the dyes to the
conduction band edge of TiO2. The other dyes thionine (318 µmole H2), MB (320
µmole H2), and nile blue A (MB) (462 µmole H2) evolved comparatively lower
amount of H2 on account of a four step mechanism, that involved injection of
electrons from the reduced form of the dye, which posed some kinetic barriers.

Cheng and co-workers used a novel ruthenium based dye comprised of two
rings and compared this with N3 dye that has only one macrocycle ring on P-25
TiO2 host material (19). These researchers discovered that the two ring structure
produced almost double the amount of hydrogen (1420 µmole H2 in a 6 h) upon
visible light illumination; the single bipyridyl macrocycle ring produced 803
µmole H2 in the same period. The researchers indicated the reason for increased
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visible light hydrogen evolution from the two ring based dye was due to enhanced
charge injection kinetics. In this regard, doping of metal ion onto the dye-coupled
semiconductor system can further increase the efficiency of visible light induced
water splitting.

Various types of electron donors have been used as sacrificial reagents for the
regeneration of the dye. The most used electron donor is TEOA for dye-sensitized
water splitting. Other sacrificial reagents studied in dye-sensitized water splitting
include diethanolamine (DEA), triethylamine (TEA), ethylenediaminetetraacetic
acid (EDTA), and methanol. Notably, TEOA has been used widely due to its
high reducing ability. Rogach and co-workers noted the much greater reducing
ability of sulfite and TEOA in comparison with EDTA and methanol (20). These
researchers indicated that sodium sulfite has a larger reducing ability, so it will
be able to remove the generated holes rapidly. The trend observed in the activity
for hydrogen production was sulfite > TEOA > EDTA > methanol, and it was
explained by the reduction potential of the sacrificial agents. The other electron
donor reported in literature would include NaI. Arakawa and co-workers used
I- (in acetonitrile solvent) for visible light dye-sensitized water splitting using a
merocyanine dye (21). The yield of hydrogen was shown to be dependent on the
ratio of acetonitrile to water, and the larger amounts of acetonitrile increased the
overall yield of solar hydrogen. Lu and co-workers studied EY dye-sensitized
water-splitting using CuO/TiO2 photocatalysts (22). The difference in the H2
yield between DEA (127 µmole H2/10 h) and TEOA (116 µmole H2/10 h) may
be from the increased pH associated with TEOA. The pH influences in the H2
production via changing the oxidation-reduction potential of the semiconductor
was also evidenced by the work of Ray and co-workers (23). In their study,
they noticed that the pH affects the interaction of the dye molecule and the
electron donor. In short, the choice of the sacrificial reagent is important in
visible light dye-sensitized hydrogen evolution reaction because of its ability to
donate electrons to the oxidized dye molecules. The next section will elaborate
on systems involving the use of dyes and metal doped TiO2 photocatalysts.

Dye-Sensitized and Doped TiO2 Photocatalysts

Platinum has been the most widely used element as a dopant because of
its ability to form a heterojunction (Schottky barrier) with TiO2, and because
of its role as a co-catalyst to facilitate the production of hydrogen. The two
dyes most studied for water splitting with TiO2 are EY and Ru(dcbpy)2(NCS)2
(N719), where (dcbpy=2,2′-bipyridyl-4,4′-dicarboxylic acid). Arakawa and
co-workers studied platinum doped TiO2 materials with five types of xanthene
dyes: EY, merbromine, 2′,7′-dichlorofluorescein, RhB, and rhodamine 6G
(24). These researchers used four different TiO2 (P-25, anatase, rutile, and
amorphous) that were photodeposited with Pt. The use of EY with Pt-TiO2
photocatalyst produced hydrogen with a quantum yield of 10%. Furthermore,
recycling studies indicated that in the second photocatalytic run, the activity of
EY coupled Pt-TiO2 system was 90% of the original activity after replenishing
with TEOA. Boβmann and co-workers examined the hydrogen evolution using
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Pt loaded P-25 TiO2 and a series of Ru-based dye sensitizers. Ru(bpy)32+
sensitizer gave the highest hydrogen evolution in conjunction with an electron
relay 3,3′-dimethyl-propyl-viologen-sulfonate, (MPVS) and TEOA (25). The
dye containing the simpler bipyridyl rings produced the greatest hydrogen
evolution rate, which may be due to tight binding of carboxylic acid groups
attaching to the surface of TiO2 via Ti-OH (titanol) groups to form stable metal
ester bonds. A later study by Peng and co-workers examined three ruthenium
dyes, N719, Ru(bpy)2(him)2-NO3 (him=imidazole), and Ru2(bpy)4L1-PF6
(L1=µ-4,4′-azo-benzene carboxylic acid) using Pt-loaded TiO2 (26). Their results
for visible water splitting showed that the binuclear Ru dye, Ru(bpy)2(him)2-NO3
showed the highest activity among the three dyes examined in the study. They
attributed the marked improvement of the binuclear Ru dye to the reduced back
electron transfer from two metal centers, increased “antenna effect” by the
larger molecular area, and the weaker binding to the TiO2 host material. To
prove that weaker binding of dyes to titania prevent back electron transfer, these
researchers used Ru(bpy)2(him)2-NO3 dye. This Ru dye had increased visible
light hydrogen evolution compared with the standard Ru N719 dye. Furthermore,
the stability of the binuclear Ru dye was similar to the N719 dye. Comparison of
later research by Li and co-workers, using other Ru dyes such as N3 and Z907
for visible light hydrogen evolution reveals the need for the dye structure to
be bound to the host TiO2 material but not very strongly (27). The modulation
of the charge transfer via Ru dye binding interactions to TiO2 host was further
studied by Fan and co-workers with a novel mononuclear dye [RuL(bpy)2](PF)2
(L=2-hydroxyl-5-(imidazo[4,5-f]-1,10-phenanthrolin) benzoic acid), that has
carboxylic acid and hydroxyl groups (28). This dye produced 386 µmole of H2
after 3 hours of visible light illumination. The Ru(bpy)32+ dye on a composite
Al2O3/TiO2/Pt material produces more hydrogen than over Pt-loaded TiO2. Choi
and co-workers used this composite material to produce approximately 100 µmole
of H2 compared to 50 µmole of H2 using only Pt-loaded TiO2 (29).

Even though the Ru dyes show higher visible light hydrogen evolution,
metal free dyes have the advantage of lower cost. Lu and co-workers employed
EY and RhB and adsorbed them onto Pt-loaded TiO2 (22). These researchers
studied the effect of both anionic and hybrid dye for visible light water splitting
as function of pH, transition metal oxide loaded on TiO2, platinum loading, and
sacrificial reagents. The anionic dye, EY had greater hydrogen evolution using
three sacrificial reagents studied: DEA, EDTA, and TEA. A pH of 14 produced
the largest visible light hydrogen evolution activity of 127 µmole H2 in 10 h
using EY and DEA. The optimal CuO loading on TiO2 was found to be 1.0
wt.%, whereas the optimum Pt loading obtained was 1 wt.%. The same Pt-loaded
CuO/TiO2 material using RhB dye produced only 7.4 µmole H2 in a 10 h time
span under identical reaction conditions. This suggests that the degree of binding
of the dye to the host material appears to be critical. In addition, the influence of
the sacrificial reagent may also play a role in changing the pH value and ability to
donate electrons to the excited dye molecules, as shown by Lu and co-workers’ in
their study with EY and RhB dyes. Sreethawong and co-workers also discovered
that a basic pH of 11.5 was favorable for producing hydrogen using EY dye on
Pt-loaded TiO2 under visible light illumination (30). The Pt loading was 0.6 wt.%
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and the sacrificial reagent used was DEA. These two parameters were similar to
the study by Lu and co-workers (22). Other studies using EY dye employed a pH
value of 7 with TEOA as the sacrificial reagent and Pt loadings of 0.5 wt.% (31,
32). The functionalization of the surface of TiO2 using phosphoric acid enabled
the EY-TiO2 photocatalyst to produce approximately 280 µmole of H2 in 5 h
(31). EY was used as the sensitizer to explore the role of faceting in Pt/TiO2
photocatalysts. Pt/TiO2 exhibited higher activity since Pt{111} possessed a higher
Fermi energy level and has lower activation energy for hydrogen generation (32,
33).

Mixed oxide systems have also been explored. The two research works on
Pt-loaded TiO2-ZrO2, used EY dye. Sreethawong and Yoshikawa made Pt-loaded
TiO2-ZrO2 using a sol-gel synthesis followed by photodeposition of Pt to obtain
an optimal value of 0.5 wt.% loading (34). These researchers discovered that a
Zr/Ti molar ratio of 95 gave the optimal photocatalytic activity, and the anatase
TiO2 phase was retained even at calcination temperatures as high as 800 °C. The
Pt loading range used was from 0 to 1 wt.%, and DEAwas chosen as the sacrificial
reagent. Chavadej and co-workers further optimized this system by using EY at a
pH of 11.6 and completing the synthesis with platinum salt, thereby avoiding the
photodeposition step (35). The resulting photocatalyst was also heat treated at 800
°C. However, both of these studies using Pt-TiO2-ZrO2 produced little hydrogen
under visible light illumination. In another study, Sreethawong and co-workers
utilized Ag, Ni, and Cu doped TiO2, using EY dye as the sensitizer (30). These
researchers found the following trend EY-Pt-TiO2 > EY-Ag-TiO2 >> EY-Ni-TiO2
> EY-Cu-TiO2 for hydrogen evolution under visible light irradiation. Therefore,
EY and Pt loaded TiO2 have been the main dye and metal studied in TiO2 systems
in the past for visible light hydrogen activity. A study by Du and co-workers
attempted to break the trend in using Pt-TiO2 photocatalysts, and these researchers
used Cu, Co, Ni, and Fe as the dopant (36). The EY sensitized Ni(OH)2 system
produced approximately 40 µmole H2 in 5 hours. The trend in activity of hydrogen
using EY dye under visible light radiation was found to be Ni(OH)2 > Cu(OH)2
>> Co(OH)2 >>> Fe(OH)3. The metal oxides CoOx and NiOx had relatively small
hydrogen activity of 5 to 7 µmole of H2 in 5 h with the least activity from the
non-doped TiO2. Other than Lu and co-workers’ work (22), RhB dye-sensitized
water splitting reaction has not been largely explored. The only dedicated study
reported for transition metal doped RhB dye visible light water splitting used
Co-TiO2 (37). This study employed P-25 TiO2 impregnated with Co(NO3)2 and
DEA as the sacrificial reagent for producing hydrogen. These researchers obtained
approximately 50 µmole H2 in 6 h of visible light illumination.

In this work, we have set out to explore hydrogen production from
dye-sensitized and transition metal doped (transition metal = Co, Ni, and Zn)
under visible light illumination and compared its activity with non-doped titania.
The mesoporous materials were synthesized by the sol-gel evaporation-induced
self-assembly (EISA). The following experimental section will discuss various
characterization techniques that include powder XRD, nitrogen physisorption,
Diffuse Reflectance Spectroscopy (DRS), zeta potential, and transmission electron
microscopy (TEM).
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Experimental Section

The evaporation-induced self-assembly (EISA) synthetic methodology has
been used to synthesize the non-doped and doped mesoporous TiO2 materials
in this study (38, 39). In a typical synthesis, first the cationic surfactant
(cetyltrimethylammonium bromide) was dissolved in an absolute ethanol solution
to obtain a clear colorless solution. The titania precursor, titanium isopropoxide,
absolute ethanol, and concentrated HCl were mixed separately and the metal
precursors, such as Co(NO3)2·6H2O, Ni(NO3)2·6H2O, or Zn(NO3)2·6H2O were
then added into the titania precursor solution mixture. Finally, the surfactant
solution and the metal containing solutions were mixed together followed by
addition of deionized water (18 MΩ cm resistivity) to initiate the hydrolysis under
stirring for a period of time. A 0.5 wt.% metal loading was chosen for the three
metal doped materials because it was found to be the optimal. The homogeneous
solutions were placed onto four Petri dishes and placed in an oven and heated
from room-temperature to 60 °C at 1 °C/minute and held for a half-day in the
oven. The resulting films were extracted with a spatula, and the amorphous flakes
were then ground finely followed by calcination at 500 °C for 6 h at heating rate
of 3 °C/minute.

The powder X-ray diffraction (XRD) was completed using Rigaku Ultima
IV instrument, and nitrogen adsorption analysis was done using a Quantachrome
NovaWin 2200e instrument. The UV-Vis and diffuse reflectance spectroscopy
(DRS) analysis was completed with a Cary 100 Bio instrument, and the Harrick
prayingmantis attachment was used for DRS studies. Zeta potential measurements
were completed using a Malvern Nano ZS-90 zetasizer. The TEM analysis was
completed using a FEI Tecnai G2 Spirit instrument at an acceleration voltage of 120
kV to study the structure morphology of samples with the microscope objective of
50x. The visible light hydrogen evolution reactions were carried out with an Oriel
light source and a SRI 8610 C gas chromatograph (GC) was used for analyzing
hydrogen.

Results and Discussion

Physico-Chemical Characterization

The mesoporous materials prepared in this study have been characterized by
a variety of techniques and these are discussed in this section. The low-angle
XRD pattern (Figure 1A) exhibits a broad reflection peak at 2θ ≈ 2°, which is an
indication of the presence of mesoporosity in these materials.

The XRD patterns in Figure 1A perhaps represents wormhole phase indicated
by the relative large FWHM value of the highest intense peak (38). Figure
1B shows the high angle reflections; however, the peaks are found to be broad
due to the amorphous nature of uncalcined TiO2 materials (40). In addition,
the peak positions of the transition ion containing mesoporous materials are
slightly different from the non-doped mesoporous titania indicating a change
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in the d spacing and pore sizes on addition of the dopant ions. The high angle
XRD patterns for the calcined TiO2 materials depicted in Figure 2 show that the
significant sharp peaks could be indexed to the anatase phase of titania only.

Figure 1. Powder X-ray diffractogram of as-synthesized mesoporous titania
materials, (A) low angle and (B) High angle regions.

All the TiO2 materials exhibit peaks at 2θ = 25.4°, 37.9°, 48.2°, 54.1°, 55.1°,
62.6°, 68.9°, 70.4°, and 75.1° which correspond to the anatase phase d-spacings of
d101, d004, d200, d105, d211, d204, d116, d220, and d213 respectively. The crystallite size
of mesoporous titanium dioxide materials was calculated using Halder-Wagner
method derived from the Debye-Scherrer equation for three selected peaks with
2θ angles 25.3° (d101), 48.14° (d200), and 62.80°(d213). Table 1 exemplifies
the structural properties of the mesoporous titanium dioxide materials. It is
noteworthy to mention here that the addition of metal ion marginally lowers the
crystallite size of the materials, and it was noted to be similar among the doped
TiO2 materials. In addition, similar lattice constants of a ≈ 3.78 Å and c ≈ 9.50
Å and comparable unit cell volume of around 136 Å3 were obtained with all
the materials using the whole-pattern-powder-fitting Rigaku software, and these
results are consistent with previously reported mesoporous TiO2 materials (41,
42). The ionic radii of Ti4+ is 0.745 Å, whereas that of Ni2+, Co2+, and Zn2+ are
0.83 Å, 0.89 Å, and 0.88 Å respectively and larger than that of Ti4+ (40). The
unit cell volume of the Co- and Zn-doped titania are relatively larger than that
of the non-doped titania. Because the ionic radii of Co2+ and Zn2+ are relatively
higher than that of Ti4+, the increase in unit cell volume on doping with these
ions suggest that Co2+ and Zn2+ ions are perhaps doped in the bulk (lattice) of the
mesoporous material in accordance with previous results (43). In contrast, doping
with Ni2+ ions decreases the unit cell volume suggesting the formation of a solid
solution, i.e. the Ni2+ are located on the surface of the mesoporous titania.
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Figure 2. Powder X-ray diffractogram of calcined mesoporous titanium dioxides.

Figure 3. Nitrogen adsorption-desorption isotherms of mesoporous titanium
dioxide. The insets show the pore size distribution.
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Table 1. Structural Properties of the Mesoporous Titanium Dioxide Materials

Lattice constant (Å)
Sample SA (m22/G) PV (cm3/G) PD

(Å)
Crystallite size

(nm) BgG(eV) IEP
a c

Unit cell
volume (Å3)

Meso-TiO2 57 0.13 79.0 13 ± 1 3.18 6.50 3.7855 9.5042 136.20

Meso-Co-
TiO2

67 0.15 61.0 10 ± 1 2.31 8.04 3.7873 9.5037 136.32

Meso-Ni-
TiO2

73 0.14 57.0 11 ± 1 2.64 9.59 3.7846 9.5014 136.09

Meso-Zn-
TiO2

67 0.11 39.0 11 ± 1 2.82 9.82 3.7871 9.5094 136.39

SA, PV, and PD refer to specific surface area, pore volume, and pore diameter respectively. Bg refers to band gap energy and IEP refers to isoelectric point.91
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The N2 adsorption-desorption isotherm and pore-size-distribution (PSD)
plots of the mesoporous titanium dioxide materials are shown in Figure 3(A-D).
All the materials exhibit type IV isotherms with H2 hysteresis loop, which are
characteristic for mesoporous materials, where a multilayer adsorption at low
pressures followed by capillary condensation at higher pressures takes place
(44–46). By applying the Brunauer-Emmett-Teller (BET) equation within the
relative pressure P/P0 range of 0.05-0.30, the surface area of the mesoporous
titania materials were calculated. The surface areas were obtained to be 57, 67, 73,
and 67 m2/g for Meso-TiO2, Meso-Co-TiO2, Meso-Ni-TiO2, and Meso-Zn-TiO2,
respectively. The surface area of doped titania were found to be slightly higher
than that of the non-doped TiO2. The pore volume of the materials was obtained at
the highest relative pressure P/P0 ≈ 0.99, and it was observed that the pore volume
of the mesoporous materials lies in a narrow range between 0.11 and 0.15 cm3/g.
The pore size distribution was determined by applying the Barrett-Joyner-Halenda
(BJH) equation to the desorption isotherm.

The insets in Figure 3 illustrate the pore size distribution of the corresponding
materials. It was observed that the pore size was centered near 80 Å for the non-
doped TiO2, and it seems to be shifted to lower pore sizes for the dopedmesoporous
titanium dioxide materials.

The absorbance spectra of doped mesoporous titanium dioxide materials
extend slightly into the visible region. Meso-Ni-TiO2 and Meso-Zn-TiO2
materials exhibited relatively small absorption between 400 and 550 nm, while
Meso-Co-TiO2 material showed broader absorption peaks up to 700 nm in the
absorbance spectra (not shown here). The extended absorption observed for the
metal doped mesoporous TiO2materials in the visible region can be considered to
involve d-d transitions of the metal ions and/or the excitation of the electron from
the dopant ions to the conduction band of titania. In addition, oxygen vacancies
could also be created because the metal ion dopants have an oxidation state
different from that of Ti4+ (40).

Band gap energies of the materials were calculated by the Tauc-plot, which is
translation of corresponding absorbance spectra for the solid mesoporous titania
materials viaKubelka-Munk function. Figure 4 depict the Tauc plot of the calcined
mesoporous titania materials. The band gap was found to be 3.18 eV for the non-
dopedMeso-TiO2material; whereas the band gaps were estimated to be 2.31, 2.64,
and 2.82 eV for Meso-Co-TiO2, Meso-Ni-TiO2, and Meso-Zn-TiO2 respectively.

The characteristic morphological features of the photocatalysts were
examined by using transmission electron microscopy (TEM). Figure 5 depicts a
representative TEM image of the non-doped mesostructured TiO2 material.

To understand the surface charge of the mesoporous TiO2 materials, zeta
potential measurements were carried out. The pH of the TiO2-electrolyte (KNO3
in deionized water) suspension was adjusted by the addition of appropriate
amounts of HNO3 and KOH. The variation of zeta potential vs. pH is shown in
Figure 6. It can be clearly seen from the titration curves that the isoelectric point
(IEP) or the point of zero charge (pzc), has shifted to higher pH values for the
doped-TiO2 materials. In particular, Meso-Ni-TiO2 and Meso-Zn-TiO2 have IEP
values close to pH of 10 than the Meso-Co-TiO2 material. Table 1 lists the IEP
values and they vary from 6.50 for the non-doped TiO2 to 9.82 for Meso-Zn-TiO2.
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Figure 4. Diffuse reflectance spectra (Tauc Plots) of calcined mesoporous
titanium dioxide.

Figure 5. Representative transmission electron microscope image of
mesostructured titania.
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Figure 6. Variation of zeta potential vs. pH for mesoporous titanium dioxide.

Scheme 1. Structures of the Dye Molecules
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The surface hydroxyl groups on themesoporousmaterials were determined by
acid-base titrations. The experiments indicate that the Meso-TiO2 material has a
surface hydroxyl group value of 2.84 mmole/g, whereas all the doped mesoporous
TiO2 materials have values lying in a narrow range of 1.22 to 1.27 indicating that
doping has affected the surface hydroxyl group density significantly. In the next
section, the results from the photocatalytic experiments will be discussed.

Photocatalytic Studies

The non-doped Meso-TiO2 material was evaluated for water splitting with
three commercial dyes: RhB, EY, and MB and using TEOA as the sacrificial
reagent. RhB could be considered as a hybrid dye (which consists of both negative
and positive charges) at relatively basic pH, whereas EY has an anionic functional
group, and MB has cationic functional group. Scheme 1 depicts the chemical
structures of the three dye molecules used in this study.

The hybrid dye, RhB exhibited the highest visible light hydrogen evolution
compared to EY or MB dyes. Figure 7 depicts the amount of H2 evolved during
the visible light water splitting using three different dyes and the non-doped
mesoporous TiO2 photocatalyst. The yields of hydrogen were found to be 15.1
µmole H2/g for RhB sensitized TiO2; 8 µmole H2/g with EY sensitized TiO2, and
3 µmole H2/g of TiO2 for MB sensitized TiO2. Adsorption studies of these three
dyes were carried out in the presence of TEOA. The amount of RhB, EY, and MB
adsorbed were found to be 1.12, 0.43, and 3.83 µmole/g respectively.

Figure 7. H2 evolution from dye-sensitized mesoporous titania. RhB, EY, and MB
refers rhodamine B, eosin Y, and methylene blue respectively.
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Even though MB adsorbed three times higher than RhB, the MB sensitized
TiO2 photocatalyst showed the least activity. It has been suggested that MB
tends to aggregate and form multilayers (47). This leads to the formation of an
insulation layer that slows the rate of electron injection to titania. This is why,
MB-sensitized TiO2 shows lower activity. The lower activity of EY-sensitized
system in comparison to the RhB sensitized system may be explained by the
lower amount of EY adsorbed onto mesoporous TiO2. Therefore, RhB dye was
explored further for visible light hydrogen evolution using the metal doped TiO2
materials.

The following section will present the H2 evolution results using these
catalysts which will be followed by discussion to understand the trends observed
in the activities of hydrogen. Figure 8 shows the visible light hydrogen evolution
activity of all the mesoporous material sensitized by RhB. The photocatalytic
activity is found to decrease in the order Meso-Ni-TiO2 ~ Meso-TiO2 >>
Meso-Zn-TiO2 > Meso-Co-TiO2.

Figure 8. H2 evolution from doped and non-doped mesoporous titania using
RhB dye.

The activity of the photocatalysts depend on a number of properties such
as crystallinity, crystallite size, surface area, surface hydroxyl groups, porosity,
and amount of dye adsorbed. In dye-sensitized photocatalytic systems, the
adsorption of dyes is a prerequisite. Efficient electron transport from the dye to
the photocatalyst takes places, if the dyes are adsorbed effectively on the surface
(48). Table 2 shows the amount of RhB adsorbed in the presence of TEOA
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over the mesoporous materials. It seems that the amount of RhB adsorbed is
relatively low for Meso-Co-TiO2 and Meso-Ni-TiO2 and higher for Meso-TiO2
and Meso-Zn-TiO2. The surface areas and the pore volumes of the mesoporous
materials are similar. The amount of RhB adsorbed over Meso-Zn-TiO2 may
be higher due to the relatively lower pore diameter that prevents desorption of
the dye suggesting that there is an optimal pore size to retain the dyes. Also,
the pzc of a suspension containing TEOA and the photocatalyst was evaluated.
The values of pzc were found to be relatively constant at – 30 mV for all the
suspensions. This suggests that the surface charge of the mesoporous materials
are similar. The density of surface hydroxyl groups was found to be twice as high
as the doped-TiO2 materials. Thus, the adsorbed of RhB may be favored on the
non-doped mesoporous material through H-bonding interactions between them.

Table 2. Amount of Rhodamine B Adsorbed in the Presence of TEOA and
the Hydrogen Yields

Samples Amount adsorbed
(µmol/g)

H2 yield
(µmole/gcatalyst)

Meso-TiO2 1.12 15.1

Meso-Co-TiO2 0.74 3.00

Meso-Ni-TiO2 0.90 15.5

Meso-Zn-TiO2 1.40 3.50

The amount of hydrogen evolved as indicated in Table 2 seems to suggest
no correlation with the amount of RhB adsorbed. Thus, we have to examine
other factors that may affect the photocatalytic activity. The crystallinity and
the crystallite size of titania are all similar; hence, these cannot be reasons for
differences in activity. The surface areas of the mesoporous materials lie in
a narrow range and this may not account for the differences in photocatalytic
activities. In comparing the activity, the photocatalytic activity of Meso-Zn-TiO2
and Meso-Co-TiO2 are significantly lower. The powder XRD results indicate
that the Co2+ and Zn2+ are doped into the lattice of titania (perhaps in interstitial
positions because of the relatively large size difference in the ionic radii). Doping
of TiO2 with altervalent cations of lower valence is expected to decrease the
rate of hydrogen production because of a reduction in the capacity of the space
charge region to separate the electron-hole pair (49). A similar mechanism may
be in operation here with the dopant ions (Co2+ and Zn2+) in the bulk serving as
electron trap centers. Thus, Meso-Zn-TiO2 and Meso-Co-TiO2 materials show
lower activity in comparison to the non-doped TiO2 material. On the other hand,
doping with Ni2+, results in the formation of a solid solution, i.e., the Ni2+ ions are
located on the surface of the mesoporous titania. Although the density of surface
hydroxyl groups are modulated by deposition of Ni2+ ions, the amount of RhB
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adsorbed is similar on Meso-TiO2 and Meso-Ni-TiO2. Thus, the Meso-Ni-TiO2
exhibits similar activity as Meso-TiO2 and hence doping with Ni2+ ions is not
detrimental to the production of hydrogen.

Conclusions

The EISA synthesis route was successfully utilized to synthesize the non-
doped and metal-doped mesoporous TiO2 materials. The surface area and the
surface hydroxyl groups were found to be similar in all the metal-doped TiO2
materials, while changes were noticed in the textural properties such as pore sizes.
Whole powder pattern fitting suggest that Co2+ and Zn2+ ions are introduced into
the bulk, whereas Ni2+ ions are probably located on the surface. The location of
the dopant ions has a dramatic effect in photocatalytic evolution of hydrogen using
RhB as the sensitizer.
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We demonstrate attachment of first-row transition metal ions to
the surface of TiO2 nanorods. The metallated TiO2 nanorods
were characterized with TEM, powder XRD, UV-visible, XAS,
XPS, ICP-AES elemental analysis, and energy-dispersive
X-ray spectroscopy. The materials can be readily studied using
computational methods to provide valuable theoretical insight
to the electron structure properties as well as charge-carrier
dynamics. The materials are a testbed in which a feedback
loop of computational and experimental results could guide
the project toward the ultimate goal of creating optimized
photocatalysts for solar energy utilization.
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Introduction

This proceedings paper is based on the oral presentation having the same
title given at the Fall 2013 National Meeting of the American Chemical Society
in Indianapolis, IN on September 8, 2013. This paper is an account of the oral
presentation and latest developments as of the presentation date. The work spans a
period of approximately six years, with no less than five of the contributing authors
having been undergraduate students uponmaking their contributions to the project.

The ultimate motivation for this work is the need to develop low-cost,
high-performance materials for solar fuels catalysis (1–3). A well-known strategy
for photocatalysis is the use of semiconductor materials (4, 5). Irradiation of
a semiconductor with photon energy greater than its bandgap leads to light
absorption and formation of a highly delocalized and energetic exciton. The
exciton will dissipate energy while the electron and hole become localized. The
lowest energy states for the electron and hole are at the surface sites, so charge
carriers tend to migrate in random electron hopping events until they reach the
surface. At the surface, the electron and hole can be utilized as reducing and
oxidizing equivalents in chemical reactions. Thus, photocatalysis can be used
to drive endergonic chemical reactions, and is a means to capture light energy
and store it in reactive chemical bonds; the prototypical example being splitting
of water to hydrogen and oxygen. Along the way, the electron and hole can
recombine whereby the energetic state formed as a result of photon absorption
becomes lost as light or heat. The recombination mechanism is competitive with
surface chemical reactions.

There are a huge range of possible semiconductor materials, and among
this set, various limitations may reduce the number of materials for study.
Requirements include such factors as abundance/cost, toxicity, stability, match of
band-edge potentials to desired electron transfer reactions, and match of bandgap
to visible photon energy (6). No single material meets all of the requirements.
So, material combinations or modifications that alter the properties of a material
(especially at the surface) are methods to overcome the limitations of pure
single-phase materials. In our work, we select TiO2 as a scaffold semiconductor
material with the intent to attach components to the surface to enhance its utility
as a visible light photocatalyst. TiO2 is earth abundant and has low toxicity.
TiO2 can be prepared in a wide range of morphology, as much is known about
synthetic techniques for high surface area TiO2 that yield diverse structures such
as nanocrystals, ordered mesoporous materials, aerogels, and nanotube arrays
(7). The band edge potentials of bulk anatase TiO2 (anatase is the most abundant
polymorph of nano- or high surface area TiO2 due to the stability of the {101}
facet) are approximately +3.0 V for the upper valence band and -0.2 V for the
lower conduction band (vs SHE). For comparison, proton reduction occurs at 0.0
V and water oxidation occurs at +1.23 V. Thus the valence band holes are strongly
oxidizing and there is large overpotential to drive water oxidation; however,
conduction band electrons that relax to the band edge are not strongly reducing.
The overpotential for proton reduction is lower than ideal. This was evident in
the well-known Fujishima-Honda experiment in which the photoelectrochemical
cell consisted of a TiO2 photoelectrode and a Pt electrode immersed in aqueous

104

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

00
4

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



cells (8). Irradiation of the photoelectrode with UV radiation led to bandgap
excitation and electron transfer from TiO2 to Pt through a Cu wire (attached
to In-sputtered TiO2 with Ag paste). The electrochemical potential at the Pt
electrode was very close to the potential of the proton reduction half-reaction.
Without overpotential to drive the reaction, H2 evolution was slow. Meanwhile,
at the TiO2 photoelectrode, electron transfer from water to fill electron vacancies
led to oxygen evolution. However, the thermodynamically favorable reaction was
very slow since the TiO2 surface is a poor catalyst for electron transfer from water.

Despite its limitations, TiO2 can be modified in many ways that improve its
performance in visible light photocatalysis. An important problem to tackle is the
conduction band edge potential. It is well established that quantum confinement
occurs in semiconductor nanocrystals with dimension smaller than the Bohr
exciton radius (9–11), which is ~1 nm in TiO2 (12). Sub-nanometer thin anatase
TiO2 ‘nanosheets’ that present {001} facets exhibit greatly blue-shifted UV-vis
absorption spectrum indicating larger bandgap (3.8 eV) (13). The valence band
edge potential was shifted by +480 mV while the conduction band edge potential
was shifted by -120 mV (14). Thus, upon confinement, the conduction band edge
potential still does not provide large overpotential versus SHE. The ‘nanosheets’
are oxide rich and have net negative charge.

There has been much effort in the preparation of doped TiO2 materials,
including nanoparticles. Doping with non-metals has been reported to improve
visible light absorption. Dopants include F, N, C, S, and P that replace O atoms in
the crystal (15). Non-metal dopants introduce new states in the bandgap region of
pure TiO2. The states tend to appear near to the valence band. Doping with metal
ions also leads to new states in the bandgap region of TiO2. The energy of the new
states is characteristic of the dopant ion introduced into the crystal. A theoretical
study of first-row transition metal ion dopants in TiO2 shows the appearance of
new metal 3d states that appear near the conduction band for vanadium (early
in the metal series) and the new states fall lower in energy moving toward the
late first-row metals (16). Perhaps non-intuitively, new states associated with
Ni-doping appear in the valence band.

Interestingly, the charge carriers in photoexcited TiO2 tend to migrate to
specific facets. In rutile, holes apparently migrate selectively to the (011) facet, as
evidenced by deposition of PbO2 on those surfaces; whereas electrons apparently
migrate selectively to the (110) facet, as evidenced by deposition of Pt on those
surfaces (17). A similar phenomenon was observed in anatase crystallites in
which holes migrated to the (001) facet while electrons migrated to the (101) facet
(18). Potentially shape selection in TiO2 nanocrystals could be used to manage
charge carriers in photocatalysis.

There has been a vast amount of investigation to make improvements based
on the TiO2 based photoelectrochemical cell and a huge range of new materials
and combinations has been investigated. The pursuit of new solar fuels catalyst
materials that can potentially absorb sunlight and efficiently catalyze formation of
fuel/oxidizer combinations is alluring and is often called artificial photosynthesis
due to its similarities to natural photosynthesis. Photo-induced electron transfer in
artificial photosynthesis systems was recently summarized (19). Schemes include
molecular triad, dye-sensitized solar cell (DSSC), semiconductor photocatalyst,
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coupled DSSC to water oxidation and proton reduction catalyst, and tandemwater-
splitting cell. Sensitization has been a major strategy to improve visible light
absorption of TiO2.

A seminal work in coupling sensitized semiconductor particles with catalysts
was the colloidal photocatalyst system design in Prof. Gratzel’s laboratory. The
colloidal photocatalyst consisted of Ru(IV)-doped TiO2with adsorbed Pt particles
and Ru(bpy)32+ sensitizer (20). The doping level of Ru(IV) (as RuO2) was 0.1%,
which presumably led to distribution of Ru(IV) within the particle and on the
surface. The TiO2 particles were anatase with diameter of ~47nm. At the low
doping level Ru(IV) were most likely isolated sites despite the description of
‘RuO2’ domains in the system. The Ru(IV)-doped TiO2 particles were added
to a dispersion of colloidal platinum and sonicated for several minutes. The
colloidal Pt/RuO2-TiO2 particles were subjected to UV irradiation. Evolution of
H2 and O2 in the expected stoichiometry was observed. The UV photons induced
bandgap excitation of the semiconductor, followed by electron transfer from the
TiO2 conduction band to Pt and from Ru(IV) to the TiO2 valence band. The Pt
domain catalyzed H2 evolution while the highly oxidized Ru sites catalyzed O2
evolution. The reaction was completely suppressed with a 400nm cutoff filter.
Visible light photocatalysis was demonstrated in the presence of sensitizer and
electron relay, Ru(bpy)32+ derivatives and methylviologen, respectively. With
the cutoff filter in place, irradiation with the Xe lamp led to water splitting with
quantum yield of H2 near 5%. Later studies in which the Pt/RuO2-TiO2 catalyst
was prepared via irradiation of aqueous colloidal (20nm) TiO2 in the presence
of RuO4 and H2PtCl6 showed high activity for water splitting under bandgap
excitation; however, the quantum yield of 5% under visible light irradiation
in the presence of sensitizer and electron relay was never again matched (21).
More importantly, the mechanism of Pt/RuO2-TiO2 catalyst in the presence of
Ru(bpy)32+ and methylviologen (MV2+) was demonstrated. The MV2+ relay
accepts an electron from the excited sensitizer, and then donates the electron to Pt
or the TiO2 conduction band. The oxidized Ru(bpy)33+ species was found to be
a selective electron acceptor for RuO2.

More recently, heteronanocrystals can be prepared with increasingly reliable
methods (22–27). In the Gratzel colloidal photocatalyst, a potential issue is
whether there is a robust interface between the sensitized TiO2 particle and
the catalyst particles. In well-defined heteronanocrystals this issue is resolved.
While the number of examples of heteronanocrystals is rapidly increasing with
greater number of materials combinations, we decided to focus on semiconductor
nanorods with metal nanoparticles attached to the tips. It is known that in nanorods
charge carriers can migrate longitudinally with low energy loss. This directional
conductivity might be important in charge separation. A second reason for the
choice to use tipped nanorod morphology lies in the desire to ultimately produce
a hierarchical photocatalyst system based on self-assembly. We have proposed to
develop block-copolymer/heteronanocrystal nanocomposite materials in which
nanorods would serve as membrane-spanning units (28). In such a system, several
advantages were envisioned: separation of reducing and oxidizing catalyst sites
on opposite sides of a membrane, potential to favorably utilize a pH gradient
across the membrane, self-assembly of nanoscale components, well-defined
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heteronanocrystals, and possible scale-up. In this grand artificial photosynthesis
scheme, a sensitized catalyst-tipped semiconductor nanorod heteronanocrystal
could mimic the roles of photosystem II in natural photosynthesis.

There are several examples of selective nucleation of nanocrystals on
semiconductor nanorod tips. The first demonstration of the concept was selective
nucleation of Au on the tips of CdSe nanorods (29). The high surface free energy
of the nanorod tips, and other defect sites on the nanorod initiate nucleation of
the metal, which is followed by nanocrystal growth. Furthermore, prolonged
heating of the dumbbell structure led to intra-rod Ostwald ripening and formation
of one-sided metal-tipped Au-CdSe nanorods (30). Since the initial discovery
of selective nucleation of nanocrystals on nanorod tips, other groups have
reproduced the phenomenon. Co-TiO2 dumbbell structures were synthesized upon
decomposition of Co2(CO)8 in the presence of TiO2 nanorods (31). The interface
between Co and TiO2 was present in more than one epitaxial configuration.
Selective nucleation of Pt, Pd, or PtPd bimetallic particles on CdS nanorods led
to dumbbell structures (32). The growth of Co on the tips of CdSe nanorods was
demonstrated (33).

In order to prepare catalyst-tipped semiconductor nanorod heteronanocrystal
based on TiO2, it was imperative to learn to prepare rod-shaped TiO2 nanocrystals.
A variety of procedures can be found in the literature (34–40). Generally,
rod-shape TiO2 nanocrystals are relatively straightforward to prepare, and
reported procedures are reproducible. The most common phase is anatase, with
elongation along the c-axis that is clearly observed in transmission electron
micrographs and powder X-ray diffraction data. The nanocrystals are typically
stabilized with fatty acid molecules that strongly passivate the {101} facets
and contribute to the anisotropy during nanocrystal growth. The nanocrystals
disperse readily in non-polar solvents, and the dispersions can be stable for years.
UV-visible absorption is strong in the UV region, with the onset of absorption
blue-shifted by ~100 nm compared to the bulk solid.

Results and Discussion

We initially prepared rod-shape anatase TiO2 according to the method
reported by the Li group (35). In the synthesis, Ti(OBu)4 and linoleic acid
are combined in cyclohexane at elevated temperature and pressure in a Parr
digestion bomb to yield the linoleic acid stabilized nanocrystal product that
can be easily purified with precipitation/redispersion steps. The linoleic acid
stabilized nanocrystals are susceptible to photodecomposition, as dispersions in
hexanes left in ambient light precipitated from solution. The reaction yielded
~100 mg batches of nanocrystals; however, after size-selective precipitation to
obtain uniform high-aspect ratio nanocrystals, the mass was typically ~70 mg.
The anatase nanocrystals were elongated along the c-axis and presented {101}
facets. We were able to use a 120 kV TEM to resolve the {101} and {004} lattice
fringes and index individual nanocrystals.

We attempted alternate procedures to obtain rod shape TiO2 nanocrystals.
Starting from much more reactive TiCl4 and oleylamine, it is possible to obtain
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anatase nanorods (36). In the literature, it is reported that the nanorods grow
along the c-axis, as is commonly observed for other rod-shape anatase samples;
however, on close inspection of the authors’ HRTEM data, it is clear that the
nanorods actually grow along the a-axis. We are able to reproduce this observation.
Interestingly, the reactive combination of TiCl4 and oleylamine at different ratio
leads to brookite phase rod-shape TiO2 nanocrystals that grow along the c-axis
(37). We were able to reproduce this observation in our laboratory as well.

While we have built-up significant expertise, and inventory, on synthesis of
TiO2 nanorods, it was apparent that we could benefit from a simpler synthesis route
and larger scale. The procedure reported by Hyeon works quite well (40). We
are able to reproduce the oleic acid stabilized rod shape anatase TiO2 nanocrystal
with [001] growth in 10 gram scale. The unprocessed product consists of broad
distribution of aspect ratio nanocrystals. Workup in our lab yields a small fraction
(5-10%) of nanocrystals with aspect ratio of 1-2, a small fraction (10-20%) of
nanocrystals with intermediate aspect ratio of 2-6, and a large fraction (~70%) of
high aspect ratio nanorods. The dispersions of oleic acid stabilized nanocrystals in
hexanes are stable indefinitely, even in ambient light. So, the oleic acid stabilizer
is more stable than the linoleic acid stabilizer. The latter can oxidize more easily
due to the position of a -CH2- between two C=C bonds that can lead to delocalized
radicals over five carbon atoms. Due to the large scale, ease of synthesis (only two
reactants), good reproducibility, and good stability of the sample, we prefer to use
the method developed by Hyeon.

Over the course of our work on rod shaped TiO2 nanocrystals, we’ve
checked several procedures in the literature and confirmed their reproducibility.
We prepared anatase with [001] growth direction using linoleic acid or oleic
acid stabilizer, anatase with [100] growth direction using oleylamine stabilizer,
brookite with [001] growth direction using oleylamine stabilizer, have learned
to scale up from 10s of mg to 10 grams of nanocrystal product, and have
learned how to perform ligand exchange reactions. The number of cycles of
precipitation/redispersion that a sample can be subjected to depends on the affinity
of the ligand to the nanocrystal surface. We note that oleylamine stabilized TiO2
was much less stable than oleic acid stabilized TiO2, such that the former could
typically survive only three cycles before irreversible precipitation while the latter
could survive six cycles. After enough successive cycles, it is presumed that most
of the stabilizing ligand is removed (34). The samples can be redispersed if the
ligand is added again. Alternatively, a new stabilizing ligand could be added,
which is a method for ligand exchange. In particular, phosphonates and –enediols
bind very tightly to the TiO2 surface.

Following the preparation of TiO2 nanorods, we began experiments to observe
whether selective nucleation of metals on the tips occurs. Our initial experiment
was to decompose Pt(acac)2 in the presence of the linoleic acid stabilized TiO2
nanorods. We performed the reaction with temperature, reaction time, and UV
light as variables. While Pt nanoparticles formed quite readily in the experiments,
there was no evidence for selective nucleation. We observed dispersions of Pt and
TiO2 nanocrystals together. The variables of the experiment only gave varying
morphology and size of the Pt nanoparticles.
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After this setback, we were inspired by the report of selective nucleation of
Co on the tips of TiO2 nanorods (31), and aimed to reproduce the result. It was our
hope to utilize the Co-TiO2 heteronanocrystal as a photocatalyst. In the reported
experiment Co2(CO)8 was decomposed in the presence of oleylamine stabilized
TiO2 nanorods formed from TiCl4. We performed the experiment numerous
times and were unable to observe any nucleation of Co particles on the surface of
TiO2. Upon varying conditions of the reaction, we could observe three outcomes:
precipitation of cobalt metal, solution nucleation of cobalt nanoparticles not
attached to TiO2, or formation of blue dispersions. The blue color suggested the
presence of tetrahedral Co2+ and we observed that the blue color was always
found with the colloid. That is, if the colloid was precipitated from solution
the precipitate was blue (no color in the supernatant), and if the colloid was
redispersed the dispersion was blue. The result was reproduced multiple times in
the lab, and we believed the material was a surface modified TiO2 nanocrystal
with Co2+ ions attached to the surface.

We followed up with careful observation and analysis of the sample in order
to fully understand the material. First, we established a mass balance of cobalt in
the reaction based on the amount of Co2(CO)8 injected. After the reaction, we
observed a black precipitate and a blue reaction mixture. The precipitate was
separated, dried, and identified as amorphous cobalt according to powder X-ray
diffraction. Its mass accounted for half of the cobalt injected into the reaction. The
remaining blue reaction mixture was subjected to precipitation/redispersion cycles
until the supernatant was colorless (2 or 3 cycles sufficed). The supernatant was
pink initially, suggesting octahedral Co2+ as molecular species. The precipitate
was pale blue in color and readily redispersed in hexanes, suggesting a nanocrystal
product that retained a significant amount of cobalt. Energy-dispersive X-ray
spectroscopy and elemental analysis of the sample indicated ~7% cobalt byweight,
which accounted for ~25% of the total cobalt added. The striking feature of the
sample was its blue color. This is in stark contrast to the coloration of TiO2
samples doped with Co2+ that appear light brown or tan in color (41, 42). UV-
vis spectra show broad absorbance feature from ~500-650 nm and very much
resembled data reported for cobalt-doped ZnO nanocrystals (43). Interestingly,
the cobalt-doped ZnO sample possessed both internal and surface dopant sites
and presented broad spectroscopic features. Upon growth of a ZnO shell that
entombed all cobalt dopants in a forced tetrahedral geometry, the spectroscopic
features became sharper. The UV-vis data from the cobalt modified TiO2 sample
had broad absorbance features and suggested surface cobalt species.

It had been reported that surface cobalt could be removed from cobalt-doped
TiO2 nanocrystals (42). The procedure led exclusively to cobalt atoms located
within the nanocrystal with identical geometry. The protocol was to extract
with trioctylphosphine oxide at 90°C for 1 hour to remove all surface cobalt
species. For AOT capped TiO2 nanocrystals (AOT = sodium bis(2-ethylhexyl)
sulfosuccinate), the procedure achieved complete removal of surface cobalt.
However, with our oleylamine stabilized Co-TiO2, the procedure was ineffective
for removal of surface cobalt. We subjected the material to harsh treatment with
excess trioctylphosphine oxide at 250°C for 14 hours, and found ~70% of the
cobalt was removed while the remaining nanocrystal material was tan in color
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(suggesting internal cobalt). We had to determine whether this internal cobalt
was already present in the sample before the trioctylphosphine procedure or if
the procedure actually led to migration of cobalt from the surface to within the
nanocrystal. To this end, we treated a new sample of the Co-TiO2 nanorods with
dimethylglyoxime (DMG), which is well-known to form a stable tetradentate
macrocycle with cobalt ion (44). After mixing DMG with the Co-TiO2 for 10
minutes at room temperature, it was found that all of the cobalt was removed from
the nanocrystals. This result provides evidence that our synthetic method led to
exclusively surface cobalt and that the trioctylphosphine protocol under forcing
conditions actually led to diffusion of cobalt atoms into the nanocrystal.

TEM and powder XRD data of the Co-TiO2 samples showed that the crystal
phase was brookite and that the crystal was anistropic (elongated along the c-
axis). TEM specifically showed the presence of rod shape nanocrystals with fairly
uniform dimensions and no evidence of other phases. There was no evidence of
any crystalline phases due to cobalt, which is consistent with atomically dispersed
species.

In order to provide further evidence that the cobalt was indeed on the
surface of the nanocrystal and to learn more details about its geometry and
electronic structure, we performed X-ray absorption spectroscopy (XAS) and
X-ray photoelectron spectroscopy (XPS). The XAS data for several standards
(cobalt metal, CoO, Co3O4, CoAl2O4) and the Co-TiO2 sample were compared.
At the Co LIII-edge energy the Co-TiO2 gave an absorption edge consistent with
Co2+ oxidation state. A pre-edge feature was located that was a useful diagnostic
of the cobalt geometry. In tetrahedral cobalt (CoAl2O4) the pre-edge feature is
intense whereas in octahedral environments (CoO) this feature has much lower
intensity due to selection rules. The pre-edge feature of the Co-TiO2 sample had
intensity inconsistent with only tetrahedral or octahedral species, and its intensity
was best modeled as arising from roughly equal parts tetrahedral and octahedral
cobalt. Consistent with this finding, modeling of the EXAFS data showed an
average coordination number of 5 that is best explained by equal contribution
of tetrahedral and octahedral cobalt. Furthermore, the EXAFS data showed
no long-range back-scattering interactions that strongly suggest a disordered
environment about cobalt that is most consistent with cobalt atoms located on
the surface of the nanocrystal. For example cobalt phosphate thin films show
no long-range order whereas bulk cobalt phosphate does (45). The XPS data
at the Co 2p binding energies was consistent with Co2+ oxidation state. Also
consistent with this assignment were the presence of strong shake-up peaks.
Furthermore, the energy separation of the Co 2p3/2 and Co 2p1/2 peaks (~5.3 eV)
was intermediate in comparison with values typical for tetrahedral (5.0 eV) and
octahedral (6.0 eV) complexes that suggested contributions from both geometries.

With the assignment of Co2+ firmly established based on spectroscopic
data, an explanation as to the mechanism of its formation was required since
the starting precursor was a source of Co0. The information may be found in
Cotton and Wilkinson’s text (46). It is known that in the presence of Lewis bases,
the Co2(CO)8 cluster undergoes a heterolytic cleavage of the Co-Co bond to
yield Co(CO)4- and CoL5+ complexes. The tetracarbonylcobaltate(-1) complex
is stable; however, it likely undergoes oxidative addition to form additional Co+
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species. The Co+ complexes tend to be unstable and undergo disproportionation
to equal equivalents of Co0 and Co2+ (47–49). These points are important and
consistent with our observation of ~50% cobalt as metallic precipitate and
~50% as Co2+ (roughly equally distributed between free species in solution and
ions attached to the TiO2 nanocrystals). Furthermore, this mechanism presents
an alternative to the selective nucleation mechanism that is required to form
heteronanocrystals. Our work was recently reported in a full paper (50).

The Co2+ decorated brookite TiO2 nanocrystals were studied as visible
light photocatalyst for the decomposition of 5,8-dihydroxynaphthoquinone.
A sample of brookite TiO2 nanocrystals was studied for comparison. In
the presence of both samples, we observed reduction in the absorbance of
5,8-dihydroxynaphthoquinone with time. The Co2+ modified sample showed
initial turnover frequency of 2.1±0.2×10-2 s-1 versus 1.3±0.1×10-3 s-1 for the
brookite sample. The results were encouraging, but somewhat surprising to us.
While TiO2 is an active photocatalyst for visible light decomposition of dyes, it
has been shown that activity was greatly lowered in the presence of aqueous metal
ions (51). In the dye-sensitized scheme, visible light excites the dye, an excited
electron is injected to the conduction band of TiO2 that subsequently combines
with O2 to generate reactive oxygen species (i.e., superoxide), and these oxidize
the dye. It was concluded that metal ions were effective scavengers of conduction
band electrons that presented a competitive pathway to the formation of reactive
oxygen species.

While we have found a new way to attach Co2+ to the surface of brookite TiO2
nanocrystals and found the material could be an active visible light photocatalyst,
we desire to expand the scope and utility of the system. It was highly desirable to
move away from the use of TiCl4 and Co2(CO)8 in favor of a simpler synthesis,
to scale up the yield of material, and to expand to a broader set of metal ions that
could be attached to the surface of the TiO2 nanocrystal. We began by borrowing
the large-scale synthesis of rod-shaped anatase TiO2 nanocrystals reported in the
literature (40). As mentioned earlier in the paper, this method works quite well.
With this material, we were able to develop a new method for the attachment of
first-row transition metal ions to the surface of the TiO2 nanocrystals (52). The
method uses inexpensive metal chloride hydrates as precursors. In the presence of
oleylamine, the metal ions are transferred in the non-polar synthesis medium and
adsorb to the surface of the TiO2 nanocrystals. The reaction is self-limiting, and
the surface of the nanocrystal could be titrated. The method is applicable for the
first row transition metal ions Cr3+, Mn2+, Fe2+, Co2+, Ni2+, and Cu2+.

Interestingly, a check of the newly derived anatase Co2+-TiO2 sample as
catalyst for visible light decomposition of 5,8-dihydroxynaphthoquinone revealed
substantially lower activity when compared to the anatase TiO2 sample without
adsorbed Co2+ ions. This result seems more consistent with previous observations
(51), but is inconsistent with our observation of increased activity of brookite
Co2+-TiO2 versus brookite TiO2. One obvious question might be whether the
TiO2 phase is a key in the difference in observations. More broadly and more
importantly, our discovery of simple, large-scale self-limiting reactions to attach
transition metal ions to the surface of nanocrystals could open new opportunities
for investigation.
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It became apparent to us that the Mn+-TiO2 system was an excellent platform
for computational study, and that we had an opportunity to generate theoretical
outputs that could be compared with experimental data. This interaction is highly
desirable in that theoretical methods can be improved, deeper understanding
of experimental results can be achieved, and predictions may be possible that
drive experimental work (ideally in the most fruitful directions). The initial
computational models include electronic structure and charge-carrier dynamics in
wet anatase TiO2 nanostructures in which one of the surface Ti atoms is replaced
with a transition metal (53, 54). Nanostructures of TiO2 were cleaved from the
anatase phase structure of titania downloaded from the U.S. Naval Research
Laboratory Center for Computational Materials Science database. A simulation
cell was established with periodic boundary conditions to construct various 1D
and 2D nanostructures. A vacuum layer of 8 Å was added to the simulation cell to
prevent spurious interactions between periodic replicas. The surface of TiO2 was
simulated with one monolayer of adsorbed water. This model could be modified
to approximately represent the Mn+-TiO2 materials upon replacing one Ti atom at
top and bottom surfaces with a metal atom.

We atomistically compute the electron-to-lattice vibration coupling using the
response of the excited state transition electron density to nuclear elongations. The
electronic states are recalculated for each atomic configuration along molecular
dynamics trajectory, produced during the simulation, to compute the “on-the-fly”
nonadiabatic couplings between the electronic and nuclear degrees of freedom
(55). These couplings determine dissipative transitions between electronic states
and enter electron dynamics through solving the relevant Liouville-von-Neumann
equation for a reduced density matrix (56). This approach scales well, noticeably
reduces the required numerical resources, and substantially speeds up the
computational procedure while still maintaining the precision associated with
atomistic calculations for photoinduced non-equilibrium states of materials. Our
method is justified by convergence of the results with those obtained at higher
computational cost by the current state-of–the-art “surface hopping” methodology
(57–60).

We focus on charge transfer dynamics, and the effects of inorganic
functionalization of the surface. The main observables to explore are rate of
charge transfer, direction of charge transfer, rate of charge transfer, and lifetime
of charge transfer excitation. Preliminary results were obtained for anatase TiO2
structures of different dimensionality: 0D (solvated ions, titanium hydroxide)
(61), 1D (nanowires, bare and functionalized) (62, 63), 2D (thin films) (54, 64,
65), and 3D bulk (66). Control of charge transfer amount, direction, rate, and
lifetime may be achieved through functionalizing different surfaces <100> (54,
64), <001> (65), and <101> (67) with transition metal or lanthanide ions. As an
ultimate level of progress our group will explore transition metal clusters on the
surface of TiO2 substrate in the aqueous environment (67).

Being that the computational model is modular, we expect this to be a versatile
platform to test various ideas related to the Mn+-TiO2 materials, including effects
of concentration of surface metal ions on electronic structure and surface reactions,
effects of different metal ions, modeling reaction mechanisms on the surface, and
changing atomic geometry of the metal ions. Once these relationships can be
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established, it may become possible to compute the properties of new materials
combinations to guide experimental work in the development of highly active
photocatalyst materials.

Conclusions
Motivated to develop new low-cost, high performance nanostructured

materials for solar fuels catalysis, new methods were discovered to attach
transition metal ions to the surface of nanocrystals. The latest synthetic
methodology could potentially allow a wide range of new materials to be
prepared. Computational methods are being utilized in order to understand the
electronic structure and charge-carrier dynamics in the Mn+-TiO2 nanomaterials.
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Chapter 5

Transition Metal-Doped Semiconductor
Quantum Dots: Tunable Emission

Vitaly Proshchenko and Yuri Dahnovsky*

Department of Physics and Astronomy/3905, 1000 E. University Avenue,
University of Wyoming, Laramie, Wyoming 82071

*E-mail: yurid@uwyo.edu.

In this work we theoretically prove the effect of a dual
luminescence discovered by Gamelin and co-workers for CdSe
quantum dots (QDs) doped by a Manganese impurity (Nano
Lett. 2008, 8, 1197). In this effect one line corresponds to
light emission from CdSe conduction band while the second
emission because of the presence of an Mn impurity with the
very slow relaxation time of 0.1 – 1.0 ms. The second line
disappears for quantum dots with diameters D ≥ 3.3 nm and
therefore, the luminescence becomes tunable by a QD size.
Since the oscillator strength for the second line is very small,
there is no computational methods and resources that allow
for calculations within the traditional approaches. The other
reason that makes the computations even more difficult is a
high degeneracy of the energy states. In this case one should
use ab initio multi-configuration computational methods. To
overcome this problem we propose four assumptions where
(1) a QD optical gap is independent of an Mn impurity at
small concentrations; (2) we combine electronic structure
calculations for medium size CdSe QDs with the effective mass
calculations for medium and large QD sizes and match them in
the medium size region assuming that the optical gap based on
assumption 1 is independent of Mn even for larger QDs; (3) we
cut an MnSe4 fragment out of Cd23MnSe24, Cd31MnSe32, and
Cd81MnSe82 QDs and check whether an electronic structure
of these fragments quantitatively explains a mechanism the

© 2015 American Chemical Society
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second, slow relaxation emission in the experiments; and (4)
the slow luminescence energy is independent of a QD size. We
have proved all these assumptions theoretically and found that
the critical size of a quantum dot is 3.2 nm (the experimental
value is 3.3 nm) and the luminescence energy is 2.3 eV versus
the experimental value 2.1-2.2 eV. We also study different
QDs doped by Mn. They are CdS, ZnS, and ZnSe. For the
slow relaxation line the emission energies are higher for ZnS
and CdS QDs while the transition energy is lower for ZnSe
quantum dots. We find that for a ZnS QD there is no critical
size. Thus such luminescence is not tunable. In addition we
predict how this energy depends on the length of an Mn-Se
chemical bond. Such a prediction could be useful for CdSe
nanocrystals different than Würtzite.

I. Introduction

It has been understood for a long time that materials systems combining the
tunability of semiconductors due to their quantum size effects offer the flexibility
of physics properties that can be useful to achieve high efficiency performance of
solar cells (1–34). Another important feature that can change physics properties
of semiconductor nanocrystals combining with the size effects, is doping with
transition metal (TM) impurities. TM dopants can be efficient in photovoltaic
energy conversion (35–39), nanospintronics and spin-photonics, (40), magneto
optical and magneto-electronic properties (41–52), and giant Zeeman effect (53).
Photoluminescence properties become unusual if nanocrystals are doped by Mn
atoms. In this case one observes dual or single emission, thus tunable, depending
on a Cdn-x-Mnx-Sen quantum dot (QD) size (54–56). The experiments show that
there are two emission lines for small QDs and a single emission line for larger
sizes. If two light transitions take place, the luminescence with the lower energy
lives much longer than the fast luminescence with a life-time about 0.1-1.0 ms
for CdSe nanocrystals (54). The higher energy line has a short life-time within
a nanosecond range. For larger sizes the emission life-time is also short, about
several nanoseconds. The light emission is schematically shown in Figure 1. The
red line stands for the excited state 4T1 of an Mn atom in a crystals field with Td
symmetry. Two emission lines are shown by the black arrows.

As mentioned above the long-living emission disappears for larger QDs. In
this work we explain this effect. The difficulty of a theoretical description is due to
small oscillator strengths, that are106 times smaller than for the first emission line.
It is practically impossible to calculate oscillator strengths for such a transition.
Such a small oscillator strength is because this transition is forbidden by a spin.
Nevertheless, the luminescence takes place due to a small spin-orbit interaction as
suggested in Refs. (40, 54–56). However there is a way how to provide reliable
theoretical description of the effect under study. To do this would require to make
some physical assumptions and prove them computationally.
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Figure 1. Emission of light for three different size QDs. For d < 3.3 nm there are
two emission lines, for d = 3.3 nm the slow relaxation emission line disappears

and for d > 3.3 nm there is only one emission line.

Figure 2. Splitting of the five-fold-degenerate energy levels in the spherical
symmetry into two levels due to a tetrahedral ligand field. The upper level is

triply degenerate while lower one is doubly degenerate (57).

II. Ligand Field Approach
In an isolated Mn atom in spherical symmetric configuration five electrons

are placed on 3d unoccupied orbitals in accordance with the Hund’s rule. Thus
the total spin of the atom is S = 5/2 (L = 0) with the multiplicity M = 6. As
soon as an Mn atom is located in a quantum dot, the spherical symmetry of the
orbitals, 6S, descends to the symmetry of a crystal field. In our particular case the
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symmetry of a QD is close to the symmetry of the tetrahedron, Td. Thus, instead
of five degenerate levels of a free atom, the five electrons are placed to the twice
degenerate level, e (dx2-y2 and dz2) and the triply degenerate level t2 (dxy, dyz, and
dzx orbitals) (57). In a tetrahedral environment the e-level is below the t2-one as
shown in Figure 2.

Figure 3. Ligand-field energy level diagram for tetrahedral symmetry. The
luminescence takes place from the lowest 4T1 level to the 6A1 ground state (for

the details see Ref. (57)).

The energy splitting between these two levels is Δ. The symmetry of the
ground state can be easily found from the product (t2)3(e)2. It is 6A1 where
“6” denotes the multiplicity of the state. The excited state for a tetrahedron
configuration is determined by a spin flip where two electrons with the opposite
spins are placed at one of the e-degenerate levels with dx2-y2 or dz2 orbitals. The
total configuration of the total electronic state can be found from the product
(t2)2(e)3 and turns out to be 4T1, where “4” stands for the multiplicity of the
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state. Then the transition takes place from the excited 4T1 to the ground 6A1
state as depicted in Figure 2. This transition is forbidden by spin. However, it
is experimentally observed due to small spin-orbit interaction. This is the main
reason of a very slow radiation transition. A schematic picture of electronic levels
for a molecule with the tetrahedral symmetry with five d-electrons is shown in
Figure 3 (see (57)).

It follows from the calculations that there is no exact tetrahedral symmetry for
an Mn atom placed in the center of a QD. However, the chemical bond lengths and
angles between the bonds are very close to the ones in Td symmetry. The energy
levels are not triply and doubly degenerate any longer but they group in the sets
around the two energy levels, t2 and e with very small differences between the
energies in each group.

III. Calculation Plan

In this work we would like to theoretically understand the origin of two
luminescence lines taking place in a Cdn-x-Mnx-Sen quantum dot (40, 54–56). If
one increases a QD size, the second line disappears at the critical diameter and
higher, D > 3.3 nm. For smaller QDs with two emission lines, one luminescence
is very fast while the second emission line takes place with the much longer
relaxation time of 0.1-1.0 ms (40, 54–56). The latter luminescence is spin
forbidden but still takes place due to the small spin-orbit interaction. For this
emission, hν = 2.1 – 2.2 eV (40, 54–56). The fast luminescence is obviously
a transition from the conduction to valence band. As it was suggested by
Gamelin and co-workers, this luminescence is determined by a CdSe QD and
independent of an Mn impurity at small concentrations (40, 54–56). The second,
slow relaxation transition is determined by an Mn atom surrounded by Se
atoms composing a tetrahedral fragment with the approximate Td symmetry.
All these assumptions are not obvious and have to be computationally verified.
There are computational difficulties in this problem. First, the second emission
because of very slow relaxation, has an extremely small oscillator strength,
that is 106 times smaller than that of for an allowed transition in the dipole
approximation. Apparently, such a weak optical transition cannot be calculated
even by the standard fast computational methods such as TDDFT, CIS, DFT
etc. Second, electronic structure calculations cannot be performed for CdSe
QDs doped by Mn atoms with the critical and larger diameters because of
large number of atoms in a QD to prove a disappearance of the second, slow
emission. Furthermore, an Mn impurity surrounded by Se atoms with tetrahedral
symmetry has degenerate electronic states that cannot be calculated in the
single configuration approximation. In this particular case one should use
multi-configuration computational methods that appear to be very slow and
therefore cannot be applied to a QD with the realistic number of atoms. All these
difficulties make this problem unrealistic for electronic structure calculations by
modern computational methods.
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Nevertheless we believe that this computational problem can be resolved if
one employs some approximations based on a physical picture of the processes
taking place. Thus we propose the following plan for calculations that drastically
simplifies computations. This plan includes the following approximations that we
verify from the quantum chemical calculations.

Assumption 1

An Mn impurity does not change an optical gap and therefore, one can study
only CdSe QD without Mn atoms for optical gap calculations. This assumption
allows us to employ a size dependence of optical gap for larger QDs calculated in
the effective mass including exciton effect approximation (see e.g. (5, 6, 19, 20)).

Assumption 2

As soon as assumption 1 is proved, we conclude that the slow emission
transition is due to the presence of an Mn atom in a CdSe QD. Thus we cut the
smallest fragment with an Mn atom out of Cdn-x-Mnx-Sen quantum dot as shown
in Figure 4.

Figure 4. Cdn-x-Mnx-Sen quantum dot where n = 82 with the Mn atom (purple) in
the center of the quantum dot.

This fragment includes the Se nearest-neighbor atoms. As shown in Figure 5
this fragment resembles a configuration with tetrahedral symmetry.
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Figure 5. MnSe4 fragment in the tetrahedral symmetry configuration.

Assumption 3

Since the fragment described in assumption 2 does not strictly possesses Td
symmetry, we prove that an energy structure and geometry of the fragment are
very close to a fragment with the tetrahedral symmetry. Then we will use only
the symmetric configuration of a fragment because calculations are much faster
in the multi-configuration approach. In addition, it becomes possible to classify
electronic states in accordance with Td symmetry.

Assumption 4

It was experimentally observed that a second luminescence line does not
depend on a QD size (40, 54–56). We verify this observation in our calculations.

IV. Computational Details

Since the calculation plan has been outlined, we specify computation details
for each step. To find electronic structures of various quantum dots we use the
Gaussian-09 software package (58). First, all spherical CdSe QDs were cut
out from a Würtzite bulk structure and optimized by the DFT method with a
B3LYP exchange-correlation functional and LANL2dz basis set. For a Mn doped
CdSe QD geometry optimization we also use the same method, unrestricted
functional and basis set. Optical spectrum calculations for doped and undoped
CdSe QDs have been performed by TDDFT. An exchange-correlation functional
has been chosen to agree with the ab initio CISD calculations that includes
electron correlations. The best fit turns out to be CAM-B3LYP. In Figure 6 we
demonstrate how the TDDFT optical spectrum for (CdSe)10 fits the CISD one.
The discrepancy between the CISD and TDDFT methods is less than 0.1eV for
the optical spectrum.
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Figure 6. Optical spectrum for (CdSe)10 calculated by CISD (black line) and
TDDFT (red line).

Figure 7. Optical spectra for (CdSe)10 calculated by the CIS method with
different basis sets: LANL2dz (the red line), Stuttgart (the black line), and

cc-pVDZ (the green line).
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We have tested several basis sets for Cd and Se: LANL2dz, Stuttgart, and
cc-pVDZ; and for Mn: LANL2dz, 6-31G+*, and cc-pVDZ. The choice of a
working basis set is based on the two criteria: (a) the maximum agreement with
the largest basis set cc-pVDZ and (b) the shortest time of calculations. Such
a basis set has appeared to be a LANL2dz one for Cd and Se, and 6-31G+*
for Mn. The choice of an exchange-correlation functional and basis sets have
been employed for Cd10Se10 and Cd9Mn1Se10 QDs. As shown in Figure 7
optical spectrum calculated in LANL2dz, Stuttgart, and cc-pVDZ basis sets
has demonstrated almost no discrepancy for the CIS calculations. For further
calculations we have chosen a LANL2dz basis set.

In order to calculate an optical gaps for large QDs we use the DFT method
with an additional program (58, 59) that allows us to find the oscillator strengths
for optical transitions between unoccupied and occupied states. In this work we are
only interested in the lowest energy transitions that determines an optical gap. For
these calculations we have tried various exchange-correlation functionals: B3LYP,
PBEPBE1, CAM-B3LYP, and a LANL2dz basis set. It turned out that the best
agreement with the optical gap calculations in the effective mass approximation
(5, 6, 19, 20) is provided by the B3LYP exchange-correlation functional.

For an MnSe4 fragment electronic structure calculations we have considered
within the multi-configuration approach provided by the SAC-CI method. The
multi-configuration Slater determinants employ the spin orbitals found from
ROHF calculations. In these calculations Td symmetry has remained unchanged
for both ground (M = 6) and excited (M = 4) states. The energy difference
between these states determines the luminescence energy for the slow relaxation
emission.

V. Results and Discussions

In section III we have laid out the plan of calculations with some assumptions
that we prove in this section. The assumptions that we have made are based on the
impossibility of modern computational resources and methods to do calculations
for large size quantum dots with themulti-configuration basis sets. However, some
physical observations might be helpful to solve the problem under consideration.

Assumption 1

According to this assumption we have to verify an optical gap of a
Cdn-xMnxSen QD to be independent of an Mn impurity. For large quantum dot we
use other computational methods such as the effective mass approximation for
nanocrystals (5, 6, 19, 20). This method provides excellent results for CdSe QDs
without Mn doping. If we calculate optical gaps for intermediate size QDs using
electronic structure methods and then match them with the optical gaps that are
found in the effective mass approach, then it becomes proved that both methods
work seamlessly for the intermediate and large size QDs. In Figures 8 and 9 we
demonstrate how the optical gap (in this case it is a peak) depends on the presence
of an Mn impurity. From these Figures we conclude that the optical gap remains
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unchanged if a QD is doped by an Mn atom. In Figure 8 we have taken a Cd16Se16
and Cd15Mn1Se16 quantum dot. To make sure that the optical gap is the same
for doped and undoped quantum dots we have provided the results of the same
calculations but for the larger QDs, i. e., Cd24Se24 and Cd23Mn1Se24 as shown in
Figure 9. Thus, we conclude that assumption 1 is proved. The calculations have
been done by TDDFT with the exchange correlation functional to agree with the
CISD results as described in Figure 6.

Figure 8. Optical spectra for Cd16Se16 (the red line) and Cd15Mn1Se16 (the black
line) calculated by TDDFT method with CAM-B3LYP exchange-correlation

functional.

Assumption 2

As soon as assumption 1 is proved we are able now to calculate electronic
structures for intermediate size quantum dots doped by Mn atoms. We know now
that an Mn impurity does not affect the optical gap but it determines the slow
relaxation luminescence. Assumption 2 states that instead of QD calculations with
an Mn atom for intermediate sizes we can cut out a fragment, MnSe4 and study an
optical spectrum of this fragment. We prove that a geometry and energy levels are
independent of a QD size. As soon as we prove the latter statement for medium
size QDs, we become confident that the spectrum is even more independent of a
QD size because at larger sizes the Mn geometry is less and less dependent on
the increase of a QD diameter seamlessly with the results found by the quantum
chemistry methods used for the intermediate size QDs. The optical gap calculated
in the effective mass approximation (5, 6, 19, 20) for large and intermediate sizes
is presented by the black solid line in Figure 10.
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Figure 9. Optical spectra for Cd24Se24 (the red line) and Cd23Mn1Se24 (the black
line) calculated by TDDFT method with CAM-B3LYP exchange-correlation

functional.

Figure 10. Size-dependence of optical gap for CdSe QDs calculated in the
effective-mass approximation (the black line) and DFT with B3LYP (the filled
dots) and PBEPBE1 (the hollow dots) exchange-correlation functionals.
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We have presented the DFT calculations of optical gaps for different size
QDs, Cd24Se24, Cd32Se32, and Cd82Se82 using the additional original program
that allows us to find oscillator strengths (59, 60). The exchange-correlation
functional has been selected to match the optical gaps in the intersection region
with the gaps predicted from the effective mass approximation. In Figure 10
we demonstrate the calculations of optical gaps employing the B3LYP (red)
and PBEPBE1 (green) exchange-correlation functional. It becomes clear that
the results found with B3LYP provide the best match. We have also tested
CAM-B3LYP exchange-correlation functional (it is not shown in Figure 10)
where the values of optical gaps are too far from the effective mass predictions.
Thus, doped by Manganese Cd24Se24, Cd32Se32, and Cd82Se82 QDs can be safely
used for further calculations making sure that gap values will be unaffected by an
Mn impurity for larger size QDs.

Assumption 3

The next step is to cut an MnSe4 fragment out of the QDs of three different
sizes: Cd23MnSe24, Cd31MnSe32, and Cd81MnSe82. As shown in Figure 11 single
electron energy states are almost unchanged and independent of the QD size. The
calculations have been performed by DFT with the UB3LYP exchange-correlation
functional. In Figure 11 we also demonstrate a tetrahedral symmetry fragment (see
Figure 5) with the energy levels close to the one with a realistic asymmetric cut.
For the Td fragment three t2 single electron levels are degenerate while the lower e
single electron state is doubly degenerate (57). We have found that the discrepancy
between t2 levels in the asymmetric fragment is about 0.06 eV and for e-levels is
only 0.03 eV. Such a difference is negligibly small and therefore, we can use a Td
symmetric fragment for the further calculations.

Figure 11. Single electron energy states for symmetric and asymmetric Td
fragment cut out from Cd31Mn1Se32.
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Now we are ready to find energy states for the symmetric fragment. In
these calculations we are interested in the ground state with the symmetry
6A1 (M = 6) and the excited state with the symmetry 4T1 (M = 4). The latter
state implies that there is a spin flip for one electron. Because of the high
degeneracy of single electron states, one has to use a calculation method that
includes a multi-configuration basis set. We employ the SAC-CI method. In
the SAC-CI calculations we keep the Td symmetry of the fragment unchanged
during the computations. The basis set Slater determinants are built up from wave
functions found in the restricted open shell Hartree-Fock calculations. From these
calculations we have determined the energy difference between the excited (M =
4) and ground (M = 6) states that is 2.3 eV for the symmetric fragment cut out of
the Cd31MnSe32 QD.

Assumption 4

We have also conducted the calculations for the two other size QDs and
found that their luminescence energy remains unchanged. It proves that the slow
relaxation luminescence is independent on a QD size and can be extended to
larger size QDs where the electronic structure calculations are unrealistic but the
effective mass approximation is valid (see Figure 10). Thus assumption 4 has
been proved.

Figure 12. Crossing point between the energy difference ΔE = E(4T1) – E(6A1)
and the optical gap curve from Figure 10 determines the critical size for a

QD (D = 3.2 nm) where the slow relaxation luminescence disappears from the
emission spectrum.
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Because an optical gap is independent of the presence of Mn dopants
(assumption 1) and the slow relaxation luminescence energy for the Td symmetric
fragment is also independent of a QD size, we can find the critical size of a
quantum dot where the second, slow relaxation emission line just disappears from
the luminescence spectrum. The crossing point between the line with ΔE =2.3
eV and the optical gap curve determines the critical size QD with the diameter
D = 3.2 nm. This result confirms the experimental value D = 3.3 nm found by
Gamelin and co-worker in Refs. (40, 54–56) as shown in Figure 12.

Besides CdSe quantum dots we have also studied CdS, ZnS, and ZnSe QDs.
Different materials give us different luminescence energies for a slow relaxation
luminescence line. The luminescence energies are presented in Table 1.

Table 1

Nanocrystal Bond length (Å) Energy (eV)

CdSe 2.60 2.30

CdS 2.46 2.65

ZnSe 2.56 2.24

ZnS 2.44 2.60

Figure 13. Size dependences for ZnS optical gap excited state MnS4 fragment.
There is no crossing between the lines indicating that the slow relaxation

luminescence line never disappears.
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As it is seen from Table 1, the emission energy is higher for QDs with S
(Sulfur) than Se (Selenium). The slow relaxation emission energy is lower for
ZnSe than for CdSe QDs. To find the critical diameter where the second, slow
relaxation luminescence line disappears from the spectrum we have found that it
is never disappears for ZnSQDs as shown in Figure 13. Indeed, the slow relaxation
luminescence excited state energy never crosses the ZnS optical gap curve found
in the effective mass approximation (61). It means that the luminescence is not
tunable.

It is interesting to predict how the energy difference ΔE depends on the length
of Mn-Se chemical bond. In Figure 14 we demonstrate such a dependence, the
longer the chemical bond, the larger ΔE. This theoretical dependence can be useful
if one studies crystal structures rather different than a Würtzite structure.

Figure 14. Energy difference ΔE = E(4T1) – E(6A1) dependence on a Mn-Se bond
length. For Mn-Se bond length equals 2.6 A the ΔE =2.3eV.

VI. Conclusions
In this work we have theoretically studied a dual luminescence effect taking

place in CdSe, CdS, ZnS, and ZnSe quantum dots doped by aManganese impurity.
Experimentally dual luminescence was discovered by Gamelin and co-workers
(40, 54–56) for CdSe QDs where two emission lines took place, one line is with
the fast relaxation while the second is slow with the relaxation time of 0.1 – 1.0
ms. The second emission line disappears at some critical size QD and then only
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a single emission line remains at larger size QDs. Thus luminescence becomes
tunable. The difficulty of a theoretical explanation of the effect is based on a
very small oscillator strength, that is about 106 times lesser than a usual dipole
oscillator strength. Therefore, it becomes impossible to find an optical transition
within the conventional computational methods. The other reason that makes this
problem even more computationally difficult is a high degeneracy of energy states.
Indeed, five-fold-degenerate levels for 3dMn electrons with a spherical symmetry
are split in two levels because of a ligand field where the highest level is triply
degenerate while the lowest is doubly degenerate. Computationally it becomes a
problem because the standard computational methods such as DFT, TDDFT, CIS
etc. use a single Slater determinant basis set. The theory recommends in this
case to employ a multi-configuration basis set. Therefore, the problem becomes
even more difficult for electronic structure calculations of medium and large size
quantum dots. To explain the experimental dependencies (40, 54–56) we have
proposed a computational scheme where we have made four assumption presented
in section III. These assumptions are: (1) a QD optical gap is independent of anMn
impurity at small concentrations; (2) we combine electronic structure calculations
for medium size CdSe QDs with the effective mass calculations for medium and
large size QDs and match them in the medium size intersection region; (3) we
cut an MnSe4 fragment out of Cd23MnSe24, Cd31MnSe32, and Cd81MnSe82 QDs
and check whether electronic structures of these fragments explain the second,
slow relaxation emission in the experiments; and (4) the slow luminescence line
is independent of a QD size (40, 54–56). We have computationally proved that
all assumptions are correct. According to the calculations presented in this work
we have proved assumption 1. The results are presented in Figures 8 and 9 where
we have found that the optical gaps for QDs Cd16Se16 (the red line) and Cd15Mn
Se16with anMn impurity are independent of Mn at small concentrations. Then we
have proved assumption 2. We have tried several exchange-correlation functionals
for DFT to match the optical gap size dependence found in the effective mass
approximation for large and intermediate size CdSe QDs (5, 6, 19, 20). Such an
approach allows us to do calculations with an Mn impurity for intermediate size
QDs and extend them to larger sizes. The results of the computations are presented
in Figure 10 where we have shown that B3LYP provides the best match. To prove
assumption 3 we have cut an MnSe4 fragment out of the three QDs of different
sizes: Cd23Mn1Se24, Cd31Mn1Se32, and Cd Mn1Se82 and found that the energy
levels with unpaired spins are independent of the QD sizes. This result can be
extended to the larger sizes in accordancewith assumption 2 as shown in Figure 10.
The asymmetric and symmetric versions of the fragments provide very close single
electron energy levels as shown in Figure 11. In this case the electronic structure
calculations for a tetrahedral fragment have been performed within the SAC-CI
method. The calculations reveal that the energy difference between the excited (M
= 4) and ground (M = 6) states is 2.3 eV for the symmetric fragment cut out of the
Cd31Mn1Se32 QD. This result confirms the experimental value that is 2.1-2.2 eV
(40, 54–56). We have also found the QD critical size, at which the second emission
line disappears. This size is 3.2 nm from the calculations. The experimental value
is 3.3 nm (40, 54–56) (see Figure 12). In addition, we have made some predictions
for a critical size with the length of an Mn-Se bond as shown in Figure 14. The
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longer the bond length, the larger the slow luminescence energy. This prediction
could be useful for a different nanocrystal structures rather thanWürtzite. We have
also studied different QDs with an Mn impurity. The luminescence energies are
presented in Table 1. The luminescence emission line can have both higher and
lower energies than for CdSe QD. For example, the energy is higher for CdS and
ZnS quantum dots while for ZnSe QDs it is lower. For some QDs such as ZnS,
we have not found the disappearance of the slow relaxation luminescence line. As
shown in Figure 13 the optical gap curve never crosses the excited state energy
line with the 4T1 symmetry.
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Indium oxide is one of the basic oxides, and has been
extensively studied due to its prominent applications in
solar cells, optoelectronics, gas sensors and possesses some
interesting chemical and structural peculiarities. In recent
years, significant efforts have been made to fabricate these
materials as nanosized particles. However, the surface structure
and reactivity become increasingly important to the overall
material properties as the particle size is reduced. We present
a density functional theory (DFT) study of the water and
oxygen molecules interaction with stoichiometric and defective
(111) In2O3 (IO) surfaces. It is found that water environment
destabilizes IO surface with respect to formation of oxygen
vacancies. Single water molecule barrierlessly dissociates at all
the oxygen vacancy sites except one position with the lowest
defect formation energy where water dissociation energy is
calculated to be 0.41eV. This should lead to increase of free

© 2015 American Chemical Society
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electrons concentration up to some critical temperature where
water dissociation heals surface defects. Another one effect that
decreases eliminates free charge carriers is molecular oxygen
chemisorptionon surface oxygen vacant sites. O2 species are
adsorbed as peroxide ions that (i) decreases free electrons
concentration and (ii) lead to appearance of extrapeaks in optical
adsorption spectra. Combination of these factors governs free
electrons concentration, i.e. conductivity of nanostructured IO.

1. Introduction

Indium oxide, In2O3, (IO) is a technologically important material. Tin-doped
IO is one of the most widely used transparent conducting oxides because of
its two main properties, its electrical conductivity and optical transparency (1).
IO has been suggested as a highly sensitive gas sensor toward various target
gases among different metal oxides (2–4). The gas sensing mechanism of metal
oxide based sensors is mainly attributed to the oxidation/reduction properties
which are controlled by the surface. In case of bulk and thin film oxides,
changes in grain size, porosity, thickness and stoichiometry affect the gas sensing
properties. In case of nanostructures, the possibility of control the crystallinity
and stoichiometryduring the nanocrystals growth process allows manipulate of
these critical parameters and tailor materials with desired gas sensing properties
(5–7).

Fundamental understanding of IO surface properties is critical to rational
advances in gas sensors design, electronicwork function modification, etc. (8, 9)
The IO (111) surface is lowest in energy and therefore the most abundant crystal
face in thermodynamic equilibrium (10–12).

It was theoretically found that a metal-insulator transition is achievable in
indium oxide surfaces through oxygen loss due to the drastic lowering of defect
reaction energy and the creation of delocalized donor states (12). It was shown
for IO that the energy required to form an oxygen vacancy decreases towards the
(111) surface, where the coordination environment is lowered. That can result in
a metal-insulator transition where donor sites are produced at chemically reduced
extended defects.

It was theoretically found that a metal-insulator transition is achievable in
indium oxide surfaces through oxygen loss due to the drastic lowering of defect
reaction energy and the creation of delocalized donor states (12). It was shown
for IO that the energy required to form an oxygen vacancy decreases towards the
(111) surface, where the coordination environment is lowered. That can result in
a metal-insulator transition where donor sites are produced at chemically reduced
extended defects.

Recent experimental findings reveal that IO’s thin films conducting properties
depend on the external conditions. Oxidizing and reducing effects of the
gas interactions with the (111) IOsurface in all cases were accompanied by a
corresponding behavior, i.e., a decrease or increase in photoemission response
(8). Spectral dependencies of photocurrent have revealed some peaks near photon
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energy 2.9 eV that is about 0.5 eV smaller than the fundamental optical band
gap of IO. The appearance of a peak near 2.9 eV under oxidizing conditions,
and subsequent disappearance of this peak under reducing conditions were noted
(4). Similar feature was found after exposure of nanocrystalline IO in humid air
at sufficiently high temperature of 400 ○C. Dark conductivity of heated IO film
exposed in humid air was found to be more than order of magnitude larger at
temperature range 200-300 ○C than the same value measured for dry air exposed
samples. Following measurement of dark conductivity during cooling was found
to be much smaller in humid air than in dry air (4). Taking into consideration that
IO film conductivity is driven by surface oxygen vacancies (12, 13), it could be
hypothesized that these experimental results are to be explained by IO film surface
modification during its exposition under different environmental conditions, i.e.
humidity and oxidation conditions of atmosphere.

First-principles study of O2 and H2O adsorption on oxygen- and
metal-terminated (100) IO and tin-doped IO was carried out (14). It was found
that dissociative chemisorption of O2 and H2O is facile on the metal-terminated
oxide surfaces. O2 chemisorption is energetically more favorable than H2O
dissociative chemisorption until the metal-terminated surfaces are saturated by
chemisorbed O2 dimers, at which point the surfaces become virtually identical to
the O-terminated surfaces and the dissociative chemisorption of H2O becomes
the energetically preferred process. Recent density functional theory (DFT)
studies reveal that the most thermodynamically stable (111) IO surface is almost
chemically inert with respect to oxygen, but dissociation of the molecules is
possible on the small fraction of the total surface area (10). It was recently
shown that nonequilibrium optoelectronic properties at surfaces and interfaces
are efficiently predicted using density matrix approach combined with electronic
structure computations providing observables ranging from photovoltage (15),
and photo-luminescence spectra (16) to photoinduced current density and
photoconductivity (17).

In present study we report the results of DFT modeling of water and oxygen
adsorption on perfect and defective (111) IO surfaces. It is found that adsorption
of single molecular layer of water destabilizes surface with respect to oxygen
vacancy formation. Dissociation barrier for water molecule adsorbed on the
oxygen vacancy site becomes much smaller then the corresponding value for
water molecule adsorbed by stoichiometric IO surface. At the same time, it
is found that delocalized donor states in reduced IO slab are eliminated by O2
molecule chemisorption on the surface vacant site. This leads to appearance of
extra bright optical transitions from O2p states localized on peroxide ion to In4d
states.

2. Computation Details

All calculations are based on DFT method within the local density
approximation (LDA) as itis implemented in VASP software package (18). The
semicore d-states of In atoms are explicitly treated as valence states through the
projector-augmented wave method (19) and cutoff energy value equal to 400 eV.
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The Brillouin zone was sampled at the Γ-point only. The convergence criteria for
the electronic structure and the geometry were 10-4 eV and 10-3eV/Å, respectively.
Since in DFT the localization of d-electrons is underestimated, the semiempirical
invariant Dudarev’s et al. version of LDA+U approach is employed to fix this
shortcoming (20). The self-interaction parameter U was selected to be equal to 7
eV according to Ref. (21).

In2O3 (111) slabs were constructed using the standard hexagonal setting.
The (111) slabs contain six trilayers with stoichiometric composition. Each
trilayer consists of 24 oxygen and 16 indium ions resulting in a total number
of 240 ions for the stoichiometric case and surface area of 165.76 Å2. All
atomic configurations were optimized by conjugated-gradient method. Effect
of water environment was modeled by taking into consideration eight water
molecules adsorbed on each side of IO slab that corresponds to 0.5 molecular
layer of adsorbed water. We limit ourselves by this case since at higher water
coverage H2O molecules were found to be spontaneously dissociated even on
stoichiometric IO surface. Comparison with experiment shows that limited case
qualitatively describes the effect of water adsorption on IO surface stability.
In practice, equilibrium water coverage of surface is expected to be dependent
on the external conditions. For more accurate quantitative description of IO
interaction with water at different H2O partial pressure and external temperature
is required. The latter one varies in experiment in range 300-1000 °C (4, 13),
further investigations using technique employed, for example, in Ref. (22), are to
be carried out. Configurations with one surface oxygen vacancy and one adsorbed
O2 molecule adsorbed by defective IO slab were examined.

Binding energies between IO slab and adsorbed species were calculated as:

where E(slab+specie), E(slab), and E(specie) are the energy of the IO slab
with adsorbed specie, energy of the bare slab, and the energy of adsorbed molecule
in the gas phase, respectively. PBE+U method using LDA+U geometries was
employed in this case.

Transition states were determined using the climbing image nudged elastic
band method (23) for configuration with one water molecule adsorbed. The
convergence criteria for the transition state image was an absolute tangent force
less than 0.05 eV/Å.

The defect formation energies was be evaluated as described in Ref. (24)
taking into consideration a correction term to align the electrostatic potential with
the same value of perfect lattice (25): where E(D, q) and E(P) denote the total
energies of the unit cell containing a defect with thecharge q and the perfect crystal
lattice, respectively. nO indicates the number of oxygen atoms that have been
removed from the perfect surface, and the μO is the oxygen chemical potential.
EF is a Fermi level referenced to the valence-band maximum. We also take into
consideration acorrection term Vcorr, to align the electrostatic potential with the
same value of perfect lattice (25). The oxygen chemical potential is selected to
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be equal to energy of O-atom in an O2 molecule and equal to -5.227 eV. This
corresponds to extreme O-rich conditions. Doubly charged surfacevacancies were
considered in this study.

Optical absorption spectra α(ω) were calculated by summation over all
electronic transitions from |i> to |j> Kohn-Sham states generated from projected
augmented wave DFT calculations

Here equilibrium occupation of ith KS orbital is determined by
Fermi-Dirac distribution, LU (26, 27). Thus,
nonzero signal is obtained only for transitions between occupied and unoccupied
orbitals. Interestingly, absorption at low transition energies and thus, optical
conductivity, increases in two limits (a) additional occupied/unoccupied
orbitals are contributed due to surface defects and (b) additional transitions
become available due to photoinduced change of equilibrium occupation

as was recently shown in Ref. (28). Actual calculations were
carried out in momentum space similar to procedure (29, 30). The dimensionless
oscillator strength was evaluated using transition dipole Dij that was calculated
as a matrix element of electric dipole moment operator between Kohn-Sham
orbitals of states |i> and |j>; me and e are the electron mass and electron charge,
respectively. Actual calculations were carried out in momentum space.

3. Results and Discussion

The upper IO (111) surface structure is shown in Figure 1. Defect formation
energies for both bare surface and water covered surfaces for different positions
of formed oxygen vacancies are summarized in Table 1. Calculations reveal that
oxygen atoms at highly coordinated sites could be easily removed from IO surface
to create a surface vacancy. Our DFT calculation results are in a good agreement
with data obtained in Ref. (12). Differences between values of Edef for bare
surface that in some cases reach value up to approximately 0.35 eV presented here
and reported in Ref. (12) are associated with differences in employed calculation
methods.
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Figure 1. Top view on (111)-terminated IO surface. The first 6 inequivalent
oxygens are labeled from the topmost atom.

Table 1. Calculated Surface Oxygen Vacancy Formation Energies for
Bare and H2O Covered (111) IO Surface. Oxygen Positions Are Denoted

According to Figure 1. Data in Parentheses Are from Ref. (12).

Defect Edef (eV) Defect Edef (eV)

Bare Water Bare Water

O1(Bare) 0.61 (0.95) 0.20

O2(Bare) 1.50 (1.29) 1.19

O3(Bare) 1.79 (1.57) 1.32

O4(Bare) 1.57 (1.93) 1.37

O5(Bare) 2.03 (2.04) 2.16

O6(Bare) 2.32 (2.27) 2.27

We found that Edef depends on two main factors. First factor is the total
coordination number of oxygen ion, while the second one is the coordination of
the nearest neighboring indium atoms (12). Our data indicate that effect of water
adsorption leads to decrease of Edef values for high-coordinated surface O-atoms.
The same effect of easier surface oxygen vacancy creation in the presence of
water with respect to removing an oxygen ion from dry surface was found during
investigation ceria (111) surface (31).
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Calculated oxygen vacancy formation energy at O1 position is extremely
low and such vacancies are to be observed at low temperatures. Concentration
of surface oxygen vacancies can be indirectly estimated from charge carrier
concentration measurements assuming that each vacancy creates 2 conduction
electrons. In our slab model with one surface vacancy charge carrier concentration
is 7×1020 cm-3. Room temperature experiments reveal that in IO films charge
carrier concentration is 2×1018 cm-3 and this value increases to around 1.5×1019
cm-3 in ultrahigh vacuum conditions, i.e. oxidation conditions. IO film thickness is
one more parameter which determines its conductivity at some fixed temperature
and oxygen partial pressure (13). In humid atmosphere at room temperature
conductivity of IO film is approximately 2 times larger then in dry atmosphere
and this ratio increases to 100 with heating to ~250○C (4). Thereby, our results at
least qualitatively reproduce experimental dependence of IO thin film properties
as a function of oxygen partial pressure and atmosphere humidity.

Oxygen molecule adsorption energy at perfect IO (111) surface was
calculated to be equal to 0.15 eV while this value for O2 adsorbed at the surface
oxygen vacancy site becomes larger and equal to 2.37 eV. Adsorption energy
of O2 is by stoichiometric surface is not changed due to water adsorption and
equal to 0.14 eV. At the same time adsorption energy of O2 at defect site is
slightly increases when water molecules are adsorbed as well and Eads=2.56 eV.
Calculations reveal thatadsorbed oxygen molecule is not spin-polarized, and

the O-O interatomic distance is 1.504 Å, whichmatches with structure of
molecule (32). Calculated stretching frequency of peroxide cation isfound to be

equal to 909 cm-1 that is typical for ion that exhibits this frequency in the
740 - 930 cm-1 (33). Using the same computational parameters the stretching
frequency for neutral O2 molecule was found to be equal to 1645 cm-1. This is
in a good agreement with previously experimentally measured (1556 cm-1 ) and
theoretically calculated (1737 cm-1) values of thisfeature (34, 35).

Surface oxygen vacancy formation leads to transition of IO from non-metallic
to metallicstate (12, 13). Our calculations are in agreement with recent finding of
Lany et.al (13) that the surface carrier sheet density dominates the conductivity
of IO thin films. Calculated electronic density of states for stoichiometric and
defective IO (111) surfaces are shown in Figure 2. Highest occupied (HO) and
lowest unoccupied (LU) Kohn-Sham orbitals for these surfaces are shown in
Figure 3(a,b,c,d) using VASP Data viewer software (36). Calculations reveal
that a single surface vacancy leads to appearance of two free electrons in the
system which are localized mainly on the topmost slab layers. Such charge
distribution is typical for a number of orbitals below HO and above LU orbitals.
It is seen that occupied orbitals are localized that makes stoichiometric IO slab
non-conducting. At the same time delocalization of LU orbitals allows the
photo-induced electronic conductivity. Oxygen vacancy injects electrons to the
topmost 3 trilayers in agreement with recent experimental findings (37) and dark
surface conductivity is observed. Adsorption of molecular oxygen at vacancy

leads to charge redistribution from IO to O2 and there is a ion adsorbed on
IO (111) surface. As a result there are no more conduction electrons in IO slab
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and system becomes non-metallic (see Figure 3(e)). But adsorbed molecular
ion significantly influences on the photo-induced conductivity.

Figure 2. Total density of states for stoichiometric (black), defective with oxygen
vacancy at O1 site (blue) and O2 molecule adsorbed at O1 vacant site (red) (111)
IO surface. Highest occupied energy levels for each system are shown by vertical

dotted lines with corresponding color.

Calculated linear optical adsorption spectra are presented in Figure 4.
It is seen that for stoichiometric IO slab optical adsorption starts at energy

approximately equal to 1.6 eV. Presence of ion on non-stoichiometric surface
leads to appearance extra adsorption peak at photon energy about 0.5 eV. This
result is in qualitative agreement with experimentally observed shift in optical
adsorption spectra of dry air deposited IO films (4).

Similar to the stoichiometric ceria(111) surface (38), three adsorbed
structures: no-H-bonds configuration, one-H-bond configuration, and
two-H-bonds configuration were taken into consideration. Starting from these
initial geometries, a final stable configuration for the adsorbed H2O molecule is
reached, which has the one-H-bond structure. Water binds on stoichiometric IO
(111) surface in either molecular or dissociated form. In agreement with those
results, water molecules are found to be dissociated when they are adsorbed
on surface sites where fivefold indium and threefold oxygen are found in close
proximity. When water molecules are adsorbed on surface sites where either
fivefold indium and fourfold oxygen or sixfold indium and threefold oxygen are
close to each other.
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Figure 3. Partial charge density (visualized with VASP Data viewer software,
(36) isosurface value= 2) of HO (a, c, e) and LU (b,d) and LU+4 (f) Kohn-Sham
orbitals for stoichiometric (a, b),surface with oxygen vacancy (O1) (c, d) and
O2 molecule adsorbed on surface oxygen vacancy(O1) (e,f). Red and blue
spheres represent oxygen and indium atoms, respectively. (a) HO orbital of
stoichiometric slab is localized indicating that it is non-conductive. (c) Surface
oxygen vacancy injects 2 free electrons into the IO slab which are delocalized

and make IO film conductive. (e) Adsorbed O2 molecule turns to state and
eliminates effect of oxygen vacancy on IO film conduction properties. (b,d,f )
All systems in excited states have delocalized orbitals which provide non-zero

photoconductivity of IO film.

Here we also examined single water molecule dissociation on defective IO
(111) surface. A water molecule adsorbed on the surface defect at O1 position
is in metastable state with dissociation barrier of 0.41 eV. Corresponding values
for metal- and oxygen-terminated (100) surfaces were calculated to be 0.39 and
0.61 eV, respectively (14). Water adsorbed on all other oxygen vacancy sites
dissociates barrierlessly. After water dissociation hydroxyl group fills surface
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vacancy position and H-atom is adsorbed by neighboring surface oxygen ion.
Such structure is still conductive due to doping of IO by adsorbed hydrogen
atoms. The pictures for HO and LU orbitals are qualitatively the same with
Figure 3(c,d) and not shown here. But such structure is expected to be unstable
since hydrogen adsorption energy was calculated to be equal to 0.13 eV. It is
expected that hydrogen atoms will be detached from the IO surface that now
becomes defectiveness. Such surface structure healing leads to elimination of
effect O-vacancy doping (12) and makes structure non-conducting.

Figure 4. Linear optical adsorption spectra of bare stoichiometric (black) (111)
IO surface and(111) IO surface with O2 adsorbed on surface oxygen vacancy

(dashed red). Bare surface shows a,b features. Reduced surface with adsorbed O2
molecule demonstrates a′, b′ and c′ features. Energies and intensities of a, a′ and
b, b′ peaks coincide while c′ is contributed by oxygen molecule chemisorption.

Summarizing, interaction of IO (111) surface with humid and dry air at
elevated temperature takes place as it following. In wet air interaction of IO
film with water results to formation an abundant amount of surface oxygen
vacancies at O1 sites that leads to increase of free electron concentration that in
turns increases the IO film’s conductivity. Surface oxygen vacancies formed at
other sites are healed through barrierless water dissociation. After some critical
temperature water molecules dissociate on O1 vacant sites. This phenomenon
leads to decrease of free electron concentration. Another one source of free
electrons elimination is molecular oxygen adsorption at vacant sites. In dry air
oxygen vacancies formation is less then in humid air. At the same time, adsorbed
oxygen molecules partially eliminate effect of vacancies on conduction electrons
concentration. As a result, conductivity after deposition in humid air is larger
than the same value measured in dry air.
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4. Conclusion

DFT study of the water and oxygen molecules interaction with stoichiometric
and defective (111) IO surfaces was carried out. We found that there are a few
competing phenomena which determine IO properties. One the one hand, water
environment makes IO (111) surface unstable with respect to oxygen vacancies
formation. It leads to easier surface oxygen vacancies formation in humid air
that in turns increases free electron concentration, i.e. electric conductivity. On
the other hand, at water molecules dissociate on surface vacancies and form
stoichiometric IO surface with two adsorbed H-atoms. Since binding energy of
adsorbed hydrogen atoms with IO surface is small they easily leave the surface
and resulting effect is a healing of defective IO (111) surface. O2 molecule is
weakly physisorbed on stoichiometric surface while it is strongly bounded with
surface vacant site. This adsorption is accompanied with transition of two free
electrons from IO to oxygen molecule that now transformed to peroxide anion.
Both water dissociation and oxygen chemisorption phenomena lead to decrease
of free electron concentration in IO film. Taking into consideration all of these
effects is essential for fundamental understanding IO-based gas sensors operating
principles in different environment.
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Chapter 7

Density Matrix Treatment of Optical
Properties in Photovoltaic Materials:

Photoconductivity at a Semiconductor Surface

David A. Micha*

Departments of Chemistry and of Physics Quantum Theory Project,
University of Florida, Gainesville, Florida 32611, U.S.A.

*E-mail: micha@qtp.ufl.edu.

Starting from the equations of motion of the reduced density
matrix for a semiconductor slab excited by light and subject to
an applied voltage, a derivation is given of the Drude-Lorentz
photoconductance in terms of parameters which can be obtained
from first principles calculations of electronic structure and
dynamics. Systems of interest are surfaces of semiconductors
containing adsorbates or dopants. A first application is given
for the mobility of photoexcited electrons for silver clusters
adsorbed on a silicon slab bounded by Si(111), forming a
nanostructured surface. Changes in photomobility due to
adsorption of a silver cluster versus photon excitation energies
show that the adsorbates increase mobilities for visible and UV
light absorption.

Introduction

The density operator combines quantum mechanics and statistical mechanics
to provide a complete description of photoinduced phenomena in extended
systems such as semiconductor slabs and nanostructures, including not only the
quantal nature of electronic transitions, but also the statistical effects resulting
from an excited localized atomic structure, such as an adsorbed cluster, interacting
with a medium containing other electrons and atomic cores (1–3). Exchanging
energy with the medium vibrational and electronic excitations (phonons and
excitons) leads to fluctuation and dissipation effects which can be incorporated

© 2015 American Chemical Society
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in the equation of motion of a reduced density operator with terms involving
dissipative and fluctuation rates.

The effects of externally applied light and electrical voltage, as they appear in
photovoltaics and photocatalytic phenomena, can be incorporated in the treatment
of both localized regions and media to provide results for light absorbance and for
photoinduced mobilities (or photomobilities) in the case of semiconductors. There
are scientific and technical motivations for doing research in this subject. Among
them are interest in efficient capture of sunlight by materials, photoinduced
production of electricity and fuels, photoinduced biological phenomena, and
materials for storage of gaseous fuels (4–6).

As examples of the theoretical and computational treatments, we have
published a number of papers on light absorbance, photovoltages, and dielectric
functions for slabs of silicon, both crystalline and amorphous (7–13). This has
been done for slabs with clean surfaces and also for nanostructured surfaces where
clusters of silver atoms have been adsorbed, and for slabs where atoms of group
III and V have been included as dopants, in atomic models constructed from ab
initio electronic structure calculations of structures and bonding. The density
operator treatment can also be developed for calculations of photomobilities,
and some first derivations of the theory and results for silicon compounds are
presented in this contribution.

There are some experiments in the literature showing that adsorption of silver
on silicon increases its light absorbance, one of the steps needed to increase the
efficiency of photovoltaic and photocatalytic devices. Among the earlier ones
relating to light absorption, one has measured surface-plasmon enhanced light
absorption in Si solar cells made of a Si wafer with adsorbed Ag nanoparticles
of increasing size. The measurements provided the percentage of absorption
enhancement as function of the Ag coverage (14). A recent measurement dealt
with enhanced optical absorption of amorphous Si films by addition of Ag
nanostructures. Light absorbance was measured for Ag clusters of increasing size
(Ag nanoparticles of diameter 10 to 100 nm labelled Ag1 to Ag6) adsorbed on
amorphous Si of increasing thickness. Absorption values were dependent on light
wavelength, nanoparticle size, and film thickness. It was found that absorption
is enhanced for optimal nanoparticle sizes, with measured reflection decreasing
(or equivalently absorbance increasing) by 11 % for light of wavelength between
900 and 1200 nm (15). Increased absorption of light by these treated surfaces
show the same trend as in our calculations with adsorbed clusters of Ag atoms.
Experiments have been performed and results published also on mobilities
following light absorption at interfaces of microcrystals of Si with amorphous
Si and have provided some measured values of photomobilities of electrons
and holes (16). Our first results appear to give similar magnitudes for surface
photomobilities in our related systems.

This chapter focuses on photoexcitation of nanostructured semiconductor
surfaces, and in particular silicon slab surfaces nanostructured with periodically
adsorbed metal clusters subject to photoexcitation by visible and near infrared
light, and with created photocurrent extracted with a voltage field. This is
illustrated in Figure 1 below, where a semiconductor slab is shown in grey and
adsorbed metal clusters in blue.
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Figure 1. Pictorial representation of a semiconductor slab (grey) with adsorbed
metal clusters (blue) undergoing photoexcitation by visible and near infrared
light. This creates holes in the slab and electrons delocalized in the slab and
localized at the adsorbates. Charged carriers are extracted by application of a
voltage potential difference between electrodes, or by electric fields created by
regions with p- and n-dopants, shown with positive and negative signs. From

ref. (27).

To describe these physical systems and their properties it is convenient to
model it as a primary region of interest involving active particles and degrees of
freedom, and in contact with a secondary region containing a medium made up
of electrons and atomic cores. In our case, a primary (p-) system is composed of
electrons in photoactive states, adsorbed atoms, and their neighbors, undergoing
localized vibrational motions. A secondary (s-) system or medium is composed
of fluctuating electronic densities and vibrating atoms, alternatively described in
terms of excitons and phonons.

Electrons in the p-region are activated by light absoprtion and undergo
transitions from occupied states in the valence energy band (VB) to unoccupied
states in a conduction band (CB). Adsorbed species and dopants add states
near and inside the band gap of the semiconductor and also participate in the
transitions. The range of energy levels involved in photoexcitation is shown
schematically in Figure 2.

The interaction of electronic and ionic motions in a p-region of interest, and its
behavior while interacting with a medium or s-region, lead to complex dynamics.
Related fluctuation and dissipation phenomena require a treatment combining
electronic structure and non-equilibrium statistical mechanics. Furthermore
the absorption of light induced quantum transition between electronic states,
so that the dynamics and statistical mechanics must be done within a quantum
theory. This can best be described by density matrices instead of wavefunctions.
A density operator for the whole system provides a starting point, which can
be followed by construction of a reduced density operator (RDOp) for the
primary region, formally discharging s-degrees of freedom by taking a trace over
s-variables of electrons and ions (2). This is described in some detail in what
follows.
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Figure 2. Schematic representation of energy levels activated by light absorption
in a semiconductor, as treated in what follows. Electrons (e) are promoted to
the conduction band (CB) leaving behind holes (h) in the valence band (VB).

Localized (l) electron levels appear due to the presence of adsorbates or dopants.
The range of active energy levels can be increased in calculations to verify

convergence of calculated properties.

Nanostructured Semiconductor Surfaces

Light absorption can excite electrons in semiconductors with a sufficiently
small energy band gap, or semiconductors containing dopants which create
additional energy levels in band gaps. Themost extensively studied semiconductor
compounds are silicon based, with addition of group III or V dopants (17–19).
We have modeled structures and optical properties of crystalline and amorphous
silicon slabs with surface bonds passivated by hydrogen bonds (c-Si:H and a-Si:H)
in slabs limited by the (111) surface for crystals, both pure and with dopants. In
addition, and we have published results for Si slabs containing silver atom clusters
of several sizes, which we have found to increase the light absorbance of surfaces,
a factor important in photovoltaic devices. What follows concentrates on surfaces
of Si with a periodic lattice of adsorbed Ag clusters, forming a nanostructured
surface. The theoretical treatment however is quite general and can be applied to
a variety of semiconductors, with dopants and, or with adsorbates.

Metal clusters have optical properties that can be controlled with their size and
shape (20, 21). Adsorbed on semiconductor surfaces, they create photovoltages
when they absorb steady visible light. These adsorbates provide pathways for
electron transfer and electronic charge separation, of interest in photovoltaics.
One of the issues is how long charge separation lasts, and our modeling has
helped identify structures and mechanisms with long lasting separation of charges.
Photocurrents can be extracted with applied voltages for those charges. Figure
3 shows a supercell of a slab containing four Si layers and with a Ag3 adsorbed
cluster, one of several similar systems with up to 20 layers we have studied. The
slab structure is generated by periodically translating the supercell along x- and
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y-directions, with the slab surfaces perpendicular to a z-axis. The supercell has
an orthorhombic symmetry, and its reciprocal space, also orthorhombic, has a
Brillouin zone with axes along wavenumber k directions x,y, and z with an origen
labelled as the Γ point and going to X, Y, and Z points in reciprocal space.

Figure 3. A c-SiAg3:H supercell with four Si layers. Structures haven been
studied with up to 20 layers and up to 37 Ag atoms in each cluster, giving
increased thickness and cluster sizes which lead to varying light absorption.
Reproduced with permission from ref. (8). Copyright 2009 American Chemical

Society.

The early experimental work inspired our theoretical treatment of optical
properties of Si slabs with adsorbed Ag clusters using density matrix methods
for dissipative dynamics, and computational calculations of photovoltages. The
observation that metal clusters of silver adsorbates have been observed to enhance
the optical properties of semiconductors and can be controlled by their size and
shape has been confirmed by our earlier modeling.

Modeling Optical and Conductivity Properties at Surfaces
Small metal clusters with NA < 43 atoms behave like molecules in their

measured optical properties and in relaxation phenomena, and must be described
starting from their atomic composition. We have use a reduced density matrix
(RDM) approach combined with ab initio electronic structure calculations from
ab initio density functional treatments (DFT) (19). These provided atomic
conformations, electronic structure, and optical properties of nanostructured
surfaces, for small Ag clusters with NA=1, 2, 3, 4, adsorbed on Si slabs of
varying thickness, and for a large cluster with 37 Ag atoms. Introducing basis
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sets of Kohn-Sham (K-S) electronic orbitals to expand quantum operators,
the equation of motion (EOM) for the density operator is transformed into
coupled differential equations for density matrix elements dependent on the time
variable. Photoelectron dynamics is obtained from electronic stste populations
which follow from either steady state or relaxing solutions for the RDM, with
diagonal elements giving populations and off-diagonal elements giving quantum
coherences.

Light absorption leading to electronic excitation can be assumed to happen
while electrons maintain their initial momentum . In most cases a good
description of absorbance can be obtained using a basis set of electrons with
zero momentum (at the Γ point of the Brillouin zone). But calculations of
photoconductivity require an extension to include states with non-zeromomentum.
Orbitals in nanostructured slabs are shaped by the effective electronic potential
where the first term is the potential of the pure a-Si or c-Si slabs, the second is
the electronic perturbation around the adsorbed atoms, and the last term is a shift
in potential energy change due to lattice distortions around the adsorbates. This
gives

Electronic Bloch orbitals and energies with electron wavevector and band
index j for the Brillouin zone of supercells have been obtained using atomic
pseudopotentials, with periodic boundary conditions. They can be written as
linear combinations of plane waves with reciprocal grid wavevectors, in the form

Solutions to the K-S equations provide these states and related energy levels.
Electronic density of states (EDOS) are calculated from sums over Lorentzians, as
shown below, where w = 0.02-0.10 eV is an estimated orbital energy width due to
coupling with excitons and thermal vibrations of the lattice.

Most results in what follows have been obtained with the Vienna Ab-initio
Simulation Package (VASP) (22), the Perdew-Wang 91 (PW91/PW91) GGA
density functional (23), and core electrons of heavy atoms handled with Vanderbilt
ultra-soft (US) pseudopotentials. The PBE (24) and HSE (25) functionals have
also been used with norm conserving atomic pseudopotentials provided also by
the Quantum Espresso software package.

Light absorbance can be obtained from orbitals generated for the valence and
conduction bands of the slabs, at fixed electron wavevector after calculation of
electric transition dipoles appearing in the expression for the light absorption as
shown in the equations below.
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Here transitions are labelled by I=(ij), light has frequency ΩL and me is the
electron mass.

Several treatments of photoconductivity are available in the literature with
models of varying details and with parameters such as effective masses and
relaxation times obtained from experiment or independent calculations (17,
18). Among them are physical kinetics models (the Drude-Lorentz model for
semiconductors), using local electron densities and currents. A more detailed
treatment follows from the Boltzmann equation approach, a traditional treatment
for near thermal equilibrium conductivity, including effective masses and
transport relaxation times independently obtained. The electronic Green’s
functions (propagator) treatment is general in principle and has been developed
for near thermal equilibrium conductivity, but is quite difficult to implement
computationally for electronically excited systems.

Calculation of the electronic photoconductivity starting from atomic structure
is quite challenging and has required in our case to develop a new treatment using
the RDM. This can be used to derive descriptions near and far from equilibrium,
kinetics models and expressions for equation parameters. Some aspects are
described in the next Section.

Density Operator Approach

The Liouville-vonNeumann (L-vN) equation for a primary (p-) region coupled
to a dissipative secondary (s-) region of an infinite system, both interacting with
light, involves the total Hamiltonian for the regions and light in interaction, given
by

The reduced density operator refers to the p-region and involves an average
over an statistical distribution in the s-region, obtained formally by taking the trace
of the DOp of the whole system over the s-variables,

Doing this for the EOM of the whole system leads to the RDM EOM,
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where the first term contains effective hamiltonians, and the second and third terms
contain a fluctuation (averaging to zero over initial varables) and a dissipative
superoperator (including a delay) in the p-region. They can be obtained from the
time-correlation functions of the s-region (1–3).

Dissipative rates from fast electronic motions and slow atomic motions are
usually separated into fast and slow terms,

Fast (instantaneous) electronic dissipation is due to electronic fluctuations
(excitons) in the medium and is described by the Lindblad rate expression
constructed from transition rates between vibronic states in the p-region induced
by interactions with the s-region. Slow (delayed) dissipation is due to atomic
lattice vibrations. The slow dissipation due to vibrational motions (phonons) can
be obtained for bilinear couplings of p- and s-regions in terms of time-correlation
functions of s-region displacements and the time evolution operator of the
p-region. For measurement times long compared with TCF relaxation times, it
can be obtained from the Redfield approximation for dissipative rates, which
gives differential equations containing only the RDop at time t (1–3).

The RDop is yet a many-electron object with all the position and spin
variables of electrons in the p-region. To proceed, it is convenient to further
reduce the treatment introducing effective one-electron operators. These can then
be expanded in a basis set of vibronic-light field states composed of one-electron
states times vibrational states for the atoms in the p-region. Equations for the
one-electron density operator and a given atomic configuration {Q} follow from
the contraction

RDM elements are obtained in a basis set of K-S orbitals satisfying the equation

and given by

This is yet a function of atomic position variables and of photon variables, and
must be expanded to include vibrational states of the lattice and photon field states.
For photoinduced transitions involving only one photon absorption or emission, it
is sufficient to construct one-photon and no-photon states as in
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Expansion of operators with this choice of photon states gives the same results
as working in the rotating wave approximation (RWA) for the equation of motion
of the RDM (3). Vibrational matrix elements of an operator can be obtained in
the Frank-Condon approximation as

Working in this basis set the RDM EOM can be derived for long times
compared to the relaxation times in the s-region as given by their exciton and
phonon time-correlation functions. Under these conditions the form of the
dissipative rates take the Redfield form. To simplify, the equations are given
below for matrices in the basis set of purely one-electron states, for fixed atomic
positions and fixed electronic wavevectors, and in a rotating frame where terms
oscillating with the light frequency have been eliminated, as in the rotating wave
approximation (RWA) (8).

The symbols here are

These coupled differential equations can be solved numerically for any
given external light field. In particular, for steady light excitation it is possible to
concentrate on steady state solutions obtained by setting the left hand side of the
EOM equal to zero:

This solution provides populations of excited states given by its diagonal
elements, and also a way for calculating electronic current averages. Explicit
solutions for the matrix elements in terms of the Rabi frequency and state-to-state
transition rates are given in ref. (8).
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Figure 4. The top panel gives photoinduced population changes in a supercell
for a Si slab with eight layers, at a photon energy of 1.5 eV, versus the energy of
electronic orbitals with reference to the HOMO energy. It shows only delocalized
electrons and holes created by light absorption. The lower panel gives similar
results but with a Ag cluster adsorbate. There is a pronounced localized
population of electrons at the cluster, and a larger population of delocalized
holes, as compared with the top panel. Results were obtained with the PW91
density functional for electron band states at the Γ point of the Brillouin zone for

an octahedral supercell. From ref. (26), previously unpublished.

Charge Carriers at Photoexcited Surfaces

Light absorbed at a Si surface induces excitation of both short lived and
long lived many-electron states I=G, E, F, …. It is possible to separate a direct
mechanism where light absorption to an excited electronic state E is rapidly
followed by emission back to the ground electronic state as in , from
an indirect mechanism where a final long-lasting charge separation state F is
formed, as in . Electrons and holes are created by direct or indirect
photoexcitation, but only the long lasting states allow enough time for extraction
of a photovoltaic current by application of an external voltage (9, 12). When this
is done, electrons and holes driven by an electric potential can flow through the
slab lattice or jump between sites at its surface, or between dopant sites.

Standard treatments of conductivity have been extensively developed for
charge transport near thermal equilibrium, and must be extended to account
for photoexcitation. Among these are semiempirical treatment like the Drude
model containing parameters for effective masses, transport relaxation times, and
dielectric constants; extension of the Boltzmann transport equation to include
the Boltzmann phase space distribution of a photoexcited system, including
relaxation times for photoexcited charges; and more fundamental treatments
using the Kubo formulation with time-correlation of fluxes, but with averages
over photoexcited populations instead of thermal populations (3, 17, 18).

The long lasting charge separation states can be found from the steady state
solutions for the RDM and this can provide the average of charge fluxes at the
slab surface during photoexcitation. For steady state light of frequency ΩL and
voltage of frequency ωV, we can write in terms of matrix elements of a velocity
operator between Bloch states (17),
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where the total flux average contains electron and hole contributions.
Of special interest here is a comparison of the densities of photoinduced

charge carriers without and with adsorbed Ag. The diagonal elements of the
steady state RDM solutions provide changes in populations relative to the
equilibrium values as shown below.

These population changes have been obtained in calculations done for photons
of energy 1.5 eV, and are shown below in two panels of Figure 4 at the Γ point
in the Brillouin zone (wavevector k=0) of an octahedral supercell in the Si slab.
They are given for a photon source with intensity corresponding to a black body at
5,800 K. As seen by comparison, the effects of adding Ag are to create localized
electrons and to increase the density of delocalized holes. These reults are from
DFT calculations with VASP PW91 (26).

Derivation of a Drude-Lorentz Photoconductivity Equation

A useful treatment of photoconductivity can be based on the equations for the
averagemomentum p of charge carriers u (electrons or holes). They can be derived
starting from the EOMof the RDMand constructing the averages
. We employ the one-electron RDOp EOM for the p-region of a nanostructured
AgNSi:H slab interacting with quantized light, and with an electrical voltage (due
to electrodes or to n- and p-dopant regions) and containing dissipative rates from
s-region electronic excitations (excitons) and atomic lattice vibrations (phonons).

For semiconductors, the light field of frequency leading to excitation
is the local field obtained from the dielectric function of the medium (a Si slab with
adsorbed clusters). It interacts with the p-region as described by the EOM for the
one-electron RDM including the Redfield dissipative rate, in
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where the dissipative rate superoperator contains two terms, with (el) from
electron-exciton coupling and (at) from electron-phonon coupling. We include
the (el) dissipative rate in the eq. for the steady state RDM, and consider the (at)
rate when we calculate the transport relaxation rate for electronic conductivity.

The basis set of one-electron states for electrons of givenmomentum and in

a vibronic state for electronic orbital j form an expansion set of states
used to transform the operator equation above into a matrix of coupled differential
equations to be solved for stationary light excitation. In an isolated p-region and
in the absence of electronic spin-orbit coupling, light absorption leads to a vertical
excitation where the electron momentum does not change. In a medium, this
transition is perturbed by lattice phonons and excitons which produce a relaxation
of the photoexcited state. The electron momentum operator can be written as a
sum of its average value plus a collision induced term, as

and the density operator here can be written as a sum of a steady state term
incorporating electronic dissipation in the medium, due to excitons, plus a
correction coming from atomic vibrations in the medium and leading to collisional
relaxation of charge transport, as shown below.

Here the steady state solution is found as in Ref. (8) and contains linearly
the local light field. Returning to the EOM for the RDOp which includes also the
electric field from an applied voltage, the EOM for the average momentum is then

with a transport relaxation time τ and a random collision force in parameters
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and with the random collision force averaging to zero over times large compared
with the relaxation time, as shown above. The result is a simple differential
equation for the average momentum, but with explicit expressions for the equation
parameters in terms of the supermatrices that describe electronic and vibrational
dissipation. These can be obtained from ab initio electronic structure calculations
as done by us before for light absorption (8, 13). The electrical current of a
charged carrier (here an electron) is just the velocity times electron density per
unit volume, or

and its Fourier transform for an oscillating applied voltage gives the conductivity
coefficient σ from

These equations apply separately to photoexcited electrons (e) and holes
(h), so that the total photoconductivity is their sum. The conductivities can
alternatively be expressed in terms of mobilities µ, usually measured in
semiconductors, multiplying carrier concentrations. The equations are shown
below, with asteriscs indicating properties changed by light absorption.

Here the effective masses in the mobilities can be also calculated, from the
second derivatives of Bloch energies with respect to electron wavevectors.

The above equations provide all the information needed to obtain mobilities
from first principle electronic structure and molecular dynamics calculations.
The equations also provide a way to estimate the changes in conductance due
to changes in atomic structure, and in the present application they can be used
to estimate how the addition of a Ag cluster to a Si slab would change the
conductance. The most important change is in the photoinduced populations of
carrier states, and to estimate these we can use the mobilities of electrons and
holes available from the literature for bulk Si, of values 1350 cm2/(Vs) and 480
cm2/(Vs) for electrons and holes, respectively (27). The following Figure 5 gives
the relative change ΔClσ*/σ(Si) = [σ(Ag3Si) − σ(Si)]/σ(Si) due to addition of the
cluster to a slab with eight layers of Si and all Si dangling surcae bonds saturated
by H atoms or the three Ag atoms on top positions, versus photon energies. The
carrier populations came as before from density functional calculations using
periodic boundary conditions, atomic pseudopotentials, and the PW91 functional.
It is seen that adding a Ag cluster increases photoconductivity in the region of
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visible and UV light, with both electron and hole contributions increasing after
photoexcitation. In this figure, photon energies have been scaled dividing by the
band gap EBG= 0.84 eV on all plots and population changes have been scaled by
1.50e-10 charge carriers in the pure Si supercell volume (28).

Figure 5. Relative changes to the photoconductance ΔClσ*/σ(Si) = [σ(Ag3Si) −
σ(Si)]/σ(Si) due to addition of a Ag cluster to a slab with eight layers of Si versus
photon energies. It is seen that adding a Ag cluster increases photoconductivity
in the region of visible and UV light, with both electron and hole contributions
increasing after photoexcitation. From ref. (28), previously unpublished.

Conclusion

A combination of density matrix methods for dissipative dynamics and ab
initio electronic structure methods for many-atom systems provide insight and
useful results on optical properties and photoconductivity of Si slabs with adsorbed
Ag clusters. Similar treatments could be applied to structures with dopants and to
quantum dots of related elements. , and on quantum dots of similar compounds.

The present treatment extends our previous work by now adding energy
band states with a range of electron wavevectors. This allows consideration of
conductivity effects driven by applied voltages, which may come from regions of
n- and p-dopants, or from the application of external voltages. A Drude –Lorentz
model has been derived from the reduced density matrix equations of motion,
that provides a differential equation for the charge carrier momenta and also
computational expressions for equation parameters in terms of quantities that can
be obtained from ab initio electronic structure and molecular dynamics.

Here the first results of our Drude-Lorentz model are shown comparing pure
Si slabs and slabs with adsorbed Ag clusters. They indicate that adsorption of a
cluster leads to large increases of photoconductivity.
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Chapter 8

Investigating Interfacial Electron
Transfer in Highly Efficient

Porphyrin-Sensitized Solar Cells

David N. Bowman,1 Jonathan Chan,2,3 and Elena Jakubikova*,1

1Department of Chemistry, North Carolina State University,
Raleigh, North Carolina 27695-8204, United States

2William G. Enloe High School,
Raleigh, North Carolina, 27610, United States

3Current address: Department of Chemistry, University of North Carolina,
Chapel Hill, North Carolina 27599-3290, United States

*E-mail: ejakubi@ncsu.edu.

The YD2-o-C8 complex based on zinc tetraphenylporphyrin
(ZnTPP) is among the most efficient sensitizers for DSSCs to
date, reaching over 12% in power conversion efficiency when
paired with an organic co-sensitizer on a TiO2 surface. To
understand the link between the structure and light-harvesting
properties of ZnTPP dyes, four sensitizers based on ZnTPP
are investigated, with a systematic addition of structural
features found in YD2-o-C8. Density functional theory (DFT)
and time-dependent DFT are utilized to obtain the ground
and excited state electronic structure of each chromophore.
Quantum dynamics simulations are also employed to investigate
interfacial electron transfer between the electronically excited
ZnTPP dyes and the TiO2 semiconductor. Overall, we find that
substitution of the strongly coupled ethynyl bridged benzoic
acid and diarylamine at the meso position of the porphyrin ring
have the most significant impact on the absorption properties
and IET efficiencies of Zn TPP based dyes. The addition
of the alkoxy groups and long chain alkanes onto the meso
substituted phenyl groups to produce YD2-o-C8 have little
impact on the ground and excited state properties of the
sensitizer. The structural modifications that do not impact the

© 2015 American Chemical Society
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chromophore electronic structure are, however, likely to impact
intermolecular interactions (chromophore-chromophore and
chromophore-electrolyte). Overall, our results shed light on
the origins of the sensitization efficiency of the YD2-o-C8
dye and support the conclusions of previous experimental and
computation work on this system.

1. Introduction

Dye-sensitized solar cells (DSSCs) offer an attractive alternative to crystalline
silicon solar cells thanks to their low cost and versatility. Since the seminal
work of O’Regan and Grätzel (1), which brought DSSCs into the arena of viable
photovoltaics, a large body of research has accumulated regarding understanding
fundamental photophysical processes in and optimizing power conversion
efficiencies (PCE) of these devices (2–4). Conventional DSSCs utilize visible
light absorbing dyes which undergo efficient interfacial electron transfer (IET)
into a semiconductor network that is typically composed of a sintered anatase TiO2
nanoparticles (3). Following IET, the conduction band electrons are collected
at the photo-sensitized anode, passed through a work load, and returned to the
oxidized dye via a redox shuttle (typically I-/I3-) to regenerate the photoactive
chromophore (3).

Historically, Ru-polypyridines have been the most extensively studied and
utilized sensitizers in DSSCs due to their favorable absorption properties and
efficient IET (5). Ru-based sensitizers remained the most efficient for nearly
two decades until recently engineered meso-substituted push-pull Zn-porphyrin
sensitizers were utilized to produce devices with PCEs of 12-13% (6, 7). This is of
significant scientific importance, particularly because the new paradigm involves
sensitizers based entirely on earth-abundant elements (8). In 2011, Grätzel
and coworkers developed the highly-tailored push-pull Zn-porphyrin sensitizer
YD2-o-C8 ([5,15-bis(2,6-dioctoxyphenyl)-10-(bis(4-hexylphenyl)amino)-20-(4-
carboxyphenylethynyl)porphyrinato] Zinc (II), 5 in Figure 1), which reached a
DSSC PCE of 12.3%, when utilized with an organic donor-acceptor co-sensitizer
and a tris-2,2′bipyridine Co(II/III) redox shuttle (7). By 2014, Grätzel and
coworkers had further engineered SM315 as their best push-pull porphyrin
sensitizer to date (6). This complex, relative to YD2-o-C8, has a benzothiadiazole
anchoring group (rather than benzoic acid) and slight modifications to the bulky
amine donor. Devices incorporating SM315 reached a new landmark PCE of
13.0% without a co-sensitizer (6).

Since the development of YD2-o-C8, a large amount of experimental
(9–15) and computational (16–23) research has been performed to investigate
the sensitization capabilities of this complex as well as multiple analogs.
Computational studies have helped to establish fundamental structure-property
relationships for Zn porphyrin sensitizers. Electron donor and acceptor groups
meso-substituted on the same molecular axis (creating a push-pull system) are
fundamentally important for tuning visible light absorption and the energetic
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positioning and localization of excited states which facilitate IET (19–23).
The choices of donor and acceptor groups that lead to efficient sensitization
appear to be highly flexible, providing for a large unexplored chemical space
available for device optimization. The long alkyl and alkoxy chains are also of
fundamental importance, although not to the photophysics of the chromophore.
These bulky groups significantly hinder dye aggregation (8), and the alkoxy
groups on the phenyl substituents (perpendicular to push-pull axis) appear to
hinder recombination (15).

In this work, we utilize a combination of density functional and quantum
dynamics methodologies to study the impact of various functional groups, present
in YD2-o-C8, on the ground state, absorption properties, and IET process in
dye-TiO2 assemblies by systematically constructing the full sensitizer from zinc
tetraphenylporphyrin (1), as shown in Figure 1. Starting from the parent (complex
1), addition of the ethynyl linked benzoic acid electron acceptor (complex 2)
is considered first, followed by the addition of a diaryl amine electron donor at
the opposite meso position (complex 3), and addition of methoxy groups to the
phenyl rings perpendicular to the push-pull axis (complex 4). Finally, the full
YD2-o-C8 structure (5) is considered. This work validates the applicability of
our methodology to push-pull zinc porphyrin sensitizers, and is able to determine
IET rates for the YD2-o-C8 dye-TiO2 system that have good agreement with
experiment (24).

Figure 1. Systematically modified Zn(II) porphyrins investigated in this work.
The most highly engineered structure is YD2-o-C8 (5).
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2. Methods
2.1. Molecular Structure and Absorption Spectra

Complexes 1-5 were optimized in vacuum employing the B3LYP functional
(25, 26). Hybrid functionals, such as B3LYP, are known to provide accurate
geometries (27) as well as the absorption spectra in a good agreement with the
experimental results (28). The LANL2TZ+ effective core potential and associated
basis set was used for the Zn atom (29, 30), all other atoms (C, N, O, and H) were
described using the 6-31G* basis set (31–33).

Time-dependent DFT (TD-DFT) (34–36) calculations at the CAM-B3LYP
(37) level of theory were employed to obtain the 30 lowest-energy singlet
excitations for all complexes. This method has proved useful for accurately
reproducing the electronic absorption spectra of the target system, namely
complex 5, which contains charge transfer excitations (16). Solvent effects
(acetonitrile) were included in the TD-DFT calculations by means of the
polarizable continuum model (PCM) (38). The UV-vis absorption spectra were
simulated by convoluting the stick spectra composed of the δ-functions associated
with the excitation energies times the oscillator strength with a Lorentzian line
shape, with half-width-at-half-maximum (hwhm) set to 0.08 eV. The excitations
were characterized utilizing natural transition orbital (NTO) analysis (39).
Excitations in the visible region of the absorption spectrum (λ > 325 nm) with
oscillator strength greater than 0.01 were used to identify the donor states for
interfacial electron transfer simulations. The Gaussian 09 software suite was
utilized for all molecular calculations (40).

2.2. Slab Model Optimization

Periodic systems (bulk anatase and nanoparticle slab models) were optimized
using the Vienna Ab initio Simulation Package (VASP) (41–44) employing the
PBE exchange-correlation functional (45, 46) with Projector Augmented-Wave
method (47, 48). A pure functional (PBE) was chosen over a hybrid functional
(B3LYP) due to the computational cost considerations. Note that utilization of
PBE and B3LYP functionals results in nearly identical Ti−O and Ti−C bond
lengths (49). The plane wave basis set expansion was cutoff at 500 eV for all
periodic boundary condition (PBC) calculations. The anatase TiO2 unit cell was
optimized with (13 × 13 × 13) k-point sampling, which resulted in a tetragonal
lattice with lattice vectors a = b = 3.81 Å, c = 9.77 Å.

The optimized unit cell of bulk anatase was used to construct a slab model
of the (101) surface. Linker models consisting of benzoic acid attached to the
anatase (101) surface via a monodentate and a bridging bidentate attachment were
constructed. The top two layers of Ti and top four layers of O were relaxed along
with the linker models, keeping the remainder of the slab frozen at bulk geometry,
using a (5 × 3 × 1) k-point sampling. The supercell volume was kept fixed with
lattice vectors a = 15.25 Å, b = 10.49 Å, c = 26.00 Å.

Optimized linkermodels were then used to perform a constrained optimization
of complexes 2-5, keeping the linker and half of the aryl ring on the linker
side (three carbon and two hydrogen atoms) frozen at the surface geometry.
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Calculations were done employing the Gaussian 09 software package (40) at
the B3LYP/LANL2TZ+,6-31G* level of theory. Following the constrained
optimization, complexes 2-5 were aligned onto the surface using the linker
geometry as a reference (50).

2.3. Interfacial Electron Transfer Simulations

Quantum dynamics simulations, in which the time-dependent electronic wave
function, , is propagated according to the extended Hückel (EH) model
Hamiltonian, were used to investigate interfacial electron transfer in all dye-TiO2
assemblies (51–57). The methodology is described in detail in Reference (51).

The initial states for the IET simulations, , were created based on the
results of the TD-DFT calculations for complexes 2-5. Kohn-Sham (KS) orbitals
populated by the visible light excitations were matched to virtual EH orbitals of
the complexes 2-5 by visual inspection. These EH particle states then served as
the initial states for the IET simulations of the entire dye-TiO2 systems, and were
evolved in time according to the time-dependent Schrödinger equation. Survival
probability, or the probability that at time t the electron is still localized in the dye,
was determined by projecting the time-evolved electronic wave function of the
dye-TiO2 system onto the atomic orbitals of the dye at each simulation step.

All quantum dynamics simulations were run for 2 ps with a step-size of 0.1
fs in vacuum at a frozen geometry. PBC with the super cell of 31.46 Å × 30.49
Å dimensions parallel to the slab and the cell height was altered to provide a
sufficient vacuum layer above the dye (34.00 Å for 2, 38.00 Å for 3-4, and 45.00
Å for 5). A k-point sampling of (1 × 1 × 1) was utilized in all quantum dynamics
calculations. In order to avoid artificial recurrences in the electron-transient
populations, absorbing potentials (i.e., imaginary terms to the diagonal elements
of the Hamiltonian) were assigned to the bottom layer of Ti atoms.

Survival probabilities obtained from the IET simulations were fit to a linear
combination of exponential functions according to the following expression,

with the constraint that satisfied by

Goodness of each fit was determined by requiring that the coefficient of
determination, R2, be greater than 0.95. The fit with the smallest N satisfying this
condition was chosen for further analysis. In some cases IET was not observed
and exponential fitting was not possible. The characteristic IET times were then
calculated as the expectation values of the survival probabilities according to
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3. Results and Discussion

3.1. Ground State Structures

Average Zn-N bond lengths and relevant porphyrin-phenyl dihedral angles are
summarized in Table 1 for the crystal structure (58) of 1 and the B3LYP optimized
structures of complexes 1-5. The chosen computational approach results in an
overall accurate structure of the parent complex, with slight overestimation of
Zn−N bond lengths (1.8 %) and underestimation of porphyrin-phenyl dihedral
angles (6.1 %). Thanks to the structural similarity among all complexes
investigated, one can assume that optimized structures for complexes 2-5 possess
similar level of accuracy. Table 1 also lists relevant geometric parameters for 2-5
and includes the porphyrin-phenyl dihedral angle across the ethynyl bridge (see
Figure 1). The approximately coplanar arrangement of the ethynyl phenyl moiety
relative to the porphyrin macrocycle indicates that significant electronic mixing
between the porphyrin and phenyl groups may be possible.

3.2. Absorption Spectra

Calculated absorption spectra for complexes 1-5 are shown in Figure 2. All
of the significant transitions in the visible region are π to π* in nature. A number
of observations regarding the perturbations introduced by systematic additions of
functional groups to 1 in building the target complex 5 can be made. First, the
most dramatic change is a red-shift of both Q and Soret bands upon addition of
the ethynyl-benzoic acid linker, which move from 375 nm to 400 nm and 550 nm
to 585 nm, respectively. An increase in the intensity of the Q band by an order of
magnitude is also observed for complexes 2-5 relative to 1, as shown in Figure 2.
These changes to the absorption profile are both desirable for harvesting of lower
energy photons and capturing a larger portion of the solar spectrum.

The bathochromic shift of both Q and Soret bands can be understood in
terms of the electronic structure of the substituted dyes. A significant decrease in
the LUMO energy occurs due to the delocalization of this orbital onto the linker
group. The linker ring is nearly coplanar with the porphyrin macrocycle (see
Table 1), and the delocalization can clearly be observed in the relevant orbitals
shown in Figure 3. The TD-DFT analysis shows that LUMO and LUMO+1
are the primary unoccupied orbitals involved in significant transitions, with
oscillator strength greater than 0.01, shown in Figure 2. Clearly, LUMO+1 is not
significantly perturbed by the linker addition (see Figure 3) as it lacks the proper
symmetry to mix with the π-symmetry orbitals of the linker subunit.
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Table 1. Experimentally Known Geometric Parameters of 1 (Average Zn−N
Bond Length and Average Absolute Porphyrin-Phenyl Dihedral Angles)
along with Those Calculated at the B3LYP/LANL2TZ+,6-31G* Level of
Theory for Complexes 1-5. The Porphyrin-Phenyl Dihedral Angles Across
the Ethynyl Bridge Are Also Given for Complexes 2-5. Absolute Value

(Magnitude) of Dihedral Angles Is Reported.

Experimental
(58) Calculated

Geometric Parameter
1 1 2 3 4 5

Avg. Zn−N bond length
[Å] 2.032 2.069 2.071 2.070 2.069 2.069

Avg. porph.-phenyl
dihedral angle [deg.] 75.3 70.7 69.2 70.6 92.1 79.6

Porph.-phenyl dihedral
angle, across ethynyl [deg.] − − -0.5 -2.8 -1.7 -1.1

Figure 2. Calculated excitations for complexes 1-5 at the CAM-B3LYP/
LANL2TZ+,6-31G* level of theory. To generate the broadened spectra a

Lorentzian broadening with hwhm=0.08 eV was used.
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Figure 3. Kohn-Sham HOMO-1 through LUMO+1 of 1 and HOMO-2 through
LUMO+2 of 2-5 at the CAM-B3LYP/LANL2TZ+,6-31G* level of theory, with
orbital energies in eV. These are the relevant particle states that are populated
from visible light excitation in the Q and Soret band. The isovalue shown is

0.03 electron/Å3.

The spectrum is also significantly altered upon substitution of the
di-p-tolylamine electron donor group in complex 3. With this structural
modification, two shoulders appear on each side of the Soret band (compare
UV-vis spectra of complexes 1 and 2 with 3-5, Figure 2). These excitations are
charge transfer in nature, with the occupied orbitals involved in the transitions
containing electron density that is primarily localized on the donor group. This
can clearly be seen by comparing the natural transition orbitals of 1 and 3 shown
in Figures 4 and 5, respectively. A slight red-shift of the Q band is also observed,
going from 585 nm in 2 to 610 nm in 3. This can be rationalized on the basis
that the HOMO of 3 is slightly destabilized in comparison to the HOMO of 2,
due to orbital interactions between the porphyrin ring and the di-p-tolylamine
group. The two most intense peaks in the Soret band of complexes 3-5 become
somewhat more charge transfer in nature (see Figure 5), due to contributions
from HOMO-2 localized on di-p-tolylamine moiety, when compared to complex
2. Overall, these changes to the absorption characteristics should be beneficial for
light harvesting, as they improve absorption across the visible region and the new
excitations neighboring the Soret band result in an initially charge separated state.
The bathochromic shifts and broadening of the Soret band are consistent with the
experientially determined spectra of 1 (59) and 5 (7).
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Figure 4. Natural transition orbitals for excitations in the Q and Soret regions of
1. Hole is pictured to the left, with particle to the right of the arrow. The percent
contribution of the particle-hole pairs are shown. The horizontal (solid) and
diagonal (dashed) sets of arrows represent two distinct transitions, which are

degenerate. The isovalue shown is 0.03 electron/Å3.

Figure 5. Natural transition orbitals for excitations in the Q and Soret regions
of 3. Hole is pictured to the left, with particle to the right of the arrow. The
percent contribution of the particle-hole pairs are shown over the arrow. The

isovalue shown is 0.03 electron/Å3.
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Finally, the addition of ortho-alkoxy groups to the remaining phenyl groups
in going from 3 to 4 and further decoration with long alkane chains to produce
5 do not have any significant impact on the calculated absorption properties of
the chromophore. These modifications occur on phenyl groups that are highly
decoupled from the porphyrin macrocycle and contain no visible light absorbing
moieties. No significant changes in orbital structure, orbital energy, excitation
peak positions, or excitation composition are observed for 4 and 5 relative to 3.

3.3. Dye-Nanoparticle Assemblies

The chromophore-TiO2 assemblies used to perform IET simulations were
constructed based on benzoic acid binding models, as described in section 2.2.
Previously published results suggest that the two most stable binding modes of
a carboxylic acid on the anatase (101) surface are the monodentate attachment,
with a hydrogen bond between a surface oxygen and the hydroxyl group, and
a bridging bidentate attachment, in which deprotonated carboxylate forms two
Ti−O bonds (see Figure 4) (60–64).

Figure 6. Assemblies of anatase (101) sensitized with complex 3, with the
chromophore anchored to TiO2 via (a) monodentate carboxylic acid binding

mode or (b) bridging bidentate carboxylate binding mode.

Following the dye alignment, the final constructed slab models position
the chromophore nearly perpendicular to the semiconductor surface. Example
attachments for 3-TiO2 in both the monodentate carboxylic acid and bidentate
carboxylate attachment modes are shown in Figure 6. Due to the symmetry of the
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sensitizers and the coplanarity of the porphyrin with the benzoic acid linker, only
one orientation of attachment was considered for each bindingmode (180° rotation
around the carboxylic acid-phenyl bond is considered an equivalent assembly).
In total, four sensitizers (2-5) were modeled in two different linker attachment
modes resulting in eight unique dye-TiO2 assemblies for IET simulations.

For the dye-semiconductor assemblies, a density of states (DOS) plot assists in
analysis of the electronic structure of the full system. ADOS plot for 5-TiO2with a
monodentate attachment mode is shown in Figure 7 along with the discrete energy
level of complexes 2-5, calculated at the extended Hückel level of theory. It is
apparent from Figure 7 that all of the relevant low-lying LUMOs of chromophores
2-5 lie at the approximately same energy level and will couple with the same set of
the acceptor states localized on the TiO2 slab. Note that the HOMO energy level
is significantly destabilized in complexes 3-5, relative to 2. This is consistent with
the results obtained at the DFT level of theory (see Figure 3) and with the observed
bathochromic shift in the simulated UV-vis spectra. Based on the DOS alone,
there are no significant differences between chromophores that would impact their
relative sensitization capabilities.

Figure 7. Extended Hückel energy levels (left) of chromophores 2-5. Density of
states for 5-TiO2 anatase (101) slab model (right) shows the total density of states
(dashed line), and the projected density of states of the adsorbate (solid line). All

assemblies shown have a monodentate carboxylic acid binding mode.
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3.4. Interfacial Electron Transfer Simulations

For all complexes investigated, the LUMO-LUMO+2 were found to be the
relevant orbitals populated upon visible light absorption. These KS orbitals (see
Figure 3) were matched to orbitals at the extended Hückel level of theory, shown
in Figure 8. The relevant extended Hückel particle states serve as initial electron
wave packets, completely localized on the chromophore, which evolve under
the time-dependent Schrödinger equation. The survival probability, or fractional
percentage of electron remaining on the dye, is calculated at each simulation step
(example results for the IET simulations in 5-TiO2 assemblies are shown in Figure
9) and fitting via exponential functions allows for calculation of the expectation
value of the characteristic IET time.

Figure 8. Extended Hückel LUMO through LUMO+2 of 2-5 at the monodentate
carboxylic acid surface attachment geometry, with orbital energies in eV. The

isovalue shown is 0.03 electron/Å3.
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The calculated characteristic IET times for all the investigated models are
given in Table 2. Interestingly, complexes 2-5 have essentially the same rate of
IET for a given attachment mode. This is not entirely surprising, as the orbital
localization and energies are not significantly different for any of the complexes
(see Figures 3 and 7). We also find that the ordering of the states by the IET time
is consistent across all complexes and attachment modes: LUMO+2 < LUMO
<< LUMO+1. Two factors are responsible for this trend: (1) delocalization of
a particular initial state onto the linker group, and (2) energetic alignment of an
initial state with the TiO2 acceptor states. The LUMO+2 clearly has a large amount
of electron density on the linker (primarily benzoic acid localized, see Figure 7)
and is energetically aligned with a large number of acceptor states (i.e., DOS of
TiO2 at that particular energy level is large), leading to the rapid IET observed.
For LUMO, there is some electron density delocalization onto the linker but the
density of the TiO2 acceptor states is lower at that particular energy level than for
the other states (see Figure 7). For LUMO+1, there is approximately zero electron
density on the linker group and therefore IET does not occur on the timescale of
the excited state lifetime (~ 0.1 ns) (7). The computed characteristic IET times
obtained for the states capable of sensitization are in line with those obtained from
the experimental studies for the same YD2-o-C8 dye-TiO2 system (24).

Figure 9. Survival probability, P(t), versus time for the 5-TiO2 assemblies, in
which LUMO, LUMO+1, or LUMO+2 were chosen as the initial state for the
simulations. The dye 5 (YD2-o-C8) was attached to anatase (101) slab via the

monodentate carboxylic acid binding mode.

The characteristic IET times highlighted in bold in Table 2 are below the
expected excited state lifetime (~ 100 ps), indicating that sensitization is possible
from LUMO and LUMO+2 for monodentate attachment, and LUMO+2 for
bidentate attachment. Due to the LUMO and LUMO+1 having the predominant
contributions to the TD-DFT excitations, and a relatively long characteristic IET
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time for LUMO+1 initial state, we expect the majority of IET to occur upon
population of the LUMO orbital. Note that the IET in dye-TiO2 assemblies
with monodentate carboxylic acid attachment is more efficient than the IET in
assemblies with the bidentate attachment. This trend has been observed before in
our work on sensitization capabilities of various metal polypyridine complexes,
and is attributed to differences in the orbital overlap with TiO2 acceptor states
(56, 57, 65, 66).

Table 2. Characteristic Interfacial Electron Transfer Times into
Anatase TiO2 Determined for the LUMO−LUMO+2 Initial States of the
Chromophores. Times under the Expected Excited State Lifetime of 0.1
ns Are Bolded. Results for Monodentate and Bidentate Carboxylic Acid

Attachment Mode Are Shown.

Monodentate Bidentate
Model

LUMO LUMO+1 LUMO+2 LUMO LUMO+1 LUMO+2

2-TiO2 1.1 ps >10 ns 11.5 fs 136.2 psb >10 ns 51.1 fsa

3-TiO2 936.1 fs >10 nsb 11.4 fs 183.9 psb >10 nsc 42.3 fsa

4-TiO2 806.5 fs >10 nsb 11.3 fs 145.3 psb >10 nsc 47.8 fsa

5-TiO2 921.5 fs >10 nsb 11.4 fs 178.4 psb >10 nsc 41.8 fs
a double exponential fit, b triple exponential fit, c exponential fit not possible.

The sensitization capabilities of complexes 2-5 do not differ significantly
based on the characteristic IET times alone, and overall we find little difference
in comparing complexes 3-5. However, addition of the electron donating
diarylamine group in going from 2 to 3 results in two new charge transfer
transitions and general increase in charge transfer character to the Soret band
(see Figure 5). The higher-energy charge transfer excitation (360 nm) primarily
populates LUMO+1 and will not lead to the IET according to our model (see
Table 2), though this may change with the inclusion of molecular motion. The
lower energy charge transfer excitation (450 nm) has significant contribution from
both LUMO and LUMO+2 and should therefore lead to a relatively rapid IET.

Overall, our results are consistent with the conclusions obtained by Yella
et al. in their work on tailoring porphyrin sensitizers to produce YD2-o-C8 (7).
Addition of the electron-donating group significantly impacts the sensitization
capabilities of the porphyrin dyes, due to additional charge transfer nature of
the Soret band excitations. Addition of the alkoxy and long alkyl chains to the
sensitizer does not significantly impact the rate of the IET, but is expected to
hinder dye aggregation and assist in the interactions with the Co(II/III) electrolyte.
Because our simulations consider only single chromophores in vacuum, any
chromophore-chromophore, chromophore-electrolyte, and chromophore-solvent
interactions are neglected.
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The computational model utilized in this work can be easily extended to
include molecular motion or electron-hole coupling (52, 67–69). It is, however,
useful even in its most basic form for rapidly screening a large number of
push-pull dyes for their relative sensitization capabilities. Including the electron
hole coupling is expected to generally increase the IET time (67) and inclusion of
molecular motion may allow transient IET pathways to open up on the ps time
scale (vibrational time scale) which will generally decrease the IET time (52) for
slowly injecting states. Overall, we consider the model employed in this work to
be an adequate approximation for comparing relative sensitization capabilities of
a class of related complexes and for reproducing experimentally observed IET
time scales.

4. Conclusions

This work focused on investigation of the ground and excited state electronic
structure of substituted zinc porphyrins, with the goal to characterize sensitization
capabilities of the highly efficient YD2-o-C8 dye. Substitution of the ethynyl
bridged benzoic acid linker at the meso position of the porphyrin macrocycle
has a significant impact on the electronic structure of the chromophore, resulting
in: (1) delocalization of the π* LUMO over the linker group, (2) lowering
of the LUMO energy relative to the LUMO of 1, and (3) presence of a new
benzoic acid localized molecular orbital (LUMO+2) in the frontier energy region.
Subsequently, a bathochromic shift is observed for both Q and Soret bands due
to the stabilization of the LUMO orbital. Further tailoring of the chromophore
by addition of a diarylamine donor group on the same molecular axis as the
ethynyl bridged benzoic acid results in addition of new charge transfer excitations
and modification of the Soret band that now displays a partial charge transfer
character. All of these changes should facilitate the IET process following the
visible light absorption. The addition of alkoxy groups and long chain alkyl
groups to the periphery of the scaffold is not found to significantly impact the
photophysical properties of Zn porphyrin dyes.

The IET simulations on dye-TiO2 assemblies, where dye represents
complexes 2-5, were performed to estimate the time scale of electron transfer
into (101) anatase, when the chromophores are attached via a carboxylic acid
linker in either a monodentate or bridging bidentate mode. The calculated
characteristic IET times for all complexes were found to be essentially equivalent,
with the monodentate binding arrangement resulting in significantly faster IET
than the bidentate mode. Our computational results support the conclusions
of Yella et al. (7), who proposed that the addition of the electron donor group
assists in facilitating IET. Our results also indicate that further modifications by
alkoxy and alkyl chains on the periphery of the chromophore do not significantly
impact the ground or excited state electronic structure of the porphyrin-based
dyes. These synthetic modifications, as suggested (7), are more likely to impact
chromophore-chromophore and chromophore-electrolyte interactions which were
not considered in this model.
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Chapter 9

Nonradiative Relaxation of Charge Carriers
in GaN-InN Alloys: Insights from
Nonadiabatic Molecular Dynamics

Alexey V. Akimov* and Oleg V. Prezhdo

Department of Chemistry, University of Southern California,
Los Angeles, California 90089

*E-mail: alexvakimov@gmail.com.

The nonradiative relaxation of charge carriers in GaN and
In-doped GaN is investigated using nonadiabatic molecular
dynamics. Notable differences in relaxation timescales in these
materials are attributed to the density of electronic states and
symmetry of the systems. Disperse density of states of the
system with In atoms results in stronger coupling of electronic
states and faster relaxation. The distribution of intraband
gaps was found important for defining the order of slow/fast
relaxation phases in multiexponential energy loss kinetics. The
role of electronic decoherence has been found to be of great
significance. It not only slows down the relaxation kinetics,
but also changes the behavior to single-exponential one and
emphasizes the role of energy gaps. The qualitative behavior
of the computed timescales is in good agreement with available
experimental data.

1. Introduction

Group III nitrides have been attracting an increased interest in the research
community for many years. GaN, InN, and their alloys and derived materials have
been successfully applied in photocatalysis (1–4), optoelectronics (5, 6), and as
blue and green light-emitting diodes (7–9). This interest can be attributed to the
small tunable gap (10, 11) corresponding to visible light absorption. The materials
also show strong photoluminescence, which can be tuned by the level of dopant

© 2015 American Chemical Society

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

00
9

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



element. They can be synthesized in a wide variety of nanoscale forms, including
quantum dots, nanowires, discs and thin layers.

Experimental studies of carrier dynamics in (Ga,In)N ternary phases and
in GaN have been performed by various groups. For example, Lioudakis et al.
(12, 13) found that the hot electron relaxation times in GaN decreased as the
percentage of In in the material is increased. In particular, for practically pure
GaN (In0.07Ga0.93N) the relaxation time was estimated to be ca. 25 ps, while in
InxGa1-xN with x = 0.89 – 0.43 it varied in the range from 0.4 to 1.4 ps, depending
on composition. On the other hand, the studies of In0.17Ga0.83N reveal that the
initial ultrafast relaxation within the free-carrier states occurs on the timescale of
30 ps, while further relaxation down to the localized edge states occurs with the
slower rate – within ca. 170 ps, depending on the irradiation intensity. Moreover,
these effects occur only if the laser fluence is greater than the threshold of 3.68
mJ/cm2. Then a stimulated emission peak is observed. For smaller fluence,
only a spontaneous emission can be triggered. You et al. (14) observed the
stimulated emission due to recombination in In0.20Ga0.80N nanowires to be on the
1.5 ps timescale. They also found slower kinetics rates, attributing two disparate
timescales to shallow and deep localized exciton states. Upadhya et al. (15)
reported the multiexponential carrier relaxation kinetics in GaN nanowires, with
the characteristic timescales ranging from 1-3 ps (initial) to 8-26 ps (middle) and
to over ns (late). Many works concluded that excitation dynamics in (Ga,In)N
materials is very complex with possible contributions from fluence rates, phonon
bottleneck, deep and shallow defect states, and many-body electron-electron
interactions, and Auger processes. The latter was especially pronounced in pure
InN leading to a non-standard dependence of the hot electron relaxation times on
the electron density. The dominant role of the Auger recombination was proposed
for that material (16).

Despite the large number of useful experimental studies, there has been
no computational modeling of the exciton relaxation dynamics in (Ga,In)N
systems reported so far. In this work, we aim to provide such a theoretical study,
and link the electronic structure properties of the materials to their quantum
nonadiabatic kinetics. Specifically, we undertake the simplest modeling of
spontaneous relaxation of various excited states in GaN and In0.5Ga0.5N systems
via nonadiabatic transitions. The consideration of external perturbation and
effects of laser intensity, as well as many-particle interactions, is beyond the
scope of this work and will be investigated in future studies.

2. Methodology

2.1. Computational Details

To study the relaxation dynamics of the charge carriers in bulk gallium nitride,
GaN, and in its alloy with indium nitride, InxGa1-xN, we have considered the
minimal, yet sufficiently large simulation cells (Figure 1). In the case of the In-
doped system, we have distributed several In atoms in the unit cell, placing them
at random positions (Figure 1b).
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Figure 1. Molecular structure of the GaN (a) and InN:GaN (b) used in this
work. Atom colors: ochre – Ga, green – In, blue – N. Periodic images are not

shown for clarity.

First, we optimize the crystal structure of the considered systems, including
a variation of the unit cell parameters. The resulting configurations are shown
in Figure 1. All ab initio calculations are carried out using the Quantum
Espresso package (17). The core electrons of the atoms are described by
the pseudopotentials of ultrasoft type (18), while the valence electrons are
represented by the converged plane wave basis. The satisfactory convergence
is achieved with the kinetic energy cutoff of 40 Ry on the plane waves and
400 Ry on the electronic density. The dispersive interactions are accounted
for with the semi-empirical terms (DFT-D) (19, 20). All computations are
performed using only a gamma-point. This approximation helps accelerating the
calculations significantly and simplifies the implementation of the nonadiabatic
molecular dynamics (NA-MD) scheme. The approximation is accurate because
the simulation cell size is sufficiently large, so the Brillouin zone integration is
well approximated by only the central point. The interaction of electronic states
corresponding to different crystal momentum, k, may have certain effects, but of
the higher order.

The optimized structures are used as the starting points for the ab initio
adiabatic (Born-Oppenheimer) molecular dynamics simulations. The evolution
of each system is integrated for ca. 4-5 ps using the Verlet algorithm (21) with the
time step of 1 fs. The lattice parameters are fixed to the optimized values. The
temperature of 300 K is maintained with the Andersen thermostat (22). Initial 350
fs of the computed trajectories are considered the equilibration (thermalization)
period and are not included in the analysis. The wavefunctions at adjacent
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MD time steps are used to compute the nonadiabatic couplings numerically as
described by Hammes-Schiffer and Tully (23).

The nonadiabatic molecular dynamics simulations have been performed using
the PYXAID package (24, 25). The nonadiabatic couplings and the eigenenergies
of the KS orbitals define the Hamiltonian in the time-dependent Schrodinger
equation (TD-SE). The latter is solved in the adiabatic basis along the computed
ground state trajectories – the approach known as the classical path approximation
(CPA). The solution of the TD-SE defines the hopping probabilities between all
pairs of states. Finally, the populations of all states and the average energy of the
system are computed as the function of the time delay after the excitation of the
system into a particular state with specific initial energy. The detailed description
of the surface hopping procedure has been presented many times, so we refer
the reader to the corresponding papers (23, 26–30). In addition to the standard
fewest switches surface hopping (FSSH) technique we explore the effects of
the decoherence by using the recently developed decoherence-induced surface
hopping technique (DISH) (31).

3. Results and Discussion

3.1. The Electronic Structure of GaN and In0.5Ga0.5N

To understand the electronic structure of GaN and In0.5Ga0.5N, we compute
the projected densities of states (pDOS) for both systems. The results for both
systems are presented in Figure 2.

Figure 2. Partial densities of states of GaN (a) and In0.5Ga0.5N (b) systems.

One of the distinctive features of all pDOS shown in Figure 2 is the presence of
the state, located approximately Eg1=0.8-1.0 eV above the VB edge and Eg2=1.8-
2.0 eV below the quasi-continuous part of the CB. The state is likely to be the band
edge of the CB. Thus, the fundamental gap is defined by the quantity Eg1while the
Eg2 gap is an intraband gap.
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The main distinctive feature between the pDOSs of GaN and In0.5Ga0.5N is
the difference of the quasi-continuous parts of their CB. The pDOS for GaN shows
three intense peaks, relatively well separated from each other. Thus, the density of
states is well localized in energy scale, and the average energy difference between
the pairs of the adjacent energy levels is rather large. Therefore, it is expected that
the relaxation kinetics should slow down – the effect observed in the experiment
and also found in our NA-MD calculations, as will be discussed later. On the
contrary, the CB of the In0.5Ga0.5N is more disperse in energy scale, leading to
smaller energy spacing between states and eventually to faster relaxation kinetics.

Finally, it is worth noting that the CB of both materials is separated by a gap
located approximately 4.2 eV above the Fermi energy. This gap is well observed
in GaN and is less pronounced in In0.5Ga0.5N. As we will show later, the presence
of this intraband gap plays a crucial role in defining distinct excitation-energy-
dependent relaxation regimes.

3.2. Energy Relaxation in GaN and In0.5Ga0.5N

Energy relaxation kinetics in GaN calculated within the FSSH-CPA
framework is presented in Figure 3. The initial excitation energies are chosen in a
6.0 eV window, which corresponds to excitation of an electron from the HOMO
to one of the first 20 unoccupied orbitals. The average energy of the excited
system is defined by the populations of the KS states of the material and is zero
for the ground state, for which there are no electrons excited. The energy of the
first excited state in the single particle picture is equal to the HOMO-LUMO
gap. Pictorially this excitation level corresponds to the energy of the state 1 (as
denoted in the figure) at the moment of excitation (t = 0 fs). The values of the
fundamental gap obtained from the DFT calculations are 1.6 eV for GaN and
1.07 for In0.5Ga0.5N. The absolute values are underestimated as a result of the
delocalization error of DFT. However, the qualitative trend in the value of the
energy gaps of InxGa1-xN compounds is captured reasonably well, providing the
basis for a qualitative comparative analysis of the energy relaxation rates in these
systems.

Figure 3. Relaxation kinetics in GaN (a) and In0.5Ga0.5N (b) systems.
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The energy relaxation in GaN is best described by a two-exponential decay
kinetics. The energy relaxation in In0.5Ga0.5N also follows the two-exponential
behavior, in general. However, it appears almost as the mono-exponential kinetics,
because of the overall faster dynamics. Depending on the initial excitation energy,
one of the two relaxation regimes is possible. Pictorially the regimes can be
identified by the order of the slow and fast phases of relaxation. This order defines
the “bowing” direction.

For the excitation energies higher than 4.2 eV, an initial ultrafast relaxation
is observed for both GaN and In0.5Ga0.5N. The energy decays to the level slightly
below the CB for GaN and almost to the ground state energy level in case of
In-doped GaN. This behavior indicates that the higher energy states in these
materials are strongly coupled to the chosen ground state via nonadiabatic
transitions. The relaxation rates decrease as time progresses, indicating that the
low-energy excited states are weakly coupled to the ground state. Thus, the CB
edge states may serve as the bottleneck for electron-hole recombination. The
difference of the coupling magnitudes between distinct excited states and the
ground state may be the reason for the difference in the timescales of spontaneous
and stimulated emission observed in GaN-InN alloys. It can also explain the
existence of the stimulated recombination in these systems. Namely, once the
system is excited to higher energy states (stimulation) the direct coupling to the
ground state increases, leading to fast and efficient recombination (and emission).
On the contrary, spontaneous emission from the low-energy states may be
significantly slower. This result is especially pronounced if decoherence effects
are considered.

As we will discuss next, the system composition can strongly affect the
properties of these states and notably affect the dynamics. The relaxation
dynamics of the CB edge level (state 1 in Figure 3) is strikingly different in the
two systems. One can observe that there is practically no transition out of this
state – the energy level remains constant for the duration of the simulation, 3 ps
(Figure 3a). On the contrary, the energy of the lowest excitation in In0.5Ga0.5N
decays to zero during the first 1 ps of simulation (Figure 3b). This result can
be best understood if one considers symmetry of the two systems. The atom
arrangement in pure GaN is relatively uniform and periodic, leading to more
regular wavefunctions. As a result, such states have negligible nonadiabatic
coupling because the corresponding operator is even. In the case of In0.5Ga0.5N
with the random position of In atoms, there is no any symmetry-based expectation
regarding the nature of the KS orbitals. It is thus not surprising that two
subsequent orbitals are coupled via a non-zero nonadiabatic coupling matrix
element. The difference in the dynamics of the CB edge states leads to differences
in the relaxation kinetics of the higher-energy state. Specifically, since high
energy states may partially relax to the CB edge state, the dynamics of the latter
defines the existence of the slow relaxation phase in the two-exponential kinetics.
The edge state in GaN is stable to further relaxation, so the slow phase of the
two-exponential kinetics is clearly observable in this case. On the contrary,
the edge state of In0.5Ga0.5N relaxes itself, so it has only a minor effect on the
long-time dynamics in this material, making the overall curve appear almost as
a single-exponential one.
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Finally, for the excitation energies below 4.2 eV, but above the CBE, the initial
relaxation is relatively slow while the second phase is faster. This behavior can be
attributed to weaker coupling of these states to the ground state wavefunction, yet
not negligible as for the CB edge state. The acceleration in the second phase can
be attributed to a larger energy gap: If the short-time kinetics occurs in the dense
manifold of the quasicontinuous states, in the longer run the transitions involve
hops across the intra-gap Eg2, leading to faster dynamics.

The results of the simulation of the charge carrier relaxation in GaN and
In0.5Ga0.5N presented in Figure 3 reflect only the electronic structure effects and
does not account for any system-bath interaction. As we have shown above, many
effects in energy relaxation dynamic can be understood in terms of magnitudes of
nonadiabatic couplings, intra- or inter-band energy gaps, and structural symmetry.
In general, the results of the simulations are in agreement with the experimental
observation of Lioudakis et al (13), who showed that the relaxation dynamics in In-
dopedGaN is faster than in pure GaN. To understand this observation together with
the results of our simulation, one needs to resort to the analysis of the couplings
in the two systems. The presence of the atoms of different type (In and Ga as
opposed to only Ga) randomly distributed in the simulation cell increases the
internal disorder and makes the CB states more dispersed on the energy scale (e.g.
compare panels (a) and (b) in Figure 2). The random distribution of the dopant
atoms leads to less regular wavefunctions, which are more responsive to vibrations
of various atoms. Finally, indium atoms are notably larger than Ga atoms. As a
consequence, the valence electrons are more diffuse, and their overlap with the
valence electrons of other atoms is larger than for Ga atom. The large orbital
overlap enhances the nonadiabatic couplings between the CB states and, hence,
increases the relaxation rates.

3.3. Effect of the Decoherence Correction

Although the trend in the computed relaxation times obtained with the FSSH
method agrees with the experimental results qualitatively, the rate magnitudes are
notably underestimated. The contrast between the experimental and theoretical
results is larger for the GaN system, where the intrinsic relaxation kinetics is
slower. The relaxation time, computed for this material is approximately 3 ps
(Figure 3a), while experimental works report the value of ca. 25 ps. for almost pure
GaN (13). On the contrary, in the In0.5Ga0.5N system the relaxation is practically
complete on the time scale of ca. 0.5 ps (Figure 3b) – in better agreement with
the corresponding experimental value of ca. 1.4 ps (13). Yet, the difference is not
negligible.

The discrepancy between the theoretical and experimental time scales arises
because of the increased importance of electronic decoherence. The latter is
negligible if the intrinsic electronic transition is ultrafast and proceeds on the
timescale of ca. 10-100 fs. Only a few atomic vibrations can occur on such a
short timescale, and they have a minor impact on the evolution of the electronic
sub-system. On the other hand, if the electron relaxation process is intrinsically
slow and proceeds on the timescale of more than 1 ps, the number of the nuclear
vibrations and the number of the stochastic collisions with the environment is
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large. These stochastic interactions are seen by the quantum subsystem as noise,
causing electronic wavefunctions to lose their coherence. Thus, it is expected that
the role of the electron-phonon interaction is important for the intrinsically slow
electronic transitions.

In the previous section, we have discussed only the electronic structure
effects on the excitation energy relaxation in GaN and In-doped GaN. To assess
the importance of the effects of decoherence, we perform the NA-MD calculations
using the DISH method (31), which accounts for the decoherence caused by
the stochastic environment. The results of such simulations for both GaN and
In0.5Ga0.5N systems are presented in Figure 4.

As a general trend, the inclusion of decoherence slows down excitation
energy decay for all systems (Figure 4) in comparison to the overcoherent FSSH
description (Figure 3). Quantitatively the effect of the decoherence correction
is larger for the intrinsically slower electron relaxation processes, namely for
the GaN system, as it is expected. Second, the kinetics is well described by a
single exponential decay law for all initial excitation energies. This effect can be
understood from the following point. The decoherence occurs on the timescale of
ca. 5-30 fs, which defines the frequency with which the propagated wavefunction
collapses onto a pure electronic state. Since the intrinsic energy relaxation
dynamics occurs on a much longer timescale, the details of the population transfer
at destroyed by often wavefunction collapses and are not reflected in the energy
relaxation curves in Figure 4.

Figure 4. Relaxation kinetics in GaN (a) and in In0.5Ga0.5N (b), computed with
the decoherence effects accounted for via the DISH algorithm.

In addition to being significantly slower, the energy relaxation dynamics
computed with the inclusion of decoherence effects qualitatively differs from that
computed without decoherence effects. In GaN the CB edge state does not decay
into the ground state, similar to the FSSH result. As we have discussed earlier,
this is a purely electronic structure effect and decoherence does not introduce
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any new features. On the opposite, the high energy states in GaN relax only to
the intraband edge positions (Figure 4a), not to the ground state, as predicted by
simple FSSH (Figure 3a). This effect originates from the existence of the large
Eg2 gap. The electronic states separated by larger gaps show smaller decoherence
times (decoherence occurs faster), and the electronic transitions are suppressed
to the larger extent. In general, we can differentiate relaxation curves into the
groups, which correspond to the groups of states separated by notable energy
gaps. For instance, the excitations in GaN with the energy above 5 eV decay to
the level defined by the intraband gap at ca. 4.2 eV.

As in the fully coherent FSSH description, the relaxation dynamics in
In0.5Ga0.5N differs significantly from that in GaN. First, it occurs at much smaller
timescales, but in better agreement with experiment as compared to the FSSH
results. Second, the CB edge state relaxes to the ground state, similar as it
predicted by the FSSH description. Thus, this result remains valid, indicating
that the role of coherences is only in slowing down the kinetics. It also supports
the earlier explanation of larger electron-hole recombination probability in this
material in view of increased disorder and larger orbital overlaps. The grouping of
the states depending on the nearby intraband gap is also observed in In0.5Ga0.5N.
However, unlike GaN, there are only two notable gaps, Eg1 and Eg2, leading to
only two groups of relaxation curves. The smaller subgroup observed in GaN is
not resolved in In0.5Ga0.5N, because the higher energy states are more disperse, so
there is no well-identified intraband gap.

4. Conclusions

In this work we have studied the nonadiabatic relaxation dynamics in GaN
and In-doped GaN using the combination of electronic structure calculations and
atomistic nonadiabatic molecular dynamics. We have identified the importance of
intraband gaps in determining the relaxation kinetics. In the fully coherent FSSH
description, the energy gaps within the CB lead to multi-exponential kinetics. The
asymmetry and increased disorder of molecular and electronic structures lead to
increased nonadiabatic couplings and faster relaxation rates, as in In-doped GaN.
On the contrary, the highly regular structure of GaN leads to slower relaxation
dynamics. We also found that taking the decoherence effects into account results in
significantly slower relaxation dynamics. In addition, the bi-exponential decay law
observed in simulations without decoherence correction is changed to the single
exponential decay law, reflecting the rate-determining effect of the system-bath
(decoherence) interactions. From the quantitative point of view, the effect of
decoherence is larger for the intrinsically slower electronic transitions. The decay
times obtained from the simple FSSH scheme of the NA-MD calculation are on
the order of 0.5 and 3.0 ps for In0.5Ga0.5N and GaN, respectively. These values
change to ~3.0 ps and ~20 ps in the DISH scheme. The latter are in a much better
agreement with the experimental time scales for the relaxation processes in these
materials.

197

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

00
9

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



References

1. Maeda, K.; Teramura, K.; Lu, D.; Takata, T.; Saito, N.; Inoue, Y.; Domen, K.
Photocatalyst Releasing Hydrogen from Water. Nature 2006, 440, 295–295.

2. Yoshida, M.; Hirai, T.; Maeda, K.; Saito, N.; Kubota, J.; Kobayashi, H.;
Inoue, Y.; Domen, K. Photoluminescence Spectroscopic and
Computational Investigation of the Origin of the Visible Light Response
of (Ga1−xZnx)(N1−xOx) Photocatalyst for Overall Water Splitting. J. Phys.
Chem. C 2010, 114, 15510–15515.

3. Ohno, T.; Bai, L.; Hisatomi, T.; Maeda, K.; Domen, K. Photocatalytic Water
Splitting Using Modified GaN:ZnO Solid Solution under Visible Light:
Long-Time Operation and Regeneration of Activity. J. Am. Chem. Soc.
2012, 134, 8254–8259.

4. Zhang, H.; Wu, D.; Tang, Q.; Liu, L.; Zhou, Z. ZnO–GaN Heterostructured
Nanosheets for Solar Energy Harvesting: Computational Studies Based on
Hybrid Density Functional Theory. J. Mater. Chem. A 2013, 1, 2231–2237.

5. Lähnemann, J.; Hauswald, C.; Wölz, M.; Jahn, U.; Hanke, M.; Geelhaar, L.;
Brandt, O. Localization and Defects in Axial (In,Ga)N/GaN Nanowire
Heterostructures Investigated by Spatially Resolved Luminescence
Spectroscopy. J. Phys. D: Appl. Phys. 2014, 47, 394010.

6. Zhou, X.; Lu, M.-Y.; Lu, Y.-J.; Jones, E. J.; Gwo, S.; Gradečak, S. Nanoscale
Optical Properties of Indium Gallium Nitride/Gallium Nitride Nanodisk-in-
Rod Heterostructures. ACS Nano 2015, 9, 2868–2875.

7. Kim, H.-M.; Cho, Y.-H.; Lee, H.; Kim, S. I.; Ryu, S. R.; Kim, D. Y.; Kang, T.
W.; Chung, K. S. High-Brightness Light Emitting Diodes Using Dislocation-
Free Indium Gallium Nitride/Gallium Nitride Multiquantum-Well Nanorod
Arrays. Nano Lett. 2004, 4, 1059–1062.

8. Qian, F.; Gradečak, S.; Li, Y.; Wen, C.-Y.; Lieber, C. M. Core/Multishell
Nanowire Heterostructures as Multicolor, High-Efficiency Light-Emitting
Diodes. Nano Lett. 2005, 5, 2287–2291.

9. Lin, H.-W.; Lu, Y.-J.; Chen, H.-Y.; Lee, H.-M.; Gwo, S. InGaN/GaNNanorod
Array White Light-Emitting Diode. Appl. Phys. Lett. 2010, 97, 073101.

10. Wu, J.; Walukiewicz, W.; Yu, K. M.; Ager, J. W.; Haller, E. E.; Lu, H.;
Schaff, W. J. Small Band Gap Bowing in In1−xGaxN Alloys. Appl. Phys.
Lett. 2002, 80, 4741–4743.

11. Pereira, S.; Correia, M. R.; Monteiro, T.; Pereira, E.; Alves, E.; Sequeira, A.
D.; Franco, N. Compositional Dependence of the Strain-Free Optical Band
Gap in InxGa1−xN Layers. Appl. Phys. Lett. 2001, 78, 2137–2139.

12. Lioudakis, E.; Othonos, A.; Dimakis, E.; Iliopoulos, E.; Georgakilas, A.
Ultrafast Carrier Dynamics in InxGa1−xN (0001) Epilayers: Effects of High
Fluence Excitation. Appl. Phys. Lett. 2006, 88, 121128.

13. Lioudakis, E.; Othonos, A.; Iliopoulos, E.; Tsagaraki, K.; Georgakilas, A.
Femtosecond Carrier Dynamics of InxGa1−xN Thin Films Grown on GaN
(0001): Effect of Carrier-Defect Scattering. J. Appl. Phys. 2007, 102,
073104.

14. You, G.; Guo, W.; Zhang, C.; Bhattacharya, P.; Henderson, R.; Xu, J.
Excitation Dependent Two-Component Spontaneous Emission and Ultrafast

198

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

00
9

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1489481&coi=1%3ACAS%3A528%3ADC%252BD38Xksleltbk%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1489481&coi=1%3ACAS%3A528%3ADC%252BD38Xksleltbk%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fnn506867b&pmid=25661775&coi=1%3ACAS%3A528%3ADC%252BC2MXit12lt7s%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.2786610&coi=1%3ACAS%3A528%3ADC%252BD2sXhtF2ls7nE
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp100106y&coi=1%3ACAS%3A528%3ADC%252BC3cXhtVGrsLfP
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp100106y&coi=1%3ACAS%3A528%3ADC%252BC3cXhtVGrsLfP
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.3478515&coi=1%3ACAS%3A528%3ADC%252BC3cXhtVejtr7J
http://pubs.acs.org/action/showLinks?crossref=10.1088%2F0022-3727%2F47%2F39%2F394010
http://pubs.acs.org/action/showLinks?pmid=16541063&crossref=10.1038%2F440295a&coi=1%3ACAS%3A528%3ADC%252BD28XitlKgtbc%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.2190456&coi=1%3ACAS%3A528%3ADC%252BD28XjsVCkur4%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fnl051689e&pmid=16277469&coi=1%3ACAS%3A528%3ADC%252BD2MXhtVeqtLfF
http://pubs.acs.org/action/showLinks?crossref=10.1039%2Fc2ta00706a&coi=1%3ACAS%3A528%3ADC%252BC3sXhtVyrsLw%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.1358368&coi=1%3ACAS%3A528%3ADC%252BD3MXisV2gs7k%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fnl049615a&coi=1%3ACAS%3A528%3ADC%252BD2cXktValsb8%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja302479f&pmid=22524238&coi=1%3ACAS%3A528%3ADC%252BC38XlvV2ktrY%253D


Amplified Spontaneous Emission in Dislocation-Free InGaN Nanowires.
Appl. Phys. Lett. 2013, 102, 091105.

15. Upadhya, P. C.; Li, Q.; Wang, G. T.; Fischer, A. J.; Taylor, A. J.;
Prasankumar, R. P. The Influence of Defect States on Non-Equilibrium
Carrier Dynamics in GaN Nanowires. Semicond. Sci. Technol. 2010, 25,
024017.

16. Tsai, T.-R.; Chang, C.-F.; Gwo, S. Ultrafast Hot Electron Relaxation Time
Anomaly in InN Epitaxial Films. Appl. Phys. Lett. 2007, 90, 252111.

17. Gianozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.;
Ceresoli, D.; Chiarotti, G. L.; Cococcioni, M.; Dabo, I.; Dal Corso, A.;
de Gironcoli, S.; Fabris, S.; Fratesi, G.; Gebauer, R.; Gerstmann, U.;
Gougoussis, C.; Kokalj, A.; Lazzeri, M.; Martin-Samos, L.; Marzari, N.;
Mauri, F.; Mazzarello, R.; Paolini, S.; Pasquarello, A.; Paulatto, L.;
Sbraccia, C.; Scandolo, S.; Sclauzero, G.; Seitsonen, A. P.; Smogunov, A.;
Umari, P.; Wentzcovitch, R. M. QUANTUM ESPRESSO: A Modular and
Open-Source Software Project for Quantum Simulations of Materials. J.
Phys. - Condens. Matter 2009, 21, 395502.

18. Vanderbilt, D. Soft Self-Consistent Pseudopotentials in a Generalized
Eigenvalue Formalism. Phys. Rev. B 1990, 41, 7892–7895.

19. Grimme, S. Semiempirical GGA-Type Density Functional Constructed
with a Long-Range Dispersion Correction. J. Comput. Chem. 2006, 27,
1787–1799.

20. Barone, V.; Casarin, M.; Forrer, D.; Pavone, M.; Sambi, M.; Vittadini, A.
Role and Effective Treatment of Dispersive Forces in Materials:
Polyethylene and Graphite Crystals as Test Cases. J. Comput. Chem. 2009,
30, 934–939.

21. Verlet, L. Computer “Experiments” on Classical Fluids. I. Thermodynamical
Properties of Lennard-Jones Molecules. Phys. Rev. 1967, 159, 98–103.

22. Andersen, H. C. Molecular Dynamics Simulations at Constant Pressure And/
or Temperature. J. Chem. Phys. 1980, 72, 2384–2393.

23. Hammes-Schiffer, S.; Tully, J. C. Proton Transfer in Solution: Molecular
Dynamics with Quantum Transitions. J. Chem. Phys. 1994, 101,
4657–4667.

24. Akimov, A. V.; Prezhdo, O. V. The PYXAID Program for Non-Adiabatic
Molecular Dynamics in Condensed Matter Systems. J. Chem. Theory
Comput. 2013, 9, 4959–4972.

25. Akimov, A. V.; Prezhdo, O. V. Advanced Capabilities of the PYXAID
Program: Integration Schemes, Decoherence Effects, Multiexcitonic States,
and Field-Matter Interaction. J. Chem. Theory Comput. 2014, 10, 789–804.

26. Tully, J. C. Molecular Dynamics with Electronic Transitions. J. Chem. Phys.
1990, 93, 1061–1071.

27. Fabiano, E.; Keal, T. W.; Thiel, W. Implementation of Surface Hopping
Molecular Dynamics Using Semiempirical Methods. Chem. Phys. 2008,
349, 334–347.

28. Craig, C.; Duncan, W.; Prezhdo, O. Trajectory Surface Hopping in the Time-
Dependent Kohn-Sham Approach for Electron-Nuclear Dynamics. Phys.
Rev. Lett. 2005, 95, 163001.

199

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

00
9

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?system=10.1021%2Fct400934c&coi=1%3ACAS%3A528%3ADC%252BC2cXlslemug%253D%253D
http://pubs.acs.org/action/showLinks?pmid=21832390&crossref=10.1088%2F0953-8984%2F21%2F39%2F395502
http://pubs.acs.org/action/showLinks?pmid=21832390&crossref=10.1088%2F0953-8984%2F21%2F39%2F395502
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRev.159.98&coi=1%3ACAS%3A528%3ADyaF2sXks1Orsrc%253D
http://pubs.acs.org/action/showLinks?pmid=16241791&crossref=10.1103%2FPhysRevLett.95.163001&coi=1%3ACAS%3A528%3ADC%252BD2MXhtFajtr%252FJ
http://pubs.acs.org/action/showLinks?pmid=16241791&crossref=10.1103%2FPhysRevLett.95.163001&coi=1%3ACAS%3A528%3ADC%252BD2MXhtFajtr%252FJ
http://pubs.acs.org/action/showLinks?system=10.1021%2Fct400641n&coi=1%3ACAS%3A528%3ADC%252BC3sXhs1Wlt7fK
http://pubs.acs.org/action/showLinks?system=10.1021%2Fct400641n&coi=1%3ACAS%3A528%3ADC%252BC3sXhs1Wlt7fK
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.2751110&coi=1%3ACAS%3A528%3ADC%252BD2sXnsVKqu7c%253D
http://pubs.acs.org/action/showLinks?pmid=18785153&crossref=10.1002%2Fjcc.21112&coi=1%3ACAS%3A528%3ADC%252BD1MXjvFant7w%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.chemphys.2008.01.044&coi=1%3ACAS%3A528%3ADC%252BD1cXntlaht7c%253D
http://pubs.acs.org/action/showLinks?pmid=16955487&crossref=10.1002%2Fjcc.20495&coi=1%3ACAS%3A528%3ADC%252BD28XhtFenu7bO
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.467455&coi=1%3ACAS%3A528%3ADyaK2cXmtVCktrw%253D
http://pubs.acs.org/action/showLinks?crossref=10.1088%2F0268-1242%2F25%2F2%2F024017&coi=1%3ACAS%3A528%3ADC%252BC3cXivFCgtr8%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.459170&coi=1%3ACAS%3A528%3ADyaK3cXltVelsro%253D
http://pubs.acs.org/action/showLinks?pmid=9993096&crossref=10.1103%2FPhysRevB.41.7892
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.439486&coi=1%3ACAS%3A528%3ADyaL3cXhs12msbo%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.4794418&coi=1%3ACAS%3A528%3ADC%252BC3sXjsVKqtr8%253D


29. Drukker, K. Basics of Surface Hopping in Mixed Quantum/Classical
Simulations. J. Comput. Phys. 1999, 153, 225–272.

30. Nelson, T.; Fernandez-Alberti, S.; Chernyak, V.; Roitberg, A. E.; Tretiak, S.
Nonadiabatic Excited-State Molecular Dynamics: Numerical Tests of
Convergence and Parameters. J. Chem. Phys. 2012, 136, 054108.

31. Jaeger, H. M.; Fischer, S.; Prezhdo, O. V. Decoherence-Induced Surface
Hopping. J. Chem. Phys. 2012, 137, 22A545.

200

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

00
9

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.4757100
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.3680565&coi=1%3ACAS%3A528%3ADC%252BC38XhslCgs7g%253D
http://pubs.acs.org/action/showLinks?crossref=10.1006%2Fjcph.1999.6287&coi=1%3ACAS%3A528%3ADyaK1MXkvVOktbo%253D


Chapter 10

Toward First-Principles Description of Carrier
Relaxation in Nanoparticles

Andrei Kryjevski*

Department of Physics, North Dakota State University,
Fargo, North Dakota 58108, U.S.A.

*E-mail: andrei.kryjevski@ndsu.edu.

Using an atomistic-level technique for the electron-phonon
interactions in a nanoparticle where density functional theory
(DFT) is combined with the non-equilibrium Green’s function
(NEGF) approach we derive expressions for the transition rates
between Kohn-Sham states due to phonon emission, including
one-and two-phonon contributions. The electron-phonon
interaction is derived starting from the original microscopic
problem. Application to a nanometer-sized nanorod Si38H42
has indicated importance of the multi-phonon processes due to
presence of the soft surface phonon modes.

Introduction

The ability to predict heat loss of photoexcited charge carriers in a nanoparticle
from simulations is important for the potential technological applications of
nanomaterials. For example, fast carrier relaxation is desirable in lasers and
other light emitting devices, but in, e.g., photovoltaics one aims to minimize the
carrier heat loss rate as it limits the solar cell efficiency (1). For instance, carrier
relaxation due to phonon emission is one of the main processes competing with the
carrier multiplication, or multiple exciton generation mechanism (MEG) relevant
to the third-generation photovoltaics (2, 3). It is understood that conclusions
about MEG efficiency in a nanoparticle can only be made by comparing MEG
with the carrier cooling rates due to phonon emission (3). For this and other
reasons dissipative processes in photoexcited nanoparticles have received a great
deal of attention (4–6).

© 2015 American Chemical Society
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Very generally, in a confined few nm-sized system one expects a mismatch
between discrete electronic levels and phonon energies allowing carrier energy
loss only via less effective multi-phonon processes resulting in a decrease of the
relaxation rates in strongly confined nanoparticles, such as quantum dots (QDs),
compared to the bulk – the so-called phonon bottleneck (4). There are several
experimental studies that either confirm (e.g. (7), for the case of core-shell CdSe
QD, in lead chalcogenide nanocrystals (8)) or disprove (e.g. (9–11),] also for
CdSe) existence of this phenomenon in nanoparticles.

Theoretically, several detailed explanations of the carrier relaxation slowdown
based on model treatment of electronic structure have been proposed (12–14).
Several mechanisms for avoiding the phonon bottleneck, e.g., Auger mechanism
(15, 16), electron and hole scattering (17), effectiveness of multi-phonon processes
(18–20) have been investigated using empirical models.

A DFT-based many-body quantum mechanics approach has been used to
study electron-phonon coupling in periodic and nanoscale structures (21–28).
The time-domain DFT (tdDFT) approach includes non-adiabatic coupling of
electronic and ionic subsystems in the molecular dynamics (MD) DFT simulations
at finite temperature, which allows one to study dissipation processes numerically
(29). It has been used to study dye-T iO2 electron transfer (30), hot carrier
cooling in CdSe and PbSe QDs (31–34). These studies have shown no evidence
of phonon bottleneck. Another DFT-based approach to electron relaxation is
based on the reduced density matrix formalism implemented in the Kohn-Sham
(KS) orbital basis (35, 36).

Currently carrier relaxation dependence on the nanoparticle’s morphology is
still an important unsettled issue that needs comprehensive investigation using
atomistic level high-precision methods.

Here, we present some results of a more detailed and less computationally
demanding than, e.g., tdDFT and reduced density matrix approach to dissipative
phenomena in semiconductor nanoparticles where one combines DFT with the
Keldysh technique, which is the finite temperature real time formalism of many-
body quantum mechanics (37). It is sometimes referred to as the non-equilibrium
Green’s function method (NEGF). In this atomistic approach electron density is
coupled to the individual ions oscillating around their equilibrium positions, which
naturally incorporates both acoustic and optical phonons. Phonon frequencies ων
and mode decompositions UIν needed for this approach can be computed in the
standard DFT software, such as VASP (Vienna ab-initio simulation program) (38).

In this work we present expressions for the transition rates Rsj between a
pair of KS states |s> and |j> in a semiconductor nanoparticle including one-and
two-phonon processes. This extends recent work on the bulk Si where one-phonon
processes have been studied (39). Using Rsj rates various quantities relevant for
the description of dynamics of photoexcited nanoparticles, such as lifetimes and
energy dissipation rates of photoexcited carriers, and exciton relaxation times,
can be computed. In particular, for the same nanoparticle efficiency of MEG and
electron energy relaxation can be compared (3).

The method is applied to calculate Rsj rates in a nm-sized nanorod (Si38H42).
The results are discussed in Section Preliminary Results. The calculation has
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shown importance of the soft surface phonon modes associated with the motion of
the ligands (hydrogen atoms in this case) (32).

Finally, we emphasize that in this work the formalism is derived from the
original microscopic problem and all the approximations made are clearly stated.

Electron Hamiltonian in the Basis of Kohn-Sham Orbitals

Dynamics of electrons and ions in a nanoparticle is governed by the following
microscopic Hamiltonian

where

where ψα(x) is the electron annihilation operator, α, β are the spin indices; ψ
and ψ† obey canonical anticommutation relations {ψα(x),ψβ†(y)} = δαβδ(x −
y), {ψα(x),ψβ(y)} =0. In the above, e, m are the electron charge and mass,
respectively, and ZI|e|, MI are the Ith ion charge and mass, respectively. VC
is the bare Coulomb interaction between electrons; {PI,RI}, I=1,..,Ni, are the
momentum and position operators of the ions obeying canonical commutation
relations. In the actual DFT simulations the microscopic ion-electron Coulomb
potential is replaced by a pseudopotential v(x,RI) felt by the valence electrons
explicitly included in the DFT simulations (e.g. (40, 41),). As indicated in the
equation above, in the first approximation for v(x, RI) one uses Coulomb potential.
As discussed in the following, it is to be augmented by the medium screening.

The electromagnetic field Hamiltonian, electron-photon coupling, relativistic
corrections (spin-orbit coupling, fine structure, etc.) have been omitted in this
calculation. They can be included as necessary.

Note that adiabatic approximation has not been made.
Alternatively, the problem of electronic motion in the presence of ions can be

formulated in the path integral formalism (e.g. (42),) as
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where Z is the statistical sum, Τ is the time span over which the system’s dynamics
is considered, which is assumed to be much longer than any intrinsic dynamical
time scale.

Path integral formulation of this problem makes it clear that for given
instantaneous ion positions {RI} one can “integrate the electrons out” by doing
functional integration over the fermion fields ψ, ψ† . This produces ground state
energy of the electrons Egs(RI). It is important to note that Egs(RI) is independent
of the ions’ momenta: the electrons only “know” about the instantaneous ion
positions, and not their momenta which are included in the ions’ kinetic term. Of
course, viewed from another angle, this is precisely what DFT does at each step
of geometry optimization.

Then, the effective Hamiltonian for the ions is

Assuming the ion positions {RI0} corresponding to the energy minimum have
been found (by, e.g., the DFT geometry relaxation procedure) so that

we set RI = RI 0 + rI, where rI are small deviations from the equilibrium positions.
This leads to the standard Hamiltonian for small oscillations around equilibrium

Introduction of the normal modes and subsequent quantization results in

where ωα are the normal frequencies, cα is the annihilation operator of a phonon
of the mode α. Note that the modes corresponding to the translation and rotational
motion of the nanoparticle as a whole have been excluded (43–45).

But integrating out the electrons without the appropriate source terms
(see, e.g. (42),) would discard all the information about the electron-phonon
interactions. So, in order to study phonon-electron coupling one should treat
dynamics of electrons and ions explicitly starting from the Hamiltonian (1). Note
that ψα†(x)VeN(x, R)ψα(x) is the only term in the original Hamiltonian (1) that
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explicitly couples electron and atomic motion. So, set RI = RI 0 + rI in (1) and
expand VeN to the first order in rI. Also, add and subtract the harmonic potential
energy term

to Eq. 1. This results in

where UνI are the normal mode decompositions, ων are the phonon frequencies.
Note that the ... terms neglected in Eq. (10) above are not relevant to the electron-
phonon coupling.

In the above we have neglected the O(rI2) contribution to, e.g., He-ph of Eq.
(12) (27). The rational for this is that, as discussed below, typically the ion-electron
interaction v(x, R) is strongly screened (44, 45). This suppresses the magnitude
of second derivative of v(x, R), which results in |∂v(x, RI)/∂RI|> |∂2v(x, RI)/∂RI 2|.
Also, the O(rI2) term will not contribute to the KS transition rates at the one-and
two-pnonon level, which are the main objective of this work. Full investigation of
the role of the neglected quadratic term is left for future work.

Let us recall that the KS equation of the orbital-based DFT (46, 47) reads

where

where {φi(x)} and εi are the KS orbitals and energies, respectively, and Exc[n(x)]
is the exchange-correlation functional; n(x) is the ground state electron density.
Depending on the structure’s type the label i may include both band number,
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lattice wave vector and spin label. In this work we will consider only spin
non-polarized states so that each KS state is doubly degenerate with φi↑(x)=
φi↓(x)≡ φi(x). The potential Veff(x) depends on {φi(x)} and, so, Eq. (15) has to be
solved self-consistently. Once {φi(x)} have been found, the ground-state energy,
Egs(R0 I), and the ground state electron density can be computed.

To facilitate DFT-based calculations one proceeds by introducing aiα, the
annihilation operator of a fermion in the ith KS state and spin projection α. The
relation between the two bases is standard (45, 48)

Now let us substitute ψα(x), ψα(x)† from Eq. (17) into (10); add and subtract
Veff term of Eq. (15) to and from the kinetic term of Hamiltonian (10) and use Eq.
(15). Then in terms of aiα, aiα † Hamiltonian (10) takes the form

where

1.

where a and a† obey the canonical anticommutation relations {aiα, ajβ† }
= δijδαβ, {aiα, ajβ}=0.

2. The electron-phonon coupling term, takes the form

3. The Coulomb interaction takes the form

4. The last term includes the effective potential acting on the KS fermions
and prevents double-counting of electron interactions. This is the result
of subtracting of Veff(x) from the kinetic term.
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It is important to note that without any loss of generality instead of the
equilibriumRI0 in Eq. (15) one could useRI(t), i.e., the ion trajectories from some
simulation of the ion thermal motion. Then the KS energies and eigenfunctions
would become time-dependent. Indeed, time dependence would be introduced
in the leading order Hamiltonian Eq. (19). But, by the same token, without
loss of generality one is allowed to use εi(R0), φi(x;RI0) instead, which is more
technically convenient. So, in this work we use the “equilibrium” KS basis εi(R0),
φi(x;RI0).

Formally, herewework to the leading order inHV, HC terms. This corresponds
to the simplest independent particle approximation where an excited electron or a
hole occupies a specific KS state. This is only for simplicity, of course. Inclusion
of electrostatic interaction effects in the single-particle energy corrections (GW)
and of the exciton effects using Bethe-Salpeter equation is important for precision
calculations. It is left for future work. On the other hand, in order to describe one-
and two-phonon emission processes we need to include perturbative corrections
up to the fourth order in He−ph.

Recall that the self-energy function Σ appears in the propagator’s denominator
shifting the zero-order single-particle energy due to interactions (44, 45).
Specifically, in our case

where |Ω> is the system’s ground state, T is the time-ordering symbol, the KS
energies εs are shifted to have zero at the mid-gap (44, 45). In the presence of
interactions the single-particle energies, which now can be complex indicating
possibility of decaying into other states, are given by the roots of

Then in our approximation the transition rate between KS states s and j due to
phonon emission is

where Σsph (ω) is the contribution to sth KS state self-energy from the electron-
phonon interactions. The contributions to Im Σsph (ω) will come from the processes
where the phonon(s) are emitted by a KS particle or hole, interact with the thermal
phonon ensemble, and then are re-absorbed again by the same KS quasiparticle.
The one- and two-phonon processes relevant to this work are shown in Figure 1.

It is well known that screening in the electron-phonon interaction term, such
as Eq. (21), is important. This is because typically the phonons involve lower
energies and longer wavelengths than those of the electrons. So, in the following
the Coulomb potential in the electron-phonon coupling Eq. (21) will be treated as
screened (44, 45).
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Figure 1. Feynman diagrams relevant for the sth KS state self-energy
calculations. The thin solid lines are the KS propagators, dashed line is the νth

phonon propagator; electron-phonon coupling are at the vertices; – indices
are specific to the Keldysh technique. A depicts leading order single phonon

emission; B,C are relevant for the two phonon emission processes.

It turns out transition rates Rsj are dominated by the diagrams in Figure 1, A
and C, respectively. The calculations are done using standard techniques of the
Keldysh approach to perturbation theory of many-body quantum mechanics (37).
Expressions for transition rate Rsj between KS states |s> and |j> due to one- and
two-phonon processes are

where ων is the νth phonon energy, ωs is the sth KS state energy, T is temperature,
and where

Small width parameter γ ' 0.01eV, which is the typical phonon energy
separation, has to be introduced when calculating properties of smaller
nanoparticles, such as the Si38H42 nanorod considered in this work. The
summation notations are
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with HO and LU defined as the highest occupied and lowest unoccupied KS levels.
So, a θi factor under sum restricts KS index i to the i ≥ LU range, θ−i – to the i ≤ HO
range. As discussed above, the electron-ion potential is the static random phase
approximation (RPA) screened Coulomb (45). So, the electron-phonon couplings
in the above rate expressions are

where

is the RPA polarization insertion (see, e.g. (45)). Note that here we use the
“diagonal”, or uniform medium, screening approximation which is a significant
technical simplification (49).

Note the expressions above include both processes of phonon emission and
absorption, as they should. The one-phonon rate expressions resemble Fermi
Golden Rule generalized to the finite temperature case. However, derivation of
the two-phonon rates required full use of the Keldysh technique.

To determine, e.g., carrier cooling times one uses Rsj as an input for the
Boltzmann equation for the KS state occupation numbers (see, e.g. (26)).

Preliminary Results
We have studied phonon emission in the Si38H42 which is a 1 nm-sized

hydrogen-passivated nanorod with the diamond core structure (Figure 2, (a)).
The optimized geometry and electronic structure have been obtained using VASP
DFT program (38) with the PBE exchange correlation functional (50, 51) along
with the projector augmented-wave (PAW) pseudopotentials (38, 41).

The results for electron density of states (DOS) in the single-particle sector
and the phonon DOS are shown in Figure 3, (a) and (b), respectively. Note that
the highest phonon energy corresponding to the Si−H bond stretching mode is ·
0.27 eV. Therefore, presence of · 0.4 eV sub-gap in the electron spectrum (marked
by an arrow in Figure 3, (a)) suggests relevance of multi-phonon processes in this
nanoparticle since, e.g., an excited hole can only relax past this sub-gap by emitting
at least two phonons.

The results for the one-phonon emission rates for Si38H42 are shown in Figure
2, (b). The oscillations of the rates are due to strongly non-uniform DOS, both
electron and phonon, which is due to the quasi-discrete nature of the levels in
this small nanoparticle. The Rsj(ε) curve in larger nanoparticles is expected to be
much smoother. The two-phonon contributions have turned out to be of the same
order as the one-phonon ones, which is contrary to general expectations. This
is clearly due to the contributions of the low-energy phonon modes associated
with the surface and ligand vibrations (the low-energy part in Figure 3, (b)). As
mentioned in Section I, this is a known feature of the smaller nanoparticles where
surface effects are more significant.
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Figure 2. (a): Atomistic model of the Si38H42 nanorod with the crystalline core
stucture. (b): Particle and hole transition rates Rsj due to one-phonon emission
in Si38H42 at T = 300 K. Particle state rates are in red, holes are in blue (color

online).

Figure 3. Single particle density of states (a) and phonon density of states (b) for
Si38H42 nanorod. (Used 0.05 eV Gaussian broadening.)

This method will have better applicability to larger nanoparticles where
surface phonon modes are relatively unimportant, or for the configurations where
the nanoparticle is embedded into a solid matrix.

Conclusions and Discussion

Using an atomistic-level technique for the electron-phonon interactions in a
nanoparticle whereDFT is combinedwith theKeldyshmethod, or non-equilibrium
Green’s function (NEGF) approach, we have derived expressions for the transition
rates between Kohn-Sham states due to phonon emission, including one- and two-
phonon contributions. The method has been used to calculate Rsj rates in Si38H42
which is a nm-sized nanorod (See Figure 2, (a)).

The calculation has shown importance of the soft surface phonon modes
associated with the motion of ligands (hydrogens in this case) (32).
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One important application of this technique will be to check whether the
phonon bottleneck is present in somewhat larger nanoparticles where, on one
hand, a mismatch between discrete electronic levels and phonon energies is still
present, and, on the other, where the surface mode contribution is relatively
unimportant.

As mentioned in the Introduction, in this atomistic approach electron density
is coupled to the motion of individual ions and naturally incorporates both acoustic
and optical phonons. Normal frequencies ων and mode decompositionsUνI, which
are needed for this approach are available in the standard DFT packages. This
calculation requires about 6NiDFT iterations, where Ni is the number of ions in the
nanoparticle. However, in general, it will take many more DFT runs to simulate
chaotic thermal motion of Ni atoms in tdDFT or in the reduced density matrix
approaches.

Another important advantage of this approach is that single particle energy
corrections (via, e.g., GW approximation) and the exciton effects can be
systematically incorporated to calculate the observable, such as relaxation
rate of an exciton rather than that of a KS state. Note that such method
improvements would be challenging in the tdDFT or in the reduced density
matrix approaches. More generally, the role of multi-phonon processes (18–20)
and of the anharmonicity effects will be studied by comparing the results of our
technique against the results benchmarked by other methods, such as tdDFT
(31–33).
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Chapter 11

Optical, Electrical, and Catalytic Properties
of Metal Nanoclusters Investigated by

ab initio Molecular Dynamics Simulation:
A Mini Review

Qingguo Meng*

Shenyang Institute of Automation, Chinese Academy of Sciences,
Guangzhou, China 511458

*E-mail: mengqingguo@gz.sia.cn.

Metal nanoclusters (e.g. Pt, Pd, and Au) have been those
of the most valuable catalysts that have been used in many
catalytic fields of hydrogenation, fuel-cell technologies, and
water splitting photo-catalytically, etc. In this mini review, the
previous works from our group about the optical, electrical and
catalytic properties of metal nanoclusters, such as Pt13, Pd13,
and Au13, have been reviewed. Ab initio molecular dynamics
simulation (AIMD) at a DFT (Density Functional Theory)
level has been applied to simulate the catalytic properties. The
results show that Pt13 and Pd13 nanocluster present interesting
hydrogen reduction and molecular H2 desorption on the
surface of the metal nanoclusters. An elementary hydrogen
evolution mechanism on the metal nanocluster was established
as Hads++Hads+ + 2e- + Mads→ [Mads-Hads-Hads] → H2 + M
(M ~ metal). On the other hand, an Au nanocluster, which is
protected by organic thiolate groups, was investigated by ab
initio electron dynamics (AIED) calculation. The comparison
between the protected and unprotected Au nanoclusters clarifies
the contributions from Au core and organic thiolate ligands to
the optical and electronic properties, such as photoexcitation,
electron/hole relaxation, and energy dissipation, etc.

© 2015 American Chemical Society
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Keywords: Metal nanocluster; DFT method; Hydrogen
desorption; Thiolated Au nanocluster; Surface reaction;
Photocatalysis

Introduction

Metallic nanostructures represent promising research interests in the field
of nanomaterials, such as catalysis (1, 2), sensing (3, 4), optics (5), therapeutics
(6), and diagnostics (7), hydrogen storage (8), hydrogen purification (9) and
photo-catalytic water-splitting (10) etc. Most of these applications depend largely
on the unique optical and electronic properties of metals when their sizes are
confined to nanoscale dimensions. These properties change dramatically with
the length scale from nanoparticles, sub-nanostructure, and quantum confined
nanoclusters with discrete electronic orbitals and HOMO-LUMO energy gaps.
For example, metal nanocluster and nanoparticles (e.g. Pt, Pd and Au) are
industrially very important catalysts, such as fuel cell to generate hydrogen energy
(11), which is drawing great attention as a future source of clean energy (12, 13).
Theoretical studies on the chemisorption of hydrogen have been performed and
are reviewed in many publications (14–16). The electronic structures of Pt13
clusters in icosahedral and cubic symmetry were quite often studied by the first
principle calculations, and the calculated energies were in good agreement with
experimental hydrogen-metal binding energies (17). Dissociative adsorption of
hydrogen molecules on Pd clusters was reported (18) and compared with that on
infinite Pd (111) surface. The weak Pd−H energy allows the chemisorbed H atoms
to react with other adsorbates or two H atoms reacts together to form H2molecule
(19, 20). Small Pd nanoclusters deposited on solid supporting surfaces, such as
MgO (21) or TiO2 (22, 23), were also theoretically studied since it was believed to
be responsible for the majority of catalytic activity. The behavior characteristic to
the clusters comes from a large fraction of surface atoms and the discrete nature
of electronic states, which makes the electronic state of the cluster quite different
from those of the bulk structure (24, 25).Metal clusters with an appropriate size
would be an excellent representation of the metal nanoparticles (26). The 13-atom
clusters have drawn much attention because it can form closed-shell icosahedral
structure (27, 28)and are considered as being representative of highly dispersed
metal catalysts (29–31).

Au nanocluster (32), which is different from Pt or Pd nanoclusters, are
protected by organic thiolate group (–SR). They have attracted intense research
interests recently due to their unique electronic, optical and catalytic properties
(33–35). They are composed of very few Au atoms in the center core with the
size less than 1 nm, and as a result they show “molecule-like” optical transitions
in the absorption and emission spectra (36). The small-sized thiolate protected
Au nanoclusters exhibit exceptional stability and size dependent HOMO-LUMO
gap. Quite a few of thiolate protected Au nanoclusters with different core
size and thiolate groups have been successfully synthesized and isolated (37,
38). Studies on the interface between Au nanostructures and the organic
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molecules or semiconductors benefit the applications for the nano-electronics
(39). Aikens, et.al studied the structural, electronic and optical properties of the
thiolate-protected Au38(SR)24 (R=CH3 and C6H13) cluster (40) and the origin of
discrete optical absorption spectra of Au25(SH)18- nanoparticles (41) by Time
Dependent Density Functional Theory (TDDFT) computations. Häkkinen, et.al
carried out the DFT computations on a Au144(SR)60 cluster with an icosahedral
Au114 core with 30 RS-Au-SR units as ligand and yielded an excellent fit of the
structure factor to the experimental X-ray scattering structure factor (42). The
optical absorption spectrum of Au24 nanocluster protected by the mixed ligands
of phosphine and thiolate was theoretically reproduced and interpreted (43). Most
interestingly, ultrafast luminescence dynamics of thiolate protected Au25 clusters
indicated that their luminescence decay traces showed unique ultrafast growth
and decay kinetics that are absent in the larger Au clusters (44). A fast and slow
luminescence decay of Au nanocrystals (NCs) was determined originating from
recombination of the linear Au-S bond and the staple motif, respectively (45). It
has been well-established that the luminescence of Au nanoclusters arose from
the HOMO-LUMO gap (46), which was due to the interband transition between
the 6sp conduction band and the filled 5d band (47, 48).

In this review, we will give a brief introduction on 1) the hydrogen reduction
and molecular H2 desorption from Pt13, Pd13 and Pt/Pd alloy nanocluster surface
investigated by ab initio molecular dynamics (AIMD) simulation, and 2) the
photoexcitation, electron/hole relaxation and the absorption, excitation and
emission spectra of a thiolate protected Au13 nanocluster calculated by ab initio
electron dynamics (ED).

Electrical and Optical Properties of Pt13 and Pd13 Nanoclusters

The M13 (M = Pt and Pd) metal nanocluster investigated has one metal atom
in the center, coordinated with other twelve side metal atoms in an Oh point
group symmetry. Pt and Pd have an electronic configuration of [Xe]4f145d96s1
and [Kr]4d10, respectively. Each of the side metal atoms is hydrogenated by
two hydrogen atoms (M13H24), as shown in Figure 1. A structural optimization
shows that there is a slightly deformation of Oh to D4h symmetry, indicating a
lower energy of D4h symmetry on the Pt13 cluster. On the other hand, the Pd13H24
nanocluster twists to lower the energy for stabilization, increasing the Pd–Pd
bond distance up to 2.85 Å, longer than the Pt–Pt bond distance (2.72 Å). During
the optimization a few of the H atoms are bridging the neighboring two Pt atoms
by a longer Pt–H bond distance (1.76 Å), comparing to the isolated Pt-H bond
length (1.58 Å). However, every two of the hydrogen on Pd atoms approach to
each other and bond together, indicating a potentially higher catalytic property
of Pd than Pt nanoclusters. The H–H bond distance in the optimized Pt13H24
nanocluster is well separated, but decreases to 0.86 Å in the Pd13H24 nanocluster,
close to H−H bond length of dihydrogen at 0.75 Å, indicating a potentially more
active surface chemistry on Pd than Pt nanocluster. Density of state (DOS) of both
Pt13H24 and Pd13H24 nanoclusters is shown in Figure 2 and 3. There is very small
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band gap between HOMO and LUMO, indicating a metal character of M13H24
nanoclusters. A band gap less than 0.06 eV is observed for Pd13H24 nanocluster,
which is much smaller than that of Pt13H24 nanocluster.

Figure 1. Geometry optimization and heat treatment of Pd13H24 cluster. The
large and small balls represent the Pd and H atoms, respectively. Adapted with

permission from ref (49). Copyright 2015 Taylor&Francis.

Charged Pt13 and Pd13 Nanoclusters

The investigated M13H24 nanoclusters are charged by certain amounts of
elementary charges to see what effects the charging has on the properties of the
metal nanocluster. The charged nanocluster is labeled as M13H24n± (n = 1~24).
Density of states (DOS) of the charged Pt13H24 n± (n =0, 1 and 2) nanoclusters
are shown in Figure 2. The HOMO of one negative charged Pt13H24 nanocluster,
Pt13H24ˉ, presents new electronic states at higher energy. Adding more electrons
on the cluster, Pt13H242ˉ, increases the orbital energy of HOMO dramatically, in
favor of high intrinsic reactivity of the metallic sites (50). The orbital energy of
HOMO of the positive charged models decreases with charges and the Fermi
level shifts to −7.5 eV after two electrons are removed. Removing more electrons
causes the crash of the nanocluster structure. The linear absorption spectra of
the charged Pt13H24 nanocluster are also shown in Figure 2. Adding one electron
to Pt13H24 model causes all the absorption bands turning sharp. In contrast to
this, the absorption spectra of positively charged clusters (Pt13H24+ and Pt13H242+)
become much broader, due to the contributions of some new absorption bands.
For example, a new absorption band appears at the low energy range (~0.5 eV) in
Pt13H24+ model. The absorption spectra of Pd13H24n± cluster show approximately
five absorption bands before 2.5 eV ( ~ 500 nm), locating in the visible and IR
spectral ranges. Positively charged clusters show only slightly blue shift for
these five bands. But the negatively charged clusters present dramatic decrease
of absorption intensity in the IR range. This observation can be explained as
follows. When the electrons are removed, there are more upper HOMOs available
to accept the excited electrons from lower level HOMOs, which is attributed to
the new peaks in the IR range.

218

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

01
1

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1196.ch011&iName=master.img-000.jpg&w=307&h=91


Figure 2. Left column: the density of states of Pt13H242+, Pt13H24+, Pt13H24,
Pt13H24− and Pt13H242− models (from top to bottom). Filled area symbolizes

filled orbitals. Right column: Computed linear absorption spectra for the same
models. Adapted with permission from ref (20). Copyright 2013 American

Chemical Society.
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Figure 3. Density of states of Pd13H24n± (n = 0, 1 and 2) clusters (from A to E).
Panel (F) summarizes the dependence of band gap and Fermi energy on total
charges of Pd13H24n± clusters. Adapted with permission from ref (47). Copyright

2015 Taylor&Francis.

H2 Desorption Catalytically from Metal Nanocluster Surface
Many catalytic reactions are carried out under elevated temperature. So it is

interesting to investigate the changes of the electrical and structural properties of
metal nanocluster during heat treatment, which also gives the information about
thermal stability. During heat treatment, all the atoms gain certain velocities
determined by the forces between atoms, which are transferred from their
potentials. Ab initio molecular dynamics (AIMD) was simulated to model the
change of the position of the atoms in metal nanocluster after heating and the
whole trajectory is determined by the velocities of atoms at the initial time (t =
0). At each time step of the trajectory, the forces are determined according to the
Hellman Feynman theorem (51). This simulation is to investigate the dynamics
of interaction between hydrogen atoms and metal nanocluster catalyst, which
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assigns non-zero momentum to each ion. Different heating temperatures generate
different range of forces acting on the nuclei, which in turn produce different
molecular dynamics trajectories.

Figure 1 represents the structure of Pd13H24 nanocluster before and after
heating at 1700K. The frame metal atoms stay almost identical, but the H atoms
undergo prominent migration. Some of the hydrogen atoms bond to each other
and almost detach from the Pd nanocluster surface as a H2 molecule. Those
bonded hydrogen atoms are the clear evidence of the formation of a semi-bounded
H2 molecule, Pd∙∙∙H−H, on the surface of Pd nanocluster. Less migration and
bonding of hydrogen atoms was observed in the Pt13H24 model, indicating less
active hydrogen on Pt nanocluster surface (26).

During the AIMD simulation, one semi-bonded H–H group desorbs in a
molecular form after 3 fs, as shown the snapshot image in Figure 4, representing
the desorption of one H2 molecule catalytically from the Pd nanocluster surface.
The desorption rate can be estimated as 1/3 fs-1 acoordingly. At 10 fs and 270
fs, another two and as many as seven H2 molecules are formed and desorbed
from the Pd13 nanocluster, respectively. The similar H2 desorption brhavior was
also observed on the Pt13 nanocluster but after 1000 fs there are only four H2
molecules that desorb, implying a less active surface of Pt than Pd nanocluster.
As an example, a video showing the hydrogen desorption process can be viewed
in the Supplementary Information. The results presented in Figure 4 illustrate
a transition between high and low density of surface adsorbates. The number
of surface hydrogen adsorbates decreases after each desorption event thus
approaching to the low density surface coverage. These results evidence the
lower desorption rate for lower surface coverage. An almost saturated hydrogen
adsorbed Pt cluster has been reported (17), and in another literature, the H2
absorption on Pt cluster surface was observed to occur in 10 fs by a Direct MD
study, which is comparable to our work (52).

Figure 4. Snapshots of Pd13H24 nanocluster at different steps during AIMD
process. Adapted with permission from ref (47). Copyright 2015 Taylor&Francis.

The energy required for H2 molecules to desorb from metal catalyst is one
of the concerns to many researchers. Figure 5 shows the time dependence on the
total energy of Pt13H24 nanocluster in the steps when H2 molecule desorbs. This
diagram is closely related to a catalytic reaction, as described in ref (53),
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If this applies to the H2 desorption reaction catalytically, it can be described as

and the three configurations in Figure 5 can be considered as reactant, transition
state and product, respectively. The geometry of intermediate state is determined
by the configuration which has the maximum total energy during the desorption.
Metal nanocluster act as the catalyst. The activation energy can be estimated as
0.51 eV, determined by the difference of energy between reactant and transition
state.

It has to be point out that an exploration of the potential energy surface at
zero temperature is a standard approach to explore a single desorption event
in more details. An adequate method for determining an optimal path along
potential energy surface is offered by Henkelman et. al in the Nudge Elastic Band
method (54). The Nudge-Elastic Band (NEB) method has become a workhorse
in determining the transition states (TS) and minimum-energy pathways (MEP)
(55),especially when implemented within density-functional theory (DFT).
However, our work focuses on a statistical approach, explicitly modeling finite
temperature and multiple reactions running simultaneous in the same system.

Figure 5. H2 desorption pathway with time during AIMD process for Pt13H24
cluster model. The structures of the initial, intermediate, and final configurations

are shown. The activation energy E is estimated as 0.51 eV as maximal
fluctuation of total energy during desorptive AIMD trajectory.
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H2 Desorption Catalytically from the Charged Metal
Nanocluster Surface

The dependence of heating temperature on the H2 desorption rate over the
charged Pt nanoclusters are shown in Figure 6.

Figure 6. Heat treatment temperature dependence on the H2 desorption rate
on charged Pt nanoclusters (left panel). Same data in form of Arrhenius plot:
logarithm of desorption rate versus inverse temperature. The slope of linear
fit provides activation energy, , according to Arrhenius plot (right panel).
Adapted with permission from ref (20). Copyright 2013 American Chemical

Society.

The result of the left panel in Figure 6 indicates a sequence of catalytic
activity, Pt13H242– > Pt13H24– > Pt13H24 > Pt13H24+> Pt13H242+. The maximum
H2 desorption rate found on Pt13H242– model at 1986 K is around 0.067 fs-1,
approximately corresponding to 0.61 ml/h per cluster, comparable to the
experimental result of around 0.1~1.5 ml/h on Pt and RuO2 co-deposited TiO2
photocatalysts (56). The desorption rates of all the investigated models computed
at different temperatures are analyzed and fitted to Arrhenius law, as shown in
the right panel of Figure 6. The computed Arrhenius activation energy,
and average rates, are calculated and summarized in Table 1. The average
desorption rate and activation energies depend on cluster charges in a different
manner. Higher average desorption rate corresponds lower activation energy.
The computed Arrhenius activation energies are systematically lower than
Ea (at 1800K) based on instantaneous change of total energy. But either way, the
Pt13H242−model shows the highest desorption rate and correspondingly almost the
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lowest activation energy. The linear fitting of desorption rate of Pt13H24n± models
present two different slopes, which indicates that there might be two different
activation barriers for H2 desorption.

Table 1. H2 Desorption Rate (at ~1800K) and Activation Energy of Various
Pt13H24n± Models (n = 0, 1, and 2). Activation Energy Is Estimated Based
on Jump of Total Energy at the Time of Desorption Event from the

Beginning of AIMD. Computed Average Desorption Rate , and Average
Activation Energy , as Function of Total Charge Modification for

Pt13H24n± Clusters, Computed as a Slope of Arrhenius Plot, According to

. There Are Two Slopes of the Fitting Plots for
the Clusters, Which Are Possibly Corresponding to Two Energy Barriers.
Accordingly the Average Desorption Rate Is Also Separated into Two
Values. Adapted with permission from ref (20). Copyright 2013 American

Chemical Society.

On the surface of Pd nanocluster total of seven H2 molecules desorb from Pd
surface in less than 300 fs. This is in great contrast to the desorption behavior
of Pt13H24 cluster, where only four hydrogen molecules desorbed after 1000 fs
under the same conditions. This is a strong indication that Pd13 nanocluster has
better catalytic activity than Pt13 nanocluster. At ambient temperature (300 K) H2
desorption has been obvious over all the Pd13 clusters, whereas for Pt13 cluster the
"turn on" temperature activating the catalytic reaction has to be as high as 900
K. Of all the charged Pd13H24 clusters, the Pd13H242+ cluster presents the highest
regular desorption rate (R) which follows the sequence of

This is also in contrast to the result of Pt13 nanocluster where Pt13H242− shows
the highest activity. The reason for this discrepancy is not quite clear yet.

Pd-Doped Pt13H24 Nanocluster
One of the Pt atoms in the Pt13H24 nanocluster was replaced by one Pd atom

and the catalytic properties of the obtained Pt12PdH24 alloy nanocluster were
investigated. The neutral Pt13PdH24 cluster presents the highest desorption rate
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than any charged clusters. Neither positively nor negatively charging benefit the
H2 desorption on Pt13PdH24 cluster. Furthermore, a desorption rate comparison
between Pt13PdH24 cluster and Pt13H242- cluster indicates that doping of one Pd
atom into the Pt13 cluster induces an increase of H2 desorption rate to as high as
0.091 fs-1. In Figure 7 three snapshots of AIMD process at 6, 7 and 17 fs show
that the 1st H2 desorption takes place at the Pd atom. This gives a clear view that
Pd doping benefits the catalytic activity of Pt cluster.

Figure 7. The snapshot images of Pt12PdH24 cluster structure during the AIMD
process. The gray sphere is Pt atom, the white sphere is H atom and the dark

cyan sphere is Pd atom.

Au Nanocluster Protected by Organo-Thiolate Ligand

The investigated thiolate protected Au nanocluster, Au38(SCH3)24, has a
structure as,

It has a core Au13 cluster, protected by 6 cyclic [-CH3-Au-]4 oligomeric
thiolate ligands (Figure 8), plus a balancing Au atom.

Figure 8. The structure of Au13 core, thiolate ligand and Au38(SCH3)24
nanocluster.
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The Au core has a structure that is similar to Pt13 and Pd13 nanocluster, which
is derived from the deformation of a truncated-octahedral face-centered-cubic
structure to a disordered cluster core made of distorted pentagonal bipyramid
subunits, which was reported more stable than the original truncated-octahedral
geometry (57). The Au atoms have the electron charges of ~ 5.8 (0.4 on the center
Au core and 5.4 on the outer 24 Au atoms) and ‒5.8 on the 24 thiolate ligands.
The binding energy between Au core and ligand was reported as 1.1 eV (58).

The DOS of Au38(SCH3)24 nanocluster (not given) shows new bands at around
–18.0 and –14.0 eV, which are absent in the DOS of core Au (54). These bands
are formed from the thiolate ligand molecular orbitals. There is an upward shift of
the Fermi energy by 2.2 eV after adding the thiolate ligands to the core Au. Some
of the unfilled sub gaps below the Fermi energy of the Au core are filled after the
thiolation by the ligands, most likely due to the charge redistribution between Au
core and ligand shell. The calculated energy gap between the HOMO and LUMO
states of Au38(SCH3)24 and Au core are 0.29 and 0.11 eV, respectively.

To understand the correlation between the nanocluster structure and optical
properties, the electronic structure, optical absorption spectrum of Au38(SCH3)24
nanocluster, the energy of Kohn-Sham molecular orbitals, and the contributions
of different atoms to the orbitals are shown in Figure 9. The electronic structure
of Au38(SCH3)24 indicates that the HOMO, LUMO and LUMO-1 are mainly
composed of 5d and 6sp atomic orbitals of Au. From HOMO-1 to HOMO-8
the 5d orbitals of Au become dominant. LUMOs higher than LUMO+2 are
mainly constructed by the 6sp orbitals of Au. The 3p orbitals of sulfur contribute
significantly to the HOMO-2 and other lower HOMOs.

Figure 9. (A): Kohn-Sham orbital energy level diagram for the Au38(SCH3)24
nanocluster. Each KS orbital indicates the relative contributions from the atomic
orbitals of Au(6sp) in green, Au(5d) in orange, S(3p) in blue and others in
light gray. (B): Calculated absorption spectra of Au38(SCH3)24 (top) and core
Au nanocluster (bottom). The peaks are broadened by a Lorentzian with a
half-width of 0.01 eV. Adapted with permission from ref (59). Copyright 2015

Taylor&Francis.
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The absorption spectrum of Au38(SCH3)24 features a peak (A) at 0.54 eV, the
first major peak (B) at 1.12 eV, and three other major peaks (C, D, E) at 1.66, 2.00
and 2.44 eV respectively, which is in agreement with the experimental result (60).
The peak A corresponds to d→d (HOMO-1→LUMO+1) intraband transition, and
the group peaks from 1.0 to 3.0 eV (peakB toD) originates from a d→ sp interband
transition. There are also two broad bands (F and G) from 3.0 to 4.0 eV. The
absorption peaks of core Au nanocluster show the shift to higher energy, e.g., from
peak B to B′(C′), peak D to D′ and peak E to E′, which is agreement with the
experimental results (61). This indicates that the HOMO, HOMO-1, HOMO-2
and LUMO+1 through LUMO+3 are composed of the atomic orbitals from the
core Au atoms (42). But HOMO-4 through HOMO-8 may get contribution of the
atomic orbitals from the atoms in the ligands, which gives the new absorption peak
C after thiolate ligands are attached on the core Au surface.

Photoexcitation electron dynamics, after electrons are photoexcited from
occupied orbitals to unoccupied orbitals is of important property to investigate.
An insight of this electron dynamics will contribute to the better understanding
of the optical properties of Au nanoclusters, together with the time-resolved
emission and decay lifetime kinetics. When the investigated Au38(SCH3)24
nanocluster is irradiated by light and photon is absorbed, an electron is excited
from the occupied orbital a to higher unoccupied orbital b, e.g. from a = HO–18
to b = LU+17 orbital (HO and LU are the abbreviation of HOMO and LUMO),
which corresponds to the absorption band G in the Figure 9 with the transition
energy at 3.838 eV. The excitation energy for simulation was chosen based on
two criteria; (i) efficient absorption at chosen energy and (ii) opportunity to
explore larger number of photoexcitation decay channels. After the generation
of the electron-hole pair, the nonradiative relaxation of the electron and hole to
the LUMO and HOMO orbitals occurs due to the nonadiabatic electron-phonon
process.

Figure 10. Electronic dynamics of Au38(SCH3)24 nanocluster photoexcited at
absorption band G (HO–18, LU+17). (A): The iso-contours of the population
of charges. Red, green and blue colors encode excess, no change, and lack of
electronic populations at given energy. (B): the evolution of the nonequilibrium
charge density distribution projected onto the z direction. (C): Au38(SCH3)24

nanocluster structure is shown in the same range in z-axis as panel (B). Adapted
with permission from ref (58). Copyright 2015 Taylor&Francis.
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The results of photo-induced electron dynamics are shown in Figure 10.
Figure 10 (A) displays the iso-contours of the charge population, Δn(a,b)(ε,t).
The iso-contours of the population, with red and blue color indicating gain and
loss of charge density with respect to the equilibrium distribution, indicates
that the nonradiative internal conversion of the photoexcited electron and hole
finishes within around 30 ps. The average electron and hole dissipation rate
constants, Ke and Kh, are 0.171 and 0.248 ps-1, respectively. Table 2 summarizes
the computational results on the electrons and holes dissipation process for
different photo-excitations, corresponding to the different peaks in the calculated
absorption spectra of Au38(SCH3)24 and core Au nanocluster (Figure 9). The
dissipation rates of holes are relatively higher than that of electrons for both the
clusters Kh > Ke, i.e., τh <τe, which is ascribed to stronger nonadiabatic couplings
in the valence band (VB) compared with that in the conduction band (CB).

The longer relaxation time of electrons will enhance the relative contribution
of the photoexcited electrons to the luminescent emission. The evolution of the
nonequilibrium charge density distribution projected onto the z direction is given
in Figure 10 (B). At t ~ 0.5 ps when the relaxation of electrons and holes begins,
the holes density at the top ligands increases and the electron density in the center
Au core increases. This indicates a charge transfer from the thiolate ligand orbitals
to the center Au cluster orbitals.

Table 2. Dynamics of Photoexcited Electron-Hole Pairs Corresponding to
the Peaks in the Absorption Spectrum in the Au38(SCH3)24 Nanocluster.
Adapted with permission from ref (58). Copyright 2015 Taylor&Francis.

The computed emission spectra of thiolate-protected and bare Au nanoclusters
triggered by photo-excitations of similar energies are compared. The dynamics
of energy dissipation and relevant emission spectra are illustrated in Figure
11. Specifically, the instantaneous photoexcitation of the Au38(SCH3)24/ Au
core nanoclusters at transition energy of 3.838 eV / 3.717 eV, corresponding
to absorption band G / F′ in Figure 9 are followed by the excitation energy
dissipation with time (Figure 11 (A) / (D)), monitored by time-resolved (Figure
11 (B) / (E)) and integrated (Figure 11 (C) / (F)) emission spectra. Figure 11
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(A) shows that in thiolated Au nanocluster the excitation at around 3.838 eV,
corresponding to the parent interband absorption from HOMO-17 to LUMO+18,
has a non-radiative lifetime of 0.1 ps at the LUMO+18 orbital. From this time
the electronic relaxation induced by the lattice vibrations occurs between 0.1
and 10 ps and stays at the edge of the band gap for longer than 100 ps. In the
bare Au nanoncluster, the excitation at around 3.717 eV, shown in Figure 11 (D),
corresponding to the parent interband absorption from HOMO′–4 to LUMO′+11,
has a radiative lifetime of around 1.0 ps at the LUMO′+11 orbital, which is longer
than that of the similar photo-excited state of the Au38(SCH3)24 nanocluster.
This is consistent with the larger nonradiative decay rate of electron for the
Au38(SCH3)24 than Au core nanocluster. After t = 1.0 ps the lattice vibration
causes the nonradiative relaxation to the transitional energy at ~3.4 eV where
the electronic energy stays at this state for almost 100 ps. Finally the energy
dissipates at the edge of the band gap for longer than 200 ps. This strong radiative
transition at ~3.4 eV, which is not observed for the Au38(SCH3)24 nanocluster,
indicates that the protective thiolate ligands contributes to the nonradiative energy
dissipation of the Au38(SCH3)24 nanocluster.

Figure 11. Simulated photoexcitation dynamics (A, D), emission dynamics (B,
E) and integrated emission spectra (C, F) for thiolate protected Au (A-C) after
photoexcited at 3.838 eV (peak G in Figure 9) of Au38(SCH3)24 nanocluster
and Au core (D-F) after photoexcited at 3.717 eV (peak F′ in Figure 9) of Au
core. (A): dynamics of the excitation energy dissipation with time. Color code:
red ~ maximum population; navy blue ~ zero population. Initial excitation at
ħΩ = 3.838 eV evolves in time. At teach subsequent instant of time excitation
appears at lower energy finalizing at lowest available excitation. (B): calculated
time-resolved emission spectrum. (C): Integrated emission spectrum. Adapted

with permission from ref (58). Copyright 2015 Taylor&Francis.
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The time-resolved emission spectra triggered by the instantaneous
photoexcitation are compared in Figure 11 (B) and 11 (E). An emission signal
at around 3.838 eV, corresponding to the parent interband absorption band G,
disappears at around 0.1 ps, which indicates the beginning of the relaxation.
There are also several additional emission bands at energy less than 2.0 eV.
The time-resolved emission spectrum of the Au core, as shown in Figure 11
(E), presents a similar emission signal at 3.717 eV, due to the parent interband
absorption. Likewise, this transition possess a lifetime of ~ 2 ps, longer than that
of the Au38(SCH3)24 nanocluster. There are many strong emission bands owning
much longer lifetime with transition energy between 2.3 ~ 3.2 eV, and relatively
less emission bands with transition energy lower than 2.0 eV. The band gap of
the Au core cluster is smaller than 0.1 eV, so there are relatively more interband
transitions, compared to the strong intraband transitions for the Au38(SCH3)24
nanocluster. So these strong intraband transitions are from the contribution of the
thiolate ligands.

Figure 11 (C) gives the representative integrated emission spectrum of the
Au38(SCH3)24 nanocluster after photoexcitation at 3.838 eV. The emission peaks
are consistent with the emission features shown in Figure 11 (B). The strong bands
at energy less than 0.3 eV are corresponding to the intraband optical transitions of
photo-excited electrons or holes within the conduction band or valence band. The
prominent emission band appears at around 2.0 eV (620 nm) and the first strong
emission at 1.5 eV (820 nm), which are consistent with an experimental result
where mercaptosuccinic acid protected Au38 nanocluster was etched by bovine
serum albumin (62) and a phosphine/thiolate-protected Au24 nanocluster. Given
the photoexcitation wavelength at 3.838 eV, this computed Stokes shift is also
consistent with the experimental results. The integrated emission spectrum of the
Au core shown in Figure 11 (F) presents the most strong emission band at 2.3 eV,
corresponding to the intraband transition.

Conclusions and Perspectives

Catalytic reactions present a challenge to computational studies since the
electronic structure and thus the bonding pattern changes qualitatively in the
course of the simulation. Prezhdo et.al pioneered time-domain atomistic studies of
the photo-induced electron dynamics (ED) at molecule/semiconductor interfaces
and initiated the ab initio, time-domain studies of the photo-induced dynamics of
excited charge carriers in semiconductor andmetallic quantum dots (63, 64). Their
nonadiabatic molecular dynamics simulations most closely mimic the complex
coupled evolutions of charges, phonons, and spins as they occur in nature.
Tretiak et.al has developed the excited molecular dynamics method to model
photochemical time-dependent processes in extended molecular systems based
on the quantum-chemical numerical computations. This technique combines
semi-empirical Hartree-Fock computations with a time-dependent density matrix
calculation of vertical optical excitations, using the ground-state single-electron
density matrix as input (65, 66). In our work on the hydrogen reduction on metal
cluster surface, the basic idea underlying our molecular dynamics simulation
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method is to compute the forces acting on the nuclei from electronic structure
calculations that are performed “on-the-fly” as the MD trajectory is generated
(67–69). In our work on thiolate protected Au nanocluster, we applied ab initio
electron dynamics (AIED) for interpreting photoexcitation and electron/hole
relaxation of Au nanocluster. We simulated the relaxation rates of photo-excited
electrons and holes in core and thiolate-protected Au nanoclusters by applying an
ab initio treatment of the electronic states when the nonadiabatic transitions are
induced by the vibrational dynamics. The on-the-fly nonadiabatic couplings are
used as parameters to the Redfield theory, providing the dynamics of carriers and
allowing for analysis of multiple nonradiative relaxation pathways.

Since the performance of a catalyst is a balance between the binding energy
of adsorbates and the barriers of reaction. Our AIMD trajectories successfully
simulate the fusion of two protons into one H2 molecule accompanied by bond
breaking between Pd and H2. Furthermore, AIMD allows determining more
details about catalysis, e.g. the most probable desorption site, the number of
total H2 molecules desorbed from the cluster. In this sense, this AIMD approach
is more general and can be applied to simulate other reactions, such as fusion,
fragmentation, etc. In the future work, the most challenging research interests
will be on how to combine the simulation of photon absorption (70, 71), and
charge transfer from a substrate to the surface of nanocatalyst (72, 73) and
charge-facilitated surface reaction (26). One is able to complete the pathways
of subsequent elementary processes contributing to the photocatalytic water
splitting.

The computation results on thiolated protected Au nanoclusters laid out here
provide a view for further understanding of the distinct electronic, optical and
photochemical properties of stable Au nanoclusters. Generally the electronic
properties during photon absorption and charge transfer can be calculated. One
has to keep in mind that the electron excitation, energy dissipation, electron
relaxation, which have been successfully calculated by our computation method,
are crucial to the photochemistry. This should facilitate synthesis and practical
application for catalysis, sensing, bio-labeling and molecular electronics.
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Chapter 12

Surface Photochemistry of Quantum
Dot-Porphyrin Nanoassemblies for Singlet

Oxygen Generation

Eduard Zenkevich*,1 and Christian von Borczyskowski2
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National Technical University of Belarus, Prospect Nezavisimosti 65,

20013 Minsk, Belarus
2Institute of Physics, Center for Nanostructured Materials and Analytics,

Technische Universität Chemnitz, Reichenhainer Str. 70,
D-09107 Chemnitz, Germany

*E-mail: zenkev@tut.by.

This Chapter covers the basics of nanotechnology, focusing
on hybrid organic-inorganic nanoassemblies based on
self-assembly principles. Here, we are willing to discuss
the formation principles and mechanisms of excitation
energy relaxation being studied for nanoassemblies based on
core/shell CdSe(ZnS) colloidal semiconductor quantum dots
(QD) exhibiting size-dependent photophysical properties and
surfacely activated by pyridyl-substituted porphyrins, H2P (bulk
solutions) in liquid solvents at 295 K (steady-state, picosecond
time-resolved luminescence spectroscopy and single molecule
spectroscopy). Upon formation of QD-H2P nanoassemblies the
QD photoluminescence (PL) is quenched as can be detected
both via single particle detection and ensemble experiments
in solution. PL quenching has been quantitatively assigned
to FRET QD→ H2P (10-14%) and Non-FRET (86-90%)
processes. Using near-IR photoluminescence measurements,
we performed a quantitative comparative studying the
efficiencies of the singlet oxygen generation by alone QDs
and “QD-H2P” nanoassemblies upon variation of the laser
pulse energy. It was found that for QD-H2P nanoassemblies
the experimental efficiencies of singlet oxygen generation are

© 2015 American Chemical Society
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essentially higher with respect to those obtained for alone QDs.
In the case of QD-H2P nanoassemblies, it was proven also that
the non-linear dependence of the efficiency of singlet oxygen
generation on the laser pulse energy is caused by non-radiative
intraband Auger processes, realized in QD counterpart. It
has been found that values of FRET QD→ H2P efficiencies
obtained via direct measurements of IR-emission of singlet
oxygen at low laser excitation (ΦIR = 0.12 ± 0.03) are in a good
agreement with the corresponding FRET efficiencies found
from the direct sensitization data for porphyrin fluorescence
(ΦFRET = 0.14 ± 0.02) in nanoassemblies. Such quantitative
analysis was done for the first time and shows that namely
FRET process QD→H2P is a main reason of singlet oxygen
generation by QD→H2P nanoassemblies.

Introduction
Criteria for Photodynamic Therapy with QD-Based Nanoassemblies

Based on evident progress in the synthesis of colloidal semiconductor
QDs with relatively narrow size distributions within a few percent, rational
shape-engineering, compositional modulation, electronic doping, and tailored
surface chemistries, these nanoobjects as well as nanoassemblies based on QDs
and functionalized organic compounds (including proteins) have become an
important class of naomaterials with great potential for applications ranging
from electronic and optoelectronic devices (1–10) to material science (11–15),
sensorics (16–19) and nanomedicine (14, 20–30). The science and technology
of nearly all QD-based materials, drug delivery systems, diagnostic methods,
controlled release systems, organic-inorganic nanoassemblies, etc., involve on
every length scale, from the molecular to the macro, surface and interfacial
phenomena that can be tuned by varying the surface and interfacial energy and by
varying the specific chemical interactions and chemical groups populating such
surfaces and interfaces.

A multidisciplinary and fast-evolving research area, nanomedicine presents
new clinically relevant promises grounded in the disciplines of molecular biology,
genomics, chemistry, and nanotechnology. With respect to QDs, in most cases
the bottom-up formation of functional nanoassemblies is used. It is based on self-
assembly approaches being the fundamental phenomenon that generates structural
organization on all scales and may be realized in solutions and solid state via
various basic interactions: hydrogen bonding, coordination bonding, electrostatic
and donor-acceptor interactions, and metal-ion binding (31). The designed self-
assembled interaction, the information necessary to initiate such a process, and
the algorithm behind must be stored in the components, and must be operative
via selective/specific interactions (32). What is now termed “non-covalent bottom
up approach” has revolutionized traditional synthetic strategies, thus allowing the
preparation of a variety of nanoobjects that are capable of selective recognition.
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Spontaneous self-assembly, which occurs as a result of the complementarity of
superstructure components, has enabled the preparation of QD-based architectures
for possible biomedical applications (13, 14, 17, 20–22, 26, 28, 33, 34).

In this respect, nanoassemblies consisting of inorganic semiconductor QDs
and photosensitizing organic molecules (ligands) covalently or non-covalently
attached on their surface are considered as a perspective means to the selective
destruction of malignant tissues, such as cancer cells, via the so-called
photodynamic therapy (PDT) (35–46). It is well-documented (47), (48), that PTD
is based on localized photo-induced generation of cytotoxic forms of molecular
oxygen (available in a tissue under treatment) following the activation of a
non-toxic photosensitizer (PS) with light. One mechanism for PDT (type I)
involves the formation of free radical, the so-called “superoxide anion radical”
(O2−). This process is connected with the photoinduced electron transfer and
depends on redox properties of photosensitizer molecule (PS) and molecular
oxygen. The second mechanism (type II) involves the photoinduced formation
of triplet excited molecules of the photosensitizer (via non-radiative intersystem
crossing process, S1 ~> T1) followed by the triplet-triplet energy transfer 3PS→
(3O2). In the result, the formation of active singlet oxygen (1O2) in a long-living
1Δg electronic state occurs. In the later case, realization of PDT relies on singlet
oxygen, which is generally accepted as the main mediator of photocytotoxicity in
PDT and causes oxidation and degradation of membranes of malignant cells. It is
well known that since a direct excitation from the triplet ground state (3O2) to the
singlet excited state (1O2) is forbidden by spin selection rules, oxygen is activated
with a sequence of energy transfer events involving a photosensitizer.

The organic photosensitizers (PS) commonly used in PDT practice belong
to the class of the biologically important tetrapyrrolic pigments, which may
be accumulated in cancer tissues. They are known to efficiently populate the
long-living triplet state and are therefore characterized by high efficiencies of
singlet oxygen generation (47–50). Nowadays porphyrin-based sensitizers, in
particular, chlorine e6 (51–53) and its commercial derivatives are adopted and
used in routine treatments (54, 55). These PSs typically require irradiation by a
continuous wave (cw) laser radiation with spectral region of 410-700 nm which is
defined by the absorption spectrum of the sensitizer. Development of alternative
PSs are necessary to get more efficient singlet oxygen generation as well as to
extend nomenclature of lasers used and to get deeper penetration into skin owing
to shift operation wavelength towards long waves where skin is more transparent.

Potential candidates for new PDT photosensitizers should first of all feature
efficient generation of singlet oxygen. For this to be possible a long living
triplet state should exist with transition energy which is higher than the energy
of excited singlet oxygen, E(1Δg) = 1.27 μ. Though photoinduced generation
of singlet oxygen is the mandatory feature for every PDT sensitizer, there is
a number of additional criteria which potential PDT sensitizer should meet
for its applicability and efficiency in PTD treatment (35, 56): i) well defined
chemical composition (dimers and oligomers presenting in case of many existing
molecular photosensitizers are serious drawbacks); ii) absence of any dark
toxicity, i.e. photosensitizer should be non-toxic until photon absorption occurred;
iii) photosensitizer should be as selective as possible to the targeted tissues to
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avoid damage of healthy cells (high selectivity remains a major challenge in
PDT treatment (36)); iv) photosensitizer should be easily removed from the
patient’s body after treatment to avoid significant side post-treatment effects
(for many existing PDT sensitizers, a patient needs to remain in low-level lights
for several weeks to prevent excessive burning from the residual sensitizer); v)
photosensitizer should not be hydrophobic since its agglomeration in aqueous
solutions can drastically decrease singlet oxygen generation (many existing
sensitizers are hydrophobic which results in decrease of 1O2 quantum yield); vi)
the photosensitizer should be photostable and strongly absorbing at the irradiation
wavelength.

Unfortunately, even the most successful PSs, such as Photofrin, have
major drawbacks: poor water-solubility, low selectivity, skin phototoxicity,
and instability. Furthermore, their excitation wavelengths are not optimal
for deep tissue penetration. In this respect, QDs have been established as
powerful and versatile biological imaging probes which have high quantum
yields, high photostability, large absorption coefficients, continuous absorption
bands for multicolor capability, narrow and symmetric emissions, and many
biofunctionalization strategies (20, 29, 35, 48, 56, 57). Though several examples
of employing QDs for PDT have been described, their full capabilities have yet
to be harnessed, and QD-photosensitizer conjugates are still an intriguing option
for PDT applications.

In this Chapter we aim to consider perspectives of semiconductor quantum
QDs as well as their nanoassemblies with organic porphyrin molecules (known
PSs) for novel PDT photosensitizers capable to operate according to the above
type II process. For PDT purposes, QDs seem to be attractive because of the
following reasons (5, 12, 35, 43, 44, 56): (i) QDs are efficient photon harvesters,
since their absorption spectra are comprise multiple excitonic transitions and
are thus broader than the spectra of typical organic dyes used in PDT as well
as are characterized by high molar decimal extinction coefficients in a wide
spectral range; and (ii) the photon absorption of QDs can be tuned to the spectral
transparency window of human skin. Although metallic QDs can be less toxic
(58), semiconductor QDs have important advantages for medical applications (i.e.
the ability to target drugs or imaging abilities (22, 23, 30, 59, 60)). Nevertheless,
the direct measurements of the efficiencies of 1O2 generation by semiconductor
QDs are very rare or contradictory (35–37, 43, 61–63), thus QD full capabilities
for PDT have yet to be harnessed.

Anchoring and Interaction of Potential Photosensitizers with QDs

Several concepts for the realization of QD-organic ligand nanoassemblies
have been reported such as blends (64, 65), substitution of surfactant molecules
by appropriate dyes (66), tailored polymer-dye shells (67–69), electrostatic
interactions (70) or nanocomposites based on self-assembly processes (19, 42,
44, 71–75).

While quantum confinement is basically understood, the anchoring of
functional organic molecules to tunable wide gap semiconductor colloidal QDs
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using various approaches is still of considerable scientific and practical interest,
as the particular chemical composition of the surfactant shell decisively affects
the photophysical properties of the naoassembly, especially the quantum yield of
QD photoluminescence (PL). Colloidal QDs are bright emitters and characterized
by a large absorption cross section (5, 12, 14). However, capping organic shells
(including surfactants and dyes as organic ligands) have considerable impact
on the optical properties of QDs (e.g. hot carrier relaxation, PL quantum yield
and energy) as has been successfully studied experimentally and theoretically
for several systems (75–85). QD PL efficiency has shown to be sensitive
to the surrounding matrix also (86). In addition, it follows from theoretical
considerations of QD structure and electronic properties (87–97) that organic
ligans (depending on their concrete number, electronic properties and mobility
on QD) may cause QD surface reconstruction, modify even on a single ligand
base electronic states or electron-phonon coupling and hot carrier relaxation.
Some of these effects including the influence of only one (or at least a few)
ligand or surface attached dye molecules on surface states have been detected
experimentally (75, 98).

Concerning PDT, clear potential advantages of nanoassemblies based on
semiconductor QDs and organic PSs in comparison with individual organic PSs
are as follows: (i) by choosing an appropriate material and size they can be
excited in the whole visible region; (ii) they may target drugs of interest; (iii)
they are used in optical imaging for studying the temporal and spatial dynamics
of specific biomolecules and their interactions in real time, and, what is the
most important, (iv) the non-radiative effective FRET QD→PS, depending on
absorption/emission properties and intercenter distances and mutual geometry
between coupled interacting QD-PS moieties. It should be mentioned also that
when appropriately coated, CdSe-core QDs can be rendered nontoxic and used
to track cell migration and reorganization in vitro (99) to play a key role to
overcome many of the difficulties associated with traditional PDT. With respect
to nanocomposites based on semiconductor QDs and tetrapyrrolic molecules this
area has received much attention within last decade only (35–46, 59, 61, 62, 72,
100–109).

From the photochemical point of view, the generation of singlet oxygen
by QD-PS bioconjugates should involve two steps. First, the energy transfer
QD→PS should be organized resulting in PS S1-state formation followed by
the non-radiative transition into PS triplet state T1 via the intersystem crossing
pathway. Second, the diffusionally controlled triplet-triplet energy transfer
PS(T1)→oxygen(3O2) is realized resulting in 1O2 generation in the surrounding
media.

With respect to QD-PS nanoassemblies namely, a clear understanding of
the reasons of QD PL quenching as well as the evaluation of energy transfer
mechanisms and pathways involved in this two-step process in is essential to the
design and optimization of effective PDT drugs based on semiconductor QDs.
As was outlined above, PL of colloidal QDs in solution are subject to various
dynamic processes which are related to QD interface phnomena, attached ligand
properties as well as temperature and polarity of the solven. Thus, taking all
these facts into account one should mention that, in reality, the quenching of QD
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photoluminescence upon interaction with PS molecules serves as the indicator of
the formation of the QD-PS nanoassembly. Nevertheless, the evaluation of the
real reason of QD PL quenching in QD-PS nanoassemblies as well the role of the
energy transfer in this case seems to not be a trivial question and thus needs a
thorough experimental and theoretical verification for every system.

From this point of view, the Chapter provides a comprehensive description and
a deeper discussion on all necessary steps what should be realized upon analysis
of QD PL quenching processes in QD-PS nanoassemblies and corresponding
efficiences of the singlet oxygen generation. We will discuss experimental
and theoretical results being obtained for nanocomposites based on highly
monodisperse CdSe/ZnS QDs capped with n-trioctylphosphine oxide, TOPO (the
diameters dCdSe of QD vary between 2.1 and 5.2 nm, two capping ZnS monolayers
were applied). In our studies, (5, 10, 15, 20)-tetra-meta-pyridyl-porphyrin
H2P(m-Pyr)4 was chosen as a functional organic ligand to be attached to QD
surface because of two reasons. Firstly, we have shown that among a series
of pyridyl-substituted free-base porphyrins, H2P(m-Pyr)4 is characterized by
the highest complexation constant (Kc 3×107 M-1) and was found to exhibit
the most effective PL quenching of the QD upon nanoassembly formation (72,
75, 100, 103, 104, 110–114). At ambient temperature in low-polar solutions
(toluene, toluene-methylcyclhexane mixture), the self-formation of QD-porphyrin
nanocomposites is realized via two-fold non-covalent ligating coordination
Zn···N-Pyr of heteroatoms N (in two adjacent pyridyl rings of porphyrin molecule)
with Zn2+ ions of ZnS core-shell (the so-called key-lock principle). Figure 1
shows a schematic presentation of such hetero nanoassemblies consisting of
a QD with the tri-n-octyl phosphine oxide (TOPO) surfactant layer and one
H2P(m-Pyr)4 molecule attached via two meso-pyridyl rings nearly perpendicular
to the QD surface. Secondly, according to our direct measurements in toluene
(42, 44, 115) the quantum efficiency of singlet oxygen generation by H2P(m-Pyr)4
molecules is relatively high ( = 0.6) what makes it as a good candidate for
such experiments.

The details of experimental setup and measurements (steady-state and ps-ns
time-resolved) as well as preparation procedures (sampling, titration, etc.) one
may find in our previous publications (72, 74, 75, 100, 103, 104, 110–113).

Here, our discussion will be focused on the detailed photo-physical studies
of excited states relaxation dynamics for QD-porphyrin nanoassemblies based on
steady-state and PL picosecond time-resolved measurements as well as on the
direct measurements of the efficiencies of the singlet oxygen (1O2) generation
by QDs alone and nanocomposites these what is the most interesting for PDT
applications. In contrast to a lot of studies devoted to an optimization of
QD-PS nanoassemblies with respect to high energy transfer efficiencies, we will
quantitatively analyze of the reasons of QD PL quenching taking into account
the competition of energy transfer events and other quenching processes. We
will pay attention to not only the experimental elucidation of the efficiencies
of 1O2 generation by QD-porphyrin nanoassemblies but analyze some factors
(i.e. oxygen concentration in solution, the energy of laser excitation) which
may influence on this process in solutions. Finally, we will show that the
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direct detection of the emission of singlet oxygen generated by QD-porphyrin
nanoassemblies may be considered as an additional non-dependent route for the
quantitative verification of the energy transfer realization in organic-inorganic
nanostructures.

Figure 1. Structural properties of nanoassemblies based on semiconductor
CdSe/ZnS QDs capped with n-trioctylphosphine oxide (TOPO) and H2P(m-Pyr)4
molecules. A: Schematic presentation of QD-porphyrin nanoassemblies. B: An
optimized geometry for Cd33Se33 + H2P(m^Pyr)2 (B, optimization by HyperChem
7.0; simulations by ab initio density functional theory, DFT, with the VASP code
(92)). C: the scales of CdSe core, ZnS shell, porphyrin and TOPO molecules
corresponding to relative sizes of the main components of the arrays. The ZnS
shell thickness for QDs was estimated on the basis of the thickness of one ZnS
layer l = 5 Å; parameters for conical TOPO molecules rbottom = 5.5 Å, hcon
= 9.9 Å; rm = 7.5 Å is the radius of porphyrin molecule with opposite pyridyl
rings having nitrogens in meta-positions, h = 10 Å is the mean distance between
meta-nitrogens of adjacent pyridyl rings (HyperChem 4.0, semiempirical method
PM3). RDA is the intercenter between QD and porphyrin molecule. Based on
experimental data (100) and quantum-chemical calculations (92) it has been
proven that the attached porphyrin macrocycle is presumably perpendicular to

QD surface.

Spectral-Kinetic Manifestation of QD-Porphyrin
Nanoassemblies Formation

As we have shown experimentally, the titration of CdSe/ZnS QD toluene
solution by a comparable amount of meso-pyridyl substituted porphyrin molecules
leads to the QD PL quenching manifesting in the relative PL intensity decrease
and decay shortening (72, 74, 75, 100, 103, 104, 110–113). Noteworthy, in the
concentration range C=(0.5÷10)×10-7 M being used in titration experiments in
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toluene at ambient conditions, the PL dynamic quenching due to collisions of
interacting moieties within ~20 ns (QD mean PL decay (72, 100, 116, 117) is low
probable. Thus, the observed QD PL quenching has been interpreted as being due
to the formation of nanoassemblies via anchoring porphyrin ligating molecules
on the ZnS surface. In addition, the QD PL quenching efficiency and thus the
probability to form QD-porphyrin nanoassemblies scales with the number of
pyridyl rings having access to the QD surfaces, being the strongest one in the case
of tetra-pyridyl substituted porphyrin H2P(Pyr)4 (100). Figure 2 shows typical
spectral transformations and time-resolved QD PL data as a function of added
monomeric porphyrins H2P(m-Pyr)4 at well defined molar ratios x = [H2P]/[QD].
It is seen that upon increase of the molar ratio x, a linear increase of the porphyrin
absorption bands takes place, whereas, in all cases, the QD absorption (λmax = 556
nm) remains constant. On the contrary, the QD PL emission (at λmax = 585 nm) is
considerably quenched upon titration by H2P(Pyr)4 molecules. Time-resolved PL
measurements show that the emission of pure QDs without porphyrin ligand is
characterized by a non-exponential decay (72, 100, 112, 116, 117). The interaction
with anchored porphyrin molecules manifests itself in the appearance and rise of
two additional short time components (~ 7 ns and ~ 700 ps) (72, 75, 112).

It should be mentioned also that for individual porphyrin molecules H2P(m-
Pyr)4 in non-degassed toluene at ambient temperature, the S1-state decay is τS0
=8.7 ns as is well known for a lot of free-base porphyrin in such conditions (49)).
It follows from experimental data that the porphyrin fluorescence decay in QD-
porphyrin nanoassemblies under study is not shortened. In contrast, being attached
to QD surface, H2P(m-Pyr)4 ligand is characterized by slightly increased S1-state
decay τS =9.5 ns at the same excitation and detection conditions. This decay
increase is also proves the formation of QD-porphyrin nanoassemblies and may be
attributed to the screening action of a relatively large TOPO-capped QD subunit
thus limiting the access of oxygen molecule (quencher of a porphyrin S1-state) to
the excited extra-ligand. Such screening effects were found also in self-assembled
porphyrin triads and pentads (110, 115, 118)). In addition, absorption spectra
of the QD-porphyrin nanoassemblies are essentially a linear combination of the
corresponding QD and porphyrin H2P(m-Pyr)4 ligand, with only small changes
in wavelength maxima (blue shift by ~1.5 nm) and band intensities Q(0,0)/Q(0,1)
ratio for porphyrin counterpart (100, 104, 112, 113). It means that in the ground
state the interaction between QD and porphyrin molecule(s) in nanoassemblies is
weak, and they retain their individual identities.

All these facts indicate evidently that the formation of QD-porphyrin
nanocomposites leads to the increase of the non-radiative relaxation channels in
the excited states of QD namely while the fluorescence decay of the attached
porphyrin is not shortened. Typically, the above PL quenching for QD counterpart
being observed in numerous QD-dye nanocomposites is commonly interpreted as
being due to the photoinduced charge transfer (CT) (23, 119–124) and/or to the
dipole-dipole resonant energy transfer of Foerster type (FRET) QD→dye (18, 19,
22, 45, 68, 72, 74, 92, 100, 101, 112, 125–131). Usually in the FRET case, the
direct verification of the energy transfer process as a real reason of PL quenching
is the comparison of the experimental values of FRET efficiencies via the donor
(QD) PL quenching and the sensitization of the acceptor (porphyrin) fluorescence.
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Such a quantitative comparison has been carried out by us for QD-porphyrin (72,
100, 110, 113) and QD-perylene bisimide (74, 129) self-assembled nanostructures.
Below, we are willing to discuss this question with respect to nanoassemblies
based on TOPO-capped CdSe/ZnS QDs (dCdSe = 3.0 nm, 2 ZnS monolayers, CQD
= 4×10−7 M) and H2P(m-Pyr)4 molecules in toluene at 295 K (see Figure 1), as
far as these nanoassemblies have been the studied in the experiments with singlet
oxygen detection which will be described later.

Figure 2. Absorption (A) and emission (B, λex = 465 nm) spectra as well as
time-resolved PL traces (C, λexc = 575 nm, λem = 585 nm) and decay amplitude
distributions (D) for CdSe/ZnS QD (diameter of CdSe core d=3.8 nm) upon
titration by H2P(m-Pyr)4 molecules in toluene at 295 at sequence molar ratio x

increase: 0.0(1); 1.15 (2); 2.3 (3); 4.5 (4); 9.1 (5); 13.5 (6); 17.8 (7)

Quantitative Analysis of QD Photoluminescence Quenching in
Quantum Dot-Porphyrin Nanoassemblies

For nanoassemblies consisting of TOPO-capped CdSe/ZnS QDs (dCdSe = 3.0
nm, 2 ZnS monolayers, CQD = 4×10−7 M) and H2P(m-Pyr)4 molecules in toluene
at 295 K, the direct comparison of QD PL quenching results and sensitization
data for porphyrin fluorescence was carried out using a complete set of titration
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points. Figure 3A collects the relative comparison of two dependences at the
same experimental conditions (λexc = 465 nm): integrated fluorescence intensity
of individual H2P(m-Pyr)4 molecules as a function of the increased molar
concentration of porphyrin (points 1), and enhanced integrated fluorescence
intensity of H2P(m-Pyr)4molecules at the same molar concentrations of porphyrin
but in the presence of CdSe/ZnS QDs of a given constant concentration (points 2).

It should be mentioned that according to our measurements the fluorescence
quantum efficiency (φ) for attached H2P(m-Pyr)4 molecules remains almost
the same as that for free porphyrin. At the same time, Figure 3A shows that
upon increasing the molar ratio x in solutions of QD-porphyrin nanoassemblies
the integrated fluorescence intensities of H2P(m-Pyr)4 ligand are noticeably
larger than those being measured for individual porphyrin molecules at constant
excitation conditions (λex = 465 nm, the donor QD strong absorption). This
finding reflects the existing of the sensitization (enhancement) effect that is
typical for FRET phenomena. In addition, the fluorescence excitation spectrum
of H2P(m-Pyr)4 ligand in bioconjugate (λreg = 719 nm) provides the direct
information about QD→porphyrin FRET process (Fig. 3B). Nevertheless at
a given molar ratio x, there is no full coincidence between absorption and
fluorescence excitation spectra for “QD-porphyrin” bioconjugates. Thus, the
realization of FRET with a quantum efficiency of 100% is not the case for the
nanoassembly under study.

Figure 3. Porphyrin H2P(m-Pyr)4 fluorescence intensities in toluene at two
experimental conditions. A: Integrated fluorescence intensity of individual
H2P(m-Pyr)4 molecules (1) and enhanced integrated fluorescence intensity
of H2P(m-Pyr)4 in the presence of CdSe/ZnS QDs (dCdSe=3.00 nm/2 ZnS

monolayers) (2) at the same molar concentrations of porphyrin and excitation
conditions (λexc = 465 nm) for both cases. B: Comparison of the absorption
spectrum (1) and porphyrin fluorescence excitation spectrum (2, λreg =720 nm,
corrected for excitation spectral response) for a solution of CdSe/ZnS QD with
H2P(m-Pyr)4 molecules at molar ratio x = 4.0; (3) is fluorescence excitation
spectrum for alone porphyrin at the same H2P(m-Pyr)4 concentration and

experimental conditions as for case (2). A small tail rest of QD emission in the
porphyrin fluorescence spectral range has been subtracted. Spectra (1), (2)
and (3) are normalized with respect to the intensity of Q(0,0) porphyrin band

(λ=647 nm).
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Based on the experimental approach described in (68, 100, 132, 133),
at every titration step we compared directly QD PL quenching efficiences
ΦQUENCH with estimated FRET efficiencies ΦFRET being obtained via porphyrin
fluorescence sensitization effect. This estimation is based on the comparison of
the absorption spectra of the QD-porphyrin mixture solution at every x ratio with
the fluorescence excitation spectra of mixed solutions and individual porphyrin
solutions at the same molar porphyrin concentration. QD PL quenching data as
well as fluorescence excitation spectra (recorded at λem = 720 nm) have been
obtained at every titration step. Experimental FRET efficiencies ΦFRET have
been calculated from the direct measurements of the corresponding intensities in
fluorescence excitation spectra and optical densities (OD) in absorption spectra
using the formula

where, IDA corresponds to the porphyrin fluorescence intensity at λem = 651
nm for QD-porphyrin nanoassemblies (that is for mixed solutions in the presence
of both QD and H2P(m-Pyr)4) whereas IA is the fluorescence intensity of individual
porphyrin at the same molar ratio at two different excitation wavelengths (465 and
590 nm). OD are the corresponding optical densities of the solution at given molar
ratio x. The difference reflects the increase of
the acceptor emission due to FRET. λex = 590 nm corresponds to the wavelength,
where the absorption of QD is negligible.

Figure 4 presents the comparison of QD PL quenching results and FRET values
estimated via the porphyrin sensitization effect (Eq. 1) obtained for a given QD-
porphyrin nanoassemblies in all experimental range of molar ratios x.

Figure 4. Comparison of QD PL quenching results I/I0 (1, left scale) and
ΦFRET values (2, right scale) estimated via the porphyrin sensitization effect for
QD-porphyrin nanoassemblies (CdSe/ZnS, dCdSe=3.0 nm, 2 ZnS monolayers,and

H2P(m-Pyr)4 porphyrin molecules) as function of the molar ratio x =
[H2P(m-Pyr)4] / [QD] in toluene at 295 K.
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It is evidently seen that at every molar ratio x, ΦFRET values calculated
from fluorescence enhancement (right scale) are significantly smaller than those
estimated from QD PL quenching efficiency [ΦQUENCH = 1I(x)/I0]. In all titration
range ΦFRET values are of order 6 - 10 % and do not exceed 14 – 17 % even
at high x values. It should be mentioned also that beginning from x > 6 there
is a saturation tendency for experimental ΦFRET values. Noteworthy, the same
differences between ΦFRET values (sensitization effect) and ΦQUENCH efficiencies
(quenching effect) have been observed for all QD-porphyrin bioconjugates based
on H2P(m-Pyr)4 porphyrin molecules and CdSe/ZnS QDs of various sizes (72,
100, 113). Thus, the obtained results demonstrate clearly that FRET is not a
dominant reason of QD PL quenching in QD-porphyrin nanocomposites.

In fact, there have been numerous studies of energy transfer from
semiconductor QDs to various acceptor organic ligands. Experimental results (18,
19, 22, 45, 68, 72, 74, 100, 112, 113, 123, 125, 129–131, 134–138) and theoretical
considerations (92, 139) suggest nanocrystalline materials and organic-inorganic
hybrids are best described in the weak coupling regime. The application of the
weak coupling model arises due to the dissimilarity in the wave functions of the
molecular orbitals in organic systems and band-like orbitals in nanocrystals that
prevents traditional strong interactions. This allows the application of Foerster
theory (140, 141) which typically is used at the limit of “localized oscillators”
as a result of the electric dipole approximation. In this model FRET from a
photoexcited donor (D) to a lower-energy acceptor (A) takes place due to the
coupling of the dipole moment of an exciton in a D chromophore with absorbing
transition in nearby A chromophores. The acceptor itself may relax to its ground
state with or without photon emission. FRET rate constant kDA for an isolated
D-A pair at distance RDA is expressed by

where is the emission decay of the individual donor, RDA is the
center-to-center distance of the idealized point dipoles. For QD-porphyrin
nanoassemblies, the distance RDA is the distance from the center of the CdSe/ZnS
QD to the center of H2P(m-Pyr)4 ligand assuming a perpendicular orientation of a
porphyrin macrocycle with respect to QD surface (see Figure 1). R0 is the critical
Foerster radius which may be calculated as

where NA =6.022·1023 M-1 is Avogadro number. φD0 is the donor emission
quantum yield in the absence of FRET, n is the refraction index of the solvent.
Orientation factors k2= [Cos(µD, µA) - 3 Cos(µD, rDA) Cos(µA, rDA)]2 , where (µD,
µA) is the angle between transition dipole moment vectors of the D and A subunits,
(µD, rDA) and (µA, rDA) denote the angles between the dipole vectors of D and
A and the direction D→A, respectively. For a random static rigid distribution
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of interacting dipoles k2 = 0.467 (141) (for QD-porphyrin nanoassemblies in our
case). Spectral overlap integral

is calculated on the basis of experimental acceptor, A (porphyrin) absorption
and donor, D (QD) PL spectra, where ε(ν) corresponds to the A molar decimal
extinction coefficient, fD (ν) corresponds to the D quantum emission spectrum
normalized to unity by area on a wave number scale. The calculated and
experimentally determined parameters reflecting FRET for CdSe/ZnS QDs and
H2P(m-Pyr)4 molecules being used for nanoassembly formation are collected in
Table 1.

It follows from data presented in Table 1 that according to theoretical
estimations, if FRET is considered as the dominant reason of QD PL quenching,
the theoretical FRET efficiency for pair interaction QD-one porphyrin molecule
should be no less than

For a given nanoassembly, this theoretical estimation in the frame of common
FRET model is in contradiction with experimental ΦFRET values obtained using
Eq. 1 (see curve 2 in Figure 4).

On the other nand, experimental total quenching rate constants kqexper for
the QD PL quenching in QD-porphyrin nanoassemblies at a given molar ratio
x have been estimated (without discrimination of FRET and possible non-FRET
non-radiative relaxation channels) on the basis of equation

where PL decay rate 1/ áD0ñ = 6.8×107 s-1 for individual QD. In its turn,
experimental Stern-Volmer mean rate constants áKSV(x)ñ has been evaluated
from the experimental PL quenching data plotted in Stern-Volmer representation
(based on titration experiments) according to approach described by us in detail
earlier (72, 112, 113).

From data presented in Table 1 it is evidently seen that in all titration range
kqexper<<kDAtheor. It means that the typical FRET QD→porphyrin process (with
experimental quantum efficiency ΦFRET ≤ 0.12 only) is realized in QD-porpyrin
nanoassemblies under study but the main part of the QD PL quenching should be
connected with the other reason. In addition, for TOPO-capped CdSe/ZnS QDs
of a given size (dCdSe = 2.6 nm and 2 ZnS monolayers), upon the replacement of
H2P(m-Pyr)4 molecules by CuP(m-Pyr)4 and tetrahydroporphyrin, THP(m-Pyr)4
derivatives (thus changing the overlap integral J(ν) values by factor of 2.5) the
quenching efficiency of QD PL remains nearly the same (103, 104). Thus, FRET
QD→porphyrin in “QD-porphyrin” bioconjugates is not the only one mechanism
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of the total QD PL quenching. Nevertheless, in this case low FRET serves as
indicator for the formation of the QD-porphyrin nanoassemblies.

Table 1. CdSe/ZnS QD (dCdSe=3.0 nm, 2 ZnS monolayers) Properties
and FRET Parameters for QD-Porphyrin Nanoassembly with the

Donor-Acceptor Distance RDA=2.78 nm (Molar Ratio x = 4.0, Toluene,
Refractive Index n = 1.4969, T=295 K)

System φD0 á τD0ñ,
ns

J(ν),
cm3 M-1

R0theo,
nm

kDAtheor,
s-1

kqexper,
s-1

QD-H2P 0.63 14.74 4.0×10-14 3.1 1.3×108 (8±2)×106

Notes: φD0 and á τD0ñ are QD PL quantum efficiency and mean decay, correspondingly,
in the case of FRET absence. Non-exponential decay of QD PL has been fitted by three
components I(t) = A1 × exp(-t/τ1) + A2 × exp(-t/τ2) + A3 × exp(-t/τ3), and the mean lifetime
value has been calculated as á τD0ñ = Σ(Ai times; τi2) / Σ(Ai × τi). Intercenter distance
RDA has been estimated from structural and geometrical parameters for QD-porphyrin
nanoassembly (see Figure 1). FRET theoretical rate constant kDAtheor was calculated using
Eq (2). Experimental total quenching rate constant kqexper for the QD PL quenching in
QD-porphyrin nanoassemblies at a given molar ratio x has been estimated using equation
(6).

The comparative titrations of the given CdSe/ZnS QD solutions by
H2P(m-Pyr)4 molecules and tetrahydroporphyrin THP(m-Pyr)4 ligands (holes
acceptor) give the coincidental curves for QD PL quenching without changes of
fluorescence parameters for THP(m-Pyr)4 also (104). In addition, the coincidental
QD PL quenching curves have been obtained when using di-pyridyl substituted
ligands H2P(m^Pyr)2(Ph)2 and electron acceptors, H2P(m^Pyr)2(Anthraquinone)2
or H2P(m^Pyr)2(5FPh)2, and the fluorescence of these electron acceptors being
attached to QD surface was not quenched (103). Thus, non-dependence of QD
PL quenching efficiency on redox properties of porphyrin ligands and the absence
of the ligand fluorescence quenching in QD-porphyrin nanoassemblies rules
out the dominant role of typical photoinduced charge transfer (PCT) processes
with participation of molecular orbitals of porphyrin macrocycle (known for
multiporphyrin self-assembled arrays (110, 118, 142, 143).

We have found for the first time that a mechanism clearly distinct from
PCT and FRET may be responsible for ligand-induced QD PL quenching in
QD-porphyrin nanocomposites (72, 113). This process is correlated with the
extension of the exciton wave function beyond the interface between the QD and
the attached porphyrin molecule. Based on comparison of experimental data and
quantum mechanical calculations it follows that the specificity of the exciton
non-radiative decay in QD-porphyrin nanoassemblies (that is QD PL non-FRET
quenching) is connected with the charge tunneling through ZnS barrier in the
conditions of quantum confinement. From the physico-chemical point of view,
upon attachment of H2P(m-Pyr)4 molecule to QD surface, the electron wave
function may be locally modified forming a surface local state(s) capable to trap
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the electron of the photogenerated exciton. Thus, one point-like charge density
perturbation caused by organic linker group or chromophore at QD interface
forces the electron of the delocalized exciton of quantum dot to become localized.
It should be stressed that the presently discussed mechanism for QD PL quenching
is completely distinct from the known photoinduced charge transfer between
interacting inorganic and organic counterparts.

Based on these physical arguments, now we are capable to comparatively
analyze the interaction of individual QDs and QD-porphyrin nanoassemblies with
molecular oxygen in liquid solutions.

Experimental Studies of Singlet Oxygen Generation
Singlet Oxygen Generation by Alone CdSe/ZnS Quantum Dots

There are few reports in the literature on intrinsically inherent generation of
singlet oxygen by QDs without any intermediate energy transfer process involved
(61, 144). Lately superoxide generation by QDs has also been reported (145).
Notably, the observed 5% efficiency of 1O2 generation by bare quantum dots is
one order of the magnitude lower than that know for molecular PDT sensitizers.

Typically in liquid solutions, the photosensitized production of active singlet
oxygen (1O2) in a long-living 1Δg electronic state is indeed a very general process
via the interaction of a light-activated PS molecule with molecular oxygen, O2. In
the result, the excited states of organic PS, particularly the longer-lived triplet T1-
state, are efficiently quenched byO2. It is well-documented (146), that the process
of T1-states quenching by O2 is realized via non-radiative transitions between
electronic states in an intermediate short-living weak collision complex formed
as a result of a diffusional contact of a given excited organic molecule with an
oxygen molecule. From this point of view and taking into account Wigner spin
conservation rule (transitions between terms of the same multiplicity are spin-
allowed) (147), the quenching of T1-state of the organic PS (3PS) followed by the
formation of singlet oxygen, 1O2 (or1Δg) may take place via one way:

From the considerations presented in literatrure (146, 148) it follows that in
the case of porphyrins and chlorins as PSs, the relation kdiskS is used (where kdis is
the rate constant of the collision complex dissociation, kS is the bimolecular rate
constant of S1-state quenching by O2). In addition, reaction (7) of 1O2 generation
corresponds to the casewhen kT = (1/9)kS, where kT is the bimolecular rate constant
of T1-state quenching by molecular oxygen.

Below we shall discuss these quenching processes for individual QDs
characterized by some features (see Figure 5 and Table 2). We have succeeded to
detect surely the 1О2 emission (spectra and kinetics generated with the quantum
efficiency γΔ =1.5% by individual CdSe/ZnS QDs of two sizes (dCdSe=2.5 nm
and 3.0 nm). In air-saturated toluene (1 atm of air), the 1О2 emission decay was
measured to be τ(1Δg) = 30.0 µs. These results coincide with the corresponding
data obtained for alone CdSe QDs (dCdSe=5 nm) in oxygen-saturated toluene at
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ambient temperature (γΔ 1.5%, τ(1Δg) = 28.5 µs (61)). Table 2 shows that for
CdSe/ZnS QDs with dCdSe= 5.2 nm no singlet oxygen was observed when these
QDs were excited at the same conditions. In the later case, it is necessary to bear
in mind that in contrast to CdSe/ZnS QDs of smaller sizes (dCdSe=2.5 and 3.0 nm),
quantum dots with dCdSe=5 nm are characterized by essentially lower PL quantum
efficiency, caused by a lot of deep trap surface states with their low level emission
detected by us in the red and IR spectral range overlapping with 1О2 emission
region. Correspondingly, these competitive PL quenching processes seem to be
the main reason of the lack of the 1О2 generation by large QDs in our case. In this
respect it should be mentioned that no singlet oxygen generation was detected for
alone water-soluble CdTe QDs (62, 149) and the reasons of that may be different
from those discussed above.

Figure 5. 3D presentation, spectrum of singlet oxygen 1О2 emission (A) directly
sensitized by CdSe/ZnS QDs (Hops Yellow, core diameter dCdSe=3.0 nm 2 ZnS
monolayers) in air-saturated toluene, and 1О2 sensitized luminescence decays
in toluene solutions (B) in the presence of 1 atm of air (1) and 1 atm of pure

oxygen (2).

Experimental results presented in Figure 5 and Table 2 show that for
CdSe/ZnS QDs with dCdSe = 3.0 nm, the 5-times increase of the dissolved oxygen
concentration leads to the increase of the quantum efficiency γΔ by 1.7 times while
the 1О2 emission decay τ(1Δg) remains unchanged. Simple calculations using the
formula C = [(4π/3)R3] -1, connecting the concentration C and mean distances
R between molecules (150), show that the 5-times increase of C corresponds to
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the increase of R by 1.7 times for dissolved oxygen molecules. The last value
is in a good coincidence with the mentioned above increase of the quantum
efficiency γΔ upon rise of the dissolved oxygen concentration It means that the
interaction of excited QD with molecular oxygen is realized via the diffusionally
controlled formation of the short-living weak collision complex. At last, it should
be noted that the 5-times increase of dissolved oxygen does not lead to the strong
shortening of the mean decay áD0ñ for the QD photoluminescence. In some
extent, this fact reflects low γΔ values being measured for alone CdSe/ZnS QDs
in toluene.

Table 2. TOPO Capped CdSe/ZnS QD Parameters and Their Quantum
Efficiencies of Singlet Oxygen Generation in Toluene at 295 K

dCdSe
nm

λPLmax
nm

τi (ns), Ai áτD0ñ,
ns

φD0 γΔ

2.5 540 τ1 = 1.48 ns, A1 = 0.022
τ2 = 9.73 ns, A2 = 0.044
τ3 = 20.56 ns, A3 = 0.023

14.93 0.43 0.015±0.005

3.0 558 τ1 = 0.54 ns, A1 = 0.030
τ2 = 8.29 ns, A2 = 0.024
τ3 = 16.71 ns, A3 = 0.046

14.74 0.63 0.015±0.005

3.0*) 558 τ1 = 0.35 ns, A1 = 0.018
τ2 = 6.21 ns, A2 = 0.009
τ3 = 15.92 ns, A3 = 0.026

14.54 - 0.025±0.005

5.2 620 τ1 = 0.93 ns, A1 = 0.078
τ2 = 5.69 ns, A2 = 0.037
τ3 = 20.76 ns, A3 = 0.011

11.74 0.075 --

Notes: In all cases experiments have been carried out at 1 atm. air, while for *) 1 atm.
of pure oxygen has been used. φD0 is QD emission quantum efficiency. QD PL non-
exponential decays áτD0ñ upon excitation at λexc= 460 nmhave been fitted by I(t) = ΣAi×exp(-
t/τi), and the mean lifetime values have been calculated as áτD0ñ = Σ(Ai × τi2) / Σ(Ai × τi),
upon fitting procedure weighted chi square values were in the range of χ2 = 1.02÷1.13.
λPLmax is QD PL maximum. Quantum efficiencies of singlet oxygen generation γΔ have
been measured with respect to a standard Pd-mesoporphyrin in toluene with γΔ =1.0 (49)
(excitation at λexc =532 nm, the singlet oxygen emission was detected at maximum with
λmax = 1270 nm). According to our measurements (151), the quantum efficiency of singlet
oxygen generation by H2P(m-Pyr)4 molecules γΔ = 0.6.

Notably, like in our case, low efficiencies of 1O2 sensitization were mentioned
in literature also (35, 36, 61–63, 152). Some physical reasons of the low quantum
efficiency of singlet oxygen generation by alone QDs in liquid solutions at
ambient temperature may be considered in this respect. It is well documented
(153, 154) that the lowest energy exciton (formed by the band-edge 1S(e)-1S3/2(h)
transition) is splitted into five sub-levels caused by the crystal shape asymmetry,
the intrinsic crystal field (in hexagonal lattice structures), and the electron-hole
exchange interaction. Two of the five states with lower energy, including the
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ground state, are optically passive (a total angular momentum N = 2) and form
the so-called “dark” exciton. The high-energy states being optically active (a
total angular momentum N = 1) form the so-called “bright” exciton. According to
theoretical considerations (153), the energy gap between the first optically active
state and the optically forbidden ground exciton state is estimated by tens of
milli-electron volts (~200 cm-1) and increases with decreasing QD size, leading
to an increase of the Stokes shift in PL spectra.

On the other hand, it is well documented the thermal redistribution of excitons
between states with different total angular momentums (Nm = 1L and 2) is the main
reason that leads to the strong temperature dependence of single-exciton intrinsic
recombination dynamics in CdSe QDs (14, 154, 155). At low temperatures,
exciton recombination occurs primarily via the low-oscillator-strength “dark”
state and characterized by slow (submicrosecond to microsecond) PL decay.
Upon temperature rise, the higher-oscillator-strength short-living “bright” states
become thermally populated from the “dark” state, which leads to a faster PL
dynamics. Finally, at sufficiently high temperatures (e.g. thermal energy kT is
comparable or larger than the energy gap ΔE=E”bright” – E”dark”) exciton population
becomes distributed equally between the “bright” and “dark” states leading to
the saturation of PL decay at a value of twice the bright-exciton lifetime (in the
region of ~20 ns for CdSe QDs).

It follows from the analysis of the size dependence of the band-edge exciton
splitting (fine structure) for hexagonal CdSe QDs (presented in (153)) that for
CdSe/ZnS QDs with dCdSe=3.0 nm (discussed in details here) this energy distance
ΔE=E”bright” – E”dark” is in the range of 30 meV (~240 cm-1). As far as the transition
from the ground to the “dark” state it is not observable in the QD steady-state
absorption spectra, the low-oscillator-strength “dark” state is often referred as the
“triplet” state (61). It is considered also (156, 157) that the exciton fine structure of
QDs (discussed in (14, 153–155)) is an analogous spectral quantity to the singlet-
triplet manifold of molecules. In this respect two principal features should be
taken into account for QDs under study: i) at room temperature ΔE~240 cm-1

is comparable with kT~210 cm-1, and “dark” states are shortened down to ~15
ns due to a effective thermal distribution between the “bright” and “dark” states;
ii) both for “bright” exciton (a total angular momentum N = 1) and for “dark”
exciton (N = 2), the reaction between molecular oxygen and QD in these states is
not fully correspond to Wigner spin conservation rule. In addition, on the base of
femtosecond time-resolved studies it has been suggested (61) that the low quantum
efficiency of 1O2 generation by alone QDs may be due to carrier trapping and
non-radiative carrier recombination occurring on the early picosecond time scale.
Then, like for organic PSs (146, 147) spin statistics also diminishes the fraction of
the QD – 3O2 contact complexes capable to generate singlet oxygen. At last, for
some CdSe/ZnS QDs on the basis of PL decay time distribution analysis it was
shown that trap or defect states exhibit at room temperature a lifetime of about 80
ns and are red shifted by about 110 meV (~890 cm-1) (117, 156). Correspondingly,
these states may effectively compete with 1O2 generation by alone QDs.

Thus, the main conclusion which follows up from the obtained results
and presented considerations is that at ambient temperature most of alone QDs
are hardly perspective to the direct generation of singlet oxygen. Low singlet
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oxygen yield observed to date for intrinsic QDs (without organic conjugates)
prevents their immediate application in clinical practice. To summarize, the
currently revealed low intrinsic QDs efficiency in singlet oxygen generation
should be followed by the further extensive research towards understanding
mechanisms of singlet oxygen generation and major influencing factors, first of
all – size-dependent and composition-dependent singlet–triplet splitting of the
lowest exciton state in QDs. Additionally, studies of possible size-dependent
photoinduced Cd release in Cd-based QDs and their size-dependent photostability
are mandatory to explore QD-based PTD feasibility to its fulliest potential.

Singlet Oxygen Generation by QD-Porphyrin Nanoassemblies

It follows from the results presented and discussed above in this Chapter,
that the formation of QD-(porphyrin)n nanoassemblies by the attachment of n ≥
1 H2P(m-Pyr)4 molecules to one QD surface leads to its PL quenching. In a
microscopic picture, each single act of the attachment opens a new competitive
decay channel which is responsible for the QD PL quenching. In any titration
experiment with use of steady-state optical spectroscopy, the QD total PL intensity
I(x) obtained from an ensemble of QD-(porphyrin)n nanoassemblies with a static
distribution of n at a given ratio x is the weighted sum of the contributions of each
individual bioconjugate. Assuming a quasi-infinite number n* of binding sites
available for porphyrin molecules per one QD, the probability of the existence of
QD-(porphyrin)n nanoassembly with particular n porphyrin molecules at a given
ratio x follows binomial or oftenly the Poisson distribution (described in (110, 118,
158–160)

provided n* is quasi-infinite. This assumption holds also for finite n* if a
strong PL quenching (at equimolar ratio) is observed which was shown for the
QD-porphyrin nanoassemblies earlier (100). Thus, the free porphyrin molecules
are then subject to a redistribution over the free binding sites with respect
to their availability, with the probability of filling a vacancy on a particular
nanoassebly QD-(porphyrin)n proportional to the probability of its occurrence in
the ensemble. This partial redistribution picture occurred in a good agreement
with the experimental results on time-resolved fluorometry of QD-(porphyrin)n
showing also that the fraction of porphyrin molecules remaining uncomplexed
in solution increases with growing porphyrin-to-QD molar ratio x (100, 117). At
last, comparing experimentally determined PL quenching rates kq and calculations
of the size-dependent exciton wave functions in the conditions of the spatial
confinement, it was concluded that the attachment of only one porphyrin molecule
induces a perturbation of the wave function which is accompanied by a strong
increase of non-radiative decay rates (72, 113).

Thus, taking into account the experimental quenching data for QD-porphyrin
nanoassemblies based on CdSe/ZnS QDs (dCdSe=3.0 nm, 2 ZnS monolayers)
and H2P(m-Pyr)4 molecules) (Figure 4), analysis of Poisson distribution in the
molar ratio range of 0 ≤ x ≤10 for the system under study (100, 112) as well as
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PL quenching specificity for QD-porphyrin nanoassemblies (72, 113) we will
analyze the singlet oxygen generation by the given nanoassemblies at the molar
ratio x = 4 in toluene at ambient temperature. This nanoassembly with a given
value x = 4 was prepared by one-step mixing. Firstly, calculations according to
formula (8) show that at this molar ratio practically all porphyrin molecules are
fixed on QD surface: e.g. P0(4)=0.02 << P4(4)=0.2, P5(4)=0.2. Secondly, at this
molar ratio PL quenching and FRET parameters are surely detected. Indeed, the
experimental data were measured to be (Figure 4 and Table 1): the efficiency of
QD PL quenching I(x)/I0 = 0.65, QD emission decay shortening from áτD0ñ=14.74
ns down to áτDñ= 13.7 ns, FRET efficiency ΦFRET = 0.14 ± 0.02 as estimated using
formula (1) from sensitization data for porphyrin fluorescence, as a real signature
of FRET.

Figure 6 shows the comparative analysis of the singlet oxygen 1О2
luminescence decays and intensities (pumped at λexc=532 nm, measured at at
λreg=1270 nm) sensitized by individual CdSe/ZnS QDs and alone H2P(m-Pyr)4
molecules with respect to the corresponding kinetics being obtained for solutions
of QD-porphyrin nanoassemblies with x=4 having the same molar concentrations
of QDs and porphyrin molecules as well being excited at constant laser
excitation conditions. Figure 6A evidently shows that upon laser excitation the
QD-porphyrin nanoassemblies do indeed produce singlet oxygen with the higher
efficiency in comparison with alone QDs at the same experimental conditions
in air-saturated toluene. From the other hand, Figure 6B demonstrates that in
these conditions, the efficiency of 1О2 generation by the same QD-porphyrin
nanoassembly is higher also than that measured for the solution of individual
porphyrin molecules at the same molar concentration.

Figure 6. A: Comparative presentation of singlet oxygen 1О2 luminescence
decays sensitized by individual CdSe/ZnS QDs (1) with respect to those measured
for QD-porphyrin nanoassemblies (2) at the same molar concentrations of QDs
and laser excitation conditions. B: Decay kinetics of 1О2 luminescence observed
for alone H2P(m-Pyr)4 molecules (1), QD-porphyrin nanoassemblies (2) at the
same molar concentrations of porphyrin and Pd-mesoporphyrin as a standard
(3) at fixed laser excitation conditions.The molar ratio x = 4 was constant in
air-saturated toluene, laser excitation at λexc=532 nm, pulse duration Δt1/2= 0.7

ns, pulse energy Е = 4 μJ, observation at λreg=1270 nm.
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In all cases presented in Figure 6 the radiative relaxation of 1О2 detected at
λreg=1270 nm is characterized by the same decay value of τ(1Δg) = 30-31 µs that
is typical for the singlet oxygen emission in non-polar liquid solutions (39, 40, 47,
61, 115).

From these findings one may conclude that QD-porphyrin nanoassemblies
can produce 1O2 more effectively with respect to their counterparts alone.
Nevertheless, for clear understanding the role of FRET namely and pathways
involved in the two-step process of singlet oxygen generation by the given
nanoassemblies we have paid our attention to the quantitative comparison of the
obtained experimental data. Before doing so, a test experiments were conducted
to elucidate the role of excitation conditions in this case. The reason of that is
explained by the fact that, typically, photoluminescence measurements are carried
out at essentially lower excitation energies with respect to laser experiments being
used for 1О2 generation.

Figure 7 shows the experimental dependencies of the normalized emission
intensities on the energy of laser excitation for QD-porphyrin nanoassemblies
under study. CdSe/ZnS QDs and porphyrin H2P(m-Pyr)4 molecules were
dissolved air-saturated toluene. Notably, QD molar concentrations were the same
in cases A and B, while in cases C and D porphyrin molar concentrations were
kept equal. It is evidently seen that the QD PL intensity (λem=558 nm) is not a
linear function of the laser pulse energy E for alone QDs (A) as well as for QDs
in QD-porphyrin nanoassemblies (B).

This non-linearity is more pronounced for alone QDs with respect to those
in nanoassemblies. In the case of alone porphyrin solutions (λem=720 nm) the
above dependence is linear practically (C), while in contrast, this dependence
for porphyrin counterpart in the QD-porphyrin nanoassembly is non-linear (D).
The linear dependence (Figure 7C) for alone porphyrin solutions in the whole
range of nanosecond laser energies (Figure 7C) is explained by the minor role of
the singlet-singlet and triplet-triplet annihilation processes (49, 161, 162) at low
solute concentrations (≥10-510÷6 M in the given case). Non-linear dependence
obtained for alone QDs (Figure 7A) reflects the well-documented pump-intensity
dependence of the amplitudes of the single-exciton caused by non-radiative
intraband Auger processes (14, 155). While the intrinsic mechanism for
depopulation of singly excited exciton is radiative electron-hole recombination,
the decay of multi-e-h pair states in QDs is dominated by non-radiative Auger
processes mediated by Coulomb electron-electron interactions in the conditions
of the spatial confinement (14, 155).

Auger recombination is a non-radiative process in which the e-h
recombination energy is not emitted as a photon but instead is transferred to
a third particle (an electron or a hole) that is re-excited to a higher-energy
state thus leading to a decrease of QD photoluminescence intensities. The
less pronounced non-linear dependence of QD PL intensity observed for
QD-porphyrin nanoassemblies (Figure 7B) may be considered as a signature of
the influence of two competing processes (dominant non-FRET and less effective
FRET (72, 113)) leading to an additional quenching of singly excited exciton in
QD. This conclusion is in agreement with other results showing that biexciton
Auger recombination of CdTe QDs is a function not only the QD diameter but

255

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

01
2

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



strongly dependent on the QD surface trapping, capping reagents and/or surface
conditions (163). In this respect, the non-linear dependence of fluorescence
measured for porphyrin being attached to QD surface (Figure 7D) presents
itself a direct proof of the realization of namely FRET process QD→porphyrin
competing with both radiative electron-hole recombination and non-radiative
Auger process in the conditions of powerful excitation.

Figure 7. Dependencies of the normalized emission intensities on the energy
of laser excitation for alone CdSe/ZnS QDs (A) and QDs in QD-porphyrin

nanoassemblies (B) as well as for alone porphyrin H2P(m-Pyr)4 molecules (C)
and those attached to QDs in nanoassemblies (D). In cases A and B QD molar
concentrations were the same, in cases C and D porphyrin molar concentrations
were kept equal. Experimental conditions: laser excitation λexc=532 nm, pulse
duration Δt1/2= 9 ns, repetition rate ν=1 kHz, mean maximal pulse energy Е = 18
μJ, laser beam size d≤0.5 mm. Experimental errors for intensity measurements

were 5 % at high energies and up to 10 % at low energies.

The above results evidently show that the relative increase of the efficiency
of 1О2 generation by QD-porphyrin nanoassemblies with respect to that for
alone QDs coincides with the observed sensitized increase of the fluorescence
intensity for the attached porphyrins caused by FRET. Therefore, understanding
and ultimately controlling the energy of laser excitation we have carried out the
quantitative estimation of FRET efficiency in the bioconjugate based on singlet
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oxygen generation experiments presumably. Optical densities of samples were
less 0.2 at λexc=532 nm in order to exclude the inner filter effect. Because
of an overlap of QD and porphyrin absorption spectra at λexc=532 nm, some
amount of singlet oxygen detected for nanoassembly may arise via the direct
excitation of porphyrin molecules attached to QD. Therefore (see Figure 6B), the
intensities of 1О2 emission at λreg=1270 nm were measured comparatively for
alone H2P(m-Pyr)4 molecules (curve 1), QD-porphyrin nanoassemblies (curve 2)
at the same molar concentrations of porphyrin as well as for Pd-mesoporphyrin
as a standard (curve 3) at fixed laser excitation conditions. Correspondingly, in
the case of FRET, the whole intensity I∑Δ of singlet oxygen emission should be

where IAΔ is 1О2 emission intensity sensitized via direct excitation of acceptor
A (H2P(m-Pyr)4 in the given case), and IDAΔ is an additional increase of 1О2
emission intensity sensitized via FRET. It is clear that in the absence of FRET one
should measure I∑Δ =. IAΔ. It is known that at low optical densities, the intensity
of 1О2 emission depends linearly on the fraction of absorbed exciting light by
photosensitizer (49, 148). Based on these considerations, the expected increase of
1О2 emission intensity sensitized via FRET in QD-porphyrin nanoassembly with
the efficiency ΦFRET =1.0 was evaluated using the following expression

where I0Δ is 1О2 luminescence intensity sensitized by standard Pd-
mesoporphyrin, γAΔ = 0.6 is the quantum efficiency of singlet oxygen generation
by H2P(m-Pyr)4 molecules in toluene (151), βQD=(1-10-DQD) is the fraction of
exciting light being absorbed by QD in nanoassembly, β0=(1-10-D0) is the fraction
of exciting light being absorbed by a standard, DQD and D0 are the corresponding
optical densities of the samples at λexc=532 nm.

Finally, from experimental data (Figure 6B) using measured values I∑Δ
(curve 2), IAΔ (curve 1) and evaluated value via expression (10), one may obtain
FRET efficiency in QD-porphyrin nanoassemblies derived from singlet oxygen
generation experiments:

Our findings have shown that FRET quantum efficiency is ΦΔFRET =
0.07±0.03 at maximal laser intensity (Е = 18 μJ/pulse) and rises up to ΦΔFRET =
0.12±0.03 at lower excitation (Е ≤ 4.5 μJ/pulse). The decrease of ΦΔFRET values
upon the laser intensity increase is caused by the influence of a non-radiative
Auger recombination discussed above.

A principal result is that within the accuracy of the experiment, ΦΔFRET
values evaluated via 1О2 emission measurements at low laser excitation, are in a
good agreement with FRET efficiencies ΦFRET = 0.14 ± 0.02 found from the direct
sensitization data for porphyrin fluorescence in QD-porphyrin nanoassemblies
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with molar ratio x = 4. The obtained good coincidence of experimental values
ΦFRET and ΦΔFRET (evaluated from principally different experimental approaches)
may be considered as a real background permiting to conclude quantitatively that
namely FRET process QD→porphyrin is a reason of singlet oxygen generation
by nanoassemblies under consideration. Thus, the full scheme of the processes
leading to singlet oxygen generation by QD-porphyrin nanoassemblies may be
presented by the following way:

Figure 8. Schematic presentsation of singlet oxygen formation (top) and
full scheme of energryic processes leading to singlet oxygen generation by

QD-porphyrin nanoassemblies

To our knowledge, such an approach is a first example showing quantitatively
the role of FRET effects in the singlet oxygen generation by QD – PS
nanoassemblies. Nevertheless, it should be added also that a good operativity of
QD-porphyrin nanoassemblies in potential PDT is connected with a reasonable
increase of FRET efficiency and high light harvesting of the PS emission.
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Conclusions

Basically, in this Chapter we have described excited states relaxation
dynamics for nanoassemblies based on CdSe/ZnS QDs and tetra-meta-pyridyl
substituted porphyrins and formed by the self-assembly ligation interactions
in liquid solutions. In addition to fundamental results presented here, one of
the methodological objectives of this Chapter is to show the reader the basic
approaches what should be used to detect and discriminate the reasons of the
emission quenching for interacting subunits in organic-inorganic nanoassemblies.

Herein we focused on a quantitative experimental analysis (steady-state and
picosecond time-resolve measurements) of QD photoluminescence quenching
caused by two main reasons: the electron tunneling in the conditions of quantum
confinement (the efficiency of 0.85÷0.90) as well FRET QD→porphyrin (the
efficiency of 0.10÷0.15). In addition, on the basis of near-IR photoluminescence
measurements of singlet oxygen 1O2 emission, we performed a comparative
studying the efficiencies of 1O2 generation by alone QDs and QD-porphyrin
nanoassemblies upon variation of the laser pulse energy. It was shown that the
experimental efficiencies γΔ of 1O2 generation for QD-porphyrin nanoassemblies
are essentially higher than those obtained for alone QDs. Taking into account
experimental data and structure of excitonic states for QDs, it was concluded that
at ambient temperature most of alone QDs are hardly perspective to the direct
generation of singlet oxygen.

Finally, it has been found that FRET efficiencies ΦΔFRET = 0.12 ± 0.03
obtained via the direct 1О2 emission measurements at low laser excitation, are in
a good coincidence with FRET efficiencies ΦFRET = 0.14 ± 0.02 evaluated from
the direct sensitization data for porphyrin fluorescence in nanoassemblies. Such
quantitative analysis was done for the first time and shows that namely FRET
process QD→porphyrin is a reason of singlet oxygen generation by QD-porphyrin
nanoassemblies.

Concluding, some perspectives of the presented approach may be described
as follows. It is well-known that porphyrin and chlorin derivatives present a
variety of photochemical properties that have been much explored to obtain better
photosensitizers for the PDT of cancer. Nevetheless, cited references and results
discussed in this Chapter raise the hypothesis that QD-porphyrin nanoassemblies
have a potential to be photosensitizers of a novel type. Furthermore, the other
anchoring conditions (including covalent coupling) may be used in order to
diminish the role of non-FRET quenching in QD-PS nanoassemblies. However,
our species are not soluble in water, thus limiting biological applications. Having
fully characterized these hybrid nanoassemblies in organic solvents, the next
step should be devoted to translate these complexes to water. Water-soluble
species with high 1O2 quantum efficiency are critical for artificial biocompatibility
materials used as drug delivery carriers and in vivo imaging. The other approach
may be connected with using other types of water-soluble nanocarriers (quantum
dots and quantum rods) and biologically compatible PSs (149), (39), (27, 38),
(164), (165) which may be anchored to these carriers. Interestingly, QDs are
one of the best energy donors via two-photon excitation (TPE), which possess
a large two-photon absorption (TPA) cross section and the wavelength of the

259

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

6,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
19

6.
ch

01
2

In Photoinduced Processes at Surfaces and in Nanomaterials; Kilin; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



maximum TPA can be adjusted via changing the size of the QDs (166, 167). In
this respect, biocompatible CdSe QD–porphyrin nanoassemblies are capable to
not only effective generatation of singlet oxygen for PDT through TPE of the QDs
by energy transfer, but are also considered as good candidates for “see and treat”
PDT in live cell imaging when controlling the molar ratio of dye quenching QDs
(43) or may be used for oxygen sensing over physiological oxygen ranges (45).
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