Materials Research. 2023; 26: ¢20220468
DOT: https://doi.org/10.1590/1980-5373-MR-2022-0468

Density Functional Theory Study of Metal-Organic Frameworks for Enhancement of

Photo-Anode Properties

Dhaidan Khalaf Kafi** ©, Adil N. Ayyash®, Younus Khalaf Jabur

“University of Fallujah, Department of Medical Physics, College of Applied Science, Fallujah, Iraq.
bUniversity of Anbar, College of Science, Department of Physics, Anbar; Iraq.
cUniversity of Anbar, Renewable Energy Research Center, Anbar; Iraq.

Received: November 01, 2022; Revised: February 02, 2023; Accepted: March 30, 2023

The optoelectronic properties of dye zinc and titanium-based metal-organic framework (MOF)
compounds with regard to their application as photo-anode material characterized in solar cells were
investigated. Analyses of the optoelectronic properties were performed on the MOF single crystal unit
cell with adsorbed dye to determine the electronic and optical properties of the relevant materials.
The electronic and optical properties were predicted by density functional theory (DFT) calculations.
The results show that the absorption of light occurs for the examined MoF compounds from the near
UV to the (visible) blue spectral range, at optical band gap sizes from 2.8 eV up to 3.88 eV. Dye
sensitization of MOF with eosin Y or crown ether gave additive UV-Vis spectra. An improvement in
band gap or an improved electron injection could be archived as well. Moreover, the light absorption
does not solely depend on the linkers used, but also from the metal atoms in the secondary building
unit. The fluorescence of MOFs depends on the linker and especially on the linker coordination and
their rotation relative to each other. The utilizations of MOFs and their derivatives as electrodes,

photoactive materials, charge carriers and additives in different solar cells are highlighted.

Keywords: MOF, ZnO/crown, TiO/eosin Y, dye-sensitized, solar cell.

1. Introduction

The shortage of energy reserves, especially oil, has caught
the attention of many nations. The global oil production
maximum, also called peak Oil, can be reached in a short
time. After reaching this peak, the global demand for oil can
no longer be met!2. Consequently, an enormous increase in oil
price can happen. It is therefore of paramount of importance
to develop new technologies, to ensure continued energy
supply. In this regard, renewable energies are often to be
used®. These include biomass, hydropower, wind power,
geothermal energy and the solar energy. Solar energy can
be used in the form of heat (solar thermal) or by converting
it into electrical energy (photovoltaic). It has been shown
that the share of renewable energy has increased in the ten
past years from 1.9% (1990) to 20.2% (2021) in final energy
consumption. Photovoltaic (PV) represents 4.1% from the
final energy supply from renewable energies*’.

The direct use of solar radiation energy with PV attracts
worldwide attention and has always attracted the attention
of researchers on themselves®. On the one hand, this may
be due to the variety of physical processes related to PV
technologies. On the other hand, the meaning of PV goes
far beyond a mere scientific interest. For the development
of'a worldwide sustainable society is access to economically
usable, regenerative energy sources a crucial factor’, with
global energy demand since steadily increasing over the years.
Solar energy has the greatest potential here, the future to serve
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global needs for renewable energy sources®'?, as they are a
decentralized and virtually unlimited source. Moreover, the
reserves conventional energy sources such as coal, gas and
oil limited their use inseparable from global warming caused
by the greenhouse effect — mainly through released carbon
dioxide (CO,) — is connected. PV on the other hand is free
of carbon dioxide emissions during operation. The Energy
content that reaches the earth’s surface within one hour is
about that total annual energy demand of mankind. Apart
from these PVs offer ecological and economic importance.
Natural scientists a wide field of interesting physics for
practical basic research. The different generations of solar
cells with their different technological approaches include
very advanced concepts and thus cover a wide range of
topics in the field of physical chemistry, surface and interface
physics and materials science''. The dynamic of charge
carriers, such as their generation, recombination, energetic
relaxation and their transport are the fundamental processes
within each solar cell, which with suitable time-resolved
measurement methods can be followed to get a deeper to
gain an understanding of the light-induced processes and
their interaction. The dynamic processes - depending on the
device - extend across a time range from a few femtoseconds
(10) to the low range of seconds.

The currently commercially available panels made of
silicon. However, various disadvantages are presented!'?.
Therefore, critics attribute the expensive and poisonous
manufacturing process that is necessary to produce high-
purity silicon, must be handled. Therefore, new, promising
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materials that can serve as a photo-anode in injection solar
cells are needed.

Two decades ago, the dye, based on a natural process,
developed by Gritzel was used to synthesis solar cell with
breakthrough application. The cells became stable further
developed and optimized for a wide range of application
prospects'3.

Solar cells can be made not only from silicon crystals, but
also from conductive plastics and dye molecules. These can
even be flexible and cheaper, but don’t deliver as much power
due to the low efficiency (less than five percent). However,
with the indoline dyes, the titanium dioxide layers can be
built up thinner than before. This increases the mobility of
electrons and ions, which should be as good as possible
for a high yield. In terms of efficiency, dye cells cannot yet
compete with monocrystalline silicon cells, but in principle
they can be produced much more cheaply'.

In 1999, Yaghi discovered a new class of materials, the
so-called metal-organic frameworks (MOFs)'*!*, Because
of their outstanding properties such as the high surface area,
due to its very small pores, and the possibility of producing
MOFs with different building blocks and functionalities, MOFs
represent a promising material for photo-anodes in solar cells.
By construction the zinc (or titanium)-based metal-organic
frameworks, MOFs can be proximity to the optoelectronic
and electrochemical behavior of zinc oxide. To consider the
electronic properties of a crystalline solid, the valence band
and conduction band are of the greatest importance in the
structure. In this case, the valence band is used completely
or partially with electrons occupied energetically highest
energy band. That energetic higher-lying energy band that is
partially or not occupied by electrons is called the conduction
band. The occupation of the energies levels with electrons
is described by a Fermi-Dirac statistic. In conductors, the
valence and conduction bands overlap. Thus, the electrical
conductivity based on the developed energy band model
as a possibility of excitation of electrons from the valence
band describe in the free conduction band. Even with a
partial occupation, the Electrical conductivity is detected
in the valence band. This results from the occupation of the
otherwise free, highest energy states of the valence band'®.

The increasing investigation of conductive MOF
development, the further exploration of structures-performance
relationships as well as the increasing understanding of the
working mechanism of MOFs and MOF derivatives in solar
cells, together with the effective support from theoretic studies,
will exclusively inspire further design and development of
novel MOFs and MOF derivatives for applications in different
solar cells with enhanced performance in the near future!’.
MOFs can be photosensitive due to light absorption by the
organic component or the metal oxide node. Photoexcitation
of the light absorbing units generates a ligand-to-metal charge-
separation state that can lead to photocatalytic activity'®.

The targeted manipulation of MOFs is an interesting
concept for the development of tailored material properties,
opening new possibilities not only in the fields of sorption
and catalysis, but also in the control of more sophisticated
physical properties such as band gap, magnetic, and electrical
properties. So far, there has been little effort to characterize
intrinsic or intentionally created defects of various types.
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MOFs have been successfully used to increase the stability
of solar cells™.

MOFs have been utilized in solar cell as an additive
in electron and hole transport layers, interface modifiers,
or hybrid perovskite/MOF absorbers. MOFs have been
mostly incorporated into the solar cell to enhance their
environmental stability, such as oxygen and moister resistance,
together with sequestration of lead leakage different MOF
incorporation strategies into the solar cell were introduced
by different groups®.

Moreover, MOFs have novel method has been implemented
in order to minimize the Pb leakage perovskite solar cells
by forming water-insoluble solids?'.

Exceeding the theoretical yield limit requires PV
components with several energy levels to cover the widest
part of the spectrum solar. There are several approaches
and concepts to achieve possibly these components, some
of which are involve nanomaterials or nanostructuring
semiconductors??*.

Other high yield strategies intervene the nanostructuring
of semiconductors composed of elements of groups I1-VI,
III-V or IV-IV. In effect, reducing the size of semiconductor
crystals to nanometric sizes gives them special features
such as quantum confinement. For example, the band
gap width can be modulated depending on the size of the
nanocrystal, which allows absorb and convert more photons
and/or generate more carriers. Materials can be structured
as nanotubes or nanowires, wells or quantum dots. The PV
devices can be cells with tandem, intermediate band, photon
conversion or with hot carriers. Theoretically, they are likely
to allow conversion yields greater than 40%. Thanks to the
development of nanotechnology, the realization of these
structures is now possible, but their implementation in real
PV cells is still a challenge, both in terms of design and of
the principle of operation®.

The central task of the present work is designing novel
materials based on both: dyes and transition metal based-
MOFs to demonstrate the possibility to synthesis of ZnO/
crown, TiO,/eosin Y hybrid layers and to study the electronic
and optical properties of the newly designed materials.

2. Calculation Method

The results of this work were obtained with the Vienna
Ab-Initio Simulation Package®*¢, VASP for short version
5.1.39. VASP solves the (generalized) Kohn-Sham equations
in k-space, where the interaction between electrons and
Tons are treated using the PAW method?”-*®, which offers
precision comparable to all-electron representations (e.g.
FLAPW?%), The VASP underlying implementation of
the GWA as part of the PAW method is described in detail
in other work?’.

The optical spectra, including many-body effects within
the framework of the BetheSalpeter equation, were calculated
using routines based on VASP**3!, The optical transition matrix
elements were partly in the longitudinal, partly calculated
in the transversal approximation, where for the considered
materials no appreciable influence on the oscillator strengths
existed. The numerical details and convergence parameters
are summarized in other work??.
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3. Results and Discussion

Figure 1 shows the optimized crystal structure of MOF-
crown and MIL-125-eosin. Calculations with DFT method
have shown that the linker functionalization can contribute
to the stability of the relevant MOF system. In the MOF
materials, the electronic properties are determined by the
coordination of the zinc (titanium) cation to the central one

oxygen of the secondary building unit (SBU). Because of
this, MOFs can be viewed as zinc oxide quantum dots and
should have properties a semiconductor with a relatively
large band gap compared to zinc oxide.

The reason for this is that the electronic states of the
conduction band edge are mainly states of 2p orbitals, as
evident in Figure 2. This is how the lower conduction band
formed from orbitals of the linker, only the carbon atom

Figure 1. Crystal structure of MOF-crown (a) and MIL-125 eosin (b).
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Figures 2. The bands structures of MOF-crown (a) and MIL-125-erosin (b) respectively.
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via which the zinc cation coordinated to the linker is shared
between the linker and SBU. The upper valence band is also
bounded by the linker orbitals, the coordinating oxygen
between linker and metal cation and the central oxygen atom
in the middle of the SBU. Simulation results show that the
band gap of MOF-crown is about 3.8 eV, while it decreases
by almost 1eV for MIL-125-erosin. From these results it can
be seen that the electronic states that shape the band gap and
thus determine the band edges are dominated by the C2p
orbital. This means the linker are mainly responsible for
the size of the band gap. i.e. MOF band gap is determined
by size of the HOMO-LUMO transition of the linkers used.
The band gap of the MOF becomes smaller when linker is
conjugated with eosin in the MOF system. This can also
be achieved by using a longer linker. The aromatic rings of
the linkers in the MOF are also freely rotatable and can be
placed in the in-plane conformation also accept twists of
up to 903334, Table 1 summarizes the parameters of the unit
cell of each material.

The as-made porous carbon skeleton layer was deposited
with TiO, nanoparticles and then used as the ETL to improve
the photogenerated electron transport rate of PSCs*. As a
result, the PCE of the carbon-skeleton-based n-i-p PSC
device was enhanced from 14.25% to 17.32%"".

The zinc-oxo clusters often behave as in as zinc oxide
quantum dots. Therefore, an interaction and a decreasing
reflectivity are in not alarming in UV-Vis area and also do not
point to contamination with zinc oxide. It is clearly visible in
Figure 3a that the MOF-crown band edge is around 125 nm.
The experimentally determined IRMOFs band edges are
always in the range of 311-314 nm. This t deviation is due to
the presence of crow ether linker. Nonetheless, the band gap
edge of MIL-125, Figure 3b, is about 620 nm clearly much
higher than that of MOF-crown. Moreover, the reflectivity of
MIL-125-erosin is almost 4 times higher than that of MOF-
crown across the entire solar spectrum’**’. A good material
for solar cell application must have a high reflectivity and
low resistivity (i.e. high conductivity) generally calculated
over all solar spectra.

Figure 4 shows the electric conductivity of both MOF-
crown (a) and MIL-125-erosin (b) across entire spectrum.
It is clear that the conductivity of both materials as similar
to that of other MOF materials. However, the conductivity
of MIL-125 is almost double that of MOF-crown. This could
be explained as a result of presence of both Ti oxide cluster
and erosin in the structure of MIL-125%%%.

The propagation speed of an electromagnetic wave
(speed of light) is typically lower in matter than in a vacuum.
The dimensionless quantity n, the so-called refractive index,
describes the propagation speed in matter relative to the
propagation speed in vacuum' and is a material constant’. A beam
of light changes at oblique incidence between two media with
different refractive index, the physical phenomenon of refraction

Table 1. Parameters of the unit cell of each material.
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occurs, i.e. at the boundary between the directions of the light
beam changes between the two media’. There is the refraction
greater, the more the two refractive indices differ from each
other. This phenomenon is exploited with magnifying glasses
or by the Use of glass or plastics with a high refractive index*.

Figure 5 represents the refractive index of both materials
in consideration. It is clear that the refractive index of
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Figure 3. UV-Vis spectra of pure MOF-crown (a) and MIL-125-
erosin (b). The band edges are 125 nm for MOF-crown, and 620
for MIL-125-eosin.
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Figure 5. The refractive index as a function of frequency of MOF-
crown (a) and MIL-125-erosin (b).
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Figure 6. The dielectric function of MOF-crown (a) and MIL-
125-erosin (b).

MIL-125-eosin is higher than that of MOF-crown across
intern spectrum. Therefore, MIL-125 is more preferable for
solar cell applications**-*2,

The dielectric function of a semiconductor is determined
by the following factors influenced: the course of the energy
bands (near IR, visible range, UV), optical phonons (mid and
far IR), free charge carriers (entire IR range) and impurities
(far IR). This experiment deals exclusively with the first point.
The absorption at the fundamental band edge can first be described
by a simple model by taking a direct one semiconductor with a
parabolic valence band and conduction band (VB and CB) and
is obtained in this model. Using this simple model the dielectric
function of both materials was calculated and presented in

Figure 6. It is clear that that materials MIL-125-eosin is more
preferable for solar cell applications®. The efficiency of the
photochemical reaction of a soluble compound can be expressed
by the quantum yield as a ratio of the number of photoproduct
molecules formed and the number of photons absorbed as
an absolute one size can be determined. For solids, however,
absolute quantum yield measurements are not possible due to
light scattering and reflection. However, a useful parameter is
the conversion of incident light in photoproduct” (incident light
to photoproduct conversion), which is equivalent to specifying
the efficiency of Solar cells*. These apparent quantum yields
may depend on parameters that affect light scattering, such as
particle size or structure of the photo reactor but at least they
provide a quantitative value for the efficiency of the photo-
catalytic process.

4. Conclusion

The field of PVs is increasingly opening up to concepts
involving the use of nanostructures. These nanostructures can
intervene in relation to their optical properties, in particular
confinement effects quantum, which will make it possible to
modulate the widths of forbidden bands and to create new materials
without affecting their chemical composition. This is how a
very wide range of new possibilities available to researchers,
who could make it possible to develop high-performance multi
junctions solely based on the use of quantum size effects. They
can also intervene on the geometric dimension by allowing a
much finer mesh of space than it was with traditional structures.
This meshing makes it possible to exploit PV components,
which could not operate at conventional scales in the micron
range to a few hundreds of microns. This is particularly the
case for dye cells and organic cells. They can then be used for
management optics of the PV devices, in order to allow the
confinement of the electromagnetic radiation in increasingly
finer areas, at the closer to conversion centers.

In the present work, the optoelectronic and electrochemical
properties of newly designed Zinc/Titanium-based metal-
organic frameworks were characterized with regard to their
application as photo-anode material in injection solar cells.
Analyses of the optical and optoelectronic properties of the
MOFs were performed using DFT calculations. DFT calculations
were employed to determine the band gap, refractive index,
reflectivity and dielectric function of the relevant materials.

Frameworks from the near UV to the blue (visible)
spectral range, with optical band gap sizes from 2.8 eV up to
3.75 eV. Dye sensitization of the MOF-125 with eosin Y or
resulted in additive UV-Vis spectra. An increase of band gap
or an improved electron injection could not be determined.
The MOF-crown showed that the light absorption does not
depend exclusively on the linkers used, but also from the
metal atoms in the SBUs. DFT calculations have shown that
the fluorescence of MOFs is linker-based. It could also be
shown that the fluorescence is still dependent on many factors
and could be concluded that the fluorescence especially of the
linker coordination and their rotation relative to each other.

Moreover, our results show that the material of eosin
Y-encapsulated titanium-based MOF can offer the best
materials in term of opt-electric properties.

Finally, nanomaterials and nanostructures will surely
have a decisive role to play in the development of new PV
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devices with very high efficiency (> 50%) based on new
concepts involving the conversion of photons, the generation
of excitons multiple, the direct collection of electron-hole
pairs before thermal processing in future so-called “hot
carrier” devices, as well as the concept of intermediate bands.
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