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DFT study on the electronic structure and optical
properties of an Au-deposited a-Fe,Oz (001)
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The electronic structure and optical properties of gold clusters deposited on an a-Fe,Os surface were
studied by using density functional theory (DFT), with a special emphasis on the influence of Au cluster
sizes. There is a strong interaction between Au clusters and the a-Fe,O3 surface, and the binding energy

increases with an increase of Au cluster size. The Au atoms of the gold cluster are bonded to the iron

atoms of the a-Fe,Os surface for the Au/a-Fe,O3 system, and the electrons transfer from the Au cluster
to the a-Fe,O3 surface with the largest number of electrons transferred for 4Au/a-Fe,Os. The peaks of
the refractive index, extinction coefficient and dielectric function induced by Au clusters appear in the
visible range, which results in the enhanced optical absorption for the Au/a-Fe,O3z system. The optical
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absorption intensifies with increasing Au cluster size in the visible range, showing a maximum value for

4Au/a-Fe,Os. Further increasing the Au cluster size above 4Au results in a decrease in absorption

DOI: 10.1039/d1ra07933f

rsc.li/rsc-advances dielectric function.

1 Introduction

Long-term exposure to high concentrations of volatile organic
compounds (VOCs) could cause serious damage to the lungs
and induce various cancers.”” In recent years, several studies
have been reported on the removal of VOCs.*® After years of
development, some removal methods have been developed,
such as incineration,® condensation,” adsorption and absorp-
tion® and so on. However, these methods have their own
shortcomings, which limits their application in practice. For
example, incineration and condensation have good cost
performance only for medium and high VOC concentrations.®
Adsorption and absorption only transfer VOCs to another
medium, and do not destroy them. Furthermore, the adsorption
part of the adsorbent could be clogged and filled by moist
airflow. Herein, photo-catalytic oxidation has attracted
increasing attention for its effective efficiency and low budget
for low VOC concentrations.

Various photo-catalysts (TiO,, ZnS, CdS, SnO, and WO3) have
been developed by the continuous efforts. However, most oxides
of these semiconductors can only absorb UV light, which
severely limits their practical applications. Although sulfides
have a lower band gap and better stability than oxides, these
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intensity. The results are in good agreement with those of the refractive index, extinction coefficient and

materials are very unstable in liquid media.’* Compared with
other photocatalytic materials, a-Fe,O; possesses a lower band
gap (2.2 eV) with a strong capacity of light absorption in the
visible region. In addition, a-Fe,O; is stable in most aqueous
solutions (pH > 3) and is one of the cheapest semiconductor
materials available.'*> Therefore, it has been investigated as
a potential photocatalytic material in recent years. For example,
Dong et al. discovered grain-like o-Fe,O; nanostructures can
efficiently degrade the congo red dyes.” Nevertheless, the
photocatalytic activity of a-Fe,O; is limited by high position of
valence, weak diffusion capacity of photo-generated holes and
low conductivity.*** In order to overcome these defects, a lot of
research has been carried out, including surface modifica-
tion,'"” photosensitization,'*® and doping with different
materials,>*** etc.

Noble metal deposition® is an effective strategy to overcome
the limitation of high recombination rate and poor electrical
conductivity of electron-hole for a-Fe,0;. The deposition of
noble metals on the catalyst surface by local surface plasmon
resonance (LSPR) makes the metal nanoparticles have a strong
absorption effect on the photon energy.”® Generally, the pho-
tocatalytic reaction is determined by three main energy transfer
mechanisms, including the orbital leap of charge, the
enhancement of the nearby electric field and the scattering
mechanism. Liu et al.** synthesized porous a-Fe,O; decorated
by Au nanoparticles, which exhibits a much higher response in
comparison to pure o-Fe,0;. Li et al. found® that the Schottky
barrier formed between precious metals and semiconductors
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effectively promotes the separation of light-induced electrons
and holes, and the photocurrent is significantly enhanced on
the visible-light catalytic oxidation of refractory organic
compounds of Au/a-Fe,O;. Nevertheless, the degradation rate of
organic compounds decreases with the increase of the loading
amounts. The overloaded Au particles turns into the recombi-
nation center of photogenerated electrons and holes, and the
generation of photocurrent is inhibited with the decrease of
quantum yield. Lin et al.*® successfully loaded Au and Pd on the
surface of o-Fe,O; by the reduction method of polyvinyl alcohol,
and the photocatalytic degrading VOCs efficiency of modified a-
Fe,0; could be significantly improved because of the large
optical response range. Combined with photo-assisted growth,
gold nanoparticles were deposited successfully on a-Fe,O;
nanocrystals through a cysteine-linked seed planting approach
by Cao et al,”” and the size of the gold particles on a-Fe,0;
nanocrystals was regulated from 2 to 20 nm through a photo-
induced seed mediation scheme. The Au deposited o-Fe,O;
nanocrystals not only exhibit efficient catalysis properties for 4-
NP reduction but also have great efficiency for visible-light-
driven photocatalytic dye degradation and water oxidation.
Metal clusters consist of several to hundreds of atoms have
been popularized very much in recent years.”** It is usually that
metal nanoclusters possess a very small size that is comparable
to the Fermi wavelength (the de Broglie wavelength of the
conduction electrons present near the Fermi energy level)
compared with nanoparticles. The size of metal clusters (Ag and
Au) is usually smaller than 2 nm.?® The metal nanoclusters are
more like photonic supramolecules than the plasmonic nano-
particle analogue. For quantum confinement, the metal nano-
clusters exhibit discrete molecular-like energy levels and a size-
dependent LUMO-HOMO gap, meanwhile, they lose the related
properties of the bulk ones, such as the SPR effect, which means
the surface electrons in metal nanoclusters no longer oscillate
together. Hence, the chemical and physical properties of the
metal nanoclusters change to make the energy transfer more
different and complicated from their larger counterparts.* For
bulk Ag metal nanoparticles in the aqueous phase, the Ag+/Ag
redox potential is reported to be +0.79 V (vs. NHE) but is —1.80 V
(vs. NHE) for Ag nanoclusters.*" Carolina et al.** investigated the
structures and the growth processes of small Cu, Ag and Au
clusters on the Fe-terminated (0001) surface of a-Fe,O; using
DFT method. Hon et al.** studied Au nanoclusters supported on
the a-Fe, 03 (0001) surface by the PBE+U calculations, and found
that the periphery atoms of Auy, particles become oxidized
through the dissociation of O, at the metal-oxide interface.
Nguyen et al.** studied the different properties of Au monomers
and dimers on the defect-free and defective terminations of a-
Fe,0; (0001) surface and their interaction with CO through DFT
calculation. The results showed that the range of charge states
of Au atoms is somewhere in between 0 and 1, besides, the most
active site for CO oxidation is probable Au replacing a Fe in the
Fe,0; surface. Pabisiak et al* investigated the adsorption of
small Au, nanocluster on the iron terminated Fe,03(0001)
surface and CO on the Au,, cluster supported on the Fe,03(0001)
surface. They got the conclusion that the interaction of CO
molecule with Au, cluster on the hematite surface is stronger
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than that with pure Fe,05(0001) surface. Overall, the photo-
catalytic activity of noble metal cluster deposition on a-Fe,0;
surface could be enhanced via facilitating the electron move-
ment on the heteroboundary surface and hindering the
recombination of photogenerated electron holes, and the
amount and size of loaded metals cluster are of significance to
the catalytic activity of a-Fe,O3.

Although Au cluster deposition on «-Fe,Oz (0001) surface
have been studied, the microscopic mechanism of the influence
of Au cluster size on o-Fe,O; photocatalytic performance
haven't been described in detail. Here, we focus on the elec-
tronic structures and optical properties of Au clusters deposited
a-Fe,O; surface by using first principle method based on
density functional theory (DFT), with a special emphasis on the
influences of Au cluster size. This study will provide an impor-
tant theoretical basis for the application of metal-enhanced
photocatalytic materials in industry.

2 Computational methods and
models
2.1 Computational method

All calculations were carried out by using the CASTEP (Cam-
bridge Sequential Total Energy Package) module in the MS
(material studio) software package by Payne et al’® The
exchange-correlation functional of the generalized gradient
approximation (GGA), developed by Perdew and Wang (PW91),%”
A Monkhorst-Pack k-point sampling density of 3 x 3 x 1 and
a plane wave cutoff energy of 340 eV were used for all calcula-
tions based the test results. Under these parameters, the lattice
constant and band gap of iron oxide are close to the experi-
mental values, and the system energy is relatively low, which
was described in detail elsewhere.*® The interactions between
valence electrons and ionic core were represented with ultrasoft
pseudopotentials.** The dipole correction with self-consistent

@

vacuum

Fig.1 Supercell model of a-Fe,O3 (001) surface. (a) Main view; (b) top
view. Numbers indicate the distance in A.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was used in calculation. In order to decrease the error of
calculated band gap, the calculations used the DFT+U method
with U value of 3.5 eV based the test. Valence electrons config-
uration considered in this study included O 2s* 2p*, Fe 3d° 4s>
and Au 5d"° 6s” states. The convergence tolerances for geometry
optimization calculations were set to the maximum displace-
ment of 0.002 A, the maximum force of 0.05 eV A™!, the
maximum energy change of 2.0 x 10> eV per atom and the
maximum stress of 0.1 GPa, and the self-consistent field (SCF)
convergence tolerance was set to 2.0 x 10~° eV per atom.

2.2 Computational model

Hematite (a-Fe,O3) possesses a typical rhombohedral structure
with a space group of R3c. Each Fe atom coordinates with
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adjacent six O atoms, and each O atom coordinates with four Fe
atoms, forming an corundum crystal structure, which has been
described in detail elsewhere.*” The lattice constants of the o-
Fe,O; bulk are a = b = 5.088 A, and ¢ = 14.138 A, which are close
to the experimental results (@ = b = 5.0355 A, and ¢ = 13.747 A).
In addition, the bandgap of the Fe,O; bulk is 2.265 eV, which is
in accord with the experimental value (1.9-2.2 eV).* These
results were described in detail by our group.*” a-Fe,O; (001)
surface was cut from the bulk with the optimum unit cell
volume. The adjacent mirror images of the slab can be sepa-
rated under a vacuum environment, the thickness of vacuum
layer in the vertical direction is set as 15 A, and the slab thick-
ness was selected as 18 layers by testing the surface energies of
a-Fe,03 (001). The a-Fe, 05 surface was modeled using 2 x 2 x 1

Fig. 2 Equilibrium configuration of (a) 1Au/a-Fe,Oz (001) surface, (b) 2Au/a.-Fe,O (001) surface (c) 3Au/a-Fe,O3 (001) surface surface, (d) 4Au/
a-Fe,05 (001) surface, (e) 5Au/a-Fe,Os (001) surface. Numbers indicate the distance in A.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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supercell geometries for better research of Au particle deposited
a-Fe,0; surface. The surface energies of «-Fe,Oz; (001) with
varying slab thicknesses were tested to determine the slab size
and finally established the most stable slab model, as shown in
Fig. 1.

3 Results and discussion
3.1 Configurations of Au/o-Fe,0; (001) surface

In order to determine the stable configuration of Au deposited
on o-Fe,0; surface, we studied the deposition of one Au atom
on o-Fe,O; surface with different sites, including the top
deposition of Au atom on iron of a-Fe,O; surface, top deposi-
tion on oxygen, and vacancy deposition of a-Fe,O; surface, and
calculated their binding energies. The results show that the top
deposition of Au atom on iron of a-Fe,O; surface is the most
stable. As a result, we built the deposition models of multiple Au
atoms by putting Au atoms at the top of iron atom of a-Fe,03
surface. Fig. 2 shows the configurations of Au/a-Fe,O; surface
with different Au atoms. For single Au atom deposited on a-
Fe,O; surface, Aul atom is bonded to Fel atoms of the a-Fe,O;
surface, and the bond length of Aul-Fe1 is 2.515 A (Fig. 2(a)).
For 2Au/a-Fe,O3, on the one hand, Aul atom is bonded to Au2
atom with a bond length of 2.686 A; on the other hand, Au1l and
Au2 atoms are bonded to Fel and Fe2 atoms of the a-Fe,O4
surface, respectively, and the bond lengths of Au1-Fel and Au2-
Fe2 are 2.816 A and 2.784 A, respectively (Fig. 2(b)). Nguyen
et al.** studied the deposition of Au monomers and dimers on
the Fe,O3 (0001) surface. They found that Au atom is bonded to
the iron atom of a-Fe,0; surface for monomers, and the bond
length of Au-Fe is 2.49 A. As for Au dimer, Au1 atom is bonded
to Au2 atom with a bond length of 2.56 A. In addition, Au1 and
Au2 atoms are bonded to Fe and O atoms of the a-Fe,O; surface,
respectively, and the bond length of Aul-Fe is 2.66 A. Pabisiak
et al.*® also investigated small Au clusters structures supported
on iron termination of a-Fe,03(0001) surface. They found that
Au atom for Au monomer is bonded to an iron of surface with
a bond length of 2.52 A. The length of Aul-Au2 bond for Au
dimer is 2.59 A, and Au1l and Au2 atoms are bonded to iron and
oxygen atoms of the a-Fe,O; surface, respectively with the Au1-
Fe bond of 2.67 A and Au2-O bond of 2.17 A. For the deposition
of a gold atom on a-Fe,O; surface, our result is similar with
those of Nguyen and Pabisiak et al. Au is bonded to an iron of
the surface with a bond length of about 2.5 A. However, there
are some differences for dimers. Two Au atoms are bonded to
two Fe atoms of the surface in our study, while in Nguyen and
Pabisiak's study, two Au atoms are bonded to Fe and O atoms of
the surface, respectively. The reason may be different modeling
methods. Two Au atoms are simultaneously placed on the
surface of a-Fe,O; in our modeling, while in Nguyen and
Pabisiak's modeling, the Au dimer was constructed with the
second Au atom positioned on the neighboring site of the first
Au atom which was already adsorbed on a-Fe,O; surface. For
the difference, we will further study in the future. For 3Au/a-
Fe,0;, three Au atoms are bonded to each other, forming
a triangular cluster structure, meanwhile, they are also bonded
to three iron atoms of a-Fe,O; surface (Fel, Fe2 and Fe3),
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respectively. The lengths of newly formed Aul-Au2, Aul-Au3,
Au2-Au3, Aul-Fel, Au2-Fe2 and Au3-Fe3 bonds are 2.726 A,
2.743 A, 2.729 A, 2.776 A, 2.772 A and 2.767 A, respectively
(Fig. 2(c)). For 4Au/a-Fe,0s, the Aul atom is bonded to Au3 and
Au4 atoms, and Au3 atom is bonded to Au2 atom besides Aul
atom. In addition, Au3 and Au2 are also bonded to Fe3 and Fe2
of a-Fe,O; surface, respectively. The lengths of newly formed
Au4-Aul, Aul-Au3, Au3-Au2, Au2-Fe2 and Au3-Fe3 bonds are
2.717 A, 2.740 A, 2.779 A, 2.814 A and 2.793 A, respectively
(Fig. 2(d)). As for 5Au/a-Fe,03, Aul, Au3 and Au5 atoms form
a triangular structure. Au4 atom is bonded to Aul and Au2
atoms, and Au4 and Au2 atoms are bonded to Fel and Fe2,
respectively. All bond lengths are shown in Fig. 2(e).

It is found from Fig. 2 that Au atoms all interact with iron
atoms of a-Fe,O; surface. Kiejna et al.** investigated the struc-
ture and electronic properties of clean and Au or Pd covered a-
Fe,03; (0001) surface with spin-polarized density functional
theory (DFT) and the DFT+U method. The results showed that
both Au and Pd atoms bind strongly to hematite surfaces and
induce large changes in their geometry. For the iron terminated
surface, the binding energy per adatom increases with Au and
Pd coverage, whereas the opposite trend is observed for the
oxygen terminated one, which is consistent with our Au/a-Fe,0;
configurations. In addition, it is also observed that the bond
lengths of Au-Fe for Fig. 2(a) and (c) are slightly smaller than
that for Fig. 2(b), (d) and (e), indicating that the interactions
between Au and Fe of a-Fe,O; surface of Fig. 2(a) and (c) may be
stronger than those of other models. However, the bonding
conditions are different in Au/a-Fe,O; systems with different
number of gold atoms, resulting in their different stability. In
addition to the interaction between gold and gold, there is an
Au-Fe bond for 1Au/a-Fe, 03, two Au-Fe bonds for 2Au/a-Fe,03,
and three Au-Fe bonds for 3Au/a-Fe,03, that is, the number of
Au-Fe bonds increases with increasing the number of gold
atoms. However, the number of Au-Fe bonds not only does not
increase, but decreases when the number of gold atoms
increases to four and five. There are two Au-Fe bonds for 4Au/o.-
Fe,0; and 5Au/a-Fe,0;.

To assure the strength of interaction between Au and a-Fe,O3
surface in different systems, the binding energies of Au/a-Fe,03
with different number of gold atoms are calculated (Table 1).
The binding energies of Au particle deposited on o-Fe,O;
surfaces were calculated as:

Ebin = EAu/surface - nEAu - Esurface (1)

Table 1 Binding energies of Au/a-Fe,Oz (001) surface with different
Au amounts

Configurations Energy (k] mol ")
Fig. 2(a) ~106.08
Fig. 2(b) —266.17
Fig. 2(c) —511.13
Fig. 2(d) —684.72
Fig. 2(e) —881.46

© 2022 The Author(s). Published by the Royal Society of Chemistry
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where Ey;, is the binding energy, Eay/surface 1S the energy of a-
Fe,O; slab with Au particle, n is the number of Au atoms, E,, is
the energy of an Au calculated in a cubic cell, Egyface 1S the
energy of hematite slab. The binding energies of 1Au/a-Fe,0;,
2Au/a-Fe,03, 3Au/a-Fe,0;, 4Au/a-Fe,O; and 5Au/a-Fe,O; are
—106.08 k] mol™', —266.17 k] mol™', —511.13 kJ mol ™,
—684.72 k] mol™' and —881.46 k] mol !, respectively. The
negative sign represents exothermic reaction. It is observed
that, the binding energy of Au/a-Fe,O; increases from
106.08 k] mol " to 881.46 k] mol ' with increasing Au atom
concentration. However, the larger binding energy does not
mean that the interaction between Au and «-Fe,O; surface is
stronger. The values of calculated binding energy include not
only the interaction between Au and a-Fe,O; surface, but also
that between Au and Au. The binding energy of 5Au/a-Fe,O; is
the largest, which may be due to the most Au-Au bonds.

The Mulliken bond population can reflect the strength of
covalent bonds, the larger the bond population is, the stronger
the covalent bond is. Tables 2-4 show the Mulliken bond pop-
ulations of Fe-Au and Au-Au bonds for 3Au/a-Fe,0;, 4Au/o-
Fe,0; and 5Au/o-Fe,0j3, respectively. It is observed that the
populations of three Fe-Au bonds of 3Au/a-Fe,03, 4Au/a-Fe,05
and 5Au/a-Fe,0; are similar, however, populations of three Fe—
Au bonds (Fe1-Aul, Fe2-Au2) of 3Au/a-Fe,O; are largest (0.14),
and followed by two bonds (Fel-Au4 and Fe2-Au2) of 5Au/o-
Fe,0; (0.13) and two bonds (Fe2-Au2 and Fe3-Au3) of 4Au/a-
Fe,0; (0.12) in order, showing the strength of Fe-Au bond for
3Au/a-Fe, 03 is slightly larger compared to those of 4Au/a-Fe,05
and 5Au/a-Fe,0;. In addition, it is also seen that Mulliken bond
populations of Au-Au in all models are much larger than those
of Fe-Au, suggesting that the interaction between Au and Au is
much stronger than that between Fe and Au. Therefore, the

Table 2 The Mulliken bond population of the 3Au/a-Fe,Oz (001)
surface model

Bond types Population Bond length (A)
Fel-Aul 0.14 2.776
Fe2-Au2 0.14 2.772
Fe3-Au3 0.14 2.767
Aul-Au2 0.35 2.726
Aul-Au3 0.34 2.743
Au2-Au3 0.34 2.729

Table 3 The Mulliken bond population of the 4Au/a-Fe,Oz (001)
surface model

Bond types Population Bond length (A)
Fe2-Au2 0.12 2.814
Fe3-Au3 0.12 2.793
Aul-Au4 0.35 2.727
Aul-Au3 0.28 2.740
Au2-Au3 0.27 2.779
Aul-Au2 0.26 2.804
Au2-Au4 0.26 2.804

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The Mulliken bond population of the 5Au/a-Fe,Os (001)
surface model

Bond types Population Bond length (A)
Fel-Au4 0.13 2.818
Fe2-Au2 0.13 2.821
Au2-Aud 0.37 2.730
Aul-Au4 0.34 2.706
Aul-Au3 0.25 2.744
Aul-Au5 0.30 2.735
Au3-Au5 0.41 2.733

binding energy is in increasing order of 1Au/a-Fe,Os;, 2Au/a-
Fe,03, 3Au/a-Fe,0;, 4Au/a-Fe,0; and 5Au/a-Fe,O; due to the
increase of Au-Au bond (Table 1).

3.2 Electronic structures

The energy band and corresponding PDOS of up-spin and
down-spin of pure a-Fe,O; surface was studied previously.*® The
band gap of pure a-Fe,O; surface depends on the top valence
band of the spin-up band and the bottom of the conduction
band of the spin-down band, and the value is 2.0 eV. The spin-
up band is divided into three groups. The group between —9 eV
and —5 eV is mainly from Fe 3d and O 2p, only with few
contributions from Fe 4s, Fe 4p and O 2s. The group between
—5 eV and 0 eV is from O 2p, Fe 3d with a few contributions
from Fe 4s and Fe 4p. The group in the conduction band is
mainly from Fe 4p, Fe 4s, O 2p and O 2s. For the spin-down
band, there is one group in the valence band, which is mainly
from O 2p and Fe 3d with a few contributions from Fe 4p and Fe
4s. The band between 2 eV and 5 eV in the conduction band is
mainly Fe 3d and O 2p with few contributions from Fe 4p, O 2s
and Fe 4s, while that in the range of 5 eV to 8 eV is mainly from
Fe 4p and Fe 4s with few contributions from O 2p and O 2s.
Fig. 3 shows the energy band and PDOS of spin-up (a) and
spin-down (b) for 1Au/a-Fe, 03, spin-up (c) and spin-down (d) for
2Au/a-Fe,0; surface, spin-up (e) and spin-down (f) for 3Au/a-
Fe,0; surface, spin-up (g) and spin-down (h) for 4Au/a-Fe,O3
surface, spin-up (i) and spin-down (j) for 5Au/a-Fe,O; surface.
For up-spin band and DOS, it is observed that the energy
structure and corresponding DOS of the valence band with
small Au cluster (1Au/a-Fe,03) are similar with that of pure o-
Fe,0;.*® There are two groups for the valence band of 1Au/a-
Fe,0;. The group between —6 and 0 eV is mainly composes of O
2p and Fe 3d with few contribution from Fe 4s and Fe 4p, while
that between —9 and —5 eV is mainly from Fe 3d and O 2p. The
two groups are connected to each other with increasing the size
of Au cluster (from 2Au to 5Au), and the larger the Au cluster,
the more the two groups overlap (Fig. 3(a), (c), (e), (g) and (i)).
Compared to pure o-Fe,03,%® Au/a-Fe,O; systems present the
different energy structure for the conduction band. A new
energy level at 0.30 eV for 1Au/a-Fe,O; appears near the Fermi
level, which is mainly from O 2p, Fe 3d, Au 6s and Au 6p. The
number of new energy levels increases with increasing the size
of Au cluster. There are two new energy levels for 2Au/a-Fe,0;

RSC Adv, 2022, 12, 5447-5457 | 5451
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and 3Au/a-Fe,O;, and they move away from the Fermi level
relative to 1Au/a-Fe,O; (Fig. 3(c) and (e)). The energy level at
1.72 eV is mainly from O 2p and Fe 3d, while that at 3.01 eV is
mainly from O 2p and Fe 4p. For 4Au/a-Fe,03, there are four
new energy levels about 1.71, 1.90, 2.35 and 3.27 eV respectively.
It is also found that the DOS peaks about 3.27 eV and 2.35 eV are
weak, and the DOS curves corresponding to energy levels at
about 1.71 eV and 1.90 eV are connected to each other to form
a DOS peak, which is from O 2p, Fe 3d, Au 6s and Au 6p
(Fig. 3(g))- As for 5Au/a-Fe,03, there are also four new energy
levels, however, these energy levels, including all energy levels
of the conduction band move toward to Fermi level relative to
those of 4Au/a-Fe,O;. The DOS curve corresponding to the
energy level closest to the Fermi level overlaps with DOS curve of
the valence band. The other three energy levels are located at
0.71, 1.63, 1.86 eV, respectively, and their corresponding DOSs
are very weak. Changeable rule of DOS curve of Au cluster with
different sizes is similar with that of a-Fe,O; matrix. It is found
that the spin-up DOS of Au cluster for the valence band is
divided into two groups for 1Au/a-Fe,0;. The group between —1
and 0 eV is mainly from Au 5d with few contribution of Au 6s,
and that between —8 and —1 eV is attributed to Au 6s. DOS curve
of the conduction band between 3 to 6 eV for Au cluster is
mainly from Au 6p with few contribution of Au 6s, and that with
large localization near Fermi level is attributed to Au 6s, Au 6p

View Article Online
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and Au 5d (illustration in Fig. 3(a)). The two groups of the
valence band are connected to each other with an increase of Au
cluster size from 2Au to 5Au. There are two DOS peaks of Au
cluster with large localization for 2Au/a-Fe,O; and 3Au/a-Fe,0;
(illustration in Fig. 3(c) and (e)), three DOS peaks for 4Au/a-
Fe,0; and 5Au/a-Fe,0; (illustration in Fig. 3(g) and (i)), which
are from Au 6s, Au 6p and Au 5d.

For down-spin band, it is seen that two groups of the
conduction band for 1Au/a-Fe,O; move toward Fermi level
relative to that of pure a-Fe,0;.*® However, they move away from
the Fermi level with increasing the size of Au cluster from 2Au to
4Au, and the interval between two groups decreases. When 5Au
are deposited in a-Fe,O; surface, the energy levels of the
conduction band are very close to Fermi level. It is also observed
that DOS curves change little with increasing the size of Au
cluster from 1Au to 5Au, although there is a large shift for the
energy levels of the conduction band. Unlike up-spin energy
structure, new energy levels appears at the top of the valence
band of down-spin band for Au/a-Fe,O; systems. There is a new
energy level about —0.82 eV for 1Au/a-Fe,0;, which is from Fe
3d and Fe 4p. The number of new energy level increases with
increasing the size of Au cluster from 2Au to 5Au. There are two
new energy levels for 2Au/a-Fe,O; at the top of the valence band,
three for 3Au/a-Fe,0j3, four for 4Au/a-Fe,O; and five for 5Au/a-
Fe,0;. Two new energy level for 2Au/a-Fe,0; corresponds to two

10.09

Fig. 4 Mulliken atomic charge population of (a) 1Au/a-Fe,O5 (001) surface, (b) 2Au/a-Fe,O3 (001) surface (c) 3Au/a-Fe,Oz (001) surface surface,

(d) 4Au/a-Fe,O3 (001) surface, (e) 5Au/a-Fe,O3 (001) surface.
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DOS peaks, which are from Fe 3d, O 2p, Fe 4s and Fe 4p. Three
new energy levels for 3Au/a-Fe,O; only exhibit two DOS peaks
because the two energy levels far from the Fermi level are very
close, so they overlap each other to form a peak corresponding
to Fe 3d and O 2p. The peak closest to Fermi level also is from Fe
3d and O 2p. Similarly, due to the overlap of DOS curves, four
energy levels for 4Au/a-Fe,O; and five energy levels for 5Au/a-
Fe,0; exhibit two DOS peaks and three DOS peaks, respectively.
Two DOS peaks for 4Au/a-Fe,O; are from Fe 3d and O 2p, and
three DOS peaks for 5Au/a-Fe,O; are from Fe 3d and Fe 4s.
The down-spin DOS of Au cluster for the conduction band is
divided into two groups for 1Au/a-Fe,O;. The group between
0 and 3 eV is very weak, and the group between 3 and 6 €V is
mainly from Au 6p with few contribution of Au 6s. DOS curve
between 3 and 6 eV for 1Au/a-Fe,O; shifts to high energy with
increasing Au cluster size from 2Au to 3Au, however, it shifts to
low energy when the Au cluster size continues to increase from
4Au to 5Au. The DOS curve between 0 and 3 eV corresponds to Au
6s, Au 6p and Au 5d, which becomes stronger with an increase of
Au cluster size from 2Au to 5Au. The down-spin DOS curve of Au
cluster for the valence band can also be divided into two parts for
1Au/o-Fe,0s. The part between —7 and —2 eV is mainly from Au
5d with few contribution of Au 6s. There are two sharp peaks in
the range of —2 to 0 eV. One near Fermi level corresponds Au 6s
and Au 6p, and the other is from Au 6s and Au 5d. The two peaks
are close to each other with an increase of Au cluster size from
2Au to 4Au, and become weak. However, the peaks become
stronger when five Au atoms are deposited on a-Fe,O; surface.
Fig. 4 shows the atomic Mulliken charge population of Au/
a-Fe, 05 systems. It is seen that from Fig. 4(a) the charge of Au
is 0.18e when 1Au is deposited on a-Fe,O; surface, suggesting
that the electrons transfer from Au to a-Fe,0; surface. After
2Au depositing, the charges of Aul and Au2 are 0.05¢ and
0.09¢, respectively, and the total charge is 0.14e (Fig. 4(b)).
After 3Au depositing, the charges of Aul, Au2 and Au3 are
0.04e, 0.04e and 0.05e, respectively, and the total charge is
0.13e (Fig. 4(c)). As shown in Fig. 4(d), the charges of 4Au are
0.06¢, 0.03e, 0.09¢, and 0.13e, respectively, and the total charge
is 0.31e. As for 5Au/a-Fe,0s, it is observed that the charges of
5Au are 0.05¢e, 0.03e, 0.1e, —0.01e, and 0.01e respectively with
the total charge of 0.18e (Fig. 4(e)). According to above anal-
ysis, Au atoms lose electrons after Au clusters depositing on a-
Fe,0; surface, suggesting the electrons transfer from Au

3 1.5
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Fig.5 Realparts (a) and imaginary parts (b) of complex refractive index
for pure and Au-deposited a-Fe,O3 (001) surface.
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clusters to the a-Fe,O; surface for Au/a-Fe,O3; system. And the
total number of the charges for Au cluster decreases with
increasing the Au cluster size from 1Au to 3Au (from 0.18e to
0.13e), and increases again when the Au cluster increases to
4Au (0.31e). The total charges of Au cluster with 5Au is 0.18e,
which is the same with that of 1Au. Therefore, for Au/a-Fe,O3
systems, the number of charge transfer between Au cluster and
a-Fe,03 surface is the largest for 4Au/a-Fe,O; (0.31¢), which
suggests the interaction between Au clusters and Fe,O; surface
for 4Au/a-Fe,0; is the strongest.

3.3 Optical properties

Fig. 5 shows real parts (a) and imaginary parts (b) of complex
refractive index for pure and Au-deposited o-Fe,O; (001)
surface. The complex refractive index can be expressed as
follows:

N=n+ik 2)

The real (1) and imaginary (k) parts of complex refractive index
are the refractive index and extinction coefficient, respectively. It
is seen from Fig. 5 that there is a sharp peak of the refractive index
with a value of 2.35 in the 3.37 eV and a gentle peak of extinction
coefficient with a value of 1.31 in the 6.13 eV for pure a-Fe,O3
surface. When Au clusters are deposited on the a-Fe,O; surface,
the curves of refractive index and extinction coefficient change
a lot. Notably, there are two peaks for the refractive index and
extinction coefficient in the range of 0 to 10 eV. It is obvious that
the first peaks for the refractive index at about 1.15 eV and
extinction coefficient at about 6.08 eV are induced by Au cluster.
The peak value of the refractive index for 2Au/o-Fe,0;, 3Au/a-
Fe,03, 4Au/o-Fe,0; and 5Au/a-Fe,0; are 2.18, 2.47, 2.60 and 2.29,
respectively. The result shows that the intensity of the first peak
increases with increasing Au cluster size from 2Au to 4Au, and
decreases with further increasing Au cluster size above 4Au,
exhibiting a maximum value with 4Au. The changeable rule of the
extinction coefficient with the increase of Au cluster size is similar
with that of the refractive index. The first peak of the extinction
coefficient intensifies with an increase of Au cluster size up to 4Au,
but weakens with increasing further Au cluster above 4Au.

Fig. 6 shows real parts (a) and imaginary parts (b) of complex
dielectric function for pure and Au-deposited a-Fe,O; surface.

—2Au
4r | —3Au
—4Au

S5Au

—pure
®)

S = N W Bk N

Dielectric Function
Dielectric Function

6 9 12 15
Frequency(eV)

(=]
w
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Fig. 6 Real parts (a) and imaginary parts (b) of complex dielectric
function for pure and Au-deposited a-Fe,Os (001) surface.
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The complex dielectric function was using the following
equation:

e=¢ tie (3)

where ¢; and ¢, are the real and imaginary parts of complex
dielectric function, respectively. The relation between the
complex refractive index and the complex dielectric function
can be expressed as follows

e=N? (4)

Therefore, the relation between the real part (¢;) and imag-
inary part(e,) of complex dielectric function (¢) and refractive
index (n) and extinction coefficient (k) is:

& = I’lz — kz (5)
& = 2nk (6)

We can infer from formulas (4) and (5) that the real part of
dielectric function increases with an increase of refractive index
and a decrease of extinction coefficient, and the imaginary part
increases with increasing the refractive index and extinction
coefficient. It is observed from Fig. 6 that the real part and
imaginary part of the complex dielectric function are similar to
the change of refractive index and extinction coefficient for pure
and Au-deposited o-Fe,Os;, respectively. The real part of the
dielectric function at the frequency of 0 eV corresponds to the
static dielectric constant. It is found that the static dielectric
constants of 2Au-deposited, 3Au-deposited, 4Au-deposited and
5Au-deposited «-Fe,O; surface are 4.14, 5.14, 5.49 and 4.43,
respectively, which is far larger than that of pure a-Fe,0; (3.11),
suggesting that the deposition of Au clusters lead to an increase
of static dielectric constant of the a-Fe,O; surface. Furthermore,
itis also observed that the Au cluster size has a great influence on
the static dielectric constant of a-Fe,O;. The static dielectric
constant increases with increasing Au cluster size up to 4Au, but
decreases with increasing further the Au cluster size above 4Au.
There is a shark peak of the real part at about 3.26 eV and a sharp
peak of the imaginary part at about 5.2 eV for pure a-Fe,Os. After
the deposition of Au clusters, there are two peaks for the real part
and imaginary part of the complex dielectric function. Obviously,
the peak at about 3.26 eV for the real part corresponds to the peak
of pure o-Fe,O3, while the peak at 1.12 eV is induced by Au
clusters. It is also found from Fig. 6(a) that the peak from a-Fe,03
matrix is weakened due to the influence of Au clusters, and that
of 4Au/a-Fe,0; weakens the most, while the peak induced by Au
clusters intensities with increasing Au cluster size up to 4Au, but
weaken with increasing further Au cluster size beyond 4Au,
showing a maximum value for 4Au (peak value: 2Au-Fe,03, 4.72;
3Au-Fe,03, 6.04; 4Au-Fe,03, 6.62; 5Au-Fe,03, 5.21). The peak at
about 4.58 eV for the imaginary part corresponds to that of pure
a-Fe,03, while the peak at 1.85 eV is induced by Au clusters
(Fig. 6(b)). It is found that the peak from a-Fe,O; matrix has not
much change with different Au cluster size, while the peak
induced by Au cluster intensities first, and then weakens with an

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Optical absorption of pure and Au-deposited a-Fe,O3z (001)
surface.

increase of Au cluster size, showing a maximum for 4Au (peak
value: 2Au-Fe, 03, 1.69; 3Au-Fe,03, 3.29; 4Au-Fe,0;, 4.16; 5Au-
Fe,03, 2.53), which is consistent with those of the real part and
imaginary part of complex refractive index.

The optical absorption of pure and Au-deposited «-Fe,O;
surface are shown in Fig. 7. It is found that the pure a-Fe,O3
surface shows a weak absorption in the range of 380 to 800 nm,
however, the optical absorption is obviously enhanced after Au
clusters deposition. The intensity of optical absorption increases
with increasing the Au cluster size up to 4Au, but weakens with
increasing further Au cluster size above 4Au, showing
a maximum value for 4Au/a-Fe,0;. The optical absorption coef-
ficient (n) is related to the extinction coefficient (k) by:

n = 2kwlc (7)

where c is the speed of light, and w is the frequency. It is seen
that the optical absorption is proportional to k. According to
Fig. 7, the peaks of the extinction coefficient induced by Au
clusters appear between 1.5 eV and 3.2 eV (corresponding
wavelength: 380-800 nm) for Au-deposited a-Fe,O5 system, and
the peak intensity increases with increasing Au cluster size up to
4Au, but decreases above 4Au. The changeable rule with the
increase of Au cluster size is well agreement with the result of
optical absorption in the visible range. Therefore, the deposi-
tion of Au clusters can effectively improve optical absorption of
a-Fe,0; in the visible range, and the size of the Au cluster affects
the intensity of optical absorption.

4 Conclusion

Based on the density functional theory (DFT), we studied the
electronic structure and optical property of pure and Au-
deposited a-Fe,O; surface, and focused on the influence of Au
cluster size. Au atoms are prone to interact with iron atoms of a-

RSC Adv, 2022, 12, 5447-5457 | 5455


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07933f

Open Access Article. Published on 16 February 2022. Downloaded on 1/23/2026 10:01:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Fe,0O; surface, which results in a great change of the structure of
a-Fe,0; surface. The length of Fe-O bond of Au/a-Fe,0; surface
is obviously larger compared with those of pure a-Fe,O; surface.
The bandgap and semiconducting properties change after Au
cluster depositing. The energy level in the conduction band with
the corresponding PDOS curve shifts to Fermi level, and the part
near to Fermi level is split, and. The series of new energy level
for Au/a-Fe,O; appears near the Fermi level, which is mainly
from O 2p, Fe 3d, Au 6s and Au 6p. In addition, Au atoms lose
electrons after Au clusters are deposited on a-Fe,O; surface,
suggesting that the electrons transfer from Au clusters to the a-
Fe,0; surface for Au/a-Fe,O; system, and the number of charge
transfer between Au clusters and o-Fe,O; for 4Au/a-Fe,O; is the
largest (0.31e). The new peaks of complex refractive index,
complex dielectric function and optical absorption due to Au
clusters are observed in the visible range for Au-deposited o-
Fe,0O; system, and the changing trend of their curves is similar.
In addition, the intensities of complex refractive index, complex
dielectric function and optical absorption are enhanced with
increasing Au cluster size, showing a maximum value with 4Au.
Increasing Au cluster size above 4Au results in a decrease in
their intensities.
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