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Abstract

Examination of the stable (110) surface of y-alumina reveals that there are three
different type sites available to host single Fe atom. With the carefully calibrated
density functional approach (M12-L/SV), three types of Fe single site on the
(110) surface of y-alumina have been investigated under the periodic boundary
conditions. The most stable Fe replacement site on the (110) surface of y-alumina
has been found to be represented by the tri-coordinated Fe; position with the
quartet spin state. The replacement of Al by Fe atom on Al site leads to charge
redistributions of the neighboring O atoms. However, sublayer charge distribution
is less affected.

The significant contribution of p orbital of the O in the surface phase to the
LUMO has been founded for the tri-coordinated Fe; substitution on (110) surface.
The corresponding oxygen atoms (Oa and Oal) have been activated due to the
existence of Fe; in their neighborhood. The loosened neighboring Aly—O4 bonds
match this activation. This activation of O suggests an existence of important

source of the reactive O during the Fe catalytic oxidation of CO processes.

Page 2 of 45



Page 3 of 45

Physical Chemistry Chemical Physics

Introduction

Applications of the single metal atoms have been extensively advanced in catalytic
processes. " Supported single-site metal atoms have been applied in catalyzing

S 1, 616 - . . 17, 18
oxidation of CO," in reforming reactions, 7

and in generating biofuels and
biomass-derived chemicals by conversion of oxygen-rich biomass through
hydro-deoxygenation process.”” A catalyst with Fe supported on SiO, has been
demonstrated to have extraordinary activity and selectivity for direct nonoxidative
conversion of methane.”® Single Pt and Au atoms supported on ZnO demonstrated
tremendous  activity for reformation of methanol to H, and CO,."” Heterogeneous
catalysts containing single-site metal species have also been reported serving as
effective catalysts for various reactions, such as single site Pd species framed in

mesoporous organosilica for oxidative Heck reaction®' and single site Ni-modified

Zn-MOF with high selectivity for dimerization of ethylene.?

The catalytic characteristics of these single metal atoms on various supports have
been reported to be very sensitive to the electronic and geometric surroundings of the
support.”® The electronic structures of single-atom sites can be affected by the
interacting atoms encircled, which might result in different catalytic behaviors as

compared to single-atom sites on nonmetallic support.”>* The variation of electronic
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and geometric surroundings of supports can provide new perceptions for activity and

selectivity as well as for catalyzing effects.

It has been reported that alumina is a promising support for single-site atoms
catalysts.™ > '® AL,O; can serve as effective supports to stabilize single atoms and
even to improve the catalytic activities of these single site atoms in the catalytic
processes.'> '%2*3¢ One of the important phases of this oxide, determined and widely
used by experimental investigations is the so-called gamma-alumina (y-Al,03).>"**
Typically, y-Al,O3 can be described as a defective spinel structure in which the Al

vacancy sites are distributed within the lattice.”®*'

Experimental and theoretical modeling on low-index surface indicates that the

34, 35, 41, 42

presence of penta-coordinated Al sites and tri-coordinated Al centers is

particularly important in the formation of active centers of catalysts. > 3% 40- 4349
Studies of the activation of methane on the y-Al,O3 surfaces suggest that the highly
reactive acid-base pairs created at the tri-coordinated Al enable low-energy pathways
for the heterolytic splitting of C—H bond of methane.* ** Recent studies demonstrate
that a newly uncovered form of (111) surface provides support for three types of
structural stable tri-coordinated single Fe sites on the y-AL,O3 surface.’” ' Other
researches reveal the equal importance of the tetra-coordinated Al sites on the (110)
surface of y-Al,O;3 in single-site atoms catalysts.* ** ** *° Different from the (111)

surface, the most stable (110) surface of y-Al,Os provides three tetra-coordinated Al

sites and one tri-coordinated Al site.

Page 4 of 45



Page 5 of 45

Physical Chemistry Chemical Physics

As an extension of our previous studies on the formation of the y-Al,O; supported
tri-coordinated Fe single-site complexes, here we report the local coordination and the
in-site electronic structures of the Fe single-atom sites on the (110) surface of
v-Al,0O3. Such studies can provide deep-rooted understandings and new outlooks for
the activities, selectivity, and possible catalytic effects of these y-Al,O3; supported

single-atom Fe complexes.

Method of computations.

The DFT method along with functional by Peverati and Truhlar (MN12-L)** has been
used in present study. Different from the traditional surface studies using the plane
wave basis such as in Vienna ab initio simulation package (VASP)™> **, here the
localized basis set, namely the split valence basis set SV by Ahlrichs and coworkers
was applied. Previous studies demonstrated that reasonable estimations of the cell
volume were achieved by the MN12-L functional (with double and triple zeta
basis sets, i.e. SV and TZV).” ' The relatively small differences in the
predictions of the cell volume between the MN12-L/SV and MNI12-L/TZV
confirm the convergence in respect to the basis sets. This indicates a rational
description of Al—O interactions in the y-alumina by applied here functional
approach. On the other hand, the significant overestimation of the cell volume by
the PBEPEB approach suggests underestimating the Al-—O bonding in the

gamma alumina.”' Therefore, the application of MNI12-L functional is a good
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tactic for the computational investigation of the gamma alumina systems. As a
reliable compromise between the accurateness and the computational feasibility,
the MNI12-L/SV approach is applied in the following calculations. Periodic
boundary conditions were applied for the description of the bulk phase. The total
k-point numbers amount to 4x6x6 (for the supercell) for the bulk phase. For the
computations of the surfaces phase, 2-dimensional periodic boundary conditions
were applied. The total k-point number is 10x10 in the surface phase computations.
The conventional convergence criteria (Maxi Force < 0.00045 au, RMS Force <
0.00030 au, Maxi Displacement < 0.0018 A, RMS Displacement < 0.0012 A, and the
Predicted Change in Energy < 1.0x10° au.) of Gaussian Program was been applied in
the optimization. During the computations of the bulk phase both atoms and the
cell parameters were fully optimized. For the study of the surface the positions of
all of the atoms were fully optimized while the corresponding lattice vectors were
kept fixed. It is important to note that application of 2-dimensional periodic
boundary condition implies infinity vacuum above the studied surface. Therefore,
the artificial long-range interactions between the surfaces are excluded by this

method. The Gaussian-09 package of programs > was applied for all computations.

The unit cell of the gamma alumina in bulk phase was constructed according to the
well-documented crystallographic data by Digne et al (Figure 1).*° ** The
supercell of the rectangular form of the model was constructed by superposition of
two unit cells along a direction and was fully optimized by DFT approach under the

periodical boundary conditions. The computed bulk structural parameters are
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summarized in Table 1. One of the most reliable experimental parameters of the unit
cell is the cell volume. The experimental cell volume of 46.39 A*/ALL,O; of gamma
alumina®’ was adapted for verifying the methods and the basis sets used in the
present study. The significant overestimation of the cell volume by the PBEPEB
approach (by 2.57 A*/AL,O3) suggests that the PBEPBE functional underestimates
the AI—O bonding in the gamma alumina. Reasonable estimations of the cell
volume by the MN12-L functional (with double zeta basis sets, overestimated by
0.56 A*/Al,03) indicate a rational description of Al—O interactions in the gamma
alumina. The relatively small differences in the predictions of the cell volume
between the MN12L/SV and MN12-L/TZV indicate it convergences with respect
to the basis sets. Therefore, the MN12-L functionsl is a reasonable approach for
the computational investigation of the gamma alumina systems. As a good
compromise between the accuracy and the computational feasibility, the

MN12-L/SV approach is applied in the following calculations.

Figure 1. Unit cell of the y-alumina in bulk. Build based on Ref. 39. Color
legends: red for O and light pink for Al.

Table 1. The structural parameters of the surpercell in rectangular form,



Physical Chemistry Chemical Physics Page 8 of 45

optimized by MN12-L/SV approach. Unit of cell volume is (A’/AL,Os). Space
group P21/m.

Method aAd)  bA) A a® O ¥°)  Cell volume
MNI12-L/SV 11.104 8.357 8.091 90.01 91.22 90.13 46.94
MN12-L/SV* 5.554 8366 8.092 90.05 91.21 90.15 46.94
MNI12-L/TZV* 5526 8317  8.055 90.05 91.17 90.11 46.27
PBEPBE/TZV“® 5.625 8.490  8.205 89.99 91.01 89.99 48.96
PW91° 5587 8.413 8.068 90.00 90.59 90.00 47.40
Expl. 46.39

“Based on unit cell. Refs. 50, 51
>V ASP calculations, using the plane wave basis. Ref. 39
“ Experimental results. Ref. 37

Results and discussions

1. (110) surface

1.1. Selection of (110) surface

The model by Digne et al provides a good compromise between the structure
reliability and the sizes compatible with quantum chemical calculations.” The
rectangular cell unit provides a direct way to select the (110) surface by cutting
along the a direction of the cell unit (or bc plane, see Figure 1). A supercell
model consisting of eight atomic planes (two unit cells, 2x1x1, 80 atoms and 800
electrons) in the (110) crystallographic direction was commonly used in the
surface computational studies.* > However, there are several different ways to
choose (110) type of surface based on the orthogonal cell model. For each
selection the surface contains one four-coordinated Al, three six-coordinated Al’s,
and six connecting O’s. In present study, three different (110) surfaces have been

selected for the stability evaluation. Figure 2 illustrates the selections of the
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surfaces, in which the (110) surface reported by the previous studies is included.

{ {
| = . i O A "=

oy, oy Ty,

Figure 2. Sclections (color intensified) and labels of the (110) surface. Lefi:
(110),; Middle: (110); Right: (110),. The middle one is the same as the one used
in the previously reported studies.”****° Color legends: red for O and light pink

for Al.

The surface energies of the non-optimized surfaces are computed to be 4.259 J/m’ for
(110),, 3.739 J/m?® for (110), and 4.791 J/m* for (110), at the MN12-L/SV level of
theory, respectively. Geometry relaxations lead to the reducing of the surface energy
by around 1 J/m® (see Table 2). The corresponding surface energies of the optimized
surfaces are calculated to be 3.233 J/m® for (110),, 2.961 J/m’ for (110), and 3.592
J/m? for (110), respectively. The previously reported (110) surface™ ***° has the
lowest surface energy and therefore the discussions below only focus on this selected
surface. It is important to note that the surface for each selection contains one
four-coordinated Al, three six-coordinated Al’s, and six connecting O’s in the
bulk. Moreover, the surface densities of AI—O bond broken are the same, 20.7

bonds/nm?, for these three selections. The notable differences in the surface
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energies indicate that the surface stability is strongly correlated to the local
structures of surface. Based on the surface energy, (110) and (111), surfaces have
the similar stability, and therefore, both have the same probability of

occurrence.

Table 2. The surface energies of the selected (110) and (111), surfaces (in J/m?)*

(110) (110), (110), (111),°

ENon-opt 3.739 4.259 4.791 3.903
Eopt 2.961 3.233 3.592 2.993
AE 0.778 1.026 1.199 0.910

“ Enon-opt: geometry non-relaxed; Eqpi: geometry fully relaxed; AE = Enon-opt — Eopt-
Calculated at the MN12-L/SV level of theory.
b (111), surface energy see Ref. 51.

1.2. Local structure.

The geometry optimized (110) surface of supercell is depicted in Figure 3. The
top view of the optimized surface layer of (110) is also shown in the figure in which
only two layers of atoms underneath the surface have been displayed for clarity. The
optimized (110) surface consists of one three-coordinated Al; and three
four-coordinated Al (one II type and two III type). The three-coordinated Al; on
the surface is derived from the four-coordinated Al in bulk phase. The dihedral
Diaa1r angle on the surface is computed to be 14.42°, by 18.24° smaller than that
in the bulk phase. The corresponding Al—O bond lengths are reduced to 1.7810
A for Al—O1 and 1.7180 A for both All—Oj, on the (110) surface, about 0.02 A

to 0.06 A decreases as compared to those in bulk. More pronounced Al—O bond
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lengths decreases are found for Al—Oa (1.735 A) and Alp—Oc (1.842 A).
They are by about 0.10 A and 0.12 A shorter as compared to those in the bulk.
The most profound AlI—O bond tighten is found for Al;—Og (1.717 A), about
0.17 A shorter than the corresponding bonds (1.889 A) in the bulk. The overall
results of these Al—O bonding augmentations are that O, and Ol are noticeable
out of the surface (ca. 0.6 A above the slab plane, defined by Alyy long with the
cell plane), as can be seen from Figure 3. For comparison, O4 (and Oa1) is about

0.2 A away from the slab plane in the bulk phase.
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Figure 3. The optimized (110) surface supercell (left). Right panel is the top view,
in which only two layers of atoms underneath the surface have been displayed for
clarity. Color legends: Red for O; White for Al. The grey shade represents the (110)
surface plane of the supercell.

Table 3. Geometric parameters of the local structure of the surface (110),
optimized by MN12-L functional with basis sets SV.“

Surface Bulk A
All—O1 1.781 1.803 0.022
All—O4 1.718 1.778 0.060
All—0O41 1.718 1.778 0.060
Aln—04 1.895 1.971 0.076
Alr—0O5 1.895 1.971 0.076
Alr—Og 1.717 1.889 0.172

Ali—Op 1.815 1.902 0.087
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Alm—O02 1.885 1.942 0.057
Alm—O03 1.756 1.858 0.102
Alm—O, 1.735 1.838 0.103
Alm—O¢ 1.842 1.958 0.116
Al2—Oc¢ 1.814 1.841 0.027
Al3—Oc¢ 1.888 1.969 0.081
AlI3—Op 1.882 1.979 0.097
Al4—Op 1.881 1.979 0.098

¢ Al—O atomic distance in A, labels see Figure 3.

1.4. Electron density distribution, DOS, and MO analysis

As revealed by the analysis of the density of state (DOS) in Figure 4, the energy
gap is dominated by the surface phase and is estimated to be 3.90 eV. Compared
to those in bulk phase, the electron density of Al in the surface phase is larger,
increasing from 0.04 au (Aly) to 0.35 au (Aly). Meanwhile, the electron density of
the oxygen on the surface (110) decreases by 0.05 au (Oc¢) to 0.23 au (Op) as
compared to those in bulk. The electron density distribution on the surface shows
that Al; is only slightly less positive than Al; and Al and therefore, these Al
atoms are expected to have similar tendency to accept or donate electrons. The
analysis of the projected density of state (PDOS, Figure 4) clearly indicates that
the occupied states near the band gap are dominated by the orbitals of O atoms in
the surface layer, while the unoccupied states closest to the band gap are mainly
determined by the orbitals of the corresponding Al atoms (Al; and Aly) on the
surface. Specifically, the highest occupied molecular orbital (HOMO) is the
combination of the p type orbitals (in-planar px or py) of oxygen atoms (204 and
Og, see Figure 3, right panel). The HOMO-1 and HOMO-2 show the feature of

the out-of-planar pz orbital of Op and Op (see Figure 3, right panel), respectively.
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Thus, Op and Op are expected to be active in electron donating processes on (110)
surface. On the other hand, the lowest unoccupied MO (LUMO) is found to be the
sp’ type MO of Al; (Figure 5). Thus, Al; should be active in accepting

electron-rich ligands.

Table 4. Mulliken charge of the local structure of the surface (110).”

Surface Bulk A
Al 1.77 1.81 -0.04
Aly 1.83 2.17 -0.34
Al 1.86 2.16 -0.30
Ol -1.23 -1.30 0.07
02 -1.32 -1.30 -0.02
03 -1.32 -1.28 -0.04
04 -1.26 -1.24 -0.02
05 -1.26 -1.24 -0.02
Oa -1.08 -1.28 0.20
Os -1.13 -1.31 0.18
Oc -1.18 -1.22 0.04
Op -1.07 -1.30 0.23

“ Analysis based on the density calculated by MN12-L functional with basis set
SV. Labels sce Figure 3. A = Density(Surface) — Density(Bulk).

3.0

25MD0S
90 HOMO oMo
15 /\/ 5
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~10 _5 0 oV
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10}
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04t
02t ﬂ A

-10

Figure 4. DOS of the (110) surface phase of y-Al,Os. Upper panel is the DOS of the
suppercell model (blue line) along with the contributions of the surface layer (orange
line). The surface layer consists of four Al’s and six O’s (Al;, Aly, 2Aly;, 204, O,
20¢, and Op; see Figure 3). Bottom panel is the PDOS of the surface layer, in which
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the part below -5 eV is the contribution from O atoms; purple line is from Al;, green
line is from Aly, red line is from Alm, and blue line above -5 eV is the sum of the
contributions from these surface Al atoms.

Vo= Y

A\

k LUMO gi\/:i

Figure 5. The frontier molecular orbitals of the surface (110). HOMO shows the
combination of the p type orbitals (lying along the surface plain) of oxygen

atoms.

2. Fe single sites on (110) surface of y-Al,O3.

Three different types of Al sites exposed on the (110) surface (Al;, Aly, and two
equivalent Aly, see Figure 3) could be substituted by Fe atom We calculated
all single atom potential substitutions. All the states with the possible spin
multiplicity of Fe (doublet, quartet, and sextet) were examined. The spin quartet
has been found to be the ground state for the replacements of Fe on Al; and Aly
sites on (110) surface of y-Al,Os;. Fe replacement on the Aly; site results in the
doublet as the ground state. In general, the replacement of Al by Fe on the surface
sites of (110) surface of y-Al,O; results in formation of stable Fe-y-AlLO;
systems. The energy released from the most stable substitution

Fe?’(sextet) + [(110) surface of y-ALOs]

> AI’" + [Fe; (quatet) on (110) surface of y-ALOs]

Page 14 of 45
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has been calculated to be 30.05 kcal/mol.

The most stable replacement site has been found to be the tri-coordinated Al;. In
terms of energy, the corresponding Fey; site is about 7.62 kcal/mol less stable than
that of the tri-coordinated Fejsite. At the ground state two equivalent Feyy sites
are found to be 10.76 kcal/mol above the Fe; site. In all of these sites, the high
spin states (sextet) have relative high energies for Fe substituted (110) surface

(see Table 5).

Table 5. Relative energy of the Fe substituted surface (110) of gamma alumina,
optimized by MN12-L functional with basis sets SV.*

site doublet quartet sextet
Fer 4.981 0.000 17.576
Fen 9.326 7.625 24.307
Fem 10.763 17.779 30.616

“Site labels see Figure 3. Relative energy in kcal/mol.

2.1. Substitution of Fe on Al; site.

The ground state of the tri-coordinated Fe; is quartet, which resembles II site
replacement on the (111), surface of y-alumina.’’ The low laying excited state
doublet sits 4.98 kcal/mole above the ground state. Along with the quartet, the
existence of the doublet should be important on the Fe; substituted (110) surface.
However, even the significance of the sextet state should not be ignored and, as

compared to the ground state, this state is 17.58 kcal/mol higher in energy.

2.1.1. Local structure of Fe; site.

Figure 6 illustrates the optimized structure of the Fe; substituted (110) surface of
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the supercell. Replacement of Al; by Fe on (110) surface leads to elongations of
metal—O distances, especially for the sub layer O1, as compared to the pure
v-Al,Os3 (Table 6). The substitution by Fe leads to the increase of the Fe—Ol1
distances by about 0.11 A for the ground state (quartet) and 0.09 A for the
doublet, as compared to the corresponding Al;—O1 distance of the un-substituted
(110) surface. On the other hand, the surface Fe—Op elongations are less
obvious (less than 0.01 A) for both quartet and doublet states. However, these
atomic distance elongations are more pronounced in the corresponding sextet, as
compared to the ground state and the first excited state. In the sextet state, the
elongation of Fe—O,; and Fe—O, atomic distances amounts to 0.13 A and 0.06
A, respectively, as compared to the corresponding AlI—O distances. These large
increase of Fe—O bond lengths in the sextet implies the weakened of bonding
between Fe; and the surface of alumina in the excited state. It is important to note
that the existence of Fe; also increases the Alj—O, distances by 0.04 A,
approximately, in the ground state (0.03 A for the doublet and 0.02 A for the
sextet, respectively). The Alj—Oa bonding seems be loosened by the

replacement of Fe at the Al site on (110) surface.
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Figure 6. The structure of the fully optimized Fe; substituted (110) surface of the
supercell in ground state (quartet). Right panel is the top view. Color legends: red for
O, light pink for Al, and blue gray for Fe.

Table 6. Geometries of the local structure of the Fe; substituted surface (110) of
v-alumina, optimized by MN12-L functional with basis sets SV.“

Non-substituted Fe-substituted
singlet doublet quartet sextet
Ri-1 1.781 1.861 1.894 1.907
Ri-A 1.718 1.722 1.725 1.783
Ri-a1 1.718 1.722 1.725 1.783
Riir-a 1.735 1.768 1.772 1.753
Diaan 14.42 24 .87 13.91 20.02

“ Ri-i: Fe—O; atomic distance for substituted surfaces (Al—O; atomic distance for
non-substituted surface) in A; Ri-a: Ali—O, atomic distance in A; Dixr: dihedral
angle in (°), labels sec Figure 6.

The dihedral angle of the Fe; site (D1aa11) in the ground state is basically the same
as compared to that of the Alj site (13.9° vs. 14.4°). However, the increases of the
corresponding dihedral angle are notable in the high spin states. The Djaa1; value

amounts to 24.9° for doublet and 20.0° for sextet.

2.1.2. Electron density distribution, DOS, and MO analysis of Fej site.
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Table 7. Mulliken charge and spin density of the local structure of the surface
(110).°

Quartet Doublet Sextet

Charge Spin Charge Spin  Charge Spin

Fe; 1.46 2.73 1.46 1.08 1.65 4.00
(1.77) (0.00)

o1 -1.20 0.07 -1.15 -0.03 -1.19  0.11
(-1.23) (0.00)

Oa -0.90 0.07 -0.92 -0.01 -0.95 042
(-1.08) (0.00)

Oal -0.90 0.07 -0.92 -0.01 -0.95  0.42

(-1.08) (0.00)

“ Analysis based on the density by MN12-L functional with basis set SV. Labels
see Figure 6. The numbers in the parentheses are for Al; in the non-substituted
system.

The Mulliken charge analysis indicates that the substitution by Fe on Al; site
leads to charge redistributions of the surrounding O atoms. As shown in Table 7,
the charge on the Fe; atom is 1.46 au in the ground state. In comparison with Al;
atom, Fey is less charged, about 0.31 au on the (110) surface. Accordingly, the O
atoms around the Fey are less charged as compared to the non-substituted system.
On the surface layer, the charge densities on the O4 and Ol atoms are calculated
to be -0.897 au, while those charges amount to -1.182 au for both atomic sites in
the non-substituted surface. Small charge variation is detected in the sublayer, the
charge on Ol amounts to -1.196 au, about 0.04 au less negative than that in the
non-substituted system. Sub layer charge distribution seems to be less affected by
the Fer substitution on (110) surface as compared to the surface layer. Similar
charge variation trend can also be identified for the doublet and sextet, in which

the sub layer Ol shows less than 0.1 au in charge alteration (0.04 to 0.09 au)
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while on layer Oa and Ol one predicts charge difference of more than 0.1 au

(0.14 to 0.17 au) as compared to the non-substituted alumina system.

I pDOS HOMO LUMO

1' [ .
4 o-spin
05¢F
A . > s § T S 7 -
‘10 V 8 :- -6 -:.: [RAYTAY 1
05¢ \ \
' Mo § !
1.+ HOMO ﬁ-spln
154

Figure 7. PDOS of the Fe; substituted (110) surface phase of y-Al,O3 in quartet

=

state. The surface layer consists of one Fe, three Al atoms, and six O atoms (Fey, Aly,
2Alm, 204, O, 20c¢, and Op; see Figure 6). Blue line is from the surface layer and
the dotted orange line is the contribution from Fe;. The contribution of oxygen atoms
is included in the PDOS of the surface layer (Blue line, in the arca of energy lower
than HOMO) and the contribution of Al atoms is included in the PDOS of the surface

layer (Blue ling, in the area of energy larger than LUMO).

The analysis of the projected density of state (PDOS, Figure 7) reveals that the
occupied states near the band gap are dominated by the orbitals of Fe and O
atoms in the surface layer, while the unoccupied states closest to the band gap are
mainly determined by the orbitals of the corresponding Fe atom. The
HOMO-LUMO gap (band gap) is predicted to be 2.04 eV (o-spin) and 2.50 eV

(P-spin) for the ground state of the Fe; substituted (110) surface system. This band
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gap is only half of that of un-substituted (110) surface of y-Al,Os;. The MO
analysis of this system reveals that the d-type orbitals of the tri-coordinated Fe

dominate the frontier MO’s (Figure 8).

LUMO HOMO

HOMO-4 HOMO-7

o-spin

LUMO+3 LUMO+2 LUMO+1

LUMO / HOMO
B-spin
Figure 8. The frontier MO’s associated with the band gap for the ground state

(quartet) of the Fe; substituted (110) surface of y-alumina. They are all related to
the d orbitals of Fe;.

The d-type orbitals of Fe; mainly appear in HOMO, HOMO-2, HOMO-4, and
HOMO-7 for the a-spin orbitals and in HOMO for the -spin orbitals. For the
un-occupied frontier MO’s, a d-type orbital of Fe; mixed with the p-type orbitals
of O (O and Oal) constructs the LUMO for a-spin states. On the other hand,

d-orbitals of Fe dominate the low-laying unoccupied frontier MO’s, from LUMO
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to LUMO+3. Therefore, the band gap in the Fer substituted (110) surface of
v-alumina is mainly determined by the d orbital splitting patterns of the inserted
Fe atom. The PDOS analysis of the (110) surface of the pure y-alumina revealed
that the MO’s of the surface O atom do not participate in unoccupied band (sce
Figure 5). The significant contribution of p orbital of O and Oal to the LUMO
of the Fer-y-Al,Os; surface indicates that these two oxygen atoms have been
activated due to the replacement by Fe on the Al site. The loosened Alj—Oa
bonds (0.04 clongation in bond length) match this activation. This activation of O
might be important source of the reactive O during the Fe catalytic oxidation of

CO to CO; processes.

LUMO o-spin
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Figure 9. PDOS of the Fe; substituted (110) surface phase of y-Al,O3 in doublet. The
surface layer consists of one Fe, three Al atoms, and six O atoms (Fep, Aly, 2Alyy,
204, Op, 20c¢, and Op; see Figure 6). Blue line is from the surface layer and the
dotted orange line is the contribution from Fer. The contribution of oxygen atoms is
included in the PDOS of the surface layer (Blue line, in the area of energy lower than
HOMO) and the contribution of Al atoms is included in the PDOS of the surface layer
(Blue ling, in the area of energy larger than LUMO).

The band gap of the doublet state is computed to be 1.91 eV for a-spin part and
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2.20 eV for B-spin part, close to those of the ground state. Similar to the case of
the quartet, the band gap is largely determined by the d orbital splitting patterns of
the Fey on (110) surface of y-alumina. Although the p-type orbitals from O, and
Oal do not contribute to the LUMO, their non-negligible contributions to the
LUMO+1 (see Figure S1 in Supporting Information, SI) suggest that these two
O’s are also activated in the presence of Fe; on the surface in the doublet state, a
reasonable concord of the elongations of the Alj;—Oa bonds in the low-laying

excited state of the Fer-y-AlO3 (110) surface.
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Figure 10. PDOS of the Fe;p substituted (110) surface phase of y-Al,Os in sextet. The
surface layer consists of one Fe, three Al atoms, and six O atoms (Fep, Aly, 2Alyy,
204, Og, 20¢, and Op; see Figure 6). Blue line is from the surface layer and the
dotted orange line is the contribution from Fe;. The contribution of oxygen atoms is
included in the PDOS of the surface layer (Blue line, in the area of energy lower than
HOMO) and the contribution of Al atoms is included in the PDOS of the surface layer
(Blue ling, in the area of energy larger than LUMO).

PDOS analysis reveals that the band gap of the sextet state is 3.92 eV for a-spin,
close to that of the pure (110) y-Al,O; surface (3.90 e¢V). MO analysis indicates

that the contribution of d orbital of Fe; to the occupied frontier MO’s (HOMO and
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HOMO-1, see Figure S2 in SI) and the involvement of s orbital of Fe; in the
LUMO barely alters the band gap of the a-spin component. On the other hand,
while the occupied band originates basically from the O atoms of the surface, the
vacant band of the $-spin component is dominated by the unoccupied d orbitals of
Fey, resulting in a small band gap of 1.63 eV for f-spin. Unlike the quartet and
doublet, the band gap in sextet state does not depend on the d orbital splitting of
the Fe;r on (110) surface of y-AlL,O;. Activation of On and Oal can be
characterized by the mixing of p orbitals of Os and Os1 with d orbitals of Fey,
recognizable in LUMO, LUMO+1 and LUMO++4 of the B-spin components. It is
the interaction between the p orbitals of O4 (also Oa1) and the d orbital of Fe; that
leads to significant spin density transfer from Fe; to O4 (also Oal) as shown in

the results of Mulliken population analysis (Table 7).

2.2. Substitution of Fe on Alj site.

The ground state of the tetra-coordinated Fey is quartet that is 7.63 kcal/mol less
stable than that characterizing the tri-coordinated Fe;. The low laying excited state
doublet is 1.70 kcal/mole above the corresponding ground state. Both of the
doublet and quartet should be important for the tetra-coordinated Fey; on the (110)
surface of y-Al,Os. The involvement of the sextet state on this surface should also
not be ignored. The energy of the sextet is by 13.68 kcal/mol higher than that of
the ground state.

2.2.1. Local structure of Feyj site.
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Table 8. Geometries of the local structure of the Fey substituted surface (110) of
y-alumina, optimized by MN12-L functional with basis sets SV.*

Non-substituted Fe-substituted

singlet doublet quartet sextet
Rir-4 1.895 1.910 2.028 2.058
Rii-s 1.895 1.910 2.017 2.058
Ru-B 1.718 1.736 1.706 1.753
Ri-p 1.815 1.884 1.818 1.873
Rais-B 1.742 1.765 1.775 1.770
Dip4s 3.28 1.07 -1.25 -2.54

“Ru-i: Fep—O; atomic distance for substituted surfaces (Aly;—O; atomic distance for
non-substituted surface) in A; Rais-B: A15—Og atomic distance in A; D: dihedral
angle in (°), labels see Figure 11.

The optimized structure of the Fey; substituted (110) surface of the supercell is
presented in Figure 11. Substitution by Fey on (110) surface leads to elongations
of metal—O distances, especially for the sub layer O4 and O5, as compared to the
pure y-Al,Os3 (Table 8). The substitution by Fe results in the Fey—0O4 (and OS5)
distances of 2.028 A (2.017 A) for the ground state (quartet), about 0.13 A longer
than the corresponding Al;—O4 bond length of the pure alumina (110) surface.
In the doublet state, the Fe;—O4 is computed to be 1.910 A, about 0.11 A shorter
than that in the ground state. The interaction between Fey and the sub layer is
stronger in the doublet state as compared with that in the quartet. In the ground
state, the in-surface Fe;—O bond lengths are short, 1.706 A for Fe;—Og and
1.818 A for Fey—Op, respectively. Based on the bond length, the bonding
between Op and Fey is stronger than that between Op and Fey. Similar bonding
preference of Fey is also noted in the doublet and the sextet states (see Table 8).

The Fer—Og bond length is 1.736 A and the Fey—Op bond length is 1.884 A in
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the doublet, and they are 1.753 A and 1.873 A, respectively, in the corresponding
sextet state. The inter layer A115—Op increases to 1.765 ~ 1.775 A in the Fey
substituted (110) surface of y-alumina, while it is 1.742 A in the non-substituted
alumina. The inter layer A15—Og bonding is weakened due to the presence of Fen

on the (110) surface.
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Figure 11. The structure of the fully optimized Fey substituted (110) surface of the
supercell in ground state (quartet). Right panel is the top view. Color legends: red for
O, light pink for Al, and blue gray for Fe.

2.2.2, Electron density distribution, DOS, and MO analysis of Fey site.

Charge redistributions of the surrounding O atoms caused by introduction of Fey
on the (110) surface were revealed by Mulliken charge analysis shown in Table
9. The charge on the Fey; atom is 1.57 au in the quartet state. The O atoms around
the Fey are less charged as compared to the non-substituted system. On the
surface layer, the charge densities of the Fey tightly bonded to Og is calculated to

be -0.887 au, about 0.19 au less than that on the non-substituted surface. The
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charge density of the loosely bonded Op amounts to -1.014 au, approximately
0.12 au less than that in the non-substituted alumina. In the sublayer, charge
variation caused by Fey is less significant. The charge on O4 (and O5) amounts to
-1.178 au, about 0.08 au less negative than that in the non-substituted system. The
charge alteration is in accordance with the bonding strength of Fey—O on the
surface. Similar charge variation trend can be recognized for the doublet and
sextet, in which the sub layer O4 (and O5) and the loosely bonded Op are
characterized by less than 0.1 au of charge alteration (roughly 0.09 au) while on
layer Op atom displays more than 0.1 au of charge difference (0.17 au), in
comparison to the pure alumina.

In the low-laying excited state (doublet) the charge density on Fey is slightly
more positive (about 0.01 au) as compared to that in the ground state. However,
notable positive charge increase on Fey has been identified (0.10 au
approximately) in the sextet state, the charge on Fey is 1.668 au in this state.
Excitation moves the electron density away form the central Fe atom.
Consequently, the loosely bonded Op receives about 0.04 au of electron density

from Fey; in the doublet and in the sextet, respectively, due to the excitation.

Table 9. Mulliken charge and spin density of the local structure of the surface
(110).°

Quartet Doublet Sextet
Charge Spin Charge Spin  Charge Spin
Fen 1.57 2.68 1.58 0.92 1.67 4.13
(1.83) (0.00)
04 -1.18 0.01 -1.16 -0.02 -1.17  0.11

(-126)  (0.00)
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05 -1.18 001  -1.16 0.02  -1.17  0.11
(-1.26) (0.00)

Og -0.89 021  -0.90 0.11  -091 046
(-1.07) (0.00)

Ob -1.01 006  -1.05 000  -1.05 0.19

(-1.13) (0.00)

“ Analysis based on the density by MN12-L functional with basis set SV. Labels
see Figure 11. The numbers in the parentheses are for Al in the non-substituted
system.
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Figure 12. PDOS of the Fer substituted (110) surface phase of y-Al,O3; in quartet
state. The surface layer consists of one Fe, three Al atoms, and six O atoms (Fep, Aly,
2Aly, 204, Og, 20¢, and Op; see Figure 11). Blue line is from the surface layer and
the dotted orange line is the contribution from Fey. The contribution of oxygen atoms
is included in the PDOS of the surface layer (Blue line, in the arca of energy lower
than HOMO) and the contribution of Al atoms is included in the PDOS of the surface
layer (Blue line, in the area of energy larger than LUMO).

The analysis of the PDOS (see Figure 12) indicates that the band parts near the
band gap are mainly dominated by the orbitals of Fey. The band gap is predicted
to be 1.41 eV (a-spin) and 2.53 eV (p-spin) for the ground state of the Fey
substituted (110) surface of y-alumina. In comparison with the PDOS of the Fe;
substituted (110) surface system, the band gap of a-spin is slightly reduced (by
0.6 e¢V) while that of f-spin is increased by 0.03 eV in the corresponding Fep

system. The MO arrangement of the tetra-coordinated Fer on the (110) surface is
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expected to be different from that in the tri-coordinated Fe.
The MO analysis of this Fey; substituted system disclosures that the frontier MO’s

are subjugated by the d-type orbitals of the tetra-coordinated Fe.

LUMO HOMO
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HOMO-2 HOMO-3 HOMO-4
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LUMO+5 LUMO+2 LUMO+1

4

LUMO HOMO
B-spin
Figure 13. The frontier MO’s associated to the band gap for the ground state
(quartet) of the Fey; substituted (110) surface of y-alumina. They are related to the
d orbitals of Feyy.

The involvement of p orbitals of Op and Op in the LUMO suggests the partial
transfer of these p orbitals from occupied band to the empty band through
interactions with Fej. Consequently, this transfer leads to the increase of spin

density of Og (roughly 0.2 au, see Table 9), indicating the activation of this O
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Figure 14. PDOS of the Fey substituted (110) surface phase of y-AlOz in doublet
state. The surface layer consists of one Fe, three Al atoms, and six O atoms (Fep, Aly,
2Aly, 204, Og, 20¢, and Op; see Figure 11). Blue line is from the surface layer and
the dotted orange line is the contribution from Fey. The contribution of oxygen atoms
is included in the PDOS of the surface layer (Blue line, in the arca of energy lower
than HOMO) and the contribution of Al atoms is included in the PDOS of the surface
layer (Blue line, in the area of energy larger than LUMO).

The projected DOS of the Fep-y-Al>Os in the low energy excited state (doublet) is
depicted in Figure 14. The band gap is predicted to be 1.58 eV (a-spin) and 2.06
eV (B-spin) for the doublet state. Similar to the quartet, the band gap is largely
controlled by the d orbital splitting patterns of the Fen on (110) surface of
v-AlLO;. The contributions of the p orbitals of O atoms in the surface phase to the
HOMO and HOMO-1 can be detected based on the results of MO analysis

(Figure S3 in SI).
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Figure 15. PDOS of the Fey substituted (110) surface phase of y-Al,O; in its sextet
state. The surface layer consists of one Fe, three Al atoms, and six O atoms (Fey, Alj,
2Alm, 204, Og, 20¢, and Op; see Figure 11). Blue line is from the surface layer and
the dotted orange line is the contribution from Fen. The contribution of oxygen atoms
is included in the PDOS of the surface layer (Blue line, in the arca of energy lower
than HOMO) and the contribution of Al atoms is included in the PDOS of the surface
layer (Blue line, in the area of energy larger than LUMO).

PDOS and MO analysis reveals that the band gap of the sextet state is 3.35 ¢V for
a-spin and 1.85 eV for -spin, respectively. The band gap of the o-spin
component is dominated by the occupied p orbitals of O’s of the surface (with the
certain contributions from the d orbital of Fer) and the unoccupied orbitals of the
Al atoms of the system. On the other hand, the f-spin component is determined
by the occupied p orbitals of O’s and the unoccupied d orbitals of the substituted
Feyr on the surface (see Figure S4 in SI). This is the case resembling the sextet
state of Fer substituted alumina. The band gap in sextet state does not depend on

the d orbital splitting pattern of the Fe on (110) surface of y-Al>,Os.

2.3. Substitution of Fe on Al site.

Two Al positions are equivalent due to the symmetry of the modeled y-Al>Os.
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The ground state of the tetra-coordinated Fey; (doublet) is by 10.76 kcal/mol less
stable than that of the tri-coordinated Fe;. The low-laying excited state (quartet) is
7.02 kcal/mole above the corresponding ground state. The energy of the sextet is
19.86 kcal/mol higher than that of the ground state. The contributions of the
quartet and sextet states of Fepy to the properties of the surface could not be

overlooked.

2.3.1. Local structure of Feyy site.

Table 10. Geometries of the local structure of the Feyy substituted surface (110) of
y-alumina, optimized by MN12-L functional with basis sets SV.*

Non-substituted Fe-substituted

singlet doublet quartet sextet
Rin-2 1.885 1.887 2.214 2.101
Rin-3 1.756 1.789 1.825 1.855
Rii-a 1.735 1.805 1.742 1.787
Rin-c 1.842 1.885 1.830 1.914
Ran-c 1.814 1.802 1.839 1.819
Dinazc -19.69 -0.79 -5.45 -11.56

“ Ru-i: Feyr—O; atomic distance for substituted surfaces (Al—O; atomic distance
for non-substituted surface) in A; Ranp-c: Al12—Oc¢ atomic distance in A; D:
dihedral angle in (°), labels see Figure 16.

The optimized supercell of Feyy substituted (110) surface of y-Al,O; is depicted in
Figure 16. The substitution by Fe leads to the Fe;;—O2 distance of 1.887 A and

the Feyr—O3 distance of 1.789 A for the ground state (doublet). On the other
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hand, the surface metal—O elongations are obvious; 0.07 A longer for Feyr—Oa
and 0.04 A longer for Feyr—Oc, as compared to the corresponding Alj—O
distances on the (110) surface. However, the increase of bond distances is more
pronounced for inter plane metal—O in the quartet state. The Feirr—O2 increase
is 2.214 A and the Fey—O3 distance is 1.825 A; for the comparison, the
corresponding values are 1.887 A and 1.789 A in the ground state. The presence
of Ferr loosens the bonding between the surface layer and the bulk phase (locally)
in the quartet, as further suggested by the elongated inter-layer AI—O distance
(A12—Oc, 1.839 A). Meanwhile, the metal—O distances on the Fey; substituted
(110) surface are found to be close to those of the pure alumina (see Table 10).
Femr is more tightly bonded to the surface O’s as compared to the ground state.
In the sextet state, the notable elongation of all Ferr—O atomic distances implies

that the excitation of Feyy weakens the Fe—alumina bonding.
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Figure 16. The structure of the fully optimized Fey substituted (110) surface of
the supercell in ground state (doublet). Right panel is the top view. Color legends:
red for O, light pink for Al, and blue gray for Fe.

2.3.2. Electron density distribution, DOS, and MO analysis of Feyy site.
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Charge redistribution of the surrounding O atoms caused by introduction of Feyy
on the (110) surface was analyzed by Mulliken population analysis as listed in
Table 11. For the ground state (doublet), the charge of Fey; is computed to be
1.470 au on the (110) surface while it is 2.220 au in the bulk (present study, cell
optimized with one six-coordinated Al replaced by Fe in bulk phase). The charge
reduction of the Fey; on the surface is more pronounced than that of Aly; (-0.750
au vs. -0.308 au). Consequently, the O atoms around the Feyj; are less charged as
compared to the non-substituted system. On the surface layer, the charge densities
of the neighboring O atoms (O and Oc) of Feyy are about 0.1 au less negative as
compared to those of the pure alumina. Similar trends of charge alteration can
also be identified for the sub layer O atoms (O2 and O3). The charge
redistribution pattern of the quartet and the sextet states follows that of the ground
state. In all the states studied, the notable spin density distributions on O4 (0.2 ~
0.3) suggest the strong Fej—Oa bonding interaction, consistent with the short

Fenr—O4 atomic distance discussed above.

Table 11. Mulliken charge and spin density of the local structure of the surface
(110).”

Doublet Quartet Sextet
Charge Spin Charge  Spin  Charge Spin
Fem 1.47 1.01 1.50 2.69 1.63 4.10
(1.86) (0.00)
02 -1.14 -0.03 -1.14 -0.04 -1.16  0.27
(-1.32) (0.00)
03 -1.23 -0.03 -1.27 0.05 -1.26  0.10

(-1.32) (0.00)
Oa -0.94 021  -0.91 023  -094 033
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(-1.08) (0.00)
Oc -1.09 001  -1.05 005  -1.08 0.17
(-1.18) (0.00)

“ Analysis based on the density by MN12-L functional with basis set SV. Labels
see Figure 16. The numbers in the parentheses are for Aly in the non-substituted
system.
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Figure 17. PDOS of the Feyy substituted (110) surface phase of y-Al,O; in doublet
state. The surface layer consists of one Fe, three Al atoms, and six O atoms (Feyy, Aly,
Alp, Al 204, Og, 20c¢, and Op; see Figure 16). Blue line is from the surface layer
and the dotted orange line is the contribution from Fenr. The contribution of oxygen
atoms is included in the PDOS of the surface layer (Blue line, in the area of energy
lower than HOMO) and the contribution of Al atoms is included in the PDOS of the
surface layer (Blue line, in the area of energy larger than LUMO).
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Figure 18. The frontier MO’s associated to the band gap for the ground state
(doublet) of the Feyy substituted (110) surface of y-alumina. They are related to
the d orbitals of Fer.

The analysis of the PDOS (see Figure 17) reveals that the occupied band near the
gap is largely the combination of the orbitals of O and the orbitals of Feyy, while
the empty band close to the gap is dominated by the orbitals of Fey; only. The
computed band gap is 1.85 eV (a-spin) and 2.39 eV (B-spin) for the Feyy
substituted (110) surface of y-alumina in its doublet state. In comparison with the
doublet state of the Fey substituted (110) surface system, the band gap is
moderately increased (by ~ 0.3 eV) in the corresponding Fey; system. Large

contribution of the orbitals of the surface phase O atoms in the occupied frontier
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MO accounts for this gap expansion in the Fenr system.

In addition to the contributions of the d-type orbitals from the Fey;, MO analysis
of this Fepp substituted system reveals the significant contributions of p-type
orbitals of O to the occupied frontier MO’s, as shown in HOMO, HOMO-2, and
HOMO-3 for a-spin, and in HOMO and HOMO-1 for p-spin. Meanwhile, the
main contribution to the LUMO comes from d orbital of the coordinated Feyy, as

shown in Figure 18.
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Figure 19. PDOS of the Fey substituted (110) surface phase of y-Al,Os in quartet
state. The surface layer consists of one Fe, three Al atoms, and six O atoms (Feyy, Aly,
Aly, Alpy, 204, Og, 20¢, and Op; see Figure 16). Blue line is from the surface layer
and the dotted orange line is the contribution from Fenr. The contribution of oxygen
atoms is included in the PDOS of the surface layer (Blue line, in the area of encrgy
lower than HOMO) and the contribution of Al atoms is included in the PDOS of the
surface layer (Blue line, in the area of energy larger than LUMO).

The PDOS of the Feyy substituted (110) surface phase of y-Al,O3 in quartet are
depicted in Figure 19. The band gap is 1.77 eV for a-spin and 2.07 ¢V for -spin.
For a-spin component, the occupied band near the gap is determined by the
combination of the orbitals of O and the orbitals of Feyy, while the unoccupied

band close to the gap is subjugated by the orbitals of Feyp mainly. MO analysis
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reveals that from HOMO to HOMO-3, the d orbitals of Fer are heavily mixed
with the p orbitals from the surrounding O atoms. On the other hand, the
corresponding LUMO shows chiefly the d orbital of the Fey; with minor
contribution from the p orbitals of the neighboring O atoms (see SI). This
situation is similar to that in the doublet state with the corresponding band gap of
1.85 ¢V. However, the orbitals from Fepy alone dominate the band close to the
band gap in p-spin section. Both HOMO and LUMO reveal for the doublet the
main contributions from the d orbitals of Ferr. The gap is controlled by the

splitting pattern of d orbitals of Feyy on the (110) surface.
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Figure 20. PDOS of the Feyy substituted (110) surface phase of y-AlL,Os in sextet
state. The surface layer consists of one Fe, three Al atoms, and six O atoms (Feyy, Aly,
Aly, Alpy, 204, Og, 20¢, and Op; see Figure 16). Blue line is from the surface layer
and the dotted orange line is the contribution from Feyy. The contribution of oxygen
atoms is included in the PDOS of the surface layer (Blue line, in the area of encrgy
lower than HOMO) and the contribution of Al atoms is included in the PDOS of the
surface layer (Blue line, in the area of energy larger than LUMO).

For the sextet state the theoretical band gap is 3.67 eV for a-spin component. The

gap is mainly determined by the energy level difference between the
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electron-filled p orbitals of the O atoms (with moderate contributions from Fey,
see HOMO in SI) and the unfilled orbitals of Al atoms. The band gap of 3.70 eV
of the Fep substituted system is reasonably close to the gap of 3.90 eV of the
(110) surface of pure alumina. It is the moderate contributions of the d orbitals
from Feyy that causes the small reduction of the band gap. For 3-spin component,
the predicted band gap is 1.50 eV. The gap is managed by the energy difference
between the filled orbitals of O’s and the empty d orbitals of Feyy for the -spin.
Low energy electron transition is likely to take place from O to Feyp on the (110)

surface layer.

Concluding remarks

Examination of the stable (110) surface of y-alumina reveals that there are one
tri-coordinated Al and three tetra-coordinated Al sites on the surface. These sites
can be classified as three different types. With the carefully calibrated density
functional approach (M12-L/SV), three types of Fe single site substitutions on the
(110) surface of y-alumina have been investigated under the periodic boundary
conditions. The most stable Fe replacement site on the (110) surface of y-alumina
has been found to be the tri-coordinated Fe; position. The quartet spin state is the
ground state for the Fe replacements on the tri-coordinated Al; and the

tetra-coordinated Aly sites on (110) surface of y-Al,Os;. However, the energy
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differences between the doublet and quartet are small, approximately 2~5
kcal/mol, for both sites. Thus, the doublet state of Fe; and Fey; substituted (110)
surface of y-Al,Os3 should not be overlooked. Fep; replacement leads to the
doublet as the ground state. Also, its low energy excited state (quartet) should be
as important since the transition energy is only about 7 kcal/mol.

In general, substitution of Al by Fe atom on (110) surface leads to elongations of
metal—O distances, especially with the O atoms from the sub-layer. The
replacement of Fe on Al site leads to charge redistributions of the neighboring O
atoms, causing less negative charged O’s to be located around the Fe. However,
sublayer charge distribution is less affected by the Fe substitution on (110)
surface as compared to the surface layer for the ground state. Similar charge
variation trend can also be identified for the excited states.

The significant contribution of p orbital of the O atom on the surface phase to the
LUMO has been revealed for the tri-coordinated Fe; substitution on (110) surface.
The corresponding oxygen atoms (Ox and Oal) have been activated due to the
existence of Fe; in their neighborhood. The loosened neighboring Aly—Oa bonds
match this activation. This activation of O might be an important source of the
reactive O during the Fe catalytic oxidation of CO.

In the sextet states, for all three types of substitution sites the band gap is
controlled by the occupied p orbitals of O atoms and the unoccupied d orbitals of
Fe. Low energy electron excitations are expected to induce electron transfer from

the surface oxygen to the substituted Fe on the (110) surface of y-Al,Os.It causes
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reduction of Fe on the surface.
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