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Abstract: For understanding the catalytic properties of Au nanoparticles supported on iron oxide,
the adsorption structures and energies of Au, (n = 1-4) clusters on the stoichiometric, reduced
and hydrated Fe;O4(001) B-terminations were systematically studied by using GGA density
functional theory method including the Hubbard parameter (U) to describe the on-site Coulomb
interaction. It was found that the formation of reduced surface with oxygen vacancy is much
easier than that of oxidized surface with iron vacancy. The most stable hydrated surface has
dissociative H,O adsorption with the formation of surface hydroxyls, in agreement with the recent
computational and experimental studies. Different adsorption configurations of Au, clusters have
been found on the three surfaces. Au clusters prefers to bind with surface iron atoms, compared to
surface oxygen atoms. The most stable adsorption configuration of single Au adatoms on the long
bridge site to two surface O atoms is supported by the recent experimental study. The adsorbed
Au atoms on surface iron atoms are reduced and negatively charged; and the Au atoms interacting
either with surface oxygen atom or the surface hydroxyl have less negative or positive charge.

The surface hydroxyls can stabilize the adsorption of Au, clusters.

Keywords: Density functional theory, Fe;04(001) B-termination, Au clusters, Surface hydroxyl,

Catalysis
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1. Introduction

Metallic gold supported on transition metal oxides has attracted intensive research interest'”
because of the excellent catalytic activity in promoting various reactions including low
temperature CO oxidation* and water-gas shift (WGS) reaction.® As gold is chemically inert, it
is surprising that supported gold can have catalytic activity.” The high catalytic activity of
supported gold has been attributed to structure (size, shape and oxidation state) and support
effects.®® Tron oxide Fe;O, is one of the mostly used support materials.'® To understand the
catalytic activity of Au/Fe;Os, detailed structure information of gold atoms on iron oxide is
undoubtedly of theoretical and practical importance.'®"!

In a scanning tunneling microscopy/scanning tunneling spectroscopy study of supported gold
nanoparticles on a reduced Fe;O4(111) surface in ultrahigh vacuum, Rim et al.'? found that gold
nanoparticles exhibit metallic electronic character and gold adatom is positively charged, and the
key role of gold atom has been emphasized in CO oxidation and WGS reaction. Lee et al.'?
studied H,O; reduction on individual Au/Fe;O4 nanoparticles and found experimentally that the
enhanced catalytic activity arises from the polarization effect at the Au/Fe;O, interface, where
Fe;O4 becomes more active. It has been reported that oxidized Au species on Fe;Oy4 are active

14,15

sites for low temperature WGS reaction, while gold nanoparticles are spectators.

Shaikhutdinov et al. '¢

studied CO adsorption on gold model catalysts and found that CO
adsorded on gold exhibits a size effect and small gold particles adsorb CO more strongly. Zhu et
al.'” reported that the positively charged gold atoms linked to the lattice oxygen of Fe;O, have
remarkably high activity in crotonaldehyde hydrogenation. Using scanning tunneling microscopy,
X-ray photoemission spectroscopy and Mdssbauer spectroscopy, in situ, under ultrahigh vacuum

conditions, Spiridis et al."® studied the cluster-support interaction in a Au/Fe;04(001) system and

found that Au nucleation process is done below a nominal coverage of 0.3 monolayer and the
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three-dimensional growth mode is dominant at higher coverages. By using scanning tunneling

microscopy, Jordan et al."’

studied the interaction of Au on Fe;04(001) and found that the oxygen
vacancy sites are the initial nucleation of Au cluster. Gatel et al. studied the epitaxial growths of
Pt, Au and Ag on Fe;04(001)* as well as Au and Pt on Fe;04(111)*! and found different growth
modes upon deposition temperature and thickness. Recently, Parkinson et al. ** studied gold de-
position on Fe;04(001) at room temperature using scanning tunneling microscopy and X-ray
photoelectron spectroscopy and found the surface forms a (V2xV2)R45° reconstruction, where
pairs of Fe and neighboring O ions are slightly displaced laterally producing undulating rows with
narrow and wide hollow sites, which are the bicoordinated O, sites. At low coverages, single Au
adatoms adsorb exclusively at the narrow sites, with no significant sintering at temperatures up to
400 °C, indicating its high thermal stability.

1.23

On Au nanocluster on TiO,, Veith et al.” found that introducing surface hydroxyls results in at

least a 180-fold increase in CO oxidation activity. Brown et al.***

investigated the nucleation
and electronic structure of vapor deposited gold on hydroxylated MgO(001) surfaces under
ultrahigh vacuum condition and found that gold atoms interact with a specific type of hydroxyl
groups, resulting in the formation of oxidized gold particles. They also found that the enhanced
adhesion of Au particles, due to the formation of strong Au—O interfacial bonds, is responsible for
the observed higher stability of small Au clusters toward thermal sintering on hydroxylated MgO

surfaces. Jiang et al.*®

explored the interaction between gold nanoclusters and a fully hydro-
xylated surface, the basal plane of Mg(OH),, and found strong interaction between gold
nanoclusters and the surface hydroxyls via a short bond between edge Au atoms and O atoms of
the hydroxyls. Ganesh et al.”’ studied the role of hydroxyls on the catalytic activity of supported

Au clusters on TiO, and found that hydroxyls have a long range effect increasing the adhesion of

gold clusters and enhances the molecular adsorption.
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Theoretically, our group studied the adsorption of alkali metals on the Fe;04(111) surface®® by
using density functional theory (DFT) method and found that Li atom has the strongest adsorption
energy. Recently, we studied single Au atom adsorption on the six terminations of the Fe;O4(111)
surface using GGA+U method, and found correlation between the surface stability and the Au
atom adsorption energy for the most stable adsorption configurations, i.e.; the more stable the
surface, the lower the Au atom adsorption energy, and it is also found that Au atom has negative
charge on the iron terminated surfaces while positive charge on the oxygen terminated surface®.
In addition, we systematically researched the late transition metal atom adsorption on the
Fe;04(111) surface.’® Using DFT+U, Kiejna et al.®' studied the adsorption of Au and Pd atoms
on Fe;04(111) and found that the adsorption of Au and Pd on oxygen terminated surface is
stronger than on iron terminated surface.

Since single Au atom is too simple to represent Au nanoparticles, we studied the adsorption of
small Au clusters on the Fe;O4 surface for the understanding of the catalytic activity of Au/Fe;O4
systems in CO oxidation and water-gas shift reaction at the DFT level under the consideration of
the on-site Coulomb interaction (GGA+U) method. This is the first paper dealing with the
adsorption of small Au clusters, Au, (n=1-4), on the stoichiometric, reduced (with oxygen

vacancy) and hydrated Fe;O4(001) surfaces.
2. Method and Surface Model

2.1 Method

The full spin-polarized calculations were performed by using the frozen-core all-electron
projector-augmented wave (PAW) method,” as implemented in Vienna ab initio simulation
program (VASP).>** The 3p, 4s and 3d electrons of Fe, the 2s and 2p electrons of O and the 5d
and 6s electrons of Au were treated as valence electrons. The electron exchange and correlation

were treated within the generalized gradient approximation using the Perdew-Burke-Ernzerhof
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(GGA-PBE) functional.’® In addition, the strong on-site Coulomb corrections are included, since
it can accurately model transition metal oxide systems.’’~* The physical insight of GGA+U
comes from the Hubbard Hamiltonian, in which the Hubbard parameter (U) is introduced for Fe
3d electrons to describe the on-site Coulomb interaction. The value of U,y = U-J was set to 3.8
eV as suggested in literatures.””™*' At Uy = 3.8 €V, the computed magnetic moments of the
tetrahedral and octahedral iron sites are 4.0 ug, in well agreement with the experiment (4.05
ug).*** The number of plane waves was controlled by a cutoff energy of 400 eV. The Brillouin-
zone integrations were performed using Monkhorst-Pack (MP) grids* and a Gaussian smearing
of = 0.2 eV. For integration within the Brillouin zone, a MP grid of 3x3x1 was used for
Fe304(001). The structure optimization was performed as the force on each atom was less than
0.02 eV/A. These settings are able to generate lattice constants of 8.405 A for bulk Fe;04, in
close to the experimental values 8.396 A, ** and to reproduce the characteristic electronic features
including the energy level of d states and the half-metal solution of Fe;O4. There are two distinct
Fe cation sites: tetrahedral A4 sites and octahedral B sites. In an ionic picture, the tetrahedral A4
sites are occupied by Fe’", the octahedral B sites are occupied by an equal number of Fe*” and
Fe’*. We set spin up for octahedral Fe and spin down for tetrahedral Fe because ferrimagnetic
Fe;0; is preferred than ferromagnetic state. 40
2.2 Surface Model

The Fe;04(001) surface can be viewed as a stacking sequence of two alternating layers; the A-
layer has Fe’” in tetrahedral coordination, and the B-layer has rows of Fe*” and Fe’" in octahedral
coordination. The Fe;04(001) (V2x\2) B termination was chosen as substrate since it is indicative
from quantitative X-ray diffraction,” LEED analyses,” STM* and DFT calculations. ***° We
have modeled the Fe;04(001) B-termination with an 8-atomic-layer slab by truncating the bulk

Fe;O4 structure as shown in Fig. 1. The B-termination is represented as slabs, repeated
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periodically in z direction perpendicular to the surface and separated from their images by 16 A
vacuum gaps, which have been found thick enough for single Au atom adsorption on the
Fe;04(111) surface.”” The dimensions of x and y of the unit cell are fixed at the calculated
equilibrium lattice parameter value (8.405 A). For structure optimization, the top four layers and
the adsorbed Au clusters are fully relaxed and the bottom four layers are fixed. The leading errors
induced by the existence of dipole moment in the supercells were corrected by using the methods
as implemented in the VASP code. **
(Fig. 1)

We present the results of Au, clusters (n = 1-4) on the stoichiometric Fe;04(001) B-terminated
surface and the surface with an oxygen vacancy as well as the hydrated surface with one H,O
molecule. In Fe;04(001) B-termination, iron cations occupy the tetrahedral (Fes) and octahedral
(Fep) sites, and each oxygen atom has four Fe—O bonds (one Fe,—O and three Feg—O bonds). To
facilitate the characterization, we used the following notions for the possible adsorption sites in
Fig. 1; the top sites of Oy (three O-Feg bonds) and O, (two O-Feg and one O-Fea bonds), Fe;
(surface octahedral iron Feg) and Fe, (second layer tetrahedral iron Fes) as well as the bridge
sites of briy (the bridge site of O;-O,), bri; (the bridge site of O,-O,) and bri; (the long bridge site
of 0,-0y).

The adsorption energy (Eaqs) 1s used to characterize the interaction strength of Au atoms on the
surface,”’ Eus = E(Auy/Fes04) — [E(Auy) + E(Fes04)], where the E(Au,/Fe;0,), E(Fe;0y4) and
E(Au,) are the energies of the adsorbed Au, cluster on Fe;O04 (Au,/Fe;0s4), the Fe;O4 slab (clean,
reduced and hydrated surface, respectively), and the most stable Au, cluster, respectively. A

negative E,qs indicates a stabilizing interaction.
3. Results and discussion

3.1 Au, clusters
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There are many works investigated the gas phase structures of Au, clusters, and the results de-
pend on the methods.’>™ In our study we are only interested in Au, (n = 1-4) clusters (Fig. 2) for
adsorption. For Au,, the computed binding energy (-2.28 eV) is close to the reported
experimental value (—2.47 eV).** For Aus, the triangular and the linear structures are nearly
degenerated (0.01 eV). For Auy, the thombus and T-shape structures are nearly degenerated (0.01
eV), and the tetrahedral isomer is 1.21 eV less stable.

(Fig. 2)
3.2 Au, on Fe;04(001) B-termination

In this paper, we mainly consider the effect of different Fe;04(001) surfaces on Au, (n = 1-4)
clusters adsorption. It should be noted that Au, (n = 1-4) clusters are not the perfect model to
describe all gold nanoparticles in various catalysts. While, how to make a good model to
represent Au nanoparticles is not in the scope of this paper. All possible sites and adsorption
configurations for Au, (n = 1-4) adsorption are considered in the present work, and all optimized
configurations are shown in Supporting Information Fig. S1-12. The most stable configurations
are shown in Fig. 3. Since the stoichiometric Fe;04(001) B-termination has eight oxygen atoms
and four octahedral iron atoms, the largest gold concentration is 33.3% for Aus adsorption.

(Fig. 3)

For Au,, the most stable configuration has Au atom at the long bridge site of two O; atoms
with adsorption energy of —3.44 eV (Fig. 3-al), and the Au-O; distances are 1.997 and 2.014 A.
For Au,, the stable configuration has side-on Au adatom bridging two octahedral iron atoms with
adsorption energy of —2.31 eV (Fig. 3-b1) and the Au-Fe distance is 2.607 A. The distance of Au-
Au in dimer is 2.527 A which is shorter than binding on the Fe;04(001) surface. For Aus, various
low-lying isomers of free Aus clusters were considered, and the most stable one has side-on

adsorption of a triangle Au; on two octahedral iron atoms with adsorption energy of —2.27 eV
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(Fig. 3-cl). For Aus, many adsorption configurations have been considered; and they have
irregular structural patterns, and the most stable one has three Au atoms interacting with two
surface iron atoms and one surface oxygen atom (Fig. 3-d1), and the adsorption energy is —2.09
eV. It is to note that no stable adsorption configurations of Au atoms at the top of O; and O, or
bridging two oxygen atoms have been found and free optimization led to the most stable
adsorption configurations as discussed above.

To characterize the oxidation state of the adsorbed Au, clusters, we performed Bader analysis
to get the charge transfer between the clusters and support (Fig. 3-al-dl1). All Au atoms
interacting with surface iron atoms have negative charge, indicating charge transfer from surface
iron atoms to the adsorbed Au atoms and the reduction of the Au atoms by surface iron atoms.
For Auy cluster, it also shows that the Au atom interacting with surface oxygen atom has positive
charge, indicating the oxidation of the Au atom by surface oxygen atom. Such charge transfer
between the surface atoms and the adsorbed Au atoms is associated with the electronegativity for
Fe (1.83) atom, Au atom (1.92) and oxygen atom (3.61).°" The totally transformed charge is
+0.418 for Auy; —0.291 for Au,, —0.198 for Auz and +0.035 for Auy.

3.3 Au, on reduced Fe;04(001) B-termination

In addition to the stoichiometric surface, we are interested in Au, adsorption on the surface
with vacancies. At first we computed the formation energy of surface oxygen vacancy® [E(O) =
E(V) + E(0,)/2 — E(slab)] and surface iron vacancy™ [E(Fe) = E(V) + E(Fe/bulk) — E(slab)];
where E(V) is the total energy of the slab with oxygen or iron vacancy, E(slab) is the total energy
of the slab, E£(O,) is the total energy of O, molecule, and E(Fe/bulk) is the energy of one Fe atom
in bulk. The formation energy of the first and second oxygen vacancy is 1.11 and 3.43 eV,
respectively; and the formation energy of iron vacancy is 3.03 eV. Thus the first oxygen vacancy

can be formed much easier than the iron vacancy; and we only consider the Fe;04(001) B-
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termination with one oxygen vacancy, and the vacancy concentration is 8.3% on the basis of eight
surface oxygen and four surface iron atoms. That the formation of the first oxygen vacancy is
casier than that of the second oxygen vacancy is also reported by Mulakaluri et al.** With the
formation of oxygen vacancy, the surface is reduced and becomes electron rich. Compared to the
clean surface, two surface octahedral iron atoms near the oxygen vacancy is less positively
charged by 0.39 e, indicating their formal reduction from Fe’ to Fe*"; and similar change is also
found for the third layer octahedral iron atoms near the oxygen vacancy (less positively charged
by 0.31 e). All possible adsorption sites for Au, clusters on the reduced Fe;O04(001) B-termination
are examined and the corresponding lowest energy structures are given in Fig. 2.

For Au; (Fig. 3-a2), the most stable configuration has Au atom on the oxygen vacancy and
adsorption energy of —2.51 eV; and the Au—Fe distances are 2.660 and 2.636 A; and Au atom
initially put on surface iron and oxygen near the oxygen vacancy moves to the oxygen vacancy
automatically. For Au, (Fig. 3-b2), the most stable configuration has adsorption energy of —2.50
eV; and the Au atom on the oxygen vacancy has distance of 2.109 A to the neighboring O atom,
while the second Au atom bridges two octahedral iron atoms with distances of 2.729 and 2.834 A.
For Auj (Fig. 3-c2), the most stable configuration has adsorption energy of —3.31 eV; and the Au
atom on the oxygen vacancy has distance of 2.259 A to the neighboring oxygen atom, and the
other two Au atoms have distances of 2.586 and 2.672 A to the octahedral iron atoms. Fig. 2-d2
shows the most stable Auy configuration with adsorption energy of —2.67 eV. The Au atom on the
oxygen vacancy has distance of 2.288 A to the neighboring oxygen atom; and the other three Au
atoms adsorbed on three surface octahedral iron atoms have Au—Fe distances of 2.813, 2.730 and
2.665 A, respectively.

Since the surface with oxygen vacancy is reduced and electron rich, and Au atom is more

electronegative than Fe atom, it is to expect the charge transfer from the defect surface to the

10
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adsorbed Au,, clusters, i.e.; all Au atoms interacting with surface iron atoms are reduced and have
negative charge (Fig. 3-a2-d2); and the transformed charge is —0.429 for Au;; —0.174 for Au,, —
0.510 for Aus and —0.468 for Auy, similar as on the clean surface.

3.4 Ay, on the hydrated Fe;04(001) B-termination

Since H,O 1is available in the preparation of Fe;O4, we have calculated one H,O molecule
adsorption on the Fe;04(001) B-termination. Since the Fe;O4(001) termination has four
octahedral iron atoms, one H,O adsorption corresponds to a surface concentration of 25 %. The
H,O adsorption energy is defined as E(H,O) = E(H,O/slab) — [E(H,O) — E(slab)], where
E(H,O/slab) is the total energy of the slab with adsorbed H,O, E(slab) is the total energy of the
slab, E(H,0) is the total energy of gas phase H,O. For H,O adsorption on the Fe;O04(001) B-
termination, we have found molecular and dissociative adsorptions. For the molecular adsorption,
the most stable configuration has only interaction between surface iron atom and the oxygen atom
of H,O with adsorption energy of —1.10 eV. For the dissociative adsorption, one hydrogen atom
binds to surface O; to form O;—H and the OH group binds to surface iron; and the adsorption
energy is —1.21 eV. Our results are in agreement with the recent experimental studies of H,O
dissociative adsorption on Fe;04(001) by Parkinson et al.®* and also with the recent GGA+U
studies of H,O adsorption on Fe;04(001) by Mulakaluri et al.** and their reported H,O dissocia-
tive adsorption energy of —0.76 eV is smaller than our value of —1.21 eV.

For Au, adsorption, we used the hydrated surface with two surface OH groups and the most
stable configurations are shown in Fig. 3. For Au; (Fig. 3-a3), the most stable configuration with
Au atom on the long bridge site of two surface O; atoms has adsorption energy of —3.16 eV, and
the distances of Au—O; are 2.043 and 2.004 A, respectively. For Au, (Fig. 3-b3), the most stable
configuration has Au, on top of two surface irons with adsorption energy of —2.44 eV. One gold

atom of Au, and O of OH form a O—Au bond with distance of 2.143 A, the Au—Au distance is

11



RSC Advances Page 12 of 26

2.564 A. The two Au atoms form two Au-Fe bonds with distances of 2.676 and 2.810 A. For Au;
(Fig. 3-c3), the most stable configuration has Aus triangle vertically on the top of surface iron
along the surface iron rows with adsorption energy of —2.89 eV. One Au atom of Aus bridges two
surface iron atoms with distances of 2.647 and 2.801 A, another Au atom of Auj interacts with
the oxygen atom of OH with Au-O distance 2.100 A. For Auy (Fig. 3-d3), the most stable
configuration has deformed Y-shape of Auy with adsorption energy of —3.31 eV. One Au atom of
Auy interacts with surface oxygen atom and has Au-O distance of 2.135 A; and another Au atom
interacts with surface hydroxyl O and has Au—O distance of 2.222 A. The distances between Au
atoms and surface iron atoms are 2.625 and 2.850 A, respectively. We also calculated H spillover
on single Au adsorption on hydrated surface and H spillover from bicoordinated O to hydroxyl is
not favorable thermodynamically on the hydrated surface (Supporting Information Fig. S13).

Fig. 3 shows that the most stable Au, adsorption configurations have direct interaction of Au
atom with surface hydroxyl group; and Au atoms interacting with either surface hydroxyl or
surface oxygen have less negative or positive charge, compared to that of the clean surface and
the Au atoms on surface iron have negative charge. The transformed charge is +0.429 for Auy; —
0.017 for Au,, +0.104 for Au; and —0.063 for Auy on the hydrated Fe;O4(001) surface.

3.5 Discussion

It is now interesting to compare Au, adsorption on the stoichiometric, reduced and hydrated
Fe;04(001) B-terminations. It is found that the surface oxygen vacancy can be formed much
easier than surface iron vacancy; and the surface with oxygen vacancy is reduced and becomes
electron rich compared to the stoichiometric surface. For H,O adsorption, dissociative adsorption
i1s more favorable than the molecular adsorption and the dissociated H binds to surface oxygen
and the OH group binds to surface iron atom.

In the same time, we consider that atomic Au adsorption on stoichiometric surface (supporting

12
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information Fig. S14), for two Au atoms, the most stable configuration is that two Au atoms
adsorbed on two bicoordinated O sites respectively with adsorption energy of -3.23 eV. For three
Au atoms, the most stable configuration is that two Au atoms adsorbed on the two bicoordinated
O, sites and another gold atom adsorbed on top of one of octahedral iron with adsorption energy
of -2.95 eV. For four Au atoms, the most stable configuration is that two Au atoms adsorbed on
the two bicoordinated O; sites and other two gold atoms adsorbed on top of two octahedral iron
atoms with adsorption energy of -2.95 eV. Comparing with the adsorption energies of Au, (-2.31
eV), Au; (-2.27 eV), Auy (-2.09 eV), we can clearly see that agglomeration of one more Au,
clusters is not favorable on stoichiometric Fe;04(001) surface. This is well agreement with
recently experimental reports.”> On reduced surface, the adsorption energies of two Au atoms,
three Au atoms and four Au atoms are -2.37, -2.39 and -3.26 eV, respectively. Comparing with
adsorption energies of Au, (-2.50 eV), Aus (-3.31 eV) and Auy (-2.67 eV), adsorption of atomic
Au atoms is preferred same to stoichiometric surface. On hydrated surface, the adsorption
energies of two Au atoms, three Au atoms and four Au atoms are -1.82, -3.50 and -3.03 eV,
respectively. Comparing with adsorption energies of Au, (-2.44 eV), Aus (-2.89 eV) and Auy (-
3.31 eV), respectively. It indicates that agglomeration of one more Au, clusters is preferred on the
hydrated surface.

On the stoichiometric B-termination, except single Au atom prefers to long bridge site of two
surface O sites, the most stable Au clusters adsorption configurations prefer Au atoms to surface
octahedral iron atoms. On the reduced termination, one of the Au, atoms prefers the adsorption
site of the oxygen vacancy and other Au atoms prefer the surface iron atoms. On the hydrated
termination, except single Au atom prefers to adsorb on bicoordinated O; site, for other Au
clusters, one Au atom interacts directly with the formed surface hydroxyl group, and other Au

atoms prefer the surface iron atoms. Comparing the single Au atom with H,O adsorption on the

13
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Fe;04(001) B-termination, we found that H atom prefers to spillover on surface bicoordinated
oxygen atom. It is to note that the most stable configurations of Au, clusters differ on three
surfaces. However, the adsorbed Au atoms to surface iron atoms have negative charge, and the
Au atoms interacting either with surface oxygen atom or the formed surface hydroxyl have less
negative or positive charge; and this trend is associated with their differences in electronegativity.
It is also to note that charge transfer is stronger on the stoichiometric and reduced surface than on
the hydrated surface, and hydration hinders the reduction of Au, clusters on the surface.

In addition, we consider effect of the adsorbed Au, clusters on oxidation state of the surface
iron atoms in three surfaces. It is well known that the difference in total occupancy between Fe*"
and Fe’ are amall (0.2-0.4 ¢),* so we calculated the magnetic moments of the three surfaces and
surfaces with single Au adsorption (Fig.4). As we know, Au atom has 5d'%6s' and 0.99 pg in gas
phase, the magnetism of single Au changes to 0.09, 0.16 and 0.07 pp after adsorption on the three
surfaces, respectively. This is mainly results by the single Au atom oxidized or reduced by
surfaces and lost 0.418 e, -0.429 e and 0.429 e (Fig.3a). On the stoichiometric Fe;04(001) surface
(Fig.4a), we can clearly see that the magnetic moment of two octahedral iron atoms under the
adsorbed Au atom changed from both 4.09 pg to 3.74 and 3.66 ug. It indicates that the oxidation
state of two octahedral iron atoms changed from Fe®* to Fe*”. On the reduced Fe;04(001) surface
(Fig.4b), the magnetic moments of three octahedral iron atoms around oxygen vacancy are 3.61,
3.61 and 3.66 g, respectively. The magnetic moment of one surface octahedral iron around
oxygen vacancy changed from 3.61 to 4.07 up after single Au atom adsorption. On the hydrated
surface (Fig.4c), the magnetic moment of surface iron atom under hydroxyl is 4.11 pg. The
magnetic moment of surface iron atom under hydroxyl changed from 4.11 to 3.69 pp after single
Au atom adsorption. It indicates that the oxidation state of surface iron atoms can change after

Au, clusters adsorption.

14
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(Fig. 4)

On the role of Au nanoparticles supported on iron oxides as active catalysts, the oxidation
states of such nanoparticles have been discussed. It is found experimentally that positively
charged Au atoms might have important implications in catalysis.®® For single Au atom
adsorption on the six terminations of the Fe;O4(111) surface it is found that the adsorbed Au
atom on the iron terminated surfaces is reduced and has negative charge, and while it is oxidized
and has positive charge on the oxygen terminated surfaces.”” On the Fe;04(001) surfaces it also
shows that Au atoms on surface iron are reduced and have negative charge. Since either the
reduction or oxidation of Au atoms on the surfaces depends on their relative electronegativities,
oxygen terminated or oxygen rich surfaces are needed to oxidize the adsorbed Au atoms on the
surface to bear positive charges. Another reason for having such positively charged Au atoms is
the frontier orbital nature of CO and H, molecule, which need unsaturated sites from Au atoms
for coordination.

Compared to stoichiometric surface, the surface hydroxyls can stabilize the Au, on the
hydrated surface as indicated by the calculated adsorption energies on both surfaces, and this is in
agreement with the reported experiments.'” For Au, adsorption on the hydrated Fe;04(001)
surface, one of the gold atoms interacts with the oxygen atom of hydroxyl groups. In addition,
surface hydroxyls stabilizing Au, clusters and enhancing the catalytic activities has also been

found in other systems; e.g.; Au/MgO,24'26 Au/ SiOz,67 Au/FeOX,68 and Au/Ti0,. 23,2769
4. Conclusion

Since iron oxide supported gold nanoparticles have been found to have pronounced and
promising catalytic activities in many reactions, we have computed the electronic structure and
stability of gold clusters (Au,, n = 1-4) adsorbed on the Fe;04(001) B-termination on the basis of

the spin-polarized density functional theory by including the strong on-site Coulomb corrections

15
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(GGA+U). It 1s found that the surface oxygen vacancy has lower formation energy than the
surface iron vacancy; and the most stable hydrated surface has heterolytically dissociated H,O
and therefore surface hydroxyls, in agreement with the recent experimental studies.

On the clean and hydrated surfaces, single Au atom bonds to surface oxygen atoms, while
larger Au clusters prefer to bond with surface iron atoms, while on the reduced termination, one
of the Au, atoms prefers the oxygen vacancy site and other Au atoms prefer surface iron atoms. It
is found that the most stable configurations of Au, clusters differ on three surfaces, and the
adsorbed Au atoms to surface iron atoms have negative charge, and the Au atoms interacting
either with surface oxygen atom or the formed surface hydroxyls have less negative or positive
charge, in line with their differences in electronegativity. It is also to note that both stoichiometric
and reduced surfaces have stronger charge transfer than the hydrated surface.

Apart from the different stable adsorption configurations, the adsorbed Au, clusters also have
different adsorption energies. Au; has the strongest adsorption on the stoichiometric surface; Au,
and Auj have the strongest adsorption on the reduced surface, while Aus has the strongest
adsorption on the hydrated surface. From Au, to Auy clusters, the clean surface has the lowest
adsorption. As observed experimentally the hydrated surface can stabilize the Au, clusters via the
surface Au-OH interaction.

On the basis of the experimentally observed electronic structures of gold clusters, which are
oxidized and have positive charge, and on our results that Au atoms have positive charge by
interacting with surface oxygen atoms and negative charge by binding to surface iron atoms; it is
to propose that oxygen terminated or oxygen rich surfaces are needed to oxidize gold cluster to
bear positive charge for CO or H, coordination and activation.
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Fig. 1. Side (a) and top (b) views of Fe;04(001) B-termination with possible adsorption sites (red
ball for oxygen atom; blue ball for iron atom; small white ball for hydrogen atom; Sur represent

surface, Sub represent subsurface)
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Fig. 2. Gas phase structures of Au, clusters (n=1-4)
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Fig. 3. Most stable Au, adsorption configurations on the Fe;04(001) B-termination [(A)
stoichiometric surface; (B) reduced surface; (C) hydrated surface] with adsorption energies (eV),
Au-Fe distances (A), and the Bader charge of Au atoms (in parenthesis) (red ball for oxygen atom;

blue ball for iron atom; white ball for hydrogen atom and yellow ball for gold atom)
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Fig. 4. Side views of the magnetic moment (uz) for three surfaces and single Au adsorption. (red
ball for oxygen atom; blue ball for iron atom; white ball for hydrogen atom and yellow ball for

gold atom)
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