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ABSTRACT

In this work, the adsorption height of Ag adatoms on the Fe304(001) surface after exposure to CO was determined using normal incidence x-
ray standing waves. The Ag adatoms bound to CO (Ag{") are found to be pulled out of the surface to an adsorption height of 1.15 A + 0.08 A,

compared to the previously measured height of 0.96 A + 0.03 A for bare Ag adatoms and clusters. Utilizing DET+vdW+U calculations with

the substrate unit cell dimension fixed to the experimental value, the predicted adsorption height for Ag;

agreement with the experimental results.

O was 1.16 A, in remarkably good

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5137904

I. INTRODUCTION

A recent drive in the field of heterogeneous catalysis is the
complete dispersion of the catalytically active metal into isolated
centers, so called single atom catalysts (SACs). The motivation for
atomic dispersion is not only the improved economics associated
with the more efficient utilization of often expensive and rare metals
but also the improved control over the properties of the resulting
catalytic material such as catalyst activity' * and catalyst selectiv-
ity,” catalytic properties more generally associated with homoge-
neous catalysis. SACs have also been used to tackle the poisoning of
heterogeneous catalysts [e.g., the use of an atomically dispersed Pt
single atom alloy (SAA)]." However, development of such SACs is
highly reliant on accurate density functional theory (DFT) calcula-
tions for predicting reaction mechanisms to understand measured

catalytic activity and for improving the screening of new catalytic
materials.”” " Yet, these DFT calculations can only be validated by
comparison to quantitative experiments. Specifically, the geometric
structure of an adsorbate is an important bellwether of the accuracy
of such calculations, as it is intrinsically linked to both the electronic
structure of the system and the potential reaction mechanisms and
pathways that are sterically available.

In addition to potential direct industrial applications, SACs
provide model catalytic materials with which thorough studies of
catalyst functionality can be undertaken; many SAC systems rely on
a crystalline substrate, e.g., a metal or metal-oxide surface, with well-
defined repeating adsorption sites onto or into which the isolated
metal centers are stabilized.”'*""" An interesting consequence of
the isolated nature of the active metal centers in SAC systems is the
parallels that can be drawn between SAC systems and metal organic
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complexes used in homogeneous catalysis.”” An example of such a
study is a recently published article by Jakub et al.”" who investigated
the coordination geometries of Ir carbonyls on the subsurface cation
vacancy (SCV) reconstruction’” of the Fe;04(001) surface, a recon-
struction well known to stabilize a range of different metal adatom
phases.'””'*® The study showed that Ir dicarbonyl complexes on the
Fe304(001) surface were found in a square planar geometry, the pre-
ferred geometry of Ir(I) d* electron complexes.”” More generally,
there is interest in understanding the interaction of CO with these
SAC systems, specifically, how it modifies the material’s morphol-
ogy and structure, which can have far reaching effects on its catalytic
properties. Such studies have included investigations of Pt and Pd
adatoms on the same SCV reconstruction where adsorption of CO
resulted in gas sintering of the adatoms into subnanometer Pt and
Pd clusters.”””* However, to date, no quantitative structural studies
into these systems have been pursued.

In our prior work, we used the normal incidence x-ray stand-
ing wave (NIXSW) technique to probe the adsorption geometry of
Ag and Cu adatoms without prior exposure to any additional lig-
ands (Ag?m and Cu?m, respectively) on the Fe304(001) SCV recon-

. 25 . . . 26
struction,” as well as the incorporation of Nlﬁm adatoms.” For

all three metal species investigated, the adatoms (prior to incor-
poration) were determined to be in the bulk continuation tetra-
hedral sites bound to two surface oxygen atoms, with each metal
adatom sitting at a different height relative to the surface Fe,. layer
(0.96 A + 0.03 A for Agh, 0.43 A + 0.03 A for Cul*"®, and 0.46 A

+ 0.17 A for Nit*®). The complementary DFT calculations found
that the commonly used Perdew-Burke-Ernzerhof+U (PBE+U) and
PBEsol+U approaches performed poorly when allowed to relax the
dimensions of the substrate unit cell, especially when modeling the
Agh® adatom. This, in turn, raises questions over the validity of
the DFT calculations that underpin much of the work into SACs on
strongly interacting oxide supports.”” '* While the Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional reproduced the absolute adsorp-
tion height of the Ag’’® and Cu}*"® adatoms well, such functionals
are computationally expensive. However, by forcing the PBE+U cal-
culations to utilize the experimental dimensions of the substrate unit
cell, the predicted adsorption heights of both the Ag?*® and Cu}*"
adatoms better represented experimental measurements. Here, we
further test this PBE+U approximation by comparing it against a
similar NIXSW study of CO on Ag/Fe;04(001) in order to probe
whether this methodology can also predict the structure after the
ligation to a simple molecule.

Il. METHOD
A. Sample preparation

The SCV reconstruction of the Fe304(001) surface was pre-
pared by conventional UHV sputtering and annealing procedures.
Low energy electron diffraction (LEED) and soft x-ray photoelec-
tron spectroscopy (SXPS) of the prepared surface were undertaken
to ensure that the Fe304(001) SCV reconstruction had properly
formed.”” An Omicron EFM3 evaporator was used to deposit 0.4 ML
of Ag on the prepared SCV surface at room temperature. The Ag
deposition rate was monitored using a quartz crystal microbalance
(QCM), which was placed in front of the sample in approximately

COMMUNICATION scitation.org/journalljcp

the position that the sample would occupy during deposition. The
rate on the QCM was observed until the desired evaporation rate
was stable over a period of a few minutes, before depositing the Ag
metal onto the surface. CO was exposed to the sample, which was
held at 150 K, by back filling a chamber through a high precision
leak valve. Two exposures were undertaken, specifically, exposing
the Ag/Fe304(001) to 10 L or 20 L of CO, where 1 L corresponds
to 10~® mbar-s. Note the CO exposures were undertaken with the
same prepared Ag/Fe; Oy surface used to measure the NIXSW of our
previous Ag/Fe;O4 study.

B. Experimental method

The NIXSW technique™ relies upon the creation of an x-ray
standing wave when the Bragg condition is satisfied for a crystal.
The x-ray standing wave is produced by the interference between
the incident and reflected photon beams, and its periodicity is equal
to that of the real space distance (d-spacing) that corresponds to the
substrate Bragg planes. As outlined in dynamical diffraction studies
of the creation of the standing wave,”” the phase of the x-ray stand-
ing wave relative to the d-spacing changes by m when the energy of
the incident photon beam is scanned through the Bragg condition.
Therefore, the x-ray intensity experienced by an atom, and in turn
the x-ray photoelectron yield, during the photon energy scan will
be characteristic of the location of the atom relative to the d-spacing.
Modeling these photoelectron yield profiles using dynamical diffrac-
tion theory yields two dimensionless fitting parameters:” the coher-
ent fraction, fhkl, and the coherent position, P"™™. If the emitter is
located at one ordered adsorption site in the given direction, the lat-
ter parameter can be interpreted as the position the emitter takes
along the d-spacing of the chosen reflection, taking values in the
range 0-1. The former can be interpreted as the level of order of the
emitter and is related to the distribution of positions that the emit-
ters occupy within the d-spacing.” For all the dynamical diffraction
calculations of the reflection intensity undertaken here, the Fe3O4
unit cell was centered on a Fe; atom and, as such, coherent positions
of 0 or 1 in the (004) direction are defined as being coincident with
the Feyer layers. In this work, the photon energy was scanned around
an energy of 2.955 keV [the energy of the (004) reflection of the bulk
Fe304 crystal after cooling to 150 K] and photoelectron yield pro-
files from the Ag 3ds/, core-level were acquired as a function of the
photon energy.

C. Computational details

The Vienna ab initio simulation package (VASP)’" was
used for all DFT calculations using the optB88-DF”** van der
Waals functional with an effective on-site Coulomb repulsion term
Uesr = 3.61 eV. The Projector Augmented Wave (PAW) method””**
describes the electron-ion interactions. The plane wave basis set cut-
off energy was set to 550 eV. An asymmetric slab with 13 planes
(5 fixed and 2 relaxed Feoe laers) and 14 A vacuum was used. To
avoid interaction between adsorbates and to accurately model the
experimental coverages, a (2 x 2) supercell was used [i.e., four times
the (/2 x \/2)R45° reconstructed cell] with a lattice constant of
16.794 A [corresponding to a (1 x 1) lattice constant of 8.397 Al
These supercell calculations have been performed at the I'-point
only. Fixing the lattice constant at the experimental value would be
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expected to result in alterations to the surface free energy and the
density of states, yet the predicted surface free energy diagram is
unchanged with respect to that published previously with a relaxed
lattice constant,” and these calculations also predict an insulating
surface layer, as is expected.

I1l. RESULTS AND DISCUSSION

The hard X-ray photoelectron spectroscopy (HAXPES) spec-
tra of the Ag 3d core level for the as deposited Ag (Ag’®) and
after exposure to 10 L/20 L of CO (Ag“°) are shown in Fig. 1. The
Ag"" spectrum and the corresponding photoelectron yield profiles
are already published and are reproduced here for comparison.”
Note that the exposure of CO was undertaken with the same pre-
pared Ag/Fe;O, surface as the previously published Ag?® data. The
Ag"" spectrum was fitted with a single, somewhat broad, peak and,
in our previous work, assigned to a mixture of Ag adatoms on the
surface (Ag;"®) and a small number of Ag clusters present on the
surface (Agff;'fters). Due to the variations in the line shape observed
while scanning the photon energy in the NIXSW data, the Ag®®

spectra were fitted with two narrower peaks (Aglco?u and Agflgh at

data
—fit

Ag 3d @ 2.955 keV

As deposited

Intensity (normalized)

382 380 378 376 374 372 370 368 366 364 362
Binding energy (eV)

FIG. 1. Peak fitted Ag 3d HAXPES spectra, integrated over multiple repeated mea-
surements on different spots on the sample, for the as deposited 0.4 ML of Ag
[Reproduced with permission from Meier et al., Nanoscale 10, 2226 (2018). Copy-
right 2018 The Royal Society of Chemistry] and after exposure to 10 L and 20 L of
CO.

COMMUNICATION scitation.org/journalljcp

lower and higher binding energy, respectively). Note that the Aglco?u

relative intensity increases with higher CO exposure and is assigned

to a mixture of clusters of Ag adatoms with CO (Agggt ors)» as well as

bare
clusters®
bare

bare

any remaining Ag/*" adatoms and Ag Ag}igh, with a binding

energy shift of 0.6 eV with respect to Ag’*"*, comparable to the 0.7 eV
shift found for CO exposure to Ir,”' was assigned to Ag adatoms
coordinated to CO molecules (AglCO in the following). Note that in
order to improve data quality, the 20 L spectra were acquired with a
higher analyzer pass energy (500 eV vs 200 eV).

The corresponding, fitted, (004) photoelectron yield profiles for
the Agh (taken from Ref. 25), Ag©, and Agfl.?h species after the
201 CO exposure are shown in Fig. 2(a), and the resulting coherent
fractions, coherent positions, and real space heights (Dg%) above the
bulk-terminated Feo layer are listed in Table I. The photoelectron
yield profiles and values for the 10 L CO exposure can be found in
Fig. S1 and Table S1 in the supplementary material and agree well
with those after the 20 L exposure. Note that a lower coherent frac-
tion is observed for the (044) and (113) reflections: the former is

2.0 T T T T
a)
AgrS
S 154 gg%h
]
N Ag
r—g low
= Photoelectron yield
Q 1.0 . = i
£ = :
> EE
‘®
o
E 0.5+ E
(004) reflection
0.0 4
T T T

T
-2 -1 0 1 2 3

b ) E_EBragg (eV)

O C Feoct Fetet Ag

oo ¢ O

0.96 + 0.03 A

FIG. 2. (a) The (004) reflection for the Fe3Oy crystal as well as the fitted NIXSW
photoelectron yield profiles, integrated over multiple repeated measurements on
different spots on the sample, for the deposited 0.4 ML of Ag (Ag"®) [Reproduced
with permission from Meier et al., Nanoscale 10, 2226 (2018). Copyright 2018
The Royal Society of Chemistry] and for the two Ag photoemission features after
exposure of the Ag®?"® surface to 20 L of CO (Ag® and Agfgh). (b) The resulting

low
adsorption heights above a bulk terminated surface are shown schematically for
the Ag®™ and Agﬁgh species, assuming a single adsorption height.
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TABLE I. Measured coherent fractions (%), coherent positions (P%%), and adsorp-
tion heights above a projected bulk Feoe surface layer (D3y) for Agh 2, AgEC

and Aghigh, shown in Fig. 2, compared against the theoretically calculated adsorption

height above a projected bulk Feq surface layer (D%4) for the Agb“'e and Ag‘f0
adatoms.

f004 b P004 b Dg,((); (A)ls DOD();}T (A)
Agbm‘ 0.66(3)  0.96(1) 0.96(3) (Agh""?) 0.87
Agh, ., 0.89(9) 0.05(4) 1.15(8) (Ag©) 1.16
Ag® 047(4)  0.00(2) 1.05(4)

“Note that the Ag"" data are taken from our previously published work.”
®The values in brackets are the errors in the last significant figure.

due to the inability to separate the Agl(;?u and Agfi;)h components at
the higher photon energy used for the (044) reflection, and the lat-
ter is due to the point group symmetry of the surface that results in
the identical surface tetrahedral sites having differing coherent posi-
tions with respect to the (113) x-ray standing wave. The NIXSW
data 1dent1fy that the coordination of CO to the Agl* adatoms,
forming Ag1 adatoms, results in an increase in adsorption height
to 1.15 A + 0.08 A. A significant increase in the coherent fraction
is also observed. Moreover, we have determined that the adsorp-
tion of CO does not alter the lateral registry of the AglCO adatom

(Fig. S2). The coherent fraction of the Ag\-c, feature has, in contrast,

decreased significantly compared to the Ag’® and Ag,figh results.

This lower coherent fraction suggests that this feature does indeed,
at least partially, correspond to the clusters of Ag atoms, which will
occupy multiple adsorption sites with respect to the lattice planes
that define the x-ray standing wave. The increased intensity of Aglow
with greater CO exposures might suggest that CO is inducing greater
clustering, an effect that has been observed for other metal adatoms
on magnetite at room temperature,””** although no such effect has
been observed by STM at 150 K for Ag. This apparent increase in
clustering of the Ag atoms on the surface could also be due to a
difference in the Ag coverage of the two preparations. However, to
explain such a stark difference between the 10 L and 20 L prepa-
rations would require an ~50% increase in the Ag coverage, which
would not be consistent with the monitoring of the evaporation rate
by using the QCM.

As there is an overlap in binding energy between Agh"",

bare
Agdustm,_ and Agdwer{, We cannot individually separate the coher-
ent fractions and positions of these three components nor can we

identify relative coverages. Therefore, the measured f*** and P**
of Ag"" are a combination of the respective coherent fractions and
positions of Agt”* and Agh™_ ; the measured f** and P"* of Agt

clusters®
are a combination of the respectlve coherent fractions and positions

of Agh”, Aghi® , and AgG0, . We can assume that the coherent

clusters®
re

fraction of the Ag1 adatoms should be as high as the coherent

fraction of the Ag (Agh,gh) adatoms and that the relative cover-

bare
clusters

and Ag° nsters> decreases after CO exposure. We also know that after

bare

age of Ag , with respect to the combined coverage of Ag

exposure to 10 L of CO, the coverage of Agggh is greater than the
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combined coverage of all three other species, and thus, the major-
ity, if not all, of Agl”"® have been converted to either AgS®
of the two cluster species. Finally, the coherent position of Agluw

or one

is not equal to that of Ag"®. The consequence of this is that the
measured coherent fraction for Agl0 cannot be reconciled with

004 004
Jageo  and fy e
leters clusters

non-zero
In our prior work, we assumed that fA e Was zero, and thus,

both being zero; at least one, if not both, must be

clusters
bare
clusters

coherent position for po Ag hm

tion could be false, although it may be that ngbm

clusters
04
CO

A8 lucters

that of DA toe DY 0.09 A £ 0.05 A, the actual adsorption height of

Ag?™ could well be less than 0.96 A + 0.01 A. How much less is
impossible to say, but it is worth noting that in our prior calcu-
lations and those presented here, Agb””e was predicted to have an
adsorption height of 0.87 A, ie., ~0.10 A lower than the measured
Ag"" height. Thus, the theoretical calculations utilizing either the
HSE functional or the PBE+U functional with the Fe3O4 unit cell
fixed at the experimental values may be more accurate than we
had assumed in our prior work. Moreover, performing these cal-
culations for the Aglco adatom results in a predicted adsorption
height of 1.16 A, in almost perfect agreement with the experimen-
tal results. The excellent agreement with the experimental results
of this DFT approach may lead to computationally affordable and
accurate theoretical predictions of not only the single atom catalyst
structure but also predictions of molecular adsorption energies and
electronic structure, properties that are of paramount importance
for theoretical screening of new and improved single atom catalytic
materials.

the presence of Ag would have no effect on the measured

This work suggests that the assump-
is zero and

non-zero. As the measured DY, AgCO is slightly higher than
low

IV. CONCLUSIONS

In this work, we present the first quantitative study of the
effects of CO ligation to a single metal adatom dispersed on a sup-
porting substrate. We demonstrate that the CO molecule pulls the
silver adatom out of the Fe304(001) surface by 0.19 A £ 008 A,
compared to the value measured for a mixture of uncoordinated
Agl™ adatoms and Ag nanoclusters, to an adsorption height of
1.15 A + 0.08 A above a projected bulk like Feo; termination. As
the coordination of CO to a metal center is an important interme-
diate state in many reactions (e.g., CO oxidation, water gas shift,
CO; reformation, and syngas production) and a common poison in
many other catalytic reactions, understanding how the metal center
is altered by this coordination is an important step in being able to
understand reaction mechanisms and pathways.

Our prior study into Ag’® and Cu!" adatoms on the same
surface proposed a methodology for overcoming the failure of
PBE+U calculations in predicting the adsorption height of such
species—by pinning the Fe3;O4 unit cell dimensions to experimen-
tal values (8.397 A). Performing such calculations for a AglC adatom
coordinated to CO results in a predicted adsorption height of 1.16 A,
above a projected bulk like Feo; termination, in perfect agreement
with the experimental results. As CO coordination is often used

J. Chem. Phys. 152, 051102 (2020); doi: 10.1063/1.5137904
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as a model intermediate state, it is an important benchmark for
calculations aimed at modeling catalytic reactions. The excellent
agreement presented here suggests that this methodology could well
be applicable to modeling the catalytic activity of these adatoms
toward a wide variety of chemical reactions. Further study, how-
ever, is required in order to elucidate its potential to model such
activity and understand the limitations of this methodology. Thus,
in this work, we further justify this approach for performing com-
putationally affordable, but highly accurate DFT calculations for the
reactivity of metal adatoms on the magnetite surface.

SUPPLEMENTARY MATERIAL

See the supplementary material for a description of the real
space imaging, (Fig. S1) the (113) and (044) NIXSW data for Aggigh
and Agggj, (Fig. S2) the real space imaging for Aggi?h, (Fig. S3) the
(004) NIXSW data after a 10 L exposure to CO, and (Table S1) the

measured coherent fractions and positions for the three different
reflections.
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