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ABSTRACT

We show, using density functional theory calculations, that the charge, magnetic moment, and morphology of deposited Au nanoclusters can
be tuned widely by doping the oxide support with aliovalent cations and anions. As model systems, we have considered Au, (n = 1, 2, or 20)
deposited on doped MgO and MgO/Mo supports. The supports have been substitutionally doped with varying concentrations 6 of F, Al, N,
Na, or Li. At 0 = 2.78%, by varying the dopant species, we are able to tune the charge of the Au monomer between —0.84e and +0.21e, the
Au dimer between —0.87e and —0.16e, and, most interestingly, Auyy between —3.97e and +0.49e. These ranges can be further extended by
varying 6. These changes in charge are correlated with changes in adsorption and/or cluster geometry and magnetic moment. We find that
the work function @ of the bare support is a good predictor and descriptor of both the geometry and charge of the deposited Au cluster; it
can, therefore, be used to quickly estimate which dopant species and concentration can result in a desired cluster morphology and charge
state. This is of interest as these parameters are known to significantly impact cluster reactivity, with positively or negatively charged clusters
being preferred as catalysts for different chemical reactions. It is particularly noteworthy that the Na-doped and Li-doped supports succeed
in making Auy positively charged, given the high electronegativity of Au.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5143642

I. INTRODUCTION

The discovery that, at the nanoscale, Au need not be chemically
inert is perhaps one of the most exciting discoveries to emerge from
the field of nanoscience.' Indeed, Au nanoparticles are among the
most studied systems in nanoscience because of their potential appli-
cations in not just catalysis but also plasmonics and medicine.” " In
order to tune their properties, one can vary their size, charge state,
and morphology, as well as the support that they are placed on, with
all these parameters being intimately connected.”’

Studies have shown that upon changing the charge of Au
nanoparticles, there is a consequent alteration in, e.g., their magnetic

. 10,11 s 2 s 12
properties, plasmon frequencies,” and optical spectra. = Per-

haps most interestingly, differently charged Au nanoparticles have
been shown to be optimal catalysts for different chemical reactions.
For example, positively charged Au clusters bind more strongly
to CO,"”"" C,H4,' and H,"” and are better catalysts for the oxi-
dation of peroxidase substrate’’ and the dissociation of water.”’
In contrast, negatively charged Au nanoparticles are preferable for
0, dissociation,'”*>*" which is a necessary step in various oxida-
tion reactions, including the oxidation of CO to CO,**¥ and NO
to NO,.”*”’ They are also better catalysts for reactions such as
methanol oxidation’’ and the oxidation of organic molecules such as
propylene.’"*
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There are various ways in which the charge state of Au
nanoparticles can be tuned. First, one could dope or alloy the
nanoparticles themselves.” " Alternatively, one could try to alter
the properties of the support that the nanoparticles are deposited
on. This can be done by changing the oxide chosen as the sup-
port, in particular, its acidity.r"““*‘”'] 19545 One can introduce defects
such as F-centers (O vacancies) into the support.””***’ One can
place an ultra-thin layer of the oxide support on a metal sub-
strate so that electrons from the latter can tunnel through the
oxide to the Au nanoparticles.”*”" " One can dope the oxide
support by substituting either the cations or anions aliovalently
with acceptors or donors;’ this is the approach we will
adopt in this paper. Finally, one can place the entire system in
an external electric field,”” though the required fields are rather
high.

Both calculations™” and experiments™ have shown that dop-
ing the oxide support with an electron donor can flip the geometries
of the adsorbed Au clusters from three-dimensional morphologies
to two-dimensional wetting conformations. This change has been
interpreted in terms of a redox mechanism.*’ Calculations have
also suggested that the change in morphology results in increased
reactivity toward adsorption and dissociation of 0,.77°!

Our aim in this paper is to investigate how to tune the charge
(and concomitantly, magnetic moment) on the deposited Au clus-
ters by doping the MgO support. In particular, we wish to investi-
gate what concentration of which substitutional aliovalent dopant
(cationic/anionic, donor/acceptor) can produce a desired change in
the charge on the Au clusters. In this paper, we study the two small-
est possible cluster sizes, viz., Au monomers and Au dimers; we also
investigate the larger Auy cluster. Both ultrasmall and larger clusters
are of current scientific interest—in fact, there is at present consid-
erable excitement at the prospect of using single-atom catalysts.””
It has, for example, been shown that Au monomers on ceria and
iron oxide can catalyze the oxidation of CO*""" while also being
resistant to sintering.(‘3 Auy is of interest in that it can serve as a
model for larger nanoparticles; indeed, there have been a number
of previous studies on its morphology, charge state, and catalytic
properties.i'r‘w‘“]'(‘ 1,65

We note that this manuscript is the latest in a series of papers
from our group in which we have addressed related questions.
First, we demonstrated that doping the MgO support with an Al
donor induces the morphology of a deposited Auyg cluster to switch
from a three-dimensional form to a two-dimensional one due to
the increased electron transfer from the doped support to the Au
atoms.” Subsequently, we showed that similar wetting transitions
are also observed at other cluster sizes.”” Next, we considered the
question of which dopants might be the most effective in tuning
the charge of the cluster; in this previous study,”® we expanded the
chemical space to consider four kinds of dopants: anionic accep-
tors, cationic acceptors, anionic donors, and cationic donors. Only
a single fixed dopant concentration and only the two smallest clus-
ter sizes (Au monomers and dimers) were considered in this earlier
study.”

As first-principles calculations on the deposited clusters on
the doped supports are computationally expensive, one would ide-
ally like to predict the ground state geometry and/or the charge
acquired by the Au clusters from the properties of the doped
supports alone. In our earlier study,”” we showed that a simple

,21,55-5
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quantity Z = Ay/AZ serves as a descriptor for the efficacy of alio-
valent doping of oxides; here, for an anionic/cationic dopant, Ay
is the difference in Pauling electronegativities between the dopant
and the cation/anion in the host material, and AZ is the corre-
sponding difference in atomic sizes. Descriptors are quantities that,
while being relatively cheap to compute, correlate well with a prop-
erty of interest.” "’ Typically, descriptors are assembled out of a
combination of one or more microscopic properties of the sys-
tem that can be computed at less cost than the property that one
wishes to describe; they can be used to rapidly shortlist candidate
systems that might merit further computational or experimental
investigation.

While our previously introduced descriptor & allows one to
compare (at almost zero computational cost) the efficacy of differ-
ent elements as dopants, one cannot use it to compare the efficacy
of different dopant concentrations. We now look for a descriptor
that allows us to also examine the effects of varying dopant con-
centration 0, albeit at a slightly greater computational cost than is
required to compute 2. We will show below that the work function
® of the doped support is such a descriptor, correlating strongly with
the charge state as well as the adsorption geometry and morphology
of the adsorbed Au clusters.

Il. SYSTEMS STUDIED

In this paper, we study the charge state and adsorption of Au,
clusters, where n = 1, 2 or 20, placed on supports consisting of
undoped or doped MgO(001), sometimes further supported on a
Mo(001) substrate.

We dope the MgO(001) support with acceptor- and donor-type
impurity atoms. The impurities can be either cationic or anionic,
i.e., they can replace either Mg or O atoms in MgO. The obvious
candidates for acceptors/donors are the elements situated immedi-
ately to the left/right of Mg and O in the Periodic Table. Thus, one
can consider Na and N as acceptor-type impurities, while, similarly,
Al and F are obvious donor-type impurities. However, in a pre-
vious paper,” we found, using a descriptor-based analysis, that Li
(which is situated immediately to the northwest of Mg in the Peri-
odic Table) serves as a better acceptor-type impurity in MgO than
either N or Na. Accordingly, in this paper, we place Au clusters on
MgO supports that have been doped with either N (anionic accep-
tor), Na or Li (cationic acceptors), F (anionic donor), or Al (cationic
donor).

Previous studies have shown that the charge of the supported
Au clusters can be further tuned by placing them on an ultrathin
oxide layer that is deposited on a metal support.”*”" ** To investi-
gate the effects of this in combination with the doping of the oxide
support on tuning the charge state of the deposited nanoclusters, we
have also considered cases where a four-layer slab of MgO(001) is
placed on Mo(001).

To consider cation-doping of the support, one, two, or three
out of 36 Mg atoms in a (3 x 3) supercell are substituted by Na,
Li, or Al atoms; similarly, for anion-doping, one, two, or three out
of 36 O atoms are substituted by N or F atoms. These correspond
to doping concentrations 8 of 2.78%, 5.55%, and 8.33%, respec-
tively. We note that these are rather high doping concentrations
that are used to extract trends at a relatively low computational
cost; in a typical experiment, smaller doping concentrations may

5
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be expected to be used. The Au monomer and dimer are placed
on this (3 x 3) supercell of the support. For calculations on the
Auy cluster, a larger (6 x 6) supercell is used. To achieve a dopant
concentration of 2.78% in this larger supercell, 4 out of 144 Mg or
O atoms are substituted by dopant atoms. For reasons of compu-
tational expense, the Auy systems are studied only at this single
value of 6 and also only in the absence of the additional Mo sub-
strate underneath the MgO layers. All dopant atoms are placed in
the third MgO layer based on energetic considerations. We note
that we use a convention where both the MgO and Mo layers are
numbered consecutively starting at the top of the slab and pro-
ceeding toward the bottom, ie., MgO(I), MgO(I), ..., Mo(IIl),
Mo(IV).

When an Au cluster is deposited on these supports, several ini-
tial geometries are considered when searching for the ground state
geometry of the system. Note that we have also optimized the lateral
position of the Au cluster relative to that of the dopant atom(s) in
the support, though the energy differences between different lateral
positions are found to be small, <0.04 eV.

lll. COMPUTATIONAL DETAILS

Our calculations are performed using spin-polarized ab initio
density functional theory (DFT) as implemented in the Quan-
tum ESPRESSO package.” A plane wave basis set is used to
solve the Kohn-Sham equations’” with cutoffs of 30 Ry and
240 Ry for the wavefunctions and charge densities, respectively.
Electron-ion interactions are described using ultrasoft pseudopo-
tentials,”” and exchange-correlation interactions are treated within
the Perdew-Wang 91 (PW91) form of the generalized gradient
approximation.’

As mentioned above, in our calculations, the Au monomer
or dimer is placed on a (3 x 3) supercell of MgO(001) or
MgO/Mo(001), while the Auyg cluster is adsorbed on a (6 x 6) super-
cell of MgO(001). The support is comprised of four layers of MgO
and (if present) four layers of Mo. These thicknesses are found suffi-
cient to obtain satisfactory convergence of the surface and interface
energies, work function, and interlayer distances. Periodic images of
the slabs are separated by ~14 A of vacuum along the z direction
(normal to the surface). The “dipole correction” is applied to elimi-
nate the spurious electrostatic interactions between periodic images
along the z direction.”””°

Brillouin zone sampling is performed using a 4 x 4 x 1
Monkhorst-Pack k-point mesh’” for the (3 x 3) cell used for the
Au monomers and dimers. The larger cell used for Auy is sam-
pled, in reciprocal space, only at the zone center I'. Convergence
is improved by using Marzari-Vanderbilt smearing with a width
of 0.005 Ry.”* Geometries are relaxed making use of Hellmann-
Feynman forces and the BFGS algorithm’” with a force con-
vergence threshold of 0.001 Ry/bohr. All atoms are allowed to
relax, except in the case of MgO/Mo supports, where the two
bottom-most layers of Mo are kept fixed at the bulk interlayer
spacing.

The work function, ®, of the metal or oxide/metal system is
defined as the difference in energy between the vacuum level and
the Fermi level of the slab; this is computed by calculating the aver-
age electrostatic potential as a function of z, following the method
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suggested in Refs. 80 and 81. Electronic charges on atoms and
charge-transfers are calculated by partitioning the charge density by
making use of its topological properties, following the procedure laid
out by Bader.””"’

IV. RESULTS AND DISCUSSION
A. Geometries and energetics

1. Au monomer on doped MgO(001)
and doped MgO(001 )/Mo

We first check the energetics and adsorption geometry for an
Au monomer on undoped MgO(001) and MgO(001)/Mo. We find
that on undoped MgO(001), the most favored adsorption site is atop
an O atom, which is lower in energy than adsorption atop an Mg
atom by 0.41 eV. The Au-O bond distance is 2.28 A. Adsorption of
an Au monomer at a hollow site on undoped MgO(001) is not stable.
In contrast, on undoped MgO(001)/Mo, an Au monomer prefers to
adsorb at the hollow site, making bonds with the two nearest neigh-
bor Mg atoms. This geometry is more stable than adsorption atop
O by 0.44 eV. The shortest Au-Mg distance in the ground state
geometry is 2.79 A.

The adsorption energy of a supported Au, cluster is
defined as

Eags(Aun) = —[E(Aus/supp) - E(supp) — E(Aus)], (1)

where the three terms on the right-hand side are the total ener-
gies, from DFT, of the supported Au, cluster, the bare support, and
the Au, cluster in the gas phase, respectively. For an Au monomer
on undoped MgO(001) and MgO(001)/Mo, we obtain E,4(Au)
= 0.75 eV and 1.72 eV, respectively. These results are in good
agreement with previous values in the literature.”>”">""

Next, we dope the MgO(001) surface with different types of
dopant atoms, i.e., Li and Na as cationic acceptors, Al as a cationic
donor, N as an anionic acceptor, and F as an anionic donor. The Au
monomer is deposited on these doped MgO(001) surfaces.

When the dopant is an electron acceptor (either anionic N or
cationic Na/Li), the Au monomer prefers to adsorb atop an O atom
of MgO [see Figs. 1(c)-1(e)], as was the case for the undoped MgO
support. However, when the dopant is an electron donor (either
anionic F or cationic Al), the Au monomer acquires a larger neg-
ative charge (this will be discussed in greater detail further below),
and it becomes more favorable for the monomer to adsorb at the
hollow site on the surface [see Figs. 1(a) and 1(b)]. On compar-
ing Figs. 1(a)-1(e), one also notices variations in the position of
the Au monomer relative to those of the dopant atoms, though
energy differences between different lateral configurations of the
dopant atoms are found to be small. The adsorption energy (E,4s)
of the Au monomer on doped MgO and d, the shortest distance
between the Au monomer and an atom in the support, for doping
concentration 8 = 5.55%, are listed in the fourth and sixth columns
of Table I.

We now consider what happens when an Mo substrate is
placed below the four layers of MgO. Similar to the situation for
the donor-doped MgO(001) supports, the Au monomer prefers to
adsorb at the hollow site for donor-doped (anionic F or cationic
Al) MgO(001)/Mo, and the adsorption site remains the same,
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2 I 2 - K - k - FIG. 1. Side views of ground state
geometries obtained from DFT for
(& (@) the Au monomer on MgO(001) and
T“j'..‘.‘.."“_"l'i "‘““"‘“‘,\1‘] MgO/Mo(001) supports that have been

doped with [(a) and (f)] F, [(b) and (g)]
Al, [(c) and (h)] N, [(d) and (i)] Na,
and [(e) and (j)] Li. In all cases, the

el X Lol (Y IRSLA Y

st

s

98~

e S e e N

dopant concentration is 5.55%. Color

[ @)~uinamgoimo

(9)~ulAl-MgoiMo | | (n)

(j)AulLi-MgO/Mo scheme for atomic spheres: Mg, green;

O, black; N, cyan; F, brown; Na, purple;
Li, dark gray; Al, magenta; Mo, light
gray; and Au, yellow. The orange arrows
show examples of dopant atoms. Red
and blue frames indicate doping by
donors and acceptors, respectively.
In all pictures with red frames, the Au
monomer is adsorbed at a hollow site on
the surface, whereas in those with blue
frames, it is adsorbed atop an O atom.

irrespective of the doping concentration [see Figs. 1(f) and 1(g)].
In the case of acceptor-doped MgO(001)/Mo systems, for a dop-
ing concentration 0 of 2.78%, the Au monomer adsorbs at the
hollow site, bonded to the two nearest-neighbor Mg atoms. How-
ever, for the higher doping concentrations considered in this study
(5.55% and 8.33%), the adsorption geometry switches to being
atop O. The adsorption geometries of the Au monomer on the
N, Na, and Li doped MgO(001)/Mo systems, at 6 = 5.55%, are
shown in Figs. 1(h)-1(j). The values of E,4s and d for the Au
monomer on the doped MgO(001)/Mo systems at 8 = 5.55% are
listed in the fifth and seventh columns of Table I. On compar-
ing the results with and without the Mo substrate being present,
we see that the biggest changes in the values of E,4 and d occur
when the dopant is either Na or Li; the reasons for this will become
apparent when we next consider the charge Q acquired by the Au
monomer.

In Fig. 2(a), we have plotted our results, at 6 = 0% and 5.55%, for
E.4s vs d. We define d as the distance between the Au monomer and
its nearest neighbor atom on the substrate. We see that in the geom-
etry atop O, where the Au monomer is bonded to a single oxygen

atom, there is a clear trend where as d decreases, E,4, increases. How-
ever, when instead the monomer adsorbs at the hollow site, where
it bonds to two Mg atoms of the substrate, the value of d does not
change appreciably upon varying the dopant element, even though
E.ds changes.

2. Au dimer on doped MgO(001) and doped
MgoO(001)/Mo

On undoped MgO(001), the Au dimer prefers to adsorb atop
oxygen in an upright geometry with an Au-O distance of 2.12 A and
an Au-Au distance of 2.49 A. We find that this geometry is preferred
over a flat geometry by 1.14 eV. In the ground state geometry, the
adsorption energy E,4s(Auy) = 1.53 eV.

On undoped MgO/Mo, a very similar upright geometry atop O
is favored, with Au-O and Au-Au distances of 2.10 A and 2.49 A,
respectively. The upright geometry is preferred over the flat geome-
try by 0.36 eV and E,4s(Auz) = 1.62 eV in the upright geometry. All
these results are in good agreement with the previous values in the
literature.”*"°"%

TABLE I. Results from DFT for geometry, energetics, and charge transfer for the Au monomer adsorbed on doped MgO(001) and MgO(001)/Mo at doping concentration
0 = 5.55%. The columns list the results for the favored adsorption site: E,q4s(Au), adsorption energy of Au; d, shortest distance between the Au monomer and an atom in the
support; Q(Au), charge of the Au monomer; and m(Au), magnetic moment of the Au monomer.

Adsorption site Eads (eV) d(A) Q(Au) (e) m(Au)(yp)
Dopant X MgO MgO/Mo MgO MgO/Mo MgO MgO/Mo MgO MgO/Mo MgO MgO/Mo
. Atop O Hollow 0.75 1.72 2.15 2.80 —0.27 —0.83 0.74 0.02
F Hollow Hollow 2.92 2.75 2.77 2.73 —0.86 —0.86 0.00 0.00
Al Hollow Hollow 2.97 2.77 2.74 2.73 —0.87 —0.87 0.00 0.00
N Atop O Atop O 1.19 1.11 2.10 2.17 —0.15 —0.38 0.32 0.73
Na Atop O Atop O 1.81 0.97 1.95 2.20 0.13 —0.41 0.01 0.64
Li Atop O Atop O 1.84 1.12 1.88 2.18 0.23 —0.39 0.00 0.75
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FIG. 2. Correlation between adsorption energy and geometry for (a) Au monomer
and (b) Au dimer on the various supports. Eqgs is the adsorption energy, and d is
the shortest distance between the Au atom(s) and an atom in the support. Results
included are for the undoped substrates and for doping concentration 6 = 5.55%.
Note that for both the monomer and the dimer, the results for all supports separate
into two groups, depending only on the adsorption geometry.

We will now check if and how these geometries are altered
when the supports are doped. Figures 3(a)-3(e) show our results for
the lowest-energy geometries of the Au dimer on the various doped
MgO(001) supports. As for the case of the Au monomer in Fig. 1, in
all cases, we have shown the geometries corresponding to 6 = 5.55%.
We see from Figs. 3(c)-3(e) that the upright geometry of Au, atop O
is retained when the dopant is an electron acceptor (either anionic N

ARTICLE scitation.orgljournalljcp

or cationic Na/Li). In marked contrast, when the dopant is an elec-
tron donor (either anionic F or cationic Al), it instead becomes more
favorable for the dimer to adsorb in a flat geometry, with the two Au
atoms forming bonds to the two nearest-neighbor Mg atoms [see
Figs. 3(a) and 3(b)]. We note that a similar result has previously been
found for the Au dimers on Al-doped and Mo-doped MgO, and this
wetting transition is also reminiscent of the change found previously
in the favored structure of an Auyg cluster from a three-dimensional
tetrahedral geometry to a two-dimensional planar geometry upon
doping the MgO support with Al donors.”””*" These results are in
accordance with the greater negative charges acquired by the Au
dimers due to the effect of doping (this will be discussed in greater
detail further below). Moreover, as was the case for the adsorption
of the Au monomer, on comparing the different panels of Fig. 3, one
can observe variations in the position of the Au dimer relative to that
of the dopant atoms, though once again, energy differences between
different lateral configurations of the dopant atoms are found to be
small.

We find that, in all cases, the adsorption geometries of the Au
dimers remain essentially unaltered upon introducing a Mo(001)
support below the MgO [see Figs. 3(f)-3(j)].

The values of E.4, and d for the Au dimers (at 6 = 5.55%)
on the doped MgO(001) and MgO(001)/Mo supports are listed in
Table I1. The trends in these values can be more clearly understood
by examining Fig. 2(b). We see that the results clearly fall into two
groups, depending on whether the support (be it MgO or MgO/O)
is acceptor-doped or donor-doped. In the former case, the dimer

() Au IF-MgO | (b) Au IAl-MgO | (c) Au IN-MgO (d) Au INa-MgO (e) Au ILi-MgO
Q
‘ (®)
u.‘ .\ .‘. \.H‘.lu - .

(i)Au ILi-MgO/Mo

FIG. 3. Side views of the ground state geometries obtained from DFT for the Au dimer on MgO(001) and MgO/Mo(001) supports that have been doped with [(a) and (f)] F,
[(b) and (g)] Al [(c) and (h)] N, [(d) and (i)] Na, and [(e) and (j)] Li. In all cases, the dopant concentration 6 = 5.55%. Color scheme for atomic spheres: Mg, green; O, black;
N, cyan; F, brown; Na, purple; Li, dark gray; Al, magenta; Mo, light gray; and Au, yellow. The orange arrows show examples of dopant atoms. Red and blue frames indicate
doping by donors and acceptors, respectively. Note that in all pictures with red frames, the dimer lies flat, whereas in all pictures with blue frames, it is upright, atop an O

atom.
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TABLE II. Results from DFT for geometry, energetics, and charge transfer for the Au dimer (Au,) adsorbed on doped MgO(001) and MgO/Mo(001) at doping concentration
0 = 5.55%. Results are presented for the favored adsorption site: E,4s(Au,), adsorption energy of Auy; d, shortest average distance between atoms in the Au dimer and the
support; Q(Auy), charge of the Au dimer; and m(Au,), magnetic moment of the Au dimer. Note that the dimer is upright when it is “atop O” and lies flat when it “bonds to Mg.”

Adsorption site Eqas (eV) d(A) Q(Auy) (e) m(Auz) (up)

Dopant X MgO MgO/Mo MgO MgO/Mo MgO MgO/Mo MgO MgO/Mo MgO MgO/Mo
- Atop O Atop O 1.53 1.62 2.12 2.10 —0.28 —0.30 0.00 0.00

Bondsto Mg  Bonds to Mg 2.59 2.24 2.63 2.66 —1.17 —0.97 0.59 0.77
Al Bonds to Mg Bonds to Mg 2.69 2.36 2.61 2.66 —1.19 —0.99 0.50 0.75
N Atop O Atop O 1.53 1.69 2.09 2.09 —0.25 —0.30 0.01 0.00
Na Atop O Atop O 1.76 1.57 2.06 2.11 —0.18 —0.28 0.19 0.00
Li Atop O Atop O 1.84 1.68 2.05 2.09 —0.15 —0.29 0.23 0.00

is adsorbed in an upright geometry atop O; in the latter case, the
dimer is adsorbed in a flat geometry, bonded to two Mg atoms. For
both groups of results, we see that though E,4; varies upon chang-
ing the dopant element, the effect on the adsorption geometry is
relatively minor: as E,qs increases, there is a small reduction in d.

3. Auzp on doped MgO(001)

In the gas phase, the most stable isomer of Auy is a regular
tetrahedron having the length of each side = 8.02 A. We find that this
structure is favored over a planar geometry by 1.52 eV. This finding

27,59,85

agrees well with previous experimental and theoretical results.””
Similarly, on undoped MgO(001), a tetrahedral geometry is favored,
with an adsorption energy of 1.52 eV; it is lower in energy than the
lowest-energy planar morphology by 0.57 eV, again in agreement
with previous results.”””***”¢"**% Upon adsorption on MgO, the
Auyg cluster gets slightly distorted from a perfect tetrahedron. The
three edges of the tetrahedron in contact with the MgO surface have
lengths of 7.98, 8.18, and 8.18 A3, while the remaining three sides
have lengths of 8.05, 8.05, and 8.11 A3,

Next, we consider the adsorption of Auyy on doped MgO for
0 = 2.78%. Our results for the favored geometry in the presence
of the various dopants considered are shown in Fig. 4. We find
that for the three acceptor-doped systems, the cluster morphology
remains tetrahedral upon introducing the dopant atoms N, Na, or
Li in the support. However, for the two donor-doped systems (both

anion-doped F-MgO and cation-doped Al-MgO), there is a struc-
tural transition, with the cluster now preferring to wet the support
in a planar geometry. This result has been shown before for the cases
of the cation-doped systems Al-MgO and Mo-CaQ.”****"" Previ-
ous authors had also shown that it was possible to induce a similar
structural transition for Auyg adsorbed on MgO by placing the ultra-
thin MgO film on a metal support or by placing the system in a high
electric field.””*** We find that the tetrahedral geometry is favored
over a planar geometry by 0.63 eV, 1.20 eV, and 1.44 eV on the
N-MgO, Na-MgO, and Li-MgO supports, respectively, whereas the
planar geometry is favored over the tetrahedral one by 3.94 eV and
3.81 eV on F-MgO and Al-MgO, respectively. The corresponding
values of the adsorption energy E.qs for the ground state geome-
tries are listed in the third column of Table III. We see that in all
cases, E,q is larger on doped MgO than on undoped MgO; the
enhancement in E,gs is particularly huge in the case of the two
donor-doped supports F-MgO and AlI-MgO, where there is a sixfold
increase in E,qs.

B. Charge transfer

1. Au monomer on doped MgO(001) and doped
Mgo(001)/Mo

The Au monomer acquires a charge of —0.27e on undoped
MgO(001) and —0.83e on undoped MgO(001)/Mo. We see that the

(a) IF-MgO| |(b) IAI-MgO | ©

1N-MgO (d)

INa-MgO (e) ILi-MgO

AR X & X

Sipeslerin -l

FIG. 4. Side views of ground state geometries obtained from DFT for Auy, on MgO(001) supports that have been doped with (a) F, (b) Al, (c) N, (d) Na, and (e) Li. In all cases,
the dopant concentration 6 = 2.78%. Color scheme for atomic spheres: Mg, green; O, black; N, cyan; F, brown; Na, purple; Li, dark gray; Al, magenta; and Au, yellow. The
orange arrows show examples of dopant atoms. Red and blue frames indicate doping by donors and acceptors, respectively. Note that in all pictures with red frames, the Au
cluster is in a planar geometry, whereas in all pictures with blue frames, it is in a tetrahedral geometry.
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TABLE lll. Results from DFT for geometry, energetics, charge transfer, and magnetic
moment for Auyy adsorbed on doped MgO(001), at doping concentration 6 = 2.78%.
The columns contain the results for the favored adsorption geometry: E,qs, adsorption
energy; Q(Auy), the charge on the gold cluster; and m(Ausg), the magnetic moment
of the gold cluster.

Dopant X  Stable isomer E, (eV) Q(Auy) (e) m(Auz) (up)

- Tetrahedral 1.52 —0.91 0.00
Planar 9.34 —3.96 0.00

Al Planar 9.48 —3.97 0.00

N Tetrahedral 2.32 —0.65 0.00

Na Tetrahedral 3.88 0.42 0.00

Li Tetrahedral 3.95 0.49 0.00

charge transfer from the support to the Au monomer increases sig-
nificantly in the presence of the Mo support, in good agreement with
results from previous studies.”**’

The charge transfer is significantly modified upon doping
the supports. In Fig. 5, we show again the geometries of the Au
monomers placed on the doped supports, but now indicating the
charge redistribution between the support and the Au atom, which
occurs upon cluster deposition. In these figures, we have plotted iso-
surfaces of Ap = p(Au,/supp) — p(Au,) — p(supp), where the three
terms on the right-hand side are the electronic charge densities of
the Au, on the support, the isolated Au, cluster, and the bare sup-
port, respectively. Note that the latter two terms are evaluated using
geometries corresponding to their coordinates in the combined sys-
tem. In Fig. 5, the red and blue lobes correspond to electron gain and
depletion, respectively.

It is clear from Fig. 5 that in all cases, there is consider-
able charge transfer between the support and the Au atom; this is
supported by the results obtained from the Bader analysis. Most
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interestingly, we find that depending on the dopant, the Au atom
can be negatively or positively charged. For F, Al, N, Na, and Li
dopants in the MgO substrate, the charge on the Au monomer is
—0.86¢, — 0.87¢, — 0.15¢, 0.13¢, and 0.23e, respectively, at 6 = 5.55%
(see Table I). This is in accordance with the fact that we see pre-
dominantly red lobes surrounding the Au atom in the cases where
the dopant is F or Al [see Figs. 5(a) and 5(b)], smaller red lobes for
N-doped MgO(001) [see Fig. 5(c)], but predominantly blue lobes in
the cases where the dopants are Na and Li [see Figs. 5(d) and 5(¢)].
Note that the electron acceptors N, Na, and Li have reduced (made
more positive) the charge on Au relative to the value of —0.27¢ on
undoped MgO(001), whereas the electron donors F and Al have sig-
nificantly increased (made more negative) the charge on Au. It is
also worth noting that we find that the charge on the dopant ions
themselves does not change appreciably upon deposition of the Au
monomer; this is in contrast with what has been observed, e.g., for
Mo dopants in CaO.””

We next wish to obtain some estimates regarding the range
of positive and negative values over which the charge of the Au
monomer can be tuned. Accordingly, in Fig. 6(a), we have plot-
ted our results for how Q(Au) depends on the doping concentra-
tion 6 on doped MgO(001) supports. In the case of donor-doped
(F and Al) MgO(001) systems, Q(Au) becomes more negative than
in the case of undoped MgO(001). From Fig. 6(a), we see that the
magnitude of Q(Au) for a given 6 remains almost the same for
the anionic donor F and the cationic donor Al The charge on Au
is reduced upon adsorption on acceptor-doped MgO(001). Q(Au)
varies approximately linearly with 0 for the case of N-doping [see
Fig. 6(a)], decreasing from the undoped value of —0.27e to —0.13e.
However, for the other four dopants, the value of Q(Au) has already
almost saturated at 2.78% and does not change appreciably on
increasing 0 further. Especially interestingly (given the strongly elec-
tronegative nature of Au), the cationic acceptors Na and Li make
the Au monomer positively charged. The charge transfer from the

(b) AulAI-MgO (c) Aull-MgO (d)

INa-MgO

(e) AulLi-MgO

1086 3091
INOSPOP(

FIG. 5. Charge redistribution plots for
the Au monomer on MgO(001) and
MgO/Mo(001) supports that have been
doped with [(a) and (f)] F, [(b) and (g)] Al,
[(c) and (h)] N, [(d) and (i)] Na, and [(e)
and (j)] Li. In all cases, the dopant con-
centration is 5.55%. Color scheme for

(g)AulAl-MgO/Mo

atomic spheres: Mg, green; O, black; N,

' "“1.“)"1‘%
;._‘ .1._‘.‘."“:'
SO0l 07

cyan; F, brown; Na, purple; Li, dark gray;
Al, magenta; Mo, light gray; and Au, yel-
low. The orange arrows show examples
of dopant atoms. Red and blue lobes
show electron accumulation and deple-
tion, respectively, drawn at isosurface
values of +0.001e/bohr’. Red and blue
frames indicate doping by donors and
acceptors, respectively.
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FIG. 6. Variation of Q(Au,) with doping concentration 6. Results for Au monomer
on (a) doped MgO and (b) doped MgO/Mo systems and Auj, on (c) doped MgO and
(d) doped MgO/Mo systems. The cyan and pink shaded areas highlight regions
where Au, becomes more and less negatively charged, respectively, when com-
pared to Au, on the undoped support. The chequered pink shaded area in (a)
highlights the region where the Au monomer becomes positively charged.

Au monomer to the Na-doped or Li-doped MgO increases slowly
with 6. The values of Q(Au) at 6 = 8.33% are —0.87¢, — 0.88e,
— 0.13¢, + 0.14e, and +0.25¢ when the dopants are F, Al, N, Na,
and Li, respectively. Thus, by doping the MgO(001) support, we are
able to tune the charge on the Au atom over a range from —0.88¢
to +0.25e. By suitably controlling the nature of the dopant and the
value of 6, one should be able to achieve any desired value of charge
within this range (we remark that on physical and chemical grounds,
the values of 6 larger than a few percent are not expected to be
stable).

We also compute the magnetic moment (m) of the Au
monomers using the Bader analysis where the up-spin and down-
spin charges on the atoms are computed separately (see the last two
columns of Table I). The magnetic moment of the Au monomer
deposited on undoped MgO reduces from the value of 1 yp in the
gas phase to 0.74 up, confirming a small amount of charge trans-
fer to the Au monomer. In the case of F-doped and Al-doped
MgO, the Au monomer loses its magnetic moment, confirming the
transfer of approximately one electron from the support to Au.
m(Au) = 0.32 up for N-doped MgO. For Na-doped and Li-doped
MgO, Q(Au) is positive and m(Au) becomes close to zero, which
would indicate the transfer of significant charge from the monomer
to the support.

ARTICLE scitation.org/journalljcp

Our results may be compared with those of a previous DFT
study where the Au monomer was deposited on undoped and
N-doped ZrO,. The authors found that the Au monomer acquires
a charge of —0.16e and a magnetic moment of 0.38 s on undoped
ZrO,. The charge acquired by the Au monomer can be either
+0.14e or +0.29¢ on N-doped ZrO;, depending on the position
of the dopant, and in both cases, the monomer is found to be
non-magnetic.

Let us now consider doped MgO supports placed on a Mo sub-
strate. Again, when compared to the undoped case, Q(Au) becomes
more negative as a function of 6 in the case of donor-doped
MgO(001)/Mo and less negative for acceptor-doped MgO(001)/Mo
(see Table I). Figure 6(b) shows the variation of the charge of the
Au monomer as a function of doping concentration 6. Comparing
with the results on the doped MgO supports [see Fig. 6(a)], we see
that when the dopants are donors, the charge on the Au monomer
remains almost the same in the presence and absence of the Mo
support. Therefore, there is no advantage in placing a Mo support
underneath an ultrathin MgO layer. However, when the dopants
are acceptors, one sees a considerable difference in the absence and
presence of the Mo support. In the presence of the Mo support, the
MgO layers become more electron-rich, and then, upon deposition
of Au, some of these electrons are transferred to the Au atom. Conse-
quently, when the Mo is absent/present, the Au monomer becomes
positively/negatively charged. However, this negative charge is less
than that obtained on the undoped MgO support. Thus, the Mo sup-
port can be useful if it is desirable to obtain a smaller negative charge
on the Au monomers. Thus, we find that Q(Au) can be varied from
—0.88¢ to —0.28¢ on different MgO(001)/Mo systems, as shown in
Fig. 6(b). Note that the range of charges achievable on the doped
MgO(001)/Mo supports is smaller than on the doped MgO(001)
supports.

In contrast to the situation on undoped MgO, the Au monomer
is very weakly magnetic on undoped MgO/Mo. The magnetic
moment of the Au monomer becomes zero on F-doped and
Al-doped MgO/Mo, as was also the case in the absence of the
Mo substrate. The Au monomer becomes magnetic on N-doped,
Na-doped, and Li-doped MgO/Mo, implying partial charge trans-
fer from the substrate to the monomer. Note that when the dopants
are Na and Li, m(Au) differs in the absence and presence of the Mo
support.

2. Au dimer on doped MgO(001) and doped
MgO(001 /Mo

The Au dimer acquires a charge Q(Au,) of —0.20e and
-0.30e on undoped MgO(001) and MgO/Mo(001), respectively.
These values are in good agreement with previous reports in the
literature.”*"*

In Fig. 7, we show the charge redistribution plots for the Au
dimers placed on doped MgO(001) and MgO(001)/Mo supports. As
was the case for the Au monomer, one observes appreciable charge
transfer between the support and the Au atoms, as indicated by the
sizable red and blue lobes (corresponding to electron gain and deple-
tion, respectively) in Fig. 7. These lobes are obviously positioned
differently for the upright and flat adsorption geometries. However,
the size and shape of these lobes also differ depending on the dopant
species, indicating that once again, the charge gained or lost by the
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FIG. 7. Charge redistribution plots
for the Au dimer on MgO(001) and
MgO/Mo(001) supports that have been
doped with [(a) and (f)] F, [(b) and (g)]
Al, [(c) and (h)] N, [(d) and (i)] Na, and
[(e) and (j)] Li. In all cases, the dopant
concentration 6 = 5.55%. Color scheme

(f) IF-MgOI/Mo

for atomic spheres: Mg, green; O, black;

N, cyan; F, brown; Na, purple; Li, dark
gray; Al, magenta; Mo, light gray; and
Au, yellow. The orange arrows show the
positions of the dopant atoms. Red and
blue lobes show electron accumulation
and depletion, respectively, drawn at
isosurface values of +0.001e/bohr®.
Red and blue frames indicate doping by
donors and acceptors, respectively.
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Au dimer is not the same for the five dopants considered here. This
is confirmed upon quantifying Q(Au,) using the Bader analysis (see
Table IT). We find that the electron donors F and Al have signifi-
cantly increased (made more negative) Q(Auy), whereas the electron
acceptors Na and Li have reduced it. However, in contrast to the
case of the Au monomer, in no case have we succeeded in making
Q(Au,) positive by doping the support. Q(Auz) does not vary much
as a function of 6 when adsorbed on the acceptor-doped MgO(001)
supports, whereas it varies appreciably for donor-doped MgO(001).
Q(Au,) varies from —0.87¢ to —1.25e for F-doped MgO and —0.87¢
to —1.28¢ for Al-doped MgO as 0 increases from 2.78% to 8.33%
[see Fig. 6(c)]. As was the case for the Au monomer, we find that
for the dimer too, the effects of F-doping and Al-doping are very
similar.

Next, we check how the presence of the Mo support affects
the charge state of the adsorbed Au dimer. These results are pre-
sented in Figs. 6(d) and Figs. 7(f)-7(j). Qualitative trends for the
dimer are similar to those discussed above for the monomer, except
that the acceptor dopants are found to have no appreciable effect
on the MgO/Mo supports. We find that, for the range of 6 con-
sidered here, the charge of Au; can be tuned from -1.19¢ to
—0.27e by appropriately changing the dopant and the support [see
Fig. 6(d)].

The quantification of Bader charges is supported by the charge
redistribution plots in Fig. 7. For example, we see smaller red
lobes around the Au dimer on Na-doped and Li-doped MgO [see
Figs. 7(c)-7(e)]; larger red lobes appear when the Au dimer is
adsorbed on Na-doped MgO(001)/Mo and Li-doped MgO(001)/Mo
[see Figs. 7(h)-7(j)].

The Au dimer is non-magnetic, both in the gas phase and
when placed on undoped MgO or undoped MgO/Mo. On the doped
supports, m(Au,) depends on the dopant, as listed in the last two
columns of Table II. In many cases, we see that the dimer becomes
magnetic, again confirming significant charge transfer between the
support and the Au atoms.

3. Auzp on doped MgO(001)
We find that Auy acquires a charge of —0.91e on undoped

MgO, in agreement with previous results.””” This is due to charge
transfer from the MgO support to the electronegative Au atoms.
Both the direction and extent of this charge transfer are significantly
altered upon doping the support. The values of charge Q(Auy) on
the deposited gold clusters, for 0 = 2.78%, for the five dopants con-
sidered by us, are listed in Table III. We find that the donor dopants
F and Al significantly increase the negative charge on Auyg to —3.96e
and —3.97e¢, respectively, whereas the acceptor dopant N reduces it to
—0.65e. The enhancement of negative charge is interesting, as there
are several chemical reactions for which it is desirable that the Au
nanocatalyst have a high negative charge;””*****" this result has also
been demonstrated by previous authors.””””°' The novel result that
we obtain here is that two of the acceptor dopants, viz., Na and Li,
are able to make Auyg acquire a positive charge: +0.42¢ and +0.49,
respectively. As mentioned in the Introduction, there are also chem-
ical reactions for which it is preferable for the Au nanocatalyst to
be positively charged; however, given the high electronegativity of
Au, coaxing Au nanoparticles into becoming charged positively has
proved to be a challenging task. This is, therefore, a noteworthy
result.

The values of Q(Auyo) are also supported by the charge redistri-
bution plots [see Figs. 8(a)-8(e)]. We see predominantly red lobes,
denoting electron accumulation, surrounding the Au atoms when
the Auy cluster is adsorbed on F-doped and Al-doped MgO(001)
[see Figs. 8(a) and 8(b)]. Smaller red lobes appear on Auyy for N-
doped MgO(001) [see Fig. 8(c)]. On the Na-doped and Li-doped
supports, where the Auyy cluster acquires a net positive charge,
we see both red and blue lobes on the Au atoms [see Figs. 8(d)
and 8(e)]. The Au atoms that are in direct contact with the doped
surface acquire a high positive charge, losing electrons to the sub-
strate. The remaining Au atoms remain either neutral or acquire a
small positive charge. The maximum positive charge on an Au atom
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FIG. 8. Charge redistribution plots for Auyy on MgO(001) supports that have been doped with (a) F, (b) Al, (c) N, (d) Na, and (e) Li. In all cases, the dopant concentration
0 = 2.78%. Color scheme for atomic spheres: Mg, green; O, black; N, cyan; F, brown; Na, purple; Li, dark gray; Al, magenta; Mo, light gray; and Au, yellow. The orange
arrows show the positions of the dopant atoms. Red and blue lobes show electron accumulation and depletion, respectively, drawn at isosurface values of +0.002e/bohr®.

Red and blue frames indicate doping by donors and acceptors, respectively.

in the Auyg cluster (having the shortest distance with the doped
MgO) is 0.18e.

Auyo is nonmagnetic on undoped MgO(001) and m(Auy)
remains zero on the doped MgO(001) supports.

C. Interrelationship between geometry and charge
transfer

The charge acquired by the adsorbed Au cluster is intimately
related with its adsorption geometry. To see this, we choose a fixed
dopant concentration (6 = 5.55%) and combine the results for
some of our systems (Au monomers, dimers, acceptor- and donor-
dopants, and MgO and MgO/Mo supports) on a single graph. In
Fig. 9, the abscissa is Q(Auy,) and the ordinate is d, the shortest dis-
tance between an Au atom and an atom in the support. Red and blue
symbols indicate results for the donor-doped and acceptor-doped
systems, respectively, and filled dots and open triangles correspond
to results on the Au monomer and Au dimer, respectively. We see
that the data points cluster into two groups: one for the eight donor-
doped systems and one for the twelve acceptor-doped systems. Let

3 T T T T T T T T T T T T T T T
, @ Au, on accep-doped support
2.8~ ‘ A Au, on accep-doped support
F 2 @ Au, on donor-doped support
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FIG. 9. Plot of d, the shortest distance between the Au atom (in the Au nanocluster)
and the support, vs Q(Aup), the charge on the Au cluster, for the Au monomer and
dimer at 6 = 5.55%. The red and blue dots show the Au monomer on the donor-
doped and acceptor-doped supports, respectively. The red and blue triangles are
for the Au dimer on the donor-doped and acceptor-doped supports, respectively.
Note the opposing trends for the donor-doped and acceptor-doped systems.

us first consider the former (red symbols in Fig. 9). In all eight cases,
the Au atoms are bonded to positively charged Mg cations in the
support. Therefore, as the charge on the Au atoms becomes more
negative, we see that the distance d between the deposited Au clus-
ter and the support decreases. Exactly the opposite behavior is seen
for the acceptor-doped systems (blue symbols in Fig. 9). Now, the
Au atoms are bonded to negatively charged O anions in the sup-
port. As a result, as the charge on the Au atoms becomes more
negative, the distance d between the deposited Au cluster and the
support increases. It is worth noting that the data for the monomer
and dimer systems all appear to collapse onto the same two curves,
depending only on whether the Au atoms are bonded to O anions or
Mg cations.

D. Work function of support as a predictor of cluster
morphology and charge

Earlier, we have found that we can tune both the magnitude
and sign of the charge on the Au monomer, dimer, and Auy by
changing the support they are placed on, by varying the nature of
the dopant introduced into the MgO layers as well as its concen-
tration 0 and also by introducing a metal support below an ultra-
thin film of the MgO surface. However, performing DFT calcula-
tions on the supported clusters can be computationally demand-
ing, especially as one needs to explore the phase space of various
possible adsorption sites and structural configurations. One would,
therefore, like to know whether one can predict the ground state
geometry and/or the charge acquired by the Au clusters from the
properties of the doped supports alone. As mentioned in the Intro-
duction, our previously introduced descriptor 4 = Ay/AZ can-
not be used to determine which dopant concentration might be
optimal in order to achieve a desired charge state and morphol-
ogy for the adsorbed Au cluster. We, therefore, now look for a
descriptor that allows us to also examine the effects of varying
concentration 0.

Along these lines, one property of the support that one might
consider examining could be the work function of the support.”"’
One would, in general, expect that the lower the work function, the
easier it would be for the support to donate electrons to the adsorbed
metal clusters and thus the greater the negative charge acquired by
the Au cluster.
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Undoped MgO is an insulator, with the Fermi level falling
within the bandgap. However, when the MgO(001) film is doped
with donors or acceptors, it becomes electron rich or deficient,
respectively, and the position of the Fermi level Er shifts accord-
ingly. This can be seen from the electronic densities of states plotted
in Figs. 10(a)-10(e) for dopant concentration 6 = 2.78%. In these
plots, the contributions from different atoms have been projected
out and are plotted in different colors. From these graphs, we see
that the dopants that we had previously identified*® as performing
“well” (Al, F, Na, and Li) do not introduce significant modifications
to the density of states; their main effect is to shift the position of
Er by changing the electron count. As a result, in the case of the
donors Al and F, Er moves up into the bottom of the conduction
band,” %% whereas for the acceptors Na and Li, Er moves down
into the top of the valence band.”” However, the dopant that was pre-
viously identified*® as performing “poorly,”, viz., N, displays notably
different behavior: it introduces new features in the density of states,
the sharp peaks due to the N impurity can be seen clearly slightly
above the top of the valence band [see Fig. 10(c)], and Er lies within
these states.”’ ”” In other words, when the dopant is F, Al, Na, or
Li, there is a high degree of hybridization between the dopant states
and the host oxide states, but this is not true when the dopant is N.
From these graphs, we see that Er moves progressively to the right
in the order Li - Na — N — Al — F, and one would, therefore,
expect the work function to decrease in this order. We emphasize
again that a dopant that introduces midgap impurity levels shifts the
Fermi level to a lesser extent, and this is correlated with the fact that
it results in a smaller change in the charge of the deposited nanopar-
ticles (compare Fig. 10 with Fig. 6); this will become clearer fur-
ther below when we display correlations between the charge on the
deposited gold cluster and the work function of the doped support.

ARTICLE scitation.org/journalljcp

Figures 10(f)-10(j) show similar graphs of the projected densities
of states for the doped MgO/Mo, again for 6 = 2.78%; note that
now Er always falls within the conduction band, though its posi-
tion with respect to the conduction band minimum shifts, especially
upon doping with the acceptors.

In Fig. 11, we have shown our results for how the work function
of the support is changed as a function of the doping concentration
0 for (a) MgO(001) and (b) MgO/Mo(001). On these graphs, there
is no point corresponding to the undoped Mg(001) surface, as this
system is an insulator; however, we see in Fig. 11(b) a green “four-
leaf clover” symbol corresponding to the work function of undoped
MgO/Mo(001).

The trends observed in Fig. 11(a) are as expected: doping
with an electron acceptor (either anionic N or cationic Na/Li)
depletes electrons from the support. It, therefore, costs more energy
to remove electrons from the surface, and the work function ®
increases. The greater the doping concentration 0, the larger the
increase in ®. For a given value of 8, we find that ® of the Na-doped
and Li-doped MgO systems is larger than that for the N-doped MgO.
This suggests that the efficacy of Na and Li as acceptor-type dopants
for MgO is greater than that of N because Li and Na make the
MgO(001) surface more electron deficient than N. @ is much lower
for the donor-doped MgO surfaces than that for the acceptor-doped
MgO surfaces [see Fig. 11(a)], since the donors make MgO(001)
electron-rich. The work functions of Al-MgO and F-MgO systems
are similar for a given value of 6. Therefore, both the anionic donor
F and cationic donor Al perform equally well. We note that these
results about the relative efficacy of the different elemental dopants
are in agreement with predictions made using our previously intro-
duced descriptor 2 = Ay/AZ%" and also with the conclusions drawn
from the densities of states plots shown in Fig. 10.
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FIG. 11. Work function @ as a function of doping concentration 6 for (a) doped
MgO and (b) doped MgO/Mo systems. The green “four-leaf clover” symbol, cyan
circles, brown stars, purple triangles, and magenta squares show the undoped,
N-doped, F-doped, Na-doped, and Al-doped systems, respectively. The hori-
zontal line in (b) corresponds to @ for the undoped MgO/Mo, and there is no
corresponding line in (a) for undoped MgO as the system is an insulator.

In the case of the doped MgO/Mo(001) systems, the accep-
tor dopants act as one might expect, with the work function being
increased, relative to its value for the undoped case, upon dop-
ing. However, the increase in @ is noticeably less than it was on
MgO(001) [compare Figs. 11(a) and 11(b)]; this is because some of
the electron depletion due to the presence of the acceptor dopants
is offset by electrons flowing into the MgO layers from the Mo lay-
ers. Thus, although the net effect is an increase in the work function,
the increase is less than it would have been in the absence of the Mo
support.

The result that seems initially counter-intuitive is that on
MgO/Mo(001), the effect of doping with electron donors is also
found to increase the work function, though this effect is small. The
source of this increase is rather subtle. Earlier authors have shown
that the change in work function at a metal-oxide interface can be
viewed as arising from a net dipole moment that can be split up into
three contributions: ycomp, dcr, and pr.””””* These are the dipole
due to electrostatic compression of the free electrons at the inter-
face (see Fig. S1 of the supplementary material), dipole moment due
to charge transfer between the metal and oxide (see Fig. S2 of the
supplementary material), and the dipole moment due to rumpling
(corrugation) of the oxide layer at the interface (see Fig. S3 of the
supplementary material), respectively. The dominant contributions
are ycr and pg, and these always point in opposite directions. The
components of the net dipole moment at the oxide/metal interface
are discussed in detail in the supplementary material. Regarding the
systems considered here, for the acceptor-doped systems, there is a
net transfer of electrons from Mo to MgO and pcr points downward,
whereas for the donor-doped systems, electrons flow from MgO to
Mo and pcr points upward. As far as the rumpling is concerned, in
the former case, the corrugation is such that the Mg ions are raised,
while the O ions are lowered, while in the latter case, the reverse
is true. Accordingly, yr points up or down, respectively. For the
case of acceptor doping, we find that |ucr| > |4r|, and thus, all our
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intuitive expectations hold. However, for the case of doping with
donors, the rumpling is quite significant and |ugr| > |gcr|. For this
reason, the change in @ is opposite what one might expect based on
simple arguments.

The work function of any MgO/Mo(001) system depends on
the net dipole moment of the corresponding system. A higher value
of the dipole moment along the +Z direction of the combined
oxide/metal system makes electron removal from the oxide-metal
interface easier. Figure 12 shows the relationship between ® and
the net dipole moment; we see that all the data (for all concentra-
tions of all dopants in MgO/Mo) collapse onto a single straight line.
This confirms that changes in the work function are determined by
changes in the dipole moment.

Next, we demonstrate that the value of the work function ©
of the support can be used to predict the adsorption geometry and
energetics of the deposited Au cluster. In Fig. 13, we have plotted
the difference in energy of two competing adsorption geometries, as
a function of @ of the support; the dopant concentration is fixed at
2.78%.

In Fig. 13(a), for the Au monomer, the two competing geome-
tries considered are adsorption at the hollow site and adsorption
atop an O atom. The areas of the graph that are shaded yellow
and light green correspond to regions where the hollow and atop-O
sites are favored, respectively. We see that there is a monotonic and
indeed linear relationship between the difference in energy and ®.
Moreover, the data for MgO(001) and MgO/Mo(001) collapse onto
a single line.

Similarly, for the Au dimer, we have plotted in Fig. 13(b) the
difference in energies between the upright (atop-O) and flat (bonded
to two Mg atoms) geometries. Here, yellow and light green shaded
regions indicate that the flat and upright geometries are favored,
respectively. Once again, we see a monotonic and linear variation
of the energy difference with @, though in this case, the data cor-
responding to the doped MgO(001) and doped MgO/Mo(001) sup-
ports fall on two different lines. This happens mainly because the flat
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~® o Undoped | 1
=35 = .
S
: I -
3 S .
‘\ A
25F ~ ]
_ w2y ]
2+ \ﬁ:
1 P R TR R R
%2 0 02 04 06 038

Dipole moment (eA)

FIG. 12. Work function (®) vs dipole moment 4 for doped MgO/Mo(001) systems.
The cyan circles, maroon stars, purple triangles, gray diamonds, magenta squares,
and green “four-leaf clover” symbol show the N-doped, F-doped, Na-doped, Li-
doped, Al-doped, and undoped MgO/Mo(001) systems, respectively. Results for
all dopant concentrations 6 considered have been plotted.
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FIG. 13. Performance of ® as a predictor of adsorption geometry, cluster morphology, and energetics. Energy difference between (a) atop O and hollow sites for Au monomer,
(b) the upright (atop O) and flat (bonded to Mg) configurations of Auy, and (c) the tetrahedral and planar configurations of Auyy, all as a function of the work function, ®.
The results are shown at 6 = 2.78%. The red circles and black squares show Au, on doped MgO and doped MgO/Mo systems, respectively. The green “four-leaf clover”
symbol shows undoped MgO/Mo. The yellow regions in (a)-(c) indicate regions where the favored geometry is adsorption of the Au monomer at the hollow site, Au, in a
flat configuration, and Auy in a planar morphology, respectively, on the doped substrates. In contrast, the light green regions in (a)—(c) indicate regions where the favored

geometry is adsorption of the Au monomer atop O, Au, in an upright configuration, and Auy in a tetrahedral morphology, respectively.

geometry of the Au dimer on donor-doped MgO(001) is more neg-
atively charged (and therefore more stable) than on donor-doped
MgO(001)/Mo due to partial electron transfer from the donor to the
Mo substrate in the latter case.

Next, for the Auy cluster, in Fig. 13(c), the difference in E,gs
between the tetrahedral and planar geometries is plotted as a func-

the data in Fig. 14(b), enabling one to compare the effects of cationic
and anionic dopants.

Similar data for the 20-atom cluster are plotted in Fig. 14(f),
where we see that we obtain a linear correlation between Q(Auyg)

tion of ®. We see an excellent linear correlation between E(Aur) —— — T T BV e o s o
— E(Aup) and O. In this graph, the regions shaded yellow and — 0_(a) /Wi T 015 [ (©) o<
light green indicate that the planar and tetrahedral geometries are ;9: Z i = - vW ]
favored, respectively. These results indicate that even for the rela- 2 ~/ 2 ]
tively large Auyg cluster, the work function @ of the bare support 7051 /(/ 7 S 025 T
acts as an excellent descriptor and predictor for the morphology of Y A | ] [ o100
the deposited cluster. We predict that for ® > 4.47 eV, the tetra- 0 ————T—— : : 0.264 . ‘:5 : 5 : 5? 6
hedral morphology will be favored for the deposited Auy clusters; = (b) g, o=y = 15 - (d) v
below this value of work function, the planar morphology will be = -0.5 - = -0.28- A
favored. g" é % o - <:t;°‘ _0_3'_ 3 e ]
Finally, in Fig. 14, we examine whether the work function of = A 'L‘flf‘;o" - = L J
the doped support can be used to predict the charge acquired by Au S - * %A' g0 1< 032 Lo ]
clusters deposited on these supports. 1.5 = ' Wongonto L — L 23 5' 335 4 45
In Fig. 14(a), we see that we obtain a very good linear corre- —~ ok® I h Qe Iﬁ' B T HE
lation between the value of ® for the doped supports, both in the % ,-’ O 0.8~ a
presence and absence of the Mo support, and the value of Q(Au). As = 2L // 4 3 F 7]
in Fig. 13, areas of the graph shaded yellow and light green indicate < R L2 G ¥O
regions where the favored adsorption is at the hollow site and atop S A s | 14 S
O, respectively. This graph shows, yet again, that it is possible to tune iy = : . :',’ "‘ ; ('; ] 8 . 1'9 . é 2 ;

the charge on the Au monomer over a wide range, and it also indi-
cates that it should be possible to predict what this charge will be, by
simply computing the work function of the support. We note that in
Fig. 14, we have not included data corresponding to MgO/Mo(001)
doped with donors; these data do not follow the general trend. This
is because of the counter-intuitive trends displayed by ® for these
systems, as has been discussed above.

Figures 14(b)-14(e) contain the corresponding data for the Au
dimer, with yellow and light green shading indicating regions where
the flat and upright adsorption geometries are favored, respectively.
It is clear here that the data fall into two groups, corresponding
to the two different adsorption geometries. For ® > 2.03 eV, the
upright geometry is preferred, and it is quite difficult to tune Q(Auy):
a rather large change in @ results in only a small change in the
charge on the Au atoms. However, for ® < 2.03 eV, the flat geom-

Work function (®) (eV)

FIG. 14. Performance of @ as a predictor of the charge acquired by the deposited
cluster. Dependence of charge Q gained by (a) Au monomer, [(b)—(e)] Au dimer,
and (f) Auy on the work function, @, of the support. Zoomed-in views of Q(Auj)
vs @ plots for Auy on (c) N-doped and Na-doped MgO, (d) N-doped and Na-
doped MgO/Mo, and (e) F-doped and Al-doped MgO. The cyan circles, maroon
stars, purple triangles, and magenta squares show the Au monomer or dimer on
the N-doped, F-doped, Na-doped and Al-doped MgO systems, respectively. Solid
symbols are used for the doped MgO/Mo systems with the same color conven-
tions as for the doped MgO systems. The green “four-leaf clover” symbol shows
undoped MgO/Mo. The yellow regions in (a), (b), and (f) indicate a favored geom-
etry for adsorption of the Au monomer at the hollow site, Au, in a flat (bonded
to Mg) configuration, and Auyg in a planar geometry, respectively, on the doped
substrates. The light green regions in (a), (b), and (f), on the other hand, indicate
a favored geometry for adsorption of the Au monomer atop O, Auj in an upright
(bonded to O) configuration, and Auy in a tetrahedral geometry, respectively, on

etry becomes favored, and even small changes in @ have a huge

the doped substrates.
effect on Q(Auy). Figures 14(c)-14(e) display zoomed-in regions of P
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and ®. Note that due to computational constraints, in this case,
we have restricted ourselves to considering changes in @ that
arise only from changes in the dopant element, with 6 fixed
at 2.78%. As in Fig. 13(c), the yellow and light green shaded
regions indicate the regions where the favored morphology for
Auyy deposited on the doped support is planar and tetrahedral,
respectively. The boundary between the yellow and green shaded
regions is obtained from the value of @ corresponding to E(Aur)
— E(Aup) = 0 in Fig. 13(c). This graph underlines that it is pos-
sible to tune the charge of Auyy over a wide range by changing
the nature of the dopant; intermediate values of charge, as well as
a wider range, can be obtained by varying the dopant concentra-
tion 0, as was done for the cases of the Au monomer and dimer
above.

V. SUMMARY AND CONCLUSIONS

In summary, we have used ab initio density functional the-
ory calculations to investigate the possibility of tuning the charge
of Au nanoparticles by appropriately doping the oxide support
that they are placed on, with aliovalent cations or anions. We find
that the cationic acceptors Li and Na (unlike the anionic accep-
tor N) can make the Au monomer, as well as the significantly
larger Auyo cluster, positively charged and are thus better dopants.
However, the cationic donor Al and the anionic donor F perform
equally well in making the clusters negatively charged. The per-
formance of the dopants in this respect can be traced back to fea-
tures in the densities of states: dopants that introduce impurity
levels that fall within the gap of the oxide support do not result
in large changes in support work function and hence do not sig-
nificantly alter the charge transferred to the deposited cluster. In
contrast, dopants whose states lie well within the valence and con-
duction bands of the oxide support (i.e., there is a large degree of
hybridization between the dopant states and the oxide states) result
in large changes in work function and hence large changes in charge
transfer.

For the range of doping concentrations studied here, we were
able to vary the charge Q(Au) from —0.88¢ to +0.14e. For the Au
dimer, we were able to tune the charge Q(Au;) between —1.28e and
—0.18¢, and in no case did the Au dimer become positively charged.
These changes in the charge state could be correlated with changes
in adsorption geometry: when the Au atoms became more nega-
tively charged, the Au monomer switched its adsorption site from
atop an O atom to the hollow site on the surface, while the Au
dimer transitioned from an upright to flat geometry. Similar results
were obtained when the support was an ultrathin MgO slab placed
on a Mo support, though now the range of values over which the
charge could be tuned was reduced: — 0.88¢ < Q(Au) < — 0.27¢
and —1.19¢ < Q(Auy) < — 0.27¢. We find that if one is doping the
oxide support, the only benefit of introducing the Mo substrate in
addition is that one gains the ability to have finer control over the
negative charge acquired by the Au clusters at small donor doping
concentrations.

Concomitant with the changes in the charge of the Au cluster,
there are changes in its magnetic moment, which varies between 0
yp and 0.75 up for the monomer and between 0 yp and 0.77 up for
the dimer.
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For the Auyo cluster, we restricted ourselves to studying
0 = 2.78% for the doped Mg0(001) supports. By varying the dopant
species, we were able to vary the charge Q(Auy) from —3.97e to
+0.49e. As the cluster became more negatively charged, it transi-
tioned from a three-dimensional tetrahedral geometry to a two-
dimensional planar geometry. The Auyy cluster remained non-
magnetic in all cases considered by us.

Importantly, we find that the work function @ of the doped
support can serve as a descriptor for both the adsorption geom-
etry and the charge of the deposited Au cluster (with the notable
exception of the case when the oxide is donor-doped as well as sup-
ported by a metal). As the work function increases, one sees that
the charge acquired by the deposited Au cluster becomes mono-
tonically less negative (more positive), and there is a transition
from a wetting to a non-wetting geometry (for the monomer, this
transition is from a position adsorbed at a hollow site to one
atop O).

As calculating the work function of the doped support is
computationally much cheaper than performing calculations on
deposited clusters, using the work function as a descriptor can
save considerable time and effort in predicting cluster geometries
and charges. We note that these geometries and charge states, in
turn, play a determining role in the performance of these sys-
tems as nanocatalysts; it is well known that for different reac-
tions with Au catalysts, different charges on the Au catalysts
are to be preferred. In this context, we point out that our suc-
cess in charging the Au monomer and Auy cluster positively
by using the Na- or Li-doped MgO as a support is of consider-
able interest, given the high electronegativity of Au, and the con-
sequent challenges posed in getting Au clusters to be positively
charged.

Compared to our previously introduced descriptor
9 = Ay/AZ%," the computation of the work function ® is slightly
more expensive. However, it has the considerable advantage that it
allows one to describe the effects of changing the dopant concentra-
tion 0.

SUPPLEMENTARY MATERIAL

See the supplementary material for discussion of the vari-
ous contributions to the net dipole moment at the interface of an
oxide/metal system and our corresponding results.
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