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ABSTRACT: Single-atom alloy (SAA) consisting of abundant metal host and precious metal
guest is promising catalyst to reduce cost without loss of activity. DFT calculations of Ni- and
Cu-based alloys nX/M(111) (X = Cu, Ag, or Au for M = Ni; X =Ni, Pd, or Pt for M =Cu; n=
1 ~ 4) reveal that phase-separated alloy (PSA) is produced by Cu atoms with Ni(111) but
SAA is produced by Au atoms with Ni(111) and Pd and Pt atoms with Cu(111). In the Ni(111)-
based Ag alloy and Cu(111)-based Ni alloy, relative stabilities of SAA and PSA depend on
coverages of Ag on Ni(111) and Ni on Cu(111). Interaction energy (E;,) between X, cluster
and M(111) host is larger than that between one X atom and M(111) host, because the X,
cluster forms more bonding interactions with the M(111) host than does one X atom. When
going from one X atom to X4 cluster, the Ej, values of Au and Pt clusters respectively with
Ni(111) and Cu(111) increase to a lesser extent than those of Cu and Ni clusters respectively
with Ni(111) and Cu(111). Consequently, Au and Pt atoms tend to form SAA respectively
with Ni(111) and Cu(111) hosts compared to Cu and Ni atoms. This trend in the £, value is
determined by valence orbital energies of the X atom and X,, cluster. Cu atoms in nCu/Ni(111)
have slightly positive charge but Ag atoms in nAg/Ni(111), Au atoms in nAu/Ni(111), and Ni,
Pd, and Pt atoms in nX/Cu(111) (X = Ni, Pd, or Pt) have negative charge. The negative charge
increases in the order Ag < Au in nX/Ni(111) and Ni < Pd < Pt in nX/Cu(111). The Fermi
level lowers in energy in the order nCu/Ni(111) > Ni(111) > nAg/Ni(111) > nAu/Ni(111) and
Cu(111) > nNi/Cu(111) > nPd/Cu(111) > nPt/Cu(111). The d valence band center lowers in
energy in almost the same order. CO adsorption energy decreases in the order Ni(111) ~
nCu/Ni(111) > nAg/Ni(111) ~ nAu/Ni(111) and Cu(111) > nNi/Cu(111) > nPd/Cu(111) >

nPt/Cu(111). These properties are explained based on the electronic structures.
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1. INTRODUCTION

Precious metals have been often used as catalysts.! However, the amount of precious
metal(s) must be reduced to lower the cost of the catalyst and preserve the resources on the
earth. Recently, single-atom alloys (SAAs) have been reported as an excellent catalyst, in
which precious metal atoms are atomically dispersed on abundant base metal host.*3 The
SAA is one of promising catalysts to use minimum amount of precious metal(s) without loss
of activity. Therefore, its further development is desirable. However, we do not have enough
knowledge about the SAA. For instance, one of the serious problems is the lack of the general
understanding about the combination of metal elements which forms SAA and the reason(s)
why. Also, the knowledge of electronic structure and reactivity of SAA is indispensable for
effective use of SAA, but the knowledge is insufficient.

Because nickel and copper are abundant metal elements on the earth, they are used as a host
metal to construct SAAs.%19 In this regard, such Ni-based alloys as Au-Ni, Ag-Ni, Cu-Ni, Pd-
Ni, and Pt-Ni alloys and such Cu-based alloys as Ni-Cu, Pd-Cu, and Pt-Cu alloys have been
applied to methane reforming,!' methane activation,'> propane dehydrogenation,'> CO,
methanation,!# water-gas shift reaction,'> and NO reduction.'®!” Recently, Ni-based SAA of
Au attracts great interest, because bimetallic Au-Ni alloy supported on silica (Si0;) exhibits
excellent catalytic activity for NO-CO reaction.!®2% Scanning tunneling microscopy image
showed that Au atoms were atomically dispersed on the Ni surface.?! In the Au-Ni alloy, two
important features have been discussed.?>?? In one, Au and Ni are immiscible to each other
due to a substantial size-mismatch. In the other, the Au-based alloy bearing Ni atoms
dispersed on the Au surface is not stable thermodynamically but the Ni-based alloy bearing
Au atoms dispersed on the Ni surface is stable. In other words, the Ni-based SAA of Au is

stable but the Au-based SAA of Ni is not. However, the reason is unclear.
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Besides the Au-Ni alloy, Cu and Ni can form a solid solution.?* NisoCuso/Al,O5 catalyst
was prepared by the impregnation method,?> where M!/M?,0, represents that M! metal atoms
exist on M?,0, surface hereinafter. This catalyst exhibited high catalytic activity and
durability in three-way catalytic reaction under both oxidative and reductive conditions. The
similar Ni;4Cu;,/Si0, catalyst exhibited high activity comparable to the industrial catalyst
Cu/ZnO/Al,0;5 in CO hydrogenation to methanol.?> X-ray diffraction pattern of this catalyst
showed the presences of both Cu phase and Ni-Cu alloy phase, indicating that a phase-
separated alloy (PSA) was formed. The similar Ni;sCu,s/Al,O5 catalyst was reported to form a
PSA.?® The presence of the Cu phase on the Ni surface was further supported by classical
molecular dynamics simulations showing that the Cu migration and enrichment on the Ni
surface occurred at a high temperature.?’” On the other hand, the Cu-based SAA of Ni was
prepared by depositing slowly Ni atoms on the Cu(111) single crystal at a surface temperature
of 433 K.?® Similarly, Nig;Cu and Nigo;Cu alloys were prepared by depositing Ni on Cu
nanoparticle surface supported on SiO,. The Nij gy Cu alloy exhibited good performance in
non-oxidative dehydrogenation reaction of ethanol.?*3° X-ray absorption spectroscopy
indicated that Ni atoms were observed exclusively as a single atom in Nij9;Cu and that both
isolated Ni atoms and small Ni nanoclusters were observed in Nig¢;Cu. These experimentally
observed results suggest that the SAA is as stable as the PSA in the Cu-based Ni alloy and
that the SAA is formed when the Ni amount is small but the PSA is formed when the Ni
amount is large.

The findings discussed above lead us to several important open questions: ( i ) What kind
of metal element forms SAA with Ni and Cu hosts? (ii ) Why does Au element form an SAA

with the Ni host but does Cu element form a PSA with the Ni host despite that both belong to

group Xl in the periodic table? (iii) How much different are the electronic structures and

reactivities of SAA and PSA from those of pure Ni and Cu bulk metals and why? Although
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many experimental and theoretical studies have been carried out on segregation properties,
catalytic activities, and catalytic reactions of the Ni- and Cu-based alloys,!8-202531-36 ngo
theoretical answer has been presented to the aforementioned open questions.

In this theoretical work, relative stabilities of Ni-based SAA and PSA with Cu, Ag, and Au
elements and Cu-based SAA and PSA with Ni, Pd, and Pt elements are investigated using
spin-polarized DFT calculations, where Ni(111) and Cu(111) are employed as hosts. These
alloys are named respectively nX!/Ni(111) (X! = Cu, Ag, and Au; n=1 ~ 4) and nX?/Cu(111)
(X?=Ni, Pd, and Pt), where the n is the number of the X atoms on M(111). Our purposes here
are to obtain clear answers to the open questions mentioned above, correct knowledge, and
well understanding of the SAA and PSA on the basis of the electronic structure of alloy.
Throughout this work, we intended to present new and fundamental findings of relative

stabilities, electronic structures, and reactivities of Ni- and Cu-based SAA and PSA.

2. COMPUTATIONAL METHODS AND MODELS
2.1. Methods

Spin-polarized periodic DFT calculations were performed using the Vienna ab initio
simulation package (VASP).373® The Perdew-Burke-Ernzerhof (PBE) functional®® was used.
The plane wave basis sets were employed with a kinetic-energy cut-off of 400 eV for
representing valence electrons.*>#! The projector augmented wave pseudopotentials were
employed for core electrons. Geometry optimization was performed with thresholds of 0.01
eV/A for maximum force and 1075 eV for energy change.*? The partial occupancies were
determined with the first-order Methfessel-Paxton scheme, where the smearing width of 0.2
eV was employed.*3 The Brillouin zone was sampled within a Monkhorst-Pack k-point grid of
4 x 4 x 1 for calculations of all the surface models.** Dispersion correction was not added

because geometries of fcc-Ni and fce-Cu optimized without dispersion correction agreed with
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the experimental ones, as described below. Also, the dispersion correction influenced little the
M—-C and C-O distances in CO adsorption on M(111) surface (M = Ni, Cu) and the relative
stabilities of alloys, as described in Tables S1 and S2 of Supporting Information (SI). Density
of states (DOS) was calculated with the Gaussian smearing scheme (the smearing width = 0.1
eV) within a k-point grid of 5 x 5 x 1. The Bader charges were calculated using the program
developed by Henkelman group.*® Frontier orbital energies of X atom and X, cluster were
calculated using the Gaussian 16 program* with the B3LYP#* and PBE*° functionals,
where basis sets by Stuttgart-Dresden group>->! were used with the corresponding effective-

core potentials.

2.2. Models

The lattice constants of bulk metals were optimized here to be 3.520 A for fcc-Ni and 3.630
A for fcc-Cu with a k-point grid of 9 x 9 x 9. These optimized values agree with the
experimental results, 3.52 A for fcc-Ni and 3.62 A for fce-Cu.5253 Using the optimized unit
cells of fcc-Ni and fcc-Cu, we constructed Ni(111) and Cu(111) slab models adopting
thickness of 5-layer atoms, supercell size of p(4 x 4), and vacuum layer of 15 A between
periodically repeated slabs, as shown in Scheme 1(a). Models of Ni-based alloys were
constructed by replacing several Ni atoms of the surface with Cu, Ag, or Au atoms. Models of
Cu-based alloys were constructed in a similar manner. The surface segregation energies
reported by Nerskov and coworkers3* indicate that Cu, Ag, and Au atoms prefer to stay on the
Ni(111) surface and Pd and Pt atoms prefer to stay on the Cu(111) surface; indeed, our
calculations clearly showed that in nCu/Ni(111), nAg/Ni(111), nAu/Ni(111), nPd/Cu(111)
and nPt/Cu(111), Cu, Ag, Au, Pd, and Pt atoms exist on the surface rather than in the inside
(Scheme S1 and Table S3 of the SI). However, the surface segregation energy indicates that

Ni prefers to take an inside position of Cu(111).>* We calculated Ni/Cu(111) bearing one Ni
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atom at either the surface or the inside and found that the presence of Ni at the inside was
slightly more stable than that at the surface, as shown in Table S3 of the SI. Although Ni
atoms penetrate into Cu(111), the energy difference between Ni/Cu(111) bearing Ni atom on
the surface and that bearing Ni atom at the inside is small. Also, several experimental
observations suggested that Ni atoms existed on the surface of Cu nanoparticle in Nigo;Cu,?®
30 as mentioned above, and the Ni atom was reported to take a surface position of Cu(111) in
the presence of reactive adsorbate like CO.>> These experimental and computational results
suggest that the presence of atomically dispersed Ni atoms on the Cu(111) surface is not very
unlikely. Therefore, we investigated the nNi/Cu(111) alloy bearing Ni atoms on the Cu(111)
surface to make clear comparison of nNi/Cu(111) with nPd/Cu(111) and nPt/Cu(111).

The number (n) of X atoms placed at the M(111) surface was taken to be 1 ~ 4 in this work;
the case of n = 4 corresponds to the X coverage of 25% of the surface monolayer. If the “n” is
taken to be larger than 4, a perfect SAA structure cannot be constructed because of the
constraint from the surface size of the slab model employed here. For instance, if “n” is larger
than 5, two X atoms must be connected with each other on the surface. Because one of
important purposes here is to explore what kind of atom affords SAA with Ni(111) and
Cu(111), neither the larger model than the present one nor the case of n > 5 was investigated
in this work.

In the geometry optimization of nX/M(111), the lowest two layers were fixed at their
equilibrium positions in the bulk metal and the remaining moiety was relaxed, as shown in
Scheme 1 (a). In the SAA, all the X atoms are placed separately on the surface. In the case of
n = 3 for instance, two kinds of structures are possible, as shown in Scheme 1(b): In one
structure, X atoms are separated by one M-M bond and in the other they are separated by one
M atom. These two structures are respectively named 3X5! and 3X52 hereinafter, as shown by

Scheme 1(b); all other geometries studied here are less stable than these two structures, as
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shown in Scheme S1 and Figures S1 to S6 of the SI. In the PSA, all the X atoms are
connected with each other. In the case of n = 3, X atoms are connected with each other to
afford either a triangle cluster or a linear structure on the surface, as illustrated in Scheme
1(c); They are named respectively 3XPC and 3XPL hereinafter using superscripts “PC” and
“PL”; the meaning is described below. The other possible PSA structures were calculated but
they were less stable than 3XPC or 3XPL structures; those structures are shown in Scheme S1
and Figures S1 to S6 of the SI. In 4X/M(111), the PL structure is unlikely because it contains

an infinite linear X .- moiety on the surface, as shown in Scheme S1 (the right-end of down

row) of the SI. Therefore, we did not investigate 4X/M(111)PL in this work.

Side view Top views
G LL ¢ C¢, O,
o &,L’\,b 09 . OZC,
bﬁb‘b b L/‘ o (_,b L/(‘ka"k/ L 1tlayer M
E £\ Hr./l {/ Q‘ L/ L (.../ ( L./ (_/ L 2nd | M
: [\./\./ A t‘b O b;b Lbbtb Lbb < . ) ayer
2l ooeo Oge YOgC TCUCEG TOCYE @ tmerm
8] -= - L/ O bb L——'p @ Xatom
= 3xs1 3x52 3XPC 3XMt
(a) Pure M(111) (b) SAA (c) PSA

Scheme 1. Pure M(111) surface (a), single-atom alloy (SAA) (b), and phase-separated alloy
(PSA) (c¢), where three X atoms were placed on the M(111) surface as an example and 3X
represents the presence of three X atoms on the surface. The superscripts “Sn” (n = 1 or 2),
“PC”, and “PL” of 3X respectively represent an SAA form with three dispersed X atoms, a
PSA form with a cluster-like X5 structure, and a PSA form with a linear X5 structure. The S1
and S2 represent different arrangements of three X atoms.

At the end of this section, we defined abbreviation names of alloys for clarity. The SAA
and PSA composed of the n X atoms and M(111) host are named, respectively, nX/M(111)3
and nX/M(111)P, using superscripts “S” and “P”. When the structure of the nX moiety is
discussed, the alloys are named nX/M(111)8!, nX/M(111)PC, and so on hereinafter to represent
the geometry of the X, moiety using superscript, where PC and PL are abbreviations of “PSA”

bearing metal atoms in cluster and “PSA” bearing metal atoms on a line.

8
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3. RESULTS AND DISCUSSION

First, we explore possible geometries of SAA and PSA and discuss the most stable
geometry in the SAA and PSA. To find determination factor(s) for the SAA and PSA
formations, then we compare destabilization energy by removing M atoms from the M(111)
surface and stabilization energy by adding either X, cluster or n X atoms to the M(111)
surface bearing the surface deficiencies. Next, we investigate electronic structures of the SAA

and PSA such as the Bader charge, Fermi level (e), and density of states (DOS). Last, we

investigate surface reactivities of the SAA and PSA for CO adsorption, where CO is taken as

a probe molecule.

3.1. Structures of Ni(111)-based and Cu(111)-base alloys

To find what kind of element affords SAA with Ni(111) and Cu(111), various geometries
were investigated by replacing surface Ni or Cu atoms with X atoms (X! = Cu, Ag, or Au for
the Ni(111); X2 = Ni, Pd, or Pt for the Cu(111)), as shown in Figures S1 ~ S6 of the SI. The
most stable geometries of the SAA and PSA are shown in Figure 1 with several important
geometrical parameters.

In the Ni-based alloys, all the Ni—X distances are moderately longer in nX!/Ni(111)? than in
nX!/Ni(111)3. Also, it is noted that the Ni—X distance increases in the order Ni—Ni < Ni—Cu <
Ni—Au < Ni—Ag in both nX!/Ni(111)% and nX'/Ni(111)? and the X'-X! distance increases in
the order of Cu—Cu < Au—Au < Ag—Ag in nX!/Ni(111)". In the Cu-based alloys, the Cu—X?
distance is moderately longer in nX?/Cu(111)? than in nX?/Cu(111)3 except for the Cu—Ni
distance, and the Cu—X? distance increases in the order Cu—Ni < Cu—Cu < Cu—Pt < Cu—Pd in
both nX?/Cu(111)3 and nX?/Cu(111)?. The Ni—Ni distance of the Ni(111) surface is shorter

than the Cu—Cu distance of nCu/Ni(111)?. The Cu—Cu distance of the Cu(111) surface is
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longer than the Ni—Ni distance of nNi/Cu(111)? but considerably shorter than the Pd—Pd
distance of nPd/Cu(111)? and the Pt-Pt distance in nPt/Cu(111)?. All these increasing orders
of M—X (M = Ni or Cu) and X—X distances are consistent with the atomic radii of these
elements except for the relations between Ag and Au and between Pd and Pt; however, these

exceptions are not unreasonable because the atomic radius differs little between them.

X 3X o 4x
L) (& © Q, o
O (& O O, (@ O,
Ol O 0 L Fp P (e & Cgl . Oal.
g,;p-;p CeCCo Q;O’L, btb;b u:ptt ufu o
SAA COUCY YLl 99l ogolo OI8O Oglv
COOO0 OO0 | OO Olugu | U0 &,‘.Uu;u
Q0 Sy & U0 (SpaA ! OO Gro
o o Yo “o “e “o
2X81 2X5? 3xs1 3XS? 4X51 4X5?
nX/Ni(111) Rv—x Ru—x Rv—x Ru—x Ryv—x Ryv-x
X=Cu 2.525 2.523 2.522 2.519 2.518 2.515
X=Ag 2.694 2.693 2.710 2.705 2.718 2.708
X=Au 2.639 2.633 2.636 2.624 2.628 2.617
nX/Cu(111)
X=Ni 2.530 2.531 2.533 2,535 2,537 2,539
X=Pd 2.607 2.602 2.603 2.593 2.593 2.585
X=Pt 2.593 2.589 2.589 2.582 2.581 2.574
O Og Oy C 9.,
S0, | oo oo | Soe oo
Cel v ‘*"gd" g~ U | © O oo
PSA CoBC g 20 pgt;u CORSC  CgelC
L'(./b(_/b bbbbb L'I'Ubbb b(d‘/b(/('./ prb
(S h 1 [ B4 B | g ¥ (S b &) o0
oo oo oo oo ¢
2xP 3XFC 3XPL 4XPC 4XPL
nX/Ni(111) Ru x/Rx x Ru x/Rx-x  Rux/Rxx | Rmux/Rxx Rux/Rxx
X=Cu 2.530/2.505 2.526/2.523 2.530/2.52712.525/72.522 2.535/2.489
X=Ag 2.700/2.649 2.709/2.694 2.724/2.715i2.721/72.692 2.780/2.569
X=Au 2.658/2.666 2.670/2.709 2.669/2.663{2.683/2.707 2.692/2.492
nX/Cu(111)
X=Ni 2.525/2.521 2.529/2.494 2.524/2.5432.530/2.497 2.515/2.566
X=Pd 2.611/2.685 2.604/2708 2.611/2.63212.601/2.703 2.626/2.566
X=Pt 2.598/2.674 2.596/2.694 2.600/2.627:2.596/2.688 2.618/2.566

Figure 1. The most stable geometries of SAA and PSA of nX/M(111) alloys (X' = Cu, Ag,
Au for M = Ni; X2 = Ni, Pd, Pt for M = Cu) in each category. The X atoms are represented
using yellow. Ry _x and Ry _y are the averaged values of all the M-X distances and X—X
distances, respectively. The surface M—M distance is 2.489 A on the pure Ni(111) surface and
2.566 A on the pure Cu(111) surface. The distance between the surface M and the second-
layer M is 2.466 A on the Ni(111) surface and 2.562 A on the Cu(111) surface.

10
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In the Ni-based alloy of nX!/Ni(111), the Cu, Ag, and Au atoms exist at a higher position
than the surface Ni atom. In the Cu-based alloy of nX?/Cu(111), the Pd and Pt atoms exist at a
higher position than the surface Cu atom, whereas the Ni atom exists at a moderately lower
position than the surface Cu atom. The position of X is consistent with the atomic radii of the
metal atoms. These geometries suggest that the distortion of the M(111) surface increases in
the order Cu < Ag = Au in nX'/Ni(111) and Ni < Pt = Pd in nX?/Cu(111). The distortion of
the Ni(111) surface by X atoms influences the relative stabilities of SAA and PSA because the

Ni-X bonding interaction is weakened by the distortion, as discussed below.

3.2. Relative Stabilities of SAA and PSA

Relative stabilities of SAA and PSA are compared in Table 1. In nCu/Ni(111) (n =2 ~ 4), the
PSA is more stable than the SAA. In nAu/Ni(111) (n = 2 ~ 4), on the other hand, the SAA is
more stable than the PSA. These findings agree with the previously reported experimental
results.!?2025-30 The SAA structure of Au on Ni(111) and the PSA structure of Cu on Ni(111)
have been discussed in previously reported computational works,’6-5® but the relative
stabilities of the SAA and PSA have not been compared before and the reasons why Au atoms
form SAA with Ni(111) but Cu atoms form PSA with Ni(111) have been unclear at all. In
nAg/Ni(111) (n = 2 ~ 4), the relative stabilities depend on the Ag coverage on the Ni(111)
surface, as follows; in 2Ag/Ni(111), the SAA is slightly more stable than the PSA, whereas in
3Ag/Ni(111) and 4Ag/Ni(111), the PSA is slightly more stable than the SAA. In nPd/Cu(111)
and nPt/Cu(111) (n = 1 to 4), the SAA is more stable than the PSA, which agrees with the
previously reported experimental results showing that Pt atoms are dispersed separately on Cu
nanoparticles at a low ratio of Pt to Cu* and Pd atom is surrounded by Cu atoms at a low
loading of Pd.!® In 2Ni/Cu(111) and 3Ni/Cu(111), the SAA is slightly more stable than the

PSA, whereas the PSA is more stable than the SAA in 4Ni/Cu(111). These results are

11
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consistent with the experimental findings showing that the SAA is formed when the Ni
content is small (for instance, Nigoo;Cu alloy) but the PSA is formed when the Ni content is
large (for instance, Nij ¢;Cu alloy).?8-3° The coverage dependency of relative stabilities of PSA
and SAA in nAg/Ni(111) and nNi/Cu(111) is consistent with our intuitive expectation that the
alloy tends to have the SAA structure when the content of guest element is small and vice

versa. These relative stabilities are summarized in Scheme 2, for easy understanding.

Table 1. Relative energies (eV) of SAA and PSA of nX/M(111) alloys, where a negative

value represents a stabilization energy and vice versa.

nX/Ni(111) nX/Cu(111)
Alloy Structures
X=Cu X=Ag X=Au X =Ni X=Pd X="Pt
2X5! 0 0 0 0 0 0.007
SAA
2X 2XS2 0.020 0.070 0.055 0.008 0.019 0
PSA 2XP -0.013 0.003 0.086 0.006 0.084 0.123
3X8I 0 0 0 0 0 0.028
SAA
1% 3X82 0.06 0.174 0.128 0.021 0.051 0
PSA 3XPC -0.032 —0.009 0.188 0.003 0.213 0.314
3XPL —0.023 0.071 0.281 0.023 0.229 0.304
4X81 0 0 0 0 0 0.038
SAA
4X 4X52 0.071 0.206 0.156 0.028 0.061 0
PSA 4XPC -0.109 -0.132 0.229 -0.022 0.328 0.523

a) The superscripts S1, S2, PC, PL etc. are defined in Scheme 1.

In the SAA, the S1 structure is more stable than the S2 except for 2Pt/Cu(111)S; the S1 and
S2 structures are defined in the section of models and shown in Scheme 1 and Figure 1. In the
PSA, the PC structure is more stable than the PL except for 3Pt/Cu(111) in which the PL
structure is slightly more than the PC. When the PSA is compared with the SAA, the PC

structure is employed because the PC is more stable than the PL in almost all cases except for

12
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3Pt/Cu(111) and because even in this exception the energy difference between two structures

is tiny.

Ni(111)-based alloy Cu(111)-based alloy
SAA PSA SAA PSA
Cu X 0] n=2 O X
n=2 O X Ni {n=3 o X
Ag { n=3 X o n=4 X o
n=4 X O Pd O X
Au o] X Pt O X

O: stable X: unstable

Scheme 2. Relative stabilities of the SAA and PSA

3.3. Energy changes in formations of SAA and PSA from M(111) and nX atoms
To find the determination factor(s), we analyzed energy changes along assumed reactions

to generate either nX/M(111)S or nX/M(111)P starting from pure M(111) and nX atoms, as
shown in Table 2. In the case of the SAA formation, the first step is to remove n Ni or n Cu
atoms from the Ni(111) or Cu(111) surface, respectively. The obtained structure is named
[M(111) —nM]3. The energy change E,,"S of this step is defined by eq. (1);

Em™S = E[M(111) —nM]op,S + nE(M) — E[M(111)]op, (1)
where E, n, and the subscript “opt” represent respectively a total energy, a number of M
atoms to be removed from the surface, and an optimized structure. The second step is to
distort [M(111) — nM],,® to the deformed geometry taken to be the same as that in
nX/M(111)8. The deformation energy Eq*S in this step is defined by eq. (2);

EqefS = E{M(111) — nM]ge® — E{M(111) — nM],p5, (2)
where the subscript “def” means that the geometry of [M(111) — nM]S is deformed like that in
nX/M(111)8. The final step is to add n X atoms to the surface of the [M(111) — nM] 4> host.

In this step, the stabilization energy E;,S is obtained, as represented by eq. (3);

13
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Ein™S = E[nX/M(111)S]— E[M(111) — nX]uer — nE(X). (3)
The sum of these three terms, AE"S, corresponds to a total energy change to produce
nX/M(111)8 from M(111) and nX atoms;

AE (S = EqnS + Ego + Ey S, (4)
Its negative value represents a stabilization energy of the sum of nX/M(111)% and n M atoms
relative to the sum of M(111) and n X atoms; it is noted that its positive value does not mean
that the SAA cannot be produced, because eq. (4) does not involve all the stabilization
energies; for instance, a cohesive energy of n M atoms is not considered here; the reason is
presented in note 59. Here, the AE"S value is used to discuss the relative stabilities of the
SAA and PSA.

In the case of the PSA formation, the first step is to remove either a Ni, or Cu, cluster from
the Ni(111) or Cu(111) surface, respectively, where n Ni or n Cu atoms are connected with
each other. This structure is named [M(111) — M,]°. The energy change E.,"" is evaluated by
eq. (5):

E™ = E[M(111) = MyJop® + E(My)aer — E[M(11 D] )
where M, represents a cluster composed of n M atoms and the subscript “def” means that the
M, cluster has the same geometry as that in the M(111) surface; note that the optimized
structure of the M, cluster is not used in this assumed reaction. The second step is to
dissociate the M, cluster into n M atoms. The dissociation energy Egsm."" of the M, cluster is
defined by eq. (6):

Egisma™ = nE(M) — E(My)der. (6)
The next step is to distort [M(111) — My]op" to the deformed geometry which is the same as
the corresponding moiety in nX/M(111)P. This deformation energy Eq.f"* is defined by eq. (7);

EdefnP = Et[M(l 1 1) - Mn]defP_ Et[M(l 1 1) - Mn]optP: (7)
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where the subscript “def” means that the geometry of [M(111) — M,J* is deformed like that in
nX/M(111)P. This eq. resembles the eq. (2). Then, we define the formation energy Erx,"" of
X, cluster from n X atoms, using eq. (8);

Ex" = E(Xn)aer — nE(X), (8)
where X, represents a cluster consisting of n X atoms and the subscript “def” means that the
X, cluster has the same deformed geometry as that in nX/M(111)". The last step is to add the
X, cluster to [M(111) — M,]eef’- The interaction energy E;, " is defined by eq. (9);

Ein® = E[nX/M(111)°]= E[M(111) = MyJaet® — E(Xn)der. )
The sum of these five terms, AE,"f, corresponds to a total energy change to produce
nX/M(111)? from M(111) and nX atoms:

AE " = E™ + Egisma™ + Egef™™ + Epxa™ + Eine™. (10)
The E,," term in the SAA formation case corresponds to the E,,"" + Egisma"" term in the PSA
formation case, because these two terms represent the destabilization energy by the
conversion of M(111) to either [M(111) — nM],,° + n M in the SAA case or [M(111) — M]op"
+n M in the PSA case. Also, the E;,"S term in the SAA case corresponds to the E¢x," + Ejp™"
term in the PSA case, because these two terms represent the stabilization energy by the
formation of either nX/M(111)S or nX/M(111)? from n X atoms and either [M(111) — nM] g
or [M(111) — M,]qef", respectively.

As shown in Table 2, the AE,S term is more positive than the AE,*? term in 2Cu/Ni(111),
while the AES term is less positive than the AE,*P term in 2Au/Ni(111). These AE,*S and
AE*" values indicate that the PSA is more stable than the SAA in 2Cu/Ni(111) but the SAA
is more stable than the PSA in 2Au/Ni(111). This conclusion is the same as that shown in
Table 1 and Scheme 2. Thus, the AE,*S and AE,*® terms are useful for finding the reason(s)

why 2Cu/Ni(111) forms the PSA but 2Au/Ni(111) forms the SAA.
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structures ® of 2X/M(111) from M(111) and 2X atoms

M(111) [M(lll)-ZM]optS [M(111)-2M] 4¢3 2X/M(111)8
am | © def ° v,
eform 22X SAA
o o -

X Ermzs b) Ede fZS b) Eintzs b) AEtotzs

M 11.748 0.059 -9.368 2.439

Ni(111) Ag 11.748 0.089 -7.183 4.654
Au 11.748 0.115 -9.180 2.683
M 8.090 0.074 -10.850 -2.686

C“()m pd 8.090 0.084 210109 —1.935
Pt 8.022 9 0.192 -13.922 -5.708
M(111) [M(lll)-ZM]optP [M(111)-M;]gef” 2X/M(111)°
M, 2M XX,
o

_=2M, 2 s——20° 2 Jo— _,+X2 § PSA
X E rmzp 9 E dis.MZ2P 9 E defZP ) E f,X22P 9 Eintzp 9 AE tot2P

M 9.020 2.381 0.112 -2.023 -7.094 2.396

Ni(111) Ag 9.020 2.381 0.102 -1.759 —5.088 4.656
Au 9.020 2.381 0.199 -2.232 -6.630 2.738
Cu(111 M 5.881 1.939 0.117 -2.262 -8.355 -2.680
u() Pd 5.881 1.939 0.104 -1.180 -8.595 —1.851
Pt 5.881 1.939 0.176 -2.960 -10.622 -5.586

a) The most stable structure presented in Table 1 is employed here. b) E,?S, E4.*S, and
E;?S terms are respectively defined by egs. (1), (2), and (3). ¢) This value differs from the
E?S values of 2Ni/Cu(111) and 2Pd/Cu(111) because 2Pt/Cu(111) has the S2 structure in
which two Pt atoms are separated by one Cu atom but 2Ni/Cu(111) and 2Pd/Cu(111) have
the S1 structure in which two X atoms (X = Ni or Pd) are separated by one Cu-Cu bond, as
shown in Table 1, Scheme 1, and Scheme S3 of the SI. d) E.,2?, Egism2?’, Erxo?F, and Ej?®
terms are respectively defined by eqgs. (5), (6), (7), (8) and (9). All these terms are in eV

unit.

3.4. Comparison between SAA and PSA formations
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First, we explain the overview of Table 2, where 2X/Ni(111) case is shown because this is
the simplest alloy. In all the combinations studied, the destabilization energy term E,,*S in the
SAA case is larger than the E,,>" + Egis\.°" term in the PSA case. This is reasonable because
more M-M bonds are broken in [M(111) — 2M],,® than in [M(111) — My],,"; note that the
En2S value of 2Pt/Cu(111)S! moderately differs from those of 2Ni/Cu(111)S? and
2Pd/Cu(111)3? because 2Pt/Cu(111)8! has a different structure from those of 2Ni/Cu(111)8?
and 2Pd/Cu(111)%2, as explained in footnote c¢) of Table 2. The deformation energy Eq4.¢" in
the PSA case is moderately larger than the E4.¢S in the SAA case except for nPt/Cu(111). The
stabilization energy E;,S in the SAA case is always larger than the sum of E;x,?" and E;,*" in
the PSA case, as shown in Table 2. This is reasonable because 18 M—X bonds (12 M—X
bonds on the surface and 6 M—X bonds between the surface and the second layers) are formed
by this step in the SAA case but in the PSA case 16 M—X bonds (10 M—X bonds on the
surface and 6 M—X bonds between the surface and the second layers) and one X—X bond are
formed. These are common features in all the alloys studied here. However, the simple
inspection into these terms does not provide us with the reason(s) why 2Cu/Ni(111) forms the
PSA but 2Au/Ni(111) forms the SAA.

In 2Cu/Ni(111), the E,,*S term is more positive than the E,,2? + Egis 2" term by 0.347 eV,
as shown in Table 2. Although the Ey#S term is moderately less positive than the Eg.#" term
by 0.053 eV, the E;,* term is more negative than the Erx,?” + E,°f term by 0.251 eV. Thus,
it is concluded that the E;,* term does not overcome the large destabilization energy by the
En2S, and the PSA is more stable than the SAA. When going from 2Cu/Ni(111) to
2Au/Ni(111), the E4S term gets more positive by 0.056 eV in the SAA but the Eg." term
gets more positive by 0.087 eV in the PSA (Table 2), indicating that the Eg4r term favors the
SAA formation. The E;,*S term gets less negative by 0.188 eV in the SAA, whereas the Erx,"

+ E;®® term gets less negative by 0.255 eV in the PSA. Because the Erx,?" term gets more
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negative by 0.209 eV but the E;,*" term gets less negative by 0.464 eV, the E;,** term plays a
dominant role in decreasing the E¢x,** + Ei,°" term. Both the larger decrease in the Erx,?" +
E;,?® term than that in the E;,*S term and the larger increase in the Eg.?® term than that in the
E4¢S term destabilize 2Au/Ni(111)" more than 2Au/Ni(111)S. Because the change in the
Eq4ef?® term is much smaller than that in the E¢x,>® + Ej,°® term, it is concluded that the most
important factor for destabilizing 2Au/Ni(111)" relative to 2Au/Ni(111)8 is the larger decrease
in the Erx,?" + E;®® term than in the E,®S term when going from X = Cu to X = Au. As a
result, 2Au/Ni(111) forms the SAA.

When going from 2Cu/Ni(111) to 2Ag/Ni(111), the E4.S term gets more positive by 0.030
eV but the Eq" term gets less positive by 0.010 eV, as shown in Table 2, indicating that the
Eq4r term facilitates the PSA formation by 0.040 eV compared to the SAA formation. The
E?S term gets less negative by 2.185 eV, but the E;x,?” + Ej, 2" term gets less negative by
2.270 eV, indicating that these terms facilitate the SAA formation by 0.085 eV compared to
the PSA formation. This energy difference (0.085 eV) is larger than that (0.04 eV) by the
E4?® and E4.#® terms. Therefore, the E;,S term facilitates the SAA formation compared to
the PSA formation when going from 2Cu/Ni(111) to 2Ag/Ni(111). As a result, 2Ag/Ni(111)3
becomes as stable as 2Ag/Ni(111)? (Table 2) unlike 2Cu/Ni(111) in which the PSA is more
stable than the SAA. These results indicate that the E;,S term plays a more important role in
stabilizing the SAA than does the Eg4r term.

In 2Ni/Cu(111), the smaller E4#S term than the E4¢ " term and the more negative Ei,S
term than the E;,°" + Efx,?" term almost compensate the larger E,,,*S term than the E,,°P term
(Table 2). Therefore, 2Ni/Cu(111)S is as stable as 2Ni/Cu(111)?. When going from
2Ni/Cu(111) to 2Pd/Cu(111), the E4.#S term moderately increases, whereas the Ey.#" term is
moderately decreases. However, these changes are not large, indicating that these terms do not

contribute significantly to the relative stabilities of the SAA and PSA. On the other hand, the
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Ei®S and Ei,°® + E¢x,?" terms get considerably less negative by 0.741 eV and 0.842 eV,
respectively. The change in the E;,*" + E¢x,?P term is larger than in the E,®S term by 0.101
eV. As a result, 2Pd/Cu(111)” becomes less stable than 2Pd/Cu(111)8. It is worthy to note that
the E;,?S term plays an important role for stabilizing the SAA compared to the PSA in the

2Pd/Cu(111) case, too.

Table 3. The assumed procedure to form the SAA and PSA structures ® of 4X/M(111) from
M(111) and 4X atoms

M(11) [M(111)-4M]0ptS [M(111)-4M] 4¢3 4X/M(111)8
4M | o o deform — +4X *k sk
- o o ot Yo ¢, . 3 SAA
X Erm4s b) Ede f4S b) Eint4s b) AEtot4S
M 23.454 0.305 —18.847 4912
Ni(111) Ag 23.454 0.264 —14.093 9.652
Au 23.454 0.434 —18.202 5.686
Cu(111 M 16.606 0.108 -21.534 —4.820
Pd 16.606 0.179 -20.039 -3.254
) Pt 16.268 © 0.380 —27.502 —10.854
M(111) [M@111)-4M],p* [M(111)-My]gef® 4X/M(111)?
h}ﬂ 4M 4X X,
-AM R Xy
0 @ | 6o 4o B | go—dD—3 >§3< PSA_C
o
X E Y Egoms®™Y  Eqof'?9  Epxg*t9 Ein* 9 AE**
M 13.986 7.845 0.162 -5.942 —11.248 4.804
Ni(111) Ag 13.986 7.845 0.215 -4.428 -8.125 9.494
Au 13.986 7.845 0.287 —6.036 -10.167 5916
Cu(11 M 9.469 5.886 0.167 —7.809 —12.554 —4.841
Pd 9.469 5.886 0.142 -5.637 -12.787 -2.927
) Pt 9.469 5.886 0.256 -10.101 —15.841 —10.331

a) The most stable structure presented in Table 1 is employed here. b) E.,*S, Egef*S, and Ejp*S
are defined by egs. (1), (2), and (3). ¢) This value differs from the E,;,*S values of 4Ni/Cu(111)
and 4Pd/Cu(111) because 4Pt/Cu(111) has the S2 structure in which two Pt atoms are
separated by one Cu atom but 4Ni/Cu(111) and 4Pd/Cu(111) have the S1 structure in which
two X atoms (X = Ni or Pd) are separated by one Cu-Cu bond and other two X atoms are
separated by one Cu atom, as shown in Table 1, Scheme 1, and Scheme S3 of the SI. d) E,,*",
Egisma®®, Erx*®, and Ei** are defined by egs. (5), (6), (7), (8) and (9). All these terms are in
eV unit.
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When going from 2Ni/Cu(111) to 2Pt/Cu(111), the E4.S term gets more positive by 0.116
eV but the E4.¢" term gets more positive by 0.064 eV, indicating that these terms contribute to
stabilizing 2Pt/Cu(111)” compared to 2Pt/Cu(111)3 by 0.052 eV. On the other hand, the E;,S
term gets more negative by 3.072 eV, and the E;, " + E;x,?® term gets more negative by 2.965
eV, indicating that the E;,*S term contributes to stabilizing 2Pt/Cu(111)S compared to
2Pt/Cu(111)? by 0.107 eV. Because the contribution of the E;,S is larger than that of Ey.#",
2Pt/Cu(111)8 is more stable than 2Pt/Cu(111)". These results again indicate that the E;,*S term
is important in stabilizing the SAA compared to the PSA.

Similar analysis is possible for 3X/Ni(111) and 4X/Ni(111). Here, we presented these terms
of 4X/Ni(111) in Table 3 without discussion; the discussion is presented in pages S15 to S20
of the SI and these terms of 3X/Ni(111) and 4X/Ni(111) are shown in Tables S4 and S5 of the
SI.

In summary, the interaction energy Ej, between nX atoms and [M(111) — nM]4f® and that
between X, cluster and [M(111) — M,]4f" are determination factors for relative stabilities of
SAA and PSA. Thus, important is to find what property determines the Ej,; value, which is

discussed in the section 3.6.

3.5. Electronic structures of SAA and PSA

Prior to discussing the Ej, term, we investigate here the Bader charge, the Fermi level (ep),

and d-band center (e4.) of nX/M(111) because these are important properties of the metal
surface and because these properties are necessary for discussing the Ej, term.

In nCu/Ni(111)S and nCu/Ni(111)P, the Cu atom has a slightly positive charge, as shown in
Figure 2. However, the Ag and Au atoms are negatively charged and the atomic charge gets
more negative in the order Ag < Au in both the PSA and SAA. In nX/Cu(111)S and
nX/Cu(111)? (X =Ni, Pd, or Pt), Ni, Pd, and Pt atoms are negatively charged and the atomic

charge gets more negative in the order Ni < Pd < Pt (Figure 2). These trends are reasonable
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because the electronegativity increases in the same order. It is also noteworthy that the &,
lowers in energy in the order X = Cu ~ Ag > Au in nX/Ni(111)3 and nX/Ni(111)? and X = Ni
~Pd > Pt in nX/Cu(111)8 and nX/Cu(111)P, which is discussed below in more detail.

Each X atom is more negatively charged in the SAA than in the PSA, as seen in Figure 2
and Tables S6 and S7 of the SI, except for the case of nCu/Ni(111) in which the Cu atomic
charge differs little between the SAA and PSA. This result is reasonable because each X atom
in nX/M(111)8 interacts with more M atoms than in nX/M(111)P and the charge transfer (CT)

between the X atom and the M(111) host occurs more strongly in the SAA than in the PSA.

4.7 .0 @ Ni(111) 4.7 .0
R ampE s 2 Lo roXzcu S| exicu)” o, @
nX/Cu : * X=Ag 3 * t
* FHt +t
-4.8 4 4% 232 ¥ X=Au -4.8- % ® % +3
3 1 : @ Cu(111) X A
-4.9 XK + X=Ni 4.9 - X
> 3 > 3
2 * ! % X=Pd 2 ¥ .
'S 4 L
W 5.0 : X X=Pt w 50{ 4 5 .
4 . 4 A
% 4 1 - TP
-5.1 2 X 21023 -5.1 - 2 K 4012
3 ¥ 1 ' S;K ¥ '
5.2 % X 5.2
'5.3 T T T T T ? '5-3 T T T T =
25 20 15 1.0 -05 00 0.5 20 15 1.0 -05 00 05

Bader charge of nX atoms Bader charge of nX atoms

Figure 2. Relations between the Fermi level (e in eV) and the Bader charge (in e) of nX
atoms or X, cluster in nX/M(111)8 (a) and nX/M(111)’¢ (n = 0 ~ 4) (b). The number
neighboring each plot represents the number of X atoms in the alloy.

The € of the alloy lowers in energy as the negative charge of dopant metals increases, as
shown in Figure 2, except for nAg/Ni(111). This is reasonable because more negatively
charged dopant metals means that the host has positive charge and therefore the ¢r value

lowers in energy. It is noted that the &g value of nCu/Ni(111) differs little from that of Ni(111),

as shown in Figure 2 and Table 4. This is not unreasonable because of the reasons below; (i)
the CT occurs very weakly in this alloy, as discussed above, (ii ) the amount of Cu is not
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large, and (iii) the Cu atoms exist on the surface but the & is determined by the whole metal
atoms in the alloy. In the case of 2Ag/Ni(111) and 3Ag/Ni(111), the &, value is almost equal
to that of Ni(111) despite of the moderately negative charge of the Ag atoms (Table 4). In
3Ag/Ni(111) and 4Ag/Ni(111), the e rises slightly by 0.02 eV compared to that of Ni(111). In
nAg/Ni(111), the CT is not very strong. Therefore, it is likely that the other factor such as

structure distortion influences the e value because the larger Ag atom than the Ni atom

induces the distortion of the host Ni(111) structure to destabilize the d band of Ni(111) and

rise the &, value; we stop the further discussion about this issue because the change in the ¢, is

very small. On the other hand, it lowers considerably in nAu/Ni(111) as the number of Au
atoms increases because the CT occurs considerably from Ni(111) to Au atoms. Similarly, the

ep value lowers considerably in nPt/Cu(111) as the number of Pt atoms increases because of

the same reason. From these results, it is concluded that the Fermi level lowers in energy
when CT from host metals to dopant atoms strongly occurs but the other factor would
influence the Fermi level when the CT is weak; also, the interface dipole moment is another
factor to influence the Fermi level, but this factor is not discussed here because it is difficult to
define the interface dipole moment due to the SAA structure in which dopant metals are
surrounded by host metal atoms.

Because the surface of the alloy plays important roles in adsorption of gas molecule and
reaction of substrate, we inspect the partial DOS (PDOS) of the top-layer (or the surface layer)
of the PSA and SAA, as shown in Figure 3, where several important PDOSs are presented as
examples; PDOSs of the other alloys are shown in Figures S7 ~ S14 of the SI. The PDOS of
the top-layer of Ni(111) exhibits spin-polarization but that of the Cu(111) surface does not.
These features are found in all the nX/Ni(111) and nX/Cu(111) alloys. In the PDOS of
Ni(111), the Ni B-electron d-DOS mainly contributes to the ep. This feature is common in all

the nX/Ni(111) alloys studied here. In the PDOS of Cu(111), both the Cu d-DOS and the Cu
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s-DOS are small around the Fermi level. In nX/Cu(111), the DOS becomes further smaller at
the Fermi level. This is true because the Cu DOS at a high energy more contributes to the CT
to Ni, Pd, and Pt atoms than that at a low energy.

The d band center (€41, €V) and d valence-band center (€4..yg) are important properties as
well. We focus on these properties of the surface top-layer. In the Ni-based alloy, the &4c.o
and

(a),, Ni(111) b) 4Cu/Ni(111)° €)an 4AUNiI(111)°
40 : ( ) ( )30

& =-505 & =-5.20

304

20+
10
8 4
a 97 &%
D_ F
-10 4
207 — 1st-Tof — 1st-Tot
] - Tot(d) - Tot(d)
30 — Ni(d) — Ni(d)
- Ni(d) : \ — Cu(d) Vi — Au(d)
'40 T T - T T T T T T
-10 -8 -6 -4 -2 -10 -8 -6 -4 -2 -10 -8 -6 -4 -2
Energy (eV) Energy (eV) Energy (eV)
(d) cu@1n (e) 4Ni/Cu(111)” (f) 4PtCu(111)®
401 | gmam 301 A ﬁ G
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S oY 8 0
£ &

-104

=201 ;
: — 1st-Tot

20 -
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Energy (eV) Energy (eV) Energy (eV)

Figure 3. The PDOSs of the top-layer (or the surface layer) of Ni(111) (a), 4Cu/Ni(111)" (b),
4Au/Ni(111)3 (¢), Cu(111) (d), 4Ni/Cu(111)? (e), and 4Pt/Cu(111)% (f). The PDOSs of the
other alloys are presented in Figures S7 ~ S14 of the SI.

-10 -8

€4..vp lower in energy as going from Ni(111) to nX/Ni(111), as shown in Table 4; the
properties of the other alloys are presented in Table S8 of the SI. These changes in €4 and

€4c-vp suggest that the CT from nX/Ni(111) to adsorbate weakens as going from Ni(111) to
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as going from Ni(111) to nCu/Ni(111). The CT from the Cu atoms to the Ni(111) host is not
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the reason because the CT is marginal in nCu/Ni(111), as discussed above and seen in Figure

2. One plausible reason is the contribution of the d valence bands of the Cu atom and Cu,

cluster to the &4..r and €4c.vg. Their d valence bands exist at a much lower energy than that of

Ni(111), as shown in Figure 3(b). Also, the extent of the Cu d valence band at a low energy is

much larger in 4Cu/Ni(111)? than in Cu/Ni(111), as shown by the PDOSs of Cu/Ni(111)

(Figures S7 of the SI) and 4Cu/Ni(111)? (Figure 3(b)). Therefore, the increase in the Cu

content enhances the contribution of the low energy d band to the ;. ; and €4c.vg. As a result,

the €4c.10r and €4..yp values lower in energy as the number of Cu atoms increases in nCu/Ni(111)

despite of the marginal CT.

Table 4. The Fermi level (er in eV), d band center (&4 in €V),
valence level (e4.yg in €V) of nX/Ni(111) and nX/Cu(111) alloys

and d band center in the

nX!/Ni(111) P2 Cgctot  €de.VB nX?/Cu(111) Ep Cactot  €de.VB
nX! [nCuw/Ni(111)]° nX? [nNi/Cu(111)]?
none -5.06 -4.71 -6.77 none -4.72 -5.92 -7.19
Cu -5.06 -476  -6.80 Ni 477 -591 -7.15
2Cu? -5.06 484  -6.85 2NiP -4.77  -5.85 -7.13
3CufC -5.06  -490  -6.88 3NiPC¢ 478  -5.71 -7.02
4CuPC -5.05 497 -691 4NiPC 481 557 -692
[nAg/Ni(111)]° [nPd/Cu(111)]3
Ag -5.06  -4.81 -6.88 Pd 477 596  -7.23
2AgP 506 499  -7.10 2Pds! 478 594  -7.29
3AgPC -5.04  -5.15 -7.26 3PdS! 478 582  -7.22
4AgPC -5.04 530  -7.41 4PdS! 481 -5.73 -7.19
[nAWNI(111)]8 [nPt/Cu(111)]3
Au -5.09 487  -6.95 Pt -480 -6.00 -7.27
2AuS! 513 504  -7.14 2PtS? 484  -6.02 -7.37
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3AuS! -5.17  -5.21 -7.32 3PtS? -488  -6.05 -7.49
4AuS! -520  -5.38 -7.48 4PtS? -494  -5.89 -7.37

In the Cu-based alloy nNi/Cu(111)S, on the other hand, the €4, and &4.yp rise in energy as
going from Cu(111) to 4Ni/Cu(111)S. In nPd/Cu(111)S, the &4.,; moderately but the 4.y
slightly rise in energy when going from Pd/Cu(111) to 4Pd/Cu(111). In nPt/Cu(111)S, on the
other hand, the &4 and &4._yg moderately lower in energy when going from Pt/Cu(111) to
3Pt/Cu(111)® but then rise when going to 4Pt/Cu(111)S. These complex changes in €4 and
€4..vp suggest that two factors participate in determining the €4..o; and €4..yg values. One is the
CT from [Cu(111) — nCu]S to Ni, Pd, and Pt atoms, as discussed above. The other is the
presence of the d-PDOS of Ni, Pd, and Pt at a higher energy than that of Cu, as shown in
Figure 3 (d) ~ (f); the d-DOSs of nPd/Cu(111) are shown in Figures S11 ~ S14 of the SI.
Particularly, the d-DOS of Ni exists at a much higher energy than that of Cu(111). In
nNi/Cu(111)8, therefore, the Ni d-DOS contributes to rising the £4c.o and &q4c.vp in energy, as
going from Cu(111) to 4Ni/Cu(111)3. In this alloy, the influence by the CT is small because
the CT between the Ni, cluster and the Cu(111) host is marginal (Figure 2). In the nPt/Cu(111)
case, the CT largely occurs (Figure 2). Consequently, the €4..4¢ and €4..vg lower in energy as
going from Cu(111) to 3Pt/Cu(111), because the CT from Cu(111) to Pt atoms contributes to
lowering the €44 and €4c.vp in energy. Then, they rise in energy when going from 3Pt/Cu(111)
to 4Pt/Cu(111), because the contribution of the high energy Pt d-DOS becomes large in
4Pt/Cu(111)8, as shown in Figure 3(f). In nPd/Cu(111), the CT is not very large compared to
nPt/Cu(111), and therefore, only the presence of the high energy Pd 4d PDOS contributes to
rising the €4.. and €4..yp in energy, leading to the monotonous rise of the €44y and €4..yp in
energy. However, the ¢ value monotonously lowers in energy in all nX/Cu(111) unlike in

nX/Ni(111) when going from n = 0 to n = 4, which is not consistent with the complex energy
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shifts of the €4c. and €4.yg. This seeming inconsistency is explained reasonably, as follows:
The Cu atom has d and s electrons around the Fermi level but their DOSs are not large around
the Fermi level. Because the CT mainly occurs from the high energy valence band around the
Fermi level, the CT considerably influences the € value in the nX/Cu(111) case, even though
it is marginal.

In conclusion, the &g, €4, and €ge.yg 0f nX!/Ni(111) and nX?/Cu(111) differ from those of
Ni(111) and Cu(111). The differences in 4. and &4..yg are larger than that in the €. The
energy shifts of €. and €4,y are induced by the CTs between [M(111) — nM]4ef> and nX
atoms and between [M(111) — M, ]qf* and X, cluster, and also by the presence of d bands of
the X atom and X, cluster. These changes in the &g, €41, and €4..vp suggest that the electronic
structures of the Ni(111) and Cu(111) surfaces are controlled by alloy formation, which is

discussed in the section 3.7.

3.6. Determination factor for Ej;,;

Because the Ej, term plays a key role in determining the relative stabilities of the SAA and
PSA, as discussed in the section 3.4, it is important to elucidate the reason(s) why the Ejy
stabilizes the SAA compared to the PSA when going from X! = Cu to X! = Au in nX!/Ni(111)
and from X? = Ni to X?> = Pt in nX?/Cu(111), as shown in Tables 2 and 3. The Cu atom has a
moderately positive charge, the Ag atom has a moderately negative charge, but the Au atom
has a considerably negative charge in both SAA and PSA of nX/Ni(111), as discussed above
and shown in Figure 2. Therefore, it is likely that the valence orbitals of the Cu atom and the
Cu, cluster exist at a slightly higher energy than those of [Ni(111) — nNi]4 and [Ni(111) —
Ni,]eef, Whereas those of the Ag atom and the Ag, cluster exist at a moderately lower energy
and those of the Au atom and Au, cluster exist at a considerably lower energy than those of

[Ni(111) — nNi]ee® and [Ni(111) — NiyJef’-
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Although the valence orbitals of Cu, Ag, and Au atoms are obviously 4s, 5s, and 6s orbitals,
respectively, it is not clear what valence orbitals Cu,, Ag,, and Au, clusters have. We
inspected spin density of each atom of nX/Ni(111)S and nX/Ni(111)". In both SAA and PSA,
each Ni atom has considerable spin density around 0.60 e to 0.70 e. The Ni atoms interacting
with the X atom or X, cluster have moderately smaller spin density than the other Ni atoms
interacting with neither X atom nor X, cluster; details are shown in Table S9 of the SI.
Although free Cu, Ag, and Au atoms have one spin on each atom, a negligibly small spin
density is found on these atoms in nX/Ni(111)S and nX/Ni(111)? (Table S9). These features
strongly suggest that the bonding interactions between one X atom and [Ni(111) — nNiJge®
and between X, cluster and [Ni(111) — Ni,]4.f* are formed through spin-pairing using unpaired
electrons of the X atom and X, cluster. On the basis of this suggestion, it is likely that frontier
orbitals of the X, cluster with a high spin state play a role of valence orbital.

When the bonding interaction is formed between two species bearing different spins
through spin pairing, the stabilization energy AE(A—B) is represented by eq. (11) on the basis

of the simple Hiickel MO theory.>-¢7

AE(A—B) = /(€4 — €5)* + 47 (11)
where €4 and ep are valence orbital energies of A and B, respectively, and f is a resonance
integral between valence orbitals of A and B. This equation indicates that AE(A—B) becomes
large as the (¢4 — €p) term increases when [ does not differ very much. This understanding
has been applied to metal-particles, too; °8-7! the explanation is presented in page S31 of the SI.
Although the metal system differs from the molecular system, the use of eq. (11) is not
unreasonable because the metal system has a huge number of orbitals delocalized on whole
system and the energy stabilization by one orbital is determined by eq. (11). Also, the CT

occurs between the host and guest metals, which induces stabilization energy. The eq. (11) is
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obtained by interaction between two orbitals bearing different orbital energies, indicating that
the stabilization by CT is approximately represented by the eq. (11).

As discussed above, the valence orbitals of [Ni(111) — nNi]ge> and [Ni(111) — Ni,]qef” exist
at a slightly lower energy than those of the Cu atom and Cu, cluster. As going from one Cu
atom to Cuy cluster, the a-HOMO energy considerably rises by 1.71 eV but the -HOMO
energy moderately lowers by 0.35 eV, as shown in Figure 4, where valence orbitals of Cu,
and Cu; clusters are shown in Figure S15 of the SI; we need here to mention that the valence
orbital energy changes in a similar manner upon going from one metal atom to metal cluster,
from Ni to Pt, and from Cu to Au between the B3LYP and PBE functionals, as shown in
Figures S16 and S17 of the SI. Because of these changes in orbital energy, the difference in
valence orbital energy between the Cuy cluster and [Ni(111) — Niy]gf® is larger than that
between one Cu atom and the [Ni(111) — Ni]. Therefore, the E;," by the interaction between
the Cuy cluster and [Ni(111) — Niy]qf* increases more than that by the interaction between 4
Cu atoms and [Ni(111) — 4Ni]ge>. This is the reason why 4Cu/Ni(111)? is more stable than

4Cu/Ni(111)8 and the energy difference between the PSA and SAA is larger in 4Cu/Ni(111)

than in 2Cu/Ni(111).
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Figure 4. Energy levels of frontier orbitals of X atom and X4 clusters, where the geometry of
X, cluster was taken to be the same as that of 4X/Ni(111)P

The Ag atom has the a-HOMO at a slightly higher energy but the B-HOMO at a
considerably lower energy than those of the Cu atom, strongly suggesting that a moderately
negative charge of the Ag atom in nAg/Ni(111) results from the presence of its B-HOMO at a
lower energy than that of the Cu atom. When going from one Ag atom to Ags, the a-HOMO
energy rises by 1.87 eV similarly to that of Cuy, whereas the B-HOMO energy changes little.
Consequently, the E;," by the interaction between Ag, and [Ni(111) — Nig]gf® increases more
than the E;,S by the interaction between 4 Ag and [Ni(111) — 4Ni]g>, similarly to that of the
Cu case, when going from one Ag to Agy. Therefore, 4Ag/Ni(111)" is more stable than
4Ag/Ni(111)3.

In the Au atom, both a-HOMO and B-HOMO exist at much lower energies than those of
the Cu atom (Figure 4). Because of these features, the Au atom has a considerably negative
charge in the nAu/Ni(111). When going from one Au atom to Auy cluster, the a-HOMO
energy considerably rises by 1.87 eV, whereas the B-HOMO energy changes little. Because
the a-HOMO energy of one Au atom exists at a much lower energy than that of [Ni(111) —
nNi]gr>, the considerable rise in the a-HOMO energy of the Auy cluster leads to the decrease
in the g, — & term by the valence orbitals of Auy and [Ni(111) — Ni4]®. The E;, and E;,S
terms increase when going from Au/Ni(111) to 4Au/M(111) because the number of
interaction sites increases. However, the decrease in the g4 — &g term suppresses the increase
in E;,* when going from Au/Ni(111) to 4Au/Ni(111)P. Therefore, the Ei," value by the
interaction between the Auy cluster and [Ni(111) — Nig]gf® increases less than that between 4
Au atoms and [Ni(111) — nNi]e®, when going from Auw/Ni(111) to 4Au/Ni(111).

Consequently, 4Au/Ni(111)P is less stable than 4Au/Ni(111)S.
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In nX/Cu(111), the similar discussion is possible. The Cu and X atoms have nearly no spin
density in Cu(111) and all the nX/Cu(111) alloys studied here, as shown in Table S9 of the SI.
This is consistent with the non-spin-polarized DOS of Cu(111) and nX/Cu(111). Because the
Cu atom has one unpaired electron, these features strongly suggest that spin pairing occurs
among Cu and X atoms and X, cluster in nX/Cu(111)?. Therefore, it is likely that frontier
orbitals of the X, cluster with a high spin state play a role of valence orbital like in the case of
nX!/Ni(111). In Ni/Cu(111), the Ni atomic charge is slightly negative, indicating that the
valence orbital of the Ni atom exists at a slightly lower energy than that of [Cu(111) — Cul].
The Pd atom has the a-HOMO at a similar energy to but the B-HOMO at a much lower
energy than those of the Ni atom, as shown in Figure 5. The lower energy f-HOMO leads to
the presence of the moderately negative charge of the Pd atom in nPd/Cu(111). The Pt atom
has the a- and B-HOMOs at much lower energies than those of the Ni atom. Consequently,
the Pt atom has a considerably negative charge.

When going from one Ni atom to the Niy cluster, the a-HOMO energy considerably rises
by 1.78 eV but the B-HOMO energy marginally rises (Figure 5). Because the a-HOMO of one
Ni atom exists at a slightly lower energy than the valence orbital of [Cu(111) — Cu], the
considerable rise in the a-HOMO energy increases the gy — &g term by the Niy cluster and
[Cu(111) — Cuy]eef’. Consequently, the E;,f by the interaction between Nigy and [Cu(111) —
Cuygef” increases more than the E;,® by the interaction between 4 Ni atoms and [Cu(111) —
4Culge® when going from Ni/Cu(111) to 4Ni/Cu(111). Therefore, 4Ni/Cu(111)" becomes
more stable than 4Ni/Cu(111)S.

The a-HOMO of the Pd atom exists at a similar energy to but the f-HOMO exists at a
considerably lower energy than those of the Ni atom (Figure 5). This feature means that the
— &g term by the B-HOMO and the valence orbital of [Cu(111) — Cu] is larger in the Pd case

than in the Ni case. When going from one Pd atom to the Pd, cluster, the a-HOMO energy
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rises in energy like that of the Ni case but the -HOMO energy changes marginally. Because
the a- and B-HOMO energies of the Pd case change similarly to those of the Ni case, the E;,”
increases similarly to that of the Ni case, when going from one Pd atom to the Pd, cluster.
However, the B-HOMO energy of one Pd atom is considerably lower than that of one Ni atom,
leading to the presence of the larger g4 — &g term for one Pd atom and [Cu(111) — Cu] than
that of the Ni case and therefore, nPd/Cu(111) tends to form SAA compared to nNi/Cu(111).
Because nNi/Cu(111)8 is as stable as nNi/Cu(111)P, as seen in Table 1, the SAA becomes
more stable than the PSA in nPd/Cu(111). Here, we need to mention that the E;,S of
nPd/Cu(111) is smaller than that of nNi/Cu(111) in Tables 2 and 3, which is seemingly
inconsistent with the discussion above. However, the conclusion that the nPd/Cu(111) tends to
have SAA compared to nNi/Cu(111) is reasonable, as follows: Because the Pd position
deviates from the best for orbital interaction with Cu(111), both E;,* and E;,S of nPd/Cu(111)
decrease compared to those of nNi/Cu(111), as discussed below in more detail. This is the
reason why the E;, of nPd/Cu(111) is smaller than that of nNi/Cu(111). However, the &5 — &3
term is favorable for presenting the larger £, value between four Pd and [Cu(111) —4Cu]S
than the E;," value between Pd4 and [Cu(111) — Cuy]®. As a result, nPd/Cu(111)3 is more

stable than nPd/Cu(111)P.
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Figure 5. Energy levels of frontier orbitals of the X atom and X, clusters, where the geometry
of X4 cluster was taken to be the same as that of 4X/Cu(111)?

When going from one Pt atom to Pt, cluster, the a-HOMO considerably rises in energy by
1.90 eV, whereas the B-HOMO somewhat lowers in energy by 0.72 eV. Because the f-
HOMO of one Pt atom exists at a lower energy than that of [Cu(111) — Cu], the g5 — & term
by the B-valence orbitals of the Pty cluster and [Cu(111) — Cug]gf® is larger than that by one Pt
atom and [Cu(111) — Cu]. Therefore, the E;,* by the B-HOMO increases when going from one
Pt atom to the Pt; cluster. However, the rise of the a-HOMO energy of the Pt cluster
decreases the gy — &g term by the a-HOMO of the Pt, and the valence orbital of [Cu(111) —
Cuy]gef’, because the a-HOMO of one Pt atom exists at a lower energy than that of [Cu(111) —
Cu]. Because the o-HOMO energy changes more than the B-HOMO energy, the E;,* by the
o-HOMO decreases more than the E;,* by the B-HOMO increases. When going from one Pt
atom to the Pt cluster, both Ei,* and E;,S terms increase because the Pt, cluster and 4 Pt
atoms have more interaction sites than one Pt atom, as discussed above. However, the &, — &g
term suppresses the increase in Ej,’, because the &4, — &g term by the a-HOMO decreases

when going from one Pt atom to Pty cluster to decrease the E;,* value more than the &, — &
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term by the B-HOMO increases the E;, . Therefore, the E;, " value by the interaction between
the Pty cluster and [Cu(111) — Cuylef® increases less than that between 4 Pt atoms and
[Cu(111) — 4Cu]4f® when going from one Pt atom to 4 Pt atoms. As a result, 4Pt/Cu(111)P is
less stable than 4Pt/Cu(111)S.

Here, we have to notice that both E;,S value by the interactions between n X atoms and
[Ni(111) — nNi]¢> and Ej," value by the interactions between X, cluster and [Ni(111) —
Ni,Jeef® decrease when going from X = Cu to X = Au, as shown in Tables 2 and 3. Similarly,
both E;, value by the interactions between n Pd atoms and [Cu(111) — nCu]ye® and Ej, "
value by the interactions between Pd, and [Cu(111) — Cu,]q4.f are smaller than those of the Ni
cases. However, the above discussion based on eq. (11) suggests that they increase. This
discrepancy between the change in Ej,; and the above discussion based on eq. (11) may arise
from the atomic sizes of these elements; the atomic radius is 1.25 A for Ni, 1.28 A for Cu and
1.44 A for Ag and Au. Because the atomic radius of Ni is similar to that of Cu, the Ni—Cu
distance in nCu/Ni(111) is close to the Ni—Ni distance of Ni(111), which does not cause
largely the distortion of the Ni(111) moiety by Ni—Cu exchange. However, the Ni—Ag and
Ni—Au distances in nAg/Ni(111) and nAu/Ni(111) are considerably longer than the Ni—Ni
distance, as discussed above and seen in Figure 1, because of the larger atomic radii of Ag and
Au than that of Ni. This means that the Ag and Au atoms cannot take a good position for the
orbital interaction in nAg/Ni(111) and nAu/Ni(111). Indeed, the Ag and Au atoms exist at
higher positions than the surface Cu atom in nX/Cu(111) alloys, as discussed above. In other
words, the Ag and Au atoms take the deviated position from the best one for bonding
interacting with the surface Cu atom, which reduces the orbital overlap and sacrifices the
stabilization energy. This is the reason why the Ej, value decreases when going from

nCu/Ni(111) to nAg/Ni(111) and nAu/Ni(111). The same explanation is possible for
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nNi/Cu(111) and nPd/Cu(111) because the atomic radius of Ni is similar to but that of Pd is
considerably larger than that of Cu.

The atomic radius influences similarly both Ej,S and E;,* values because the position
deviation does not differ very much between n X atoms and X, cluster. Therefore, it is true
that when going from nCu/Ni(111) to nAwNi(111) E;,S and E;, values decrease and that
when going from one Au atom to the Auy cluster and from one Pd atom to the Pd, cluster the
valence orbital of X, rises in energy to reduce the stabilization energy by the Ei, term
compared to the E;,S value. It is concluded that the energy level of valence orbital of the X,
cluster is an important determination factor for relative stabilities of SAA and PSA.

Because SAA bearing guest metal(s) on the surface is desirable for catalyst, we will discuss
here what factor(s) is important for producing such a structure, summarizing the above results
and referring the review by Johnston and coworkers.”> Atomic radii of guest atom and host
atoms and CT between the host and the guest are considered to be plausible determination
factors of alloy structure, as follows: Ni atom penetrates into Cu(111) but Pd and Pt atoms do
not, as discussed above (the section of “Models”). Also, Cu, Ag, and Au atoms do not
penetrate into Ni(111). The atomic radius of the Ni atom is moderately smaller than that of the
Cu atom, which facilitates the penetration of Ni into Cu(111). However, the Cu atom does not
penetrate into Ni(111). This is reasonable because the Cu atom is moderately larger than the
Ni atom. Because the Ag and Au atoms are considerably larger than the Ni atom and the Pd
and Pt atoms are considerably larger than the Cu atom, the Ag and Au atoms do not penetrate
into Ni(111) and the Pd and Pt do not into Cu(111). Thus, the atomic radius is one of
important factors for stabilizing the SAA structure bearing guest metal atom on the surface.
Valence orbital energy of metal atom is another important factor for determining whether
atomically dispersed distribution is stable or not, as summarized below: When the valance

orbital of host metal atom exists at a higher energy than that of guest metal atom, the bonding
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interaction between the cluster of guest metal atoms and the host is weaker than that between
one guest metal atom and the host because the valence orbital of metal cluster rises in energy
to decrease the €4 — € term in eq. (11). This means that the use of guest metal atom bearing
valence orbital at lower energy than that of host metal atom is recommended for producing
SAA. Considering these two factors, one guideline on producing SAA bearing guest metal(s)
at the surface is to use guest metal atom(s) with a larger atomic radius and valence orbital at

lower energy than those of host metal atom.

3.7. CO adsorption to nX'/Ni(111) (X! = Cu, Ag, or Au) and nX?*/Cu(111) (X2 = Ni, Pd, or
Pt)

The surface reactivity of these alloys is explored taking CO adsorption as one example,
because CO adsorption is often investigated to evaluate reactivity of metal surface. We
investigated all plausible adsorption sites, as shown in Scheme 3 and listed CO adsorption
energy (Ea.qs) at the most stable site in Table 5; those of the less stable CO adsorptions to the
Ni(111), Cu(111), nX/Ni(111), and nX/Cu(111) surfaces are presented in Tables S10 ~ S12 of
the SI.

On the pure Ni(111) surface, the E,4 value is —1.92 eV, —1.79 eV, and —1.56 eV at the
hollow (H), bridge (B), and on-top (OT) sites, respectively, as shown in Table S10 of the SI.
On the pure Cu(111) surface, the E,4 value is —0.95 eV, —0.87 eV, and —0.78 eV at the H, B,
and OT sites, respectively. These results show that the CO adsorption at the H site is the most
stable in both Ni(111) and Cu(111) surfaces and that the CO adsorption to the Ni(111) surface
occurs much more strongly than to the Cu(111) surface: The adsorption strucutre is essentially
the same as that reported previously by theoretical workds’3-7° and these E,q values at the H

site are close to the previously calculated values, as shown in Table S13 of the SI. The
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adsorbed CO is negatively charged by —0.38 e and —0.32 ¢ at the H site on the Ni(111) and

Cu(111) surfaces, respectively, showing that CT occurs from the metal surface to CO.

(a) nX/Ni(111) (X = Cu, Ag, or Au) and nX/Cu(111) (X = Ni or Pd)
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Scheme 3. Several important adsorption sites for CO on nX/Ni(111) (X = Cu, Ag, Au) and

nX/Cu(111) (X =Ni, Pd) (a) and nPt/Cu(111) (b)

In 2Cuw/Ni(111)P, the CO adsorption does not occur at the H sites neighboring to the Cu
atom(s) such as H? of 2X8! and 2XP but occurs at the H? site surrounded by three Ni atoms
with almost equal E,q4 value to that of the Ni(111) surface, where H? and H3 etc. are shown in
Scheme 3 and Table S11 of the SI. In 3Cu/Ni(111)P¢ and 4Cu/Ni(111)PC, the CO adsorption
occurs at the H* site, which corresponds to the H3 site of 2Cu/Ni(111)P. This is reasonable

because CT occurs to the Ni atom from the Cu atom and because the Cu atoms are close to the
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Ni atoms surrounding the H3 site of 2Cu/Ni(111)? and the H* site of 3Cu/Ni(111)®, as shown
in Figure 3. Indeed, the charge of the Ni atoms in nNi/Cu(111) is slightly more negative than
that in Ni(111), as shown in Table 5, which is favorable for the CT to the CO molecule. In
2Ag/Ni(111)S!, 3Ag/Ni(111)P¢, 4Ag/Ni(111)P¢, and nAu/Ni(111)3!, CO adsorption occurs at
the H? site distant from Ag and Au atoms. It is noteworthy that the E,4s value is slightly larger
in nCu/Ni(111) than in Ni(111) but smaller in nAg/Ni(111) and considerably smaller in
4Au/Ni(111)S! than in 4Cu/Ni(111)PC. These results are consistent with the facts showing that
CT occurs moderately from Cu, cluster to Ni atoms in nCu/Ni(111), moderately from Ni
atoms to nAg atoms in nAg/Ni(111), and considerably from Ni atoms to nAu atoms in
nAu/Ni(111). Because the CT occurs from the Ni(111) host to n Ag and n Au atoms, the Ni
atoms on the surface are electron-deficent in 4Ag/Ni(111) and 4Au/Ni(111) than in Ni(111),
as shown in Table 5, and the e4..yp energy is lower in 4Ag/Ni(111)S! and 4Au/Ni(111)3! than
in 4Cu/Ni(111)P€ (Table 4). Consequently, the CT from 4Ag/Ni(111)8! and 4Aw/Ni(111)3! to
CO occurs more weakly than those from the Ni(111) and nCu/Ni(111)P. This is the reason of
the smaller E,q in 4Ag/Ni(111)8! and 4Auw/Ni(111)3! than in nCu/Ni(111)P. To compare the
CO adsorption between Ni(111) and nAu/Ni(111) in more detail, we calculated C-O
strentching frequency (vco) and found that the vco value of CO adsorbed on 4Au/Ni(111)8 is
lower than that on Ni(111) by 16 cm™'. This lower frequency shift agrees well with the
experimental result, 3% 8! as shown in Table S13 of the SI. Though the calculated frequency
(1759 em™) of vco in the Ni(111) case is somewhat lower than the experimental value (1816
cm™), the difference is not very unreasonable because the vco value depends on the CO
coverage; actually, only one CO molecule is adsorbed in the present model for calculation but
it is not clear how many CO molecules are adsorbed at the surface in experiment. In Cu(111),

the calculated vco value is close to the experimental one (Table S13).3
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Table 5. The CO adsorption energy (. in €V) in the most stable CO adsorption structure, the
Bader charge of the adsorbed CO (Qco in ¢), and the Bader charge of the M (or X) atoms
before the CO adsorption (Qy (or Ox) in e).

nX/Ni(111) (X = Cu, Ag, or Au) nX/Cu(111) (X = Ni, Pd, or Pt)
Models Eq44(site) Oco Owm Models E,q(site)® Oco Ox?
Ni(111)  —1.92(H) 038 008 | Cu(111) 0.95 (H) 038 —0.08
2C0* 193 (H%) 038  —0.08 NG 170(0T%H9 026  —0.09
3Cufc -1.95 (H% —0.38 -0.09 3NiS! —-1.69 (OT%) -0.09 -0.10
ACUPC 194 (HY 038  —0.09 4ANiPC 214 (H") 038 024
2AgS! -1.86 (H®) -0.37 —0.08 2PdS! -1.15 (OT%) -0.11 -0.36
3AgPC -1.86 (H) -0.37 -0.03 3Pds! —-1.14 (OT%) -0.12 -0.36
4Ag'C 182 (H) 036  —0.04 4pPds! 113(0T% 0.3 036
2Au' 188 (H%) 035  —0.07 2Pt 151 (0T%)  —0.10  —0.64
3AuS' 186 (H%) 034  0.09 3pts? 150 (0T%  —0.10 —0.64
4Aud! -1.70 (H3) -0.35 0.03 4PtS? —1.48 (OTX) -0.10 —0.65

a) The positions H?, H, etc. are shown in Scheme 3. b) The superscript X represents that the
CO adsorption occurs at the X atom. c¢) The E,4s is —2.03 eV for the CO adsorption at the

H site of Pd(111) and —1.88 eV for that of Pt(111).
In nX%/Cu(111) (X? = Ni, Pd, or Pt), CO is adsorbed more strongly with the X? atom than

with the Cu atom, as shown in Table 5 and Table S12 of the SI. This feature is understood in

terms of the d-valence band energy, as follows: CO tends to bind with the metal atom bearing

the occupied d orbital at a high energy to form a strong CT from the metal to the CO molecule.

As shown in Figures 3 (d) to (f) and Figures S11 ~ S14 of the SI, the d-valence bands of Ni,
Pd, and Pt exist at a much higher energy than that of Cu(111). Consequently, CO adsorption
occurs at the Pd and Pt atoms in the on-top manner except for 4Ni/Cu(111)P¢ in which the CO
adsorption occurs at the hollow site surrounded by three Ni atoms. The E,4 is much larger in
nNi/Cu(111) than in nPd/Cu(111)% and nPt/Cu(111)S. This is attributable to the presence of

the d-DOS at a high energy in nNi/Cu(111), too, because the valence band d-DOS of Ni exists
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at a higher energy than those of Pd and Pt, as shown in Figures 3 (e) and (f) and Figures S11
~ S14 of the SI. In 4Ni/Cu(111)P¢, the CO adsorption occurs at the H! site surrounded by
three Ni atoms like that on the Ni(111) surface but the E,45 value is considerably larger than
those at the other sites in 4Ni/Cu(111)PC. The E,4 value is even larger than that of the pure
Ni(111) (Table 5). This large E,qs value is reasonable, because the Ni atom is negatively
charged in 4Ni/Cu(111)PC due to the CT from Cu(111) to Ni atoms.

On the other hand, the CO adsorption occurs to nPd/Cu(111)S and nPt/Cu(111)% with
considerably smaller E, 4 values than those to the pure Pd (111) and Pt(111) surfaces (E,4s = —
2.03 eV and —1.88 eV, respectively). This result is against the expectation from the fact
showing that the Pd and Pt atoms are negatively charged in these alloys due to the CT from
the Cu(111) to Pd and Pt atoms. The considerably small E,4 value does not result from the
negatively charged Pd and Pt atoms but from the difference in the CO adsorption structure; in
the pure Pd(111) and Pt(111) surfaces, the CO adsorption occurs at the H site like that on the
Ni surface, whereas the CO adsorption occurs at the on-top (OT) site in nPd/Cu(111)% and
nPt/Cu(111)S. These results suggest that the reactivity toward CO is enhanced in
nNi/Cu(111)P¢ but weakened in nPd/Cu(111)% and nPt/Cu(111)3. This is important finding

because the CO poisoning is suppressed using Cu-based SAAs of Pd and Pt.

4. CONCLUSIONS

In this work, we carried out a theoretical study of SAA and PSA of nX/M(111) (X' = Cu,
Ag, or Au for M = Ni; X? = Ni, Pd, or Pt for M = Cu; n = 1 ~ 4). DFT calculations disclosed
that PSA is more stable than SAA in nCu/Ni(111) but SAA is more stable than PSA in
nAu/Ni(111), nPd/Cu(111), and nPt/Cu(111). In the nAg/Ni(111) and nNi/Cu(111), relative
stabilities of SAA and PSA depend on the coverage of Ag on Ni(111) and that of Ni on

Cu(111). These results agree with the experimental observations.410,19-21,26,27,29-31
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To obtain better understanding, we analyzed energy changes along assumed reaction to
generate SAA and PSA of nX/M(111) from M(111) and n X atoms. This analysis elucidated
that the interaction energy Ej,; of M(111) with either n X atoms or X, cluster plays an
important role in determining which of SAA and PSA is produced. In Ni- and Cu-based alloys,
the Ni(111) and Cu(111) hosts have their 3d valence orbitals at a higher energy than those of
5d metal elements such as Au and Pt. Because the valence orbitals of Auy cluster exist at
higher energies than those of Au atom, the g5 — &g term by valence orbitals of the Au, cluster
and Ni(111) host is smaller than that by one Au atom and the Ni(111) host. The Ej, increases
(gets more negative) when going from Au/Ni(111) to 4Au/Ni(111)P, because the X4 cluster
has more interaction sites than one X atom. However, the decrease in the g4 — &g term
suppresses the increase in the E;, " value by the interaction between Au, and the Ni(111) host
compared to the Ej,S value between 4 Au atoms and the Ni(111) host. Therefore, the PSA
becomes unstable compared to the SAA in nAu/Ni(111). The same understanding is presented
for nPt/Cu(111). This result leads to a general prediction that the combination of 3d-base
metal element M and 5d metal element X tends to provide the SAA of nX/M(111) because the
5d orbital exists generally at a lower energy than the 3d orbital and the valence orbital rises in
energy when going from one X atom to X4 cluster. In nCu/Ni(111), the Ni atom has a valence
orbital at a slightly lower energy than that of Cu(111). The Cu, cluster has a valence orbital at
a considerably higher energy than the Cu atom to increase the E;,” value between the Cu,
cluster and the Ni(111) host. Therefore, the PSA is more stable than the SAA in nCu/Ni(111).
The 4d metal elements exhibit intermediate behavior between 3d and 5d metal elements.

In nX!/Ni(111) (X! = Cu, Ag, or Au), the Cu atom has a slightly positive atomic charge but
the Ag and Au atoms have a negative atomic charge. In nX?/Cu(111) (X2 = Ni, Pd, or Pt), Ni,
Pd, and Pt atoms have a negative atomic charge. These results indicate that the CT occurs

between the M(111) host and either X atom or X, cluster. The CT influences the Fermi level
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(ep), d-band center (e4.10t), and d-valence band center (e4..vg) of the alloy. In nCu/Ni(111) and
nAg/Ni(111), the er value does not differ very much from those of the pure Ni(111) surface
because of the moderate CT, whereas it lowers considerably in nAu/Ni(111) because of the
large CT. In nX?/Cu(111), the er value lowers in energy compared to that of Cu(111). The &g
ve value lowers considerably in nX!/Ni(111) as n increases. In nNi/Cu(111), the &4..vg value
rises in energy as going from Cu(111) to nNi/Cu(111). In nPd/Cu(111) and nPt/Cu(111),
however, the &4..yvg moderately lowers when going from n = 0 to n = 2 or 3 but then rises
when going from n =2 or 3 to n =4. These complex changes are induced by two factors: one
is the CT from Cu(111) to Pd and Pt atoms, which contributes to the energy lowering of the
€4c-v, and the other is the presence of the higher energy d-DOSs of Ni, Pd, and Pt atoms than
that of Cu, which contributes to the energy rise of e4.vg.

In nCu/Ni(111), CO adsorption occurs at the hollow site surrounded by Ni atoms
neighboring to Cu atom, because CT moderately occurs from Ni(111) to Cu atoms. Because
of the CT, CO adsorption energy is larger than that to the pure Ni(111). In nAg/Ni(111)S and
nAwNi(111)3, CO adsorption occurs at the hollow site distant from Ag and Au atoms because
CT occurs from the Ni(111) host to Ag and Au atoms. CO adsorption energy decreases as the
number of Ag and Au atoms increases, because the CT from the Ni(111) host to Ag and Au
atoms strengthens as the number of Ag and Au atoms increases. In nX/Cu(111)8 (X = Ni, Pd,
or Pt), CO is adsorbed more strongly with the X atom than with the Cu(111) surface, because
the X atom has a d-valence band at a higher energy than the Cu(111) host, which is favorable
for the CT from the X atom to CO. However, the CO adsorption energy is smaller in the
nPd/Cu(111)S and nPt/Cu(111)S than in Pd(111) and Pt(111), respectively, because the CO
adsorption occurs at the hollow site of Pd(111) and Pt(111) but at the on-top site of the Pd

atom in nPd/Cu(111)S and on the Pt atom in nPt/Cu(111)S. This feature strongly suggests that
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the CO poisoning of Pd and Pt catalysts is suppressed by using Cu-based single-atom alloys
of Pd and Pt.

This work clearly shows the general understanding why SAA is produced by the
combinations of Au atoms with Ni(111) and Pd/Pt atoms with Cu(111) but PSA is produced
by the combinations of Cu atoms with Ni(111) and Ni atoms with Cu(111). Also, important
properties such as the Bader charge, &g, &ictor, and &ge.vg Of the Ni- and Cu-based alloys

presented here are valuable for understanding and predicting the reactivity of these alloys.
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