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Abstract
The role of the support anatase TiO2(100) and rutile TiO2(110) on the energetics, the
shape and the charge transfer of deposited CuAu nanoclusters (~ 1 nm) has been examined by

using density functional theory calculations including Hubbard correction (DFT+U). Regular
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truncated octahedron clusters (rto), Cua-xAu (X being in the range 0.15-0.36), representing
different alloy types (core@shell, Regular alloy, Skin-Heart) are considered. From a
thermodynamic standpoint, the core-shell deposited nanoclusters present the strongest
adsorption strength on both rutile and anatase supports, although they are the least stable
homotops in vacuum. Interestingly, for skin-heart and regular alloy CuAu clusters, the
stability on these supports decreases with the Au content. CuAu nanoclusters present larger
adsorption energies on rutile than on anatase support. This result has been explained by a
Bader analysis of charge transfers and an energy decomposition analysis (EDA) model which
shows a larger binding energy between the metal and the rutile support than that on anatase, in
part compensated by the stronger deformation of the structure of rutile. At the size of 38
atoms, the bimetallic cluster exhibits a significant propensity to distort its structure and adapt
it to the geometry of the oxide surface to maximize the stability of the formed metal-oxide
chemical bonds. Such an interesting property is expected to decay with the increasing size of
the metallic nanocluster. This work provides an original discussion related to the support
effect which is rarely evoked in the literature of DFT studies of such supported alloy clusters

at the nanoscale.



I-Introduction

Supported bimetallic nanoparticles (BiM NPs) are widely used as heterogeneous catalysts [1-
4]. In the recent decade, these materials have attracted much attention due to their tunable
catalytic properties. In fact, for several catalyzed reactions, alloying two metals could improve
the activity and/or the selectivity compared to the properties measured for the same reactions
occurring on monometallic components [5-6]. The catalytic properties of the supported metals
may depend on several factors, such as the size and the shape of the nanoparticles, the
structure and the surface composition, the stability of the nanoparticles and their interactions
with the support. Although these factors have been identified for a long time, a rational
control and understanding of the catalytic properties at the atomic scale is still missing.

Many methods have been employed for the synthesis and the characterization of BiM NPs on
various oxide supports [7]. Supported Au-based NPs, such as AuPd [8-9], AuCu [10-12],
AUAg [13-14], and AuPt [15-16] are highly active for many catalytic reactions, such as CO
oxidation, and can be applied in catalysis, electrochemistry and nanotechnology [17-18]. The
AuCU/TiO2 system has been employed several times for various applications such as
wastewater treatment [19], photocatalysis and CO: reduction by water [20] and
photodegradation of methyl orange [21].

Titanium dioxide is one of the most widely used and studied reducible supports in the
literature [22]. TiO2 supports for heterogeneous catalysts provide stability in electrochemical
environment and are easily commercially available [23-24]. Different allotropic forms of TiO2
exist in the nature: anatase, rutile and brookite. Among them, anatase and rutile feature the
most interesting surfaces for applications on photochemistry [25,26] and photocatalysis,
especially for the Au/TiO2 system [24,27-29]. The role of the support is often considered in
the literature and a classification has been proposed for catalysis by gold according to two

major effects : reducibility and strong-metal support interactions [30]. Nevertheless, the role
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of the support on the chemical properties of those BiM NPs is still debatable [31]. The nature
and the structure of the surface active sites is still the subject of intense research and
discussions [32-33].

During the last decade, several theoretical works have reported on the growth of Au clusters
(between 4 and 10 atoms) on titanium support [34-39]. Larger Au clusters (20-24 atoms) in
interaction with the rutile stoichiometric TiO2(110) surface have been modeled by combining
DFT calculations with a genetic algorithm [40-42]. The AuCu bimetallic system has been
studied several times from global optimization methods, with free clusters containing 38-56
atoms [43-48]. Complex morphologies and shapes have been found including
(poly)icosahedral forms [44-45], distorted and pancake shapes [45], and a wide and complex
range of structures including core-shell systems [47-48]. However, the deposit of AuCu on the
titania support, has been studied by density functional theory calculations only by considering
small clusters of 3 atoms [49] or solid-solid AuCu(001)/TiO2(101) interfaces [50]. Hence,
little is known about the interaction of gold-copper BiM NPs at a larger size (around 1 nm) on
the titanium support and the quantitative description of the effect of the different forms
(anatase vs. rutile) is still missing.

In order to fill this gap, this work aims to compare the effect of the surface of anatase and
rutile supports on the shape and the stability of either monometallic gold and copper
nanoparticles or gold-copper nanoalloys for 38 atoms in total (around 1 nm). The paper is
organized as follows: first, the optimized parameters of both TiO2 supports are reported. Then
the results of the optimizations of free nanoclusters are analyzed. In the third part,
thermodynamic and geometric data of deposited Au, Cu, CuAu nanoclusters are exposed by
comparison between rutile and anatase. Electronic structure calculations with the Bader

charge analysis are discussed.



I1-Computational details

Periodic DFT calculations were performed using the projector-augmented
wave (PAW) method [51-52], as implemented in the Vienna ab initio simulation package
(VASP) code [53]. The generalized-gradient approximation functional of the exchange—
correlation energy was calculated within the Perdew, Burke, and Ernzerhof formulation
(GGA-PBE) [54]. The cut-off energy was fixed at 400 eV and the positions of the atoms in
the supercell are relaxed until the total electronic energy differences fall below 10 eV.

DFT calculations of rutile and anatase oxide supports faces a classical issue of band-gap
underestimation [55], with a width of 1.7 eV for rutile with GGA-PBE vs 3.05 eV
experimentally and a width of 2.1 eV for anatase with GGA-PBE vs 3.2 eV experimentally
[56]. Indeed, both LDA and GGA functionals fail to describe the corresponding electron
localization at a metallic center [57]. This is explained by the narrow radial extension of Ti 3d
orbitals. In titanium oxide, the 3d orbitals do not overlap with the oxygen ones and they are
more localized on the titanium atoms. A probative semi empirical approach has been
proposed to improve the spurious delocalization provided by LDA and usual GGA
functionals. An additional term U, corresponding to electron on-site repulsion and based on a
Hubbard model [58-59], is considered to correct the self-interaction error. In this work, the
Dudarev’s approach (PBE+U) has been selected [60] with an optimal value for the Coulomb
interactions corrections of Ti electrons Uest 0f 4.2 eV for rutile and of 3.3 eV for anatase. The
systematic error of the band gap has been evaluated by changing the extension of the Ti atom
valence (see for instance, M. lachella et al. [61] for more details). In this study, we have
chosen to describe the Ti*" states by selecting 12 valence electrons for Ti atoms
(3523p83d%4s?).

TiO2 rutile and anatase bulks were modeled using tetragonal unit cells with a =b #c and a. =3
=y = 90°. For the DFT calculations, Monkhorst-Pack [62] k-points mesh of (9 x 9 x 15) and
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(33 x 33 x 13) have been considered, respectively, for rutile and analase. Extended surfaces
(see Figure 1) were modeled by bi-dimensional periodic slabs with the vacuum space between
two equivalent slabs along the z direction set to 20 A. The rutile TiO2(110) surface has been
described by a stoichiometric non-polar termination within a (6 x3) supercell terminated by
bridging oxygen rows along y (Figure 1a). As the number of atoms in a trilayer TiOz2 rutile is
large (36 Ti and 72 O atoms), we considered a TiO2 slab with only 3 trilayers (representing
324 atoms in total). In this model the bottommost layer was fixed in bulk optimal positions
and the two topmost layers were allowed to fully relax. The anatase TiO2(100) surface was
described by a (5 x 2) supercell composed of 240 atoms distributed over 4 layers with the two
bottommost layers fixed to the bulk situation (Figure 1b). Converged total electronic energies
of bare surfaces were calculated by choosing k-points grids (smallest supercells) (7 x 7 x 1)
and (3 x 3 x 1) for rutile TiO2(110) and anatase TiO2(100), respectively. For deposited
metallic nanoclusters, larger supercells have been considered so the gamma-point only
approach was used.
Insert Figure 1

The surface energies y (meV.A2) of the two TiO2 supports are calculated as the difference
between the total energy of the slab and the total energy of an equal number of TiOz units in
the bulk phase, divided by the total exposed area.

Spin polarized calculations were developed for free monometallic Au, Cu, and bimetallic
CuAu nanoparticles (BiM NPs). During the geometric optimizations, all the degrees of
freedom of the metallic atoms were relaxed. In order to avoid spurious interactions between
cluster images, the considered supercells were large (30x30x30 A3). The Brillouin zones were
sampled by gamma point with a convergence criterion for total electronic energy set to 1076
eV. Atomic positions and lattice parameters were both relaxed until residual forces are below

0.01 eV AL In this work we focused on the Cu-rich phase of CuixAux nanoalloys, in which



the composition on Au increased from x=0.15 to x=0.36. According to previous works related
to the theoretical study of gold-copper nanoclusters in vacuum [see 43 and references therein],
there exist several possible morphologies in the fluxional regime around 1 nm [44-48],
including octahedral, decahedral and icosahedral shapes. Due to the computational cost, the
exploration of all possible shapes on TiO2 support is not possible in a reasonable time. To
open the discussion of the support effect on the nanocluster stability and structure, we have
chosen to represent monometallic Au and Cu and bimetallic CuAu systems by regular
truncated octahedral (rto) nanoparticles of 38 atoms based on the fcc packing of the
corresponding bulk crystals. Five CuAu structures representing three different nanoalloy types
(core-shell (CS), skin-heart (SH) and regular alloy (RA)) were computed. Of course this Au-
Cu structure selection is not inclusive. In addition to the selected structures, there are a plenty
of Au-Cu structures that could exist. However, all structures can’t be taken into account by
conventional DFT calculations. In this work, the rto(38) structure give the possibility to
compare a “perfect” core-shell structure (6 atoms in the core and 32 atoms in the shell) with
different alloyed structures, but many other possibilities could exist. In order to analyze the
stability of these different chemical ordering structures of CuAu as a function of the Au
content x, the excess energy per atom (AEexc) was calculated [63-65]. This energetic
descriptor is defined as follows:

AE,,. (Cuy,Auy,) = E(Cu,,Auy,) — mE(Cusg)/N — nE(Ausg) /N Eq.1
where E(Cu,,Au,) is the total electronic energy of the BiM NP and E(Cusg) and E (Ausg)
are respectively the total electronic energies of the structures of the pure 38 rto NPs. By this
way, Eexc is unbiased, being zero for pure clusters. A negative value of excess energy
indicates a tendency to form stable nanoalloys (the mixing is energetically favorable), and the
lower the value of excess energy, the higher the stability of the structure is. In addition, the

surface energies of these free NPs are calculated as follows:



_ Etot(x)—Etot (x)
(x) = ErotC-FEot ()

Eq.2

where Etot( x) is the total electronic energy (calculated by DFT) of the optimized structure
of the bimetallic nanoparticle of composition x, Etot (x) is the total electronic energy of the
optimal alloy bulk with an equivalent composition x, and A is the surface area of the
corresponding relaxed nanoparticles structure. More details concerning the surface energy
calculations could be found elsewhere [66].

In order to evaluate the effect of the interaction of the nanoclusters with the oxide support,

different energetic descriptors were computed. The first one corresponds to the energy gained

AENP/TiO2

deposition

by the system after the deposition of the gas phase NP on the TiO2 oxide support
and calculated as follows:

AENEITO = E(NP/ TiO,) — E(Ti0,) — E(NPrree) =

deposition

where E(NP/TiO,)is the total electronic energy of the deposited NP on the support,
E(Ti0,) represents the total electronic energy of the bare TiO2 support (anatase and rutile
surfaces with spin-polarization) and E(NPfree) is the energy of the 38 rto NP calculated in

gas phase. The second energetic descriptor corresponds to the average deposition energy

NP/TiO,
deposition

< AE > per bond connecting the NP to the support. This value is obviously based

on the first descriptor, which has been normalized by the number of bonds between the NP
and the TiOz (N, VP~ T10%2) .

NP/TiO, __ E(NP/Ti02)— E(Ti02)— E(NPfree) Eq.4
deposition = — N, VPTi07 Q.

< AE

ENP/TiOZ
deposition

As described in Refs. [67-68], the deposition energy A can be decomposed in two

energetic components: the deformation energy and the interaction energy. It is also interesting
to quantify the deformation energy of the NP before and after the deposition on the support,

named AE} %o, and defined as follows:



AEjetorm = E(NP*) — E(NPfree), Eq.5
where E(NP™) is the total electronic energy of the NP relaxed on TiO2 support, obtained by a

single point energy calculation in vacuum.

In addition to these components, it is also important to evaluate the deformation energy of the

stoichiometric TiO2 support during the deposition AET!

deform

AEy2%,.. =E(Ti0,") — E(Ti0,) Eq.6
Where E(Ti0,") and E(Ti0,) are respectively the total electronic energies of the bare
support after and before deposition. Ti0," is the bare support relaxed after the NP deposition,
for which we have performed a single point energy calculation.

The last component is the interaction energy (or binding energy) between the NP and the

support, obtained when the deformation and the relaxation contributions are taken off from

the deposition energies, as follows:

AE'NP*/TiOZ* _ AENP/TiOZ _(AEélVe}}orm _I_AETio2 ) Eq.7

interaction deposition deform
Similarly to the case of the deposition energy, it is possible to normalize the interaction

energy between the NP and the support per bond:

_ NP/TiO, NP Tio,
< AENP*/TLOZ* S = AEdeposition_i— AEgeform + AEdeform Ea.8
interaction - N, NP-Ti0; g.

In order to quantify the geometric deformation of the NP induced by the support, we have
evaluated the geometric deformation ratio 74,5, by calculating the average metal-metal
bond length inside the NP before and after the deposition on the support. Then, we have

applied the following formula:

Taeform = (d_M_M - 1)X 100 Eq.8

Where dNP, is the average distance of M-M bonds of the deformed NP on the support and

dP ., the average metal-metal bond length of the NP optimized in gas phase.



Finally, the electronic structure of modeled systems was studied through a charge
transfer analysis based on Bader charge [69]. These calculations have been performed by

using Henkelman and co-workers’ approach interfaced with VASP [70].
I11-Results

III.1. Modeling of TiO2 supports

Extended surfaces are modeled by considering bi-dimensional periodic slab, involving a finite
number of atomic layers, cut from the optimized bulk materials. All geometric and energetic
parameters of optimized bulk rutile and anatase are depicted in table 1S. One important
characteristic of the surface models is the choice of termination and thickness of the
symmetric slab on the basis of the convergence of the surface energy (systematic error due to
the slab thickness). In addition, as the focus herein is on the effect of the support, it is useful
to give a brief description of the atomic structure of these two surfaces.

Rutile TiO2(110) : the [110] direction in rutile TiO2 leads to three types of terminations,

where only one presents a stoichiometric surface (the one considered herein). It exhibits two-
fold coordinated oxygen atoms (Ozc) rows upon the surface and Tisc/Osc plan. Following the
(110) direction, one can distinguish a Ti204 layer that is composed of three plans: two plans
containing one oxygen and a third one in between composed of Ti2O2 (see Figure 1a). The
relaxation of a stoichiometric rutile TiO2 (110) surface has been estimated by ion-scattering
spectroscopy. It appears that the height of O2c from the surface is not different from the O-
(TiO) distance in the bulk structure. A detailed analysis of surface energy (Esurt ) calculations
for stoichiometric surface model as a function of the slab thickness shows that absolute
convergence is obtained for a 13-layer thick slab (0.362 J.m=? with a systematic error of +10
mJ.m2). This value is in fair agreement with previous DFT models (0.35 J.m"2 [73]). Because
of the computational cost, a reasonable compromise to make the theoretical study possible is

to consider 3-layer thick slab, which leads to a larger systematic error of around 70 mJ.m2,
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Anatase TiO2(100): the (100) termination is very common in titanium oxide powder used in

catalysis but the (101) facet was the most studied as it was reported to be the most
thermodynamically stable TiO2 anatase facet. Indeed, the calculated average surface energies
was reported to follow the order of: y(110) 1.09 J m—2 > y(001) 0.9 J m—2 > y(100) 0.53 J
m—2 > y(101) 0.44 J m—2 [73]. Recent first-principles calculations reported by Ma et al.
predict the relative photooxidation ((100) > (101) > (001)) and photoreduction ((100) > (101)
> (001)) activities, and show the higher photocatalytic activity of (100) facet compared to the
(101) and (001) surfaces [74]. Thus, because of its recently identified high reactivity and as
very little is known about it, the TiO2 (100) anatase surface was selected in this study. The
outermost layer involves five coordinated (Tisc), two-fold (Ozc) and three-fold (Osc) atoms,
while the second layer exposes fully coordinated Ti and O atoms. It possesses small grooves
formed by oxygen atoms (O2c) on either side of the groove along with both Ti and O atoms at
the bottom. From the analysis of surface energy evolution as a function of the slab thickness, an
accurate convergence could be reached for 6-layer thick slab (12 atomic plans) with surface
energy of 0.67 J.m2. This value is slightly higher than the value reported by Lazzeri et al 0.58
J.m?2 [73]). To reduce the computational cost, a slab with a thickness of 2 layers was

considered, which leads to a larger systematic error of 10 mJ.m,

II1.2. Gas phase NPs

In a recent DFT work devoted to the study of the stability of bimetallic AuCu NPs in
vacuum, lachella and coworkers [66] have established a stability-composition relation for a
set of two hundreds of BiM NP, in the range 0.8-1.8 nm, with octahedral shape. According to
the reported stability diagram, the rto 38 atoms nanoparticles with different alloy types from
rich gold to rich copper composition have been shown to be the most stable structures. In the

following work we selected five rto 38 atoms nanoclusters representing Cu-1)Auy Of
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composition ranging from x = 0.15 to x= 0.36 and representing three alloy types (regular alloy
(RA), core-shell (CS), and skin-heart (SH) structures). As illustrated by Figure 2, the core-
shell structure (CS_Cus2Aus) is formed by six Au atoms in the core and 32 Cu in the shell.
The two skin-heart structures at x=0.21 and x=0.36, are formed by assembling alloyed cores
or outer-shells with pure outer-shell (skins) or cores (hearts), respectively. Concerning
RA_CusoAus and SH_CusoAus, at x=0.21, the difference between the two structures is that the
surface Au atoms are located at the center of the facets and at the edges, respectively. The

RA_CuzsAuio is similar to the RA_CusoAus but with a richer Au core.
Insert Figure 2

In table 2 the energetic and geometric properties of the free pure Au and Cu and alloyed
CuAu nanoclusters are presented. From this table one can see that CS_Cus2Aus (x=0.15) and
SH_Cu24Au14 (x=0.36) structures, where Au atoms are mainly on the core, present positive
values of excess energy E,.,. (see Figure 3) and form the largest volume nanoparticles.
Considering the Core-Shell structure CSAusCus2 alloy nanoparticles and compared to the
monometallic Cu38, the substitution of 6 Cu atoms by Au, stretches the nanoparticles volume
by about 8%. For skin heart x=36, which is composed of a pure core of 6 Au and an alloyed
outer-shell of 8 Au and 24 Cu, the Bi NP shows a volume expansion of 11% compared to pure
Cu and a volume decrease of about 14% compared to pure Au.

Structures including a maximum of Au atoms in the outer-shell (RA_CusoAus, SH_CuszoAus
(x=0.21) and RA_CuzsAuio with (x=0.26)) have negative excess energy values and
concomitantly the lowest surface energies. This superior stability could be attributed to the
preferential segregation of gold to the surface (cf. Table 1) [75-76]. These results indicate that
mixing is favorable for small compositions on gold, as it was expected in view of the bulk

alloy.

Insert Table 1
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Insert Figure 3

For the composition x=0.21, geometry optimizations show that the regular alloyed structure
obtained from the regular AuCu3 bulk, presents an optimal volume only 3% larger than that
of pure Cu. The second regular alloyed nanocluster of a composition x=0.26 was obtained by
substituting 10 Cu atoms by Au; two atoms from the core and 8 from the outer-shell. The
volume variation of this structure shows an expansion of 6% compared to the monometallic
Cuss. Finally, the skin-heart structure presents similar characteristics as regular alloy
structures but according to its low excess energy value this structure is predicted as the most
favorable CuAu nanoparticle alloy type. This may be due to the occupation of Au of lower

coordinated surface sites (edge sites).

II1.3. Deposited nanoparticles

In the following section the effect of the interaction with the titanium oxide supports on the
structure, shape and stability of the nanoclusters is analyzed. For clarity, besides Cu and Au
monometallics, we focused our analysis of BiM systems on three selected NPs: CS_Cus2Aus,
(x=0.15), SH_CusoAus (x=0.21), RA_CusoAus, skin heart (x=0.21) structure. Our motivation
was to probe the support effect on several nanoclusters with a significant stability difference
(strong support effects may stabilize metastable gas phase structures). All computed
thermodynamic and geometric data for deposited monometallic and BiM nanoclusters are
exposed in tables 2-4 for rutile TiO2(110) support and in tables 5-7 for anatase TiO2 (100)

support.

Insert Tables from 2 to 7

I11.3.1. Au, Cu and CuAu BiM NPs on rutile TiO(110)
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Insert Figure 4

In Figures 4a and b, the deposited structures of rto(38) Au and Cu nanoparticles over rutile
TiO2(110) are depicted (see the Sl for complementary views). Figures 4c and 4d represent the
deposited NPs on anatase support and will be discussed in the next section. Geometry
optimizations show that the structure of rto(38) before and after deposition on rutile has not
changed much; no strong deformation of the monometallic nanoparticles has occurred. In
Tables 2 and 3, the deposition energy and normalized deposition energy of rto(38) are
addressed for both Au38 and Cu38 (—201 and —28 kJ.mol per bond, whereas —493 and —70
kJ.mol* per bond, respectively). The interaction between these nanoparticles and the support
forms 7 bonds (see table 4). As shown in Table 2, the deformation energy of rto(38) Au is
roughly twice weaker than that of Cu38 (14 versus 34 kJ.mol). The trend obtained for the
rutile support is concomitant with a twice larger deformation energy for the deposition of
rto(38) Cu with respect to Au. In general, the rutile surface deformation is one order of
magnitude larger than that of the metallic nanoclusters. The gain in deposition energy
observed for Cu nanocluster is governed by the binding energy (—829 versus —360 kJ.mol?)
between the NP and the rutile support (largest contribution in the energy decomposition
analysis (EDA) model, as illustrated in Table 2). Finally, as depicted in Table 4, the computed
geometric deformation ratios of —0.25% and +0.81%, show the negligible contraction of Au
nanocluster and the stronger expansion of Cu cluster induced by the contact with the rutile

support, respectively.

Regarding the CuAu nanoclusters, the optimal adsorption structures on rutile TiO2 (110) are
depicted in Figures 5a, 5b and 5c (see also the Sl for complementary views). The energetic
order stability obtained from the calculated Eexc in the gas phase (CS_Cus2Aus <

RA_CuscAus < SH_CusoAus) is strictly opposite to the stability trend on the rutile support
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(CS_Cus2Aus > RA CusoAus > SH_CusoAus). This latter is reflected by the deposition
energies of Table 2 in absolute values (698 > 473 > 440 kJ.mol?). This is also consistent with
the relative stability in the gas phase of the two nanoclusters with the same composition
RA_CusoAus and SH_CusoAus (the less stable is the cluster in gas phase, the larger is its
propensity to bind to the support). This analysis is explained by two major contributions of
the EDA, i.e. the binding energy between the particle and the support in absolute values (913
> 741 > 705 kJ.mol?), and the deformation energy of the support, at a lesser extent (168 <
200 < 223). In average, the deformation energy of the supported Au, Cu and CuAu
nanoclusters is 41 kJ.mol* (cf. Table 2). This is a rather weak deformation which is illustrated
by the analysis of the geometric deformation ratios of these clusters by comparing adsorbed

structures with gas phase ones (0.8 % in average in Table 4).

Insert Figure 5

II1.3.2. Au, Cu and AuCu BiM NPs on anatase Ti02(100)

The optimal structures of rto(38) Au and Cu on anatase TiO2(100) have been reported on
Figures 4c and 4d (see also the SI for complementary views), while the deposition energies
and EDA are addressed in Table 5. For deposited monometallic nanoclusters, our calculations
show that both Au and Cu clusters stabilize at the site of the step where the hexagonal face of
NP directly interacts with the surface. In such configuration seven atoms of the hexagonal
face are bound with seven surface oxygen atoms, five of which belong to the step (Ozc) (see
Figures 4c and 4d).

The normalized energies per metal-support bond and structural complementary analyses are
given in Tables 6-7. Similar to rutile support, rto(38) Au adsorbed on anatase is less strongly
bound (=164 kJ.mol?) than rto(38) Cu (—408 kJ.mol). This is mainly explained by the loss

of interaction energy (from —600 to —269 kJ.mol). Regarding the analysis of deformation
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energies (weaker contributions), the trends between Au and Cu nanoclusters are also
compatible with those previously predicted for rutile.

For the deposit of CuAu on anatase support, the relaxed adsorption structures are shown in
Figures 5 d, 5e and 5f (see also the SI for complementary views). Except for RA_CusoAus, all
AuCu nanoclusters stabilize preferentially on the site of the step of the support via the
hexagonal face of the NP. CS_Cus2Aus nanocluster interacts with the support by connecting
seven copper atoms with seven surface oxygens, five of which belong to the step whereas two
of which to the terrace. The optimized structure of SH_CusoAus shows five Cu-O and two Au-
O bonds where five bounding surface oxygens are from the step site. Finally, the
RA_CusoAus regular alloy nanocluster with x = 0.21 stabilizes preferentially at the terrace site
and undergoes a strong deformation (see Figure 5e).

Regarding the relative stability of the three considered clusters on this support with respect to
the gas phase, the trend is identical to the one previously exposed for rutile. The least stable
cluster in the gas phase (CS_Cus2Aus) is the most stable one on anatase (=512 kJ.mol* in
Table 5). Once more, this trend is mainly ruled by the binding energy as shown in Table 5
(from —672 to —461 kJ.mol). Regarding the average deformation energy of Au, Cu and
CuAu nanoclusters (cf. Table 5), the obtained value is weak (44 kJ.mol?) as the one
previously calculated for rutile. The slight increase of energetic cost in average for the
adsorbed clusters on anatase is consistent with the small increase of geometric deformation

(1.2 % in average according to Table 7).

IV. Discussion

Once the analyses of the monometallic and bimetallic clusters have been examined for each
support, the natural next step is the detailed comparison between energetic and structural

properties of all these nanoclusters on rutile TiO2(110) and anatase TiO2(100). This important
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discussion related to the support effect is rarely evoked in the literature of DFT studies for
such supported clusters at the nanoscale. In the following, we propose a systematic
comparative analysis of the support effect on Au, Cu and various CuAu nanoclusters on the
two TiOz2 surfaces. In addition, we also examine and compare the atomic charge distributions
from the Bader analysis of all considered deposited systems. All computed Bader charges are
provided in the Supporting Information, Figure S1).

The comparative analysis of total deposition energies of all the considered rto(38) mono and
bimetallic systems is addressed in Figure 6 for rutile and anatase surfaces. The first key
remark is the systematic larger deposition energy predicted on rutile with respect to anatase.
Interestingly, this difference of support effect is maximum for the CuAu core-shell bimetallic
cluster (—698 kJ.mol* on rutile versus =512 kJ.mol on anatase), for which the gain is 186
kJ.molt. According to the EDA, such a difference in favor of rutile is mainly explained by the
gain in binding energy (-913 kJ.mol* for rutile versus —672 kJ.mol? for anatase)
corresponding to 241 kJ.mol. The small loss between the variation of binding energy with
respect to the one of deposition energy comes from the secondary contribution in the EDA,
i.e. the deformation energy of the support (168 kJ.mol for rutile versus 124 kJ.mol* for
anatase). In this global energetic balance, the main gain resulting from the interaction energy
(nanoparticle-support bonding) is thus in part compensated by the larger cost to distort rutile
support with respect to anatase. This exceptional effect observed for the supported core-shell
clusters can also be understood by looking at the relaxed adsorbed geometries (cf. Figure 5a
and 5d). On both rutile and anatase supports, the Aus core tends to extract itself from the Cus2
outer-shell, as much as possible (any deformation inducing an energy cost).

Insert Figure 6
A second remark is related to the change of deposition energy which roughly evolves

monotonously with the chemical composition (exception of the two core-shell supported

17



systems); the nanocluster being less stable when the gold content increases. In addition, the
deposition energy of regular alloy and skin-heart bimetallic clusters is intermediate between
pure and supported Au and Cu nanoclusters.

Coming back to the binding energy between the cluster and the support which is mainly
responsible for the stability trends, a first element of comparison is the number of metal-
oxygen bonds calculated in the optimal adsorbed structures (the threshold for a bond being 3
A). In Tables 3, 4 for rutile and 6, 7 for anatase, these total numbers of bonds and associated
normalized interaction energies are reported, respectively. The results show that the number is
relatively similar for adsorbed clusters on rutile and anatase (an average of 7 bonds), except
for the core-shell deposited clusters (11 bonds on anatase versus 6 bonds on rutile). For the
monometallic adsorbed clusters, the loss of binding energy between rutile and anatase is
identical (26%), the number of bonds being the same. Interestingly, the Bader analysis also
shows similar losses of charges for Cu (1.03 é) and Au (0.99 é) clusters between rutile and
anatase. The total charge of Cu cluster being —1.595 é on anatase vs. —2.625 € on rutile; and
the total charge of Au cluster being 0.57 é on anatase vs. 1.56 é on rutile.

For the bimetallic adsorbed particles, the loss of interaction energy is either similar to the pure
clusters (21% for regular alloy from rutile to anatase) or twice stronger for core-shell (a loss
of 60%) and skin-heart (a loss of 53%) nanoclusters. For the latter two bimetallic systems, the
loss of interaction energy per bond is similar from rutile to anatase, however the origins are
alternate: for core-shell the total number of bonds is twice larger as explained before, whereas
for skin-heart, the number of bonds varies less. The detailed analyses of Bader charge
distributions on the bimetallic systems point out a noticeable effect of the support. For
instance, for core-shell structure, formed by negatively charged pure Au core (positively
charged Cu shell), a charge loss of 0.24 é in the Au core and a charge gain of 0.57 é in the Cu

shell are registered between anatase and rutile. Concerning the supports, the computed total
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charges of anatase / rutile in the cases CS_Cus2Aus (—1.492 é / —2.298 é) > RA_CusoAus
(—1.457 é / —2.206 é) > SH_CusoAus (—1.252 é / —1.805 ¢), follow the trend of deposition
energy and confirm the stronger interactions of clusters with rutile support.

A last remark concerns the analysis of the deformation energy of the support which is almost
the most important element to analyze for understanding the titania support effect. According
to the EDA in Table 2 and 5, the average energy cost to distort rutile upon the cluster
deposition is 1.9 larger on rutile than on anatase. This corresponds to a significant average
deformation energy of 93 kJ.mol? for rutile and a stronger charge transfer from clusters
adsorbed on rutile support than on anatase. This counterintuitive result illustrates the effective
lower propensity of anatase to adapt to the adsorption structure of the metallic cluster with
respect to that of rutile, although anatase TiO2(100) exhibits a higher surface energy than
rutile TiO2(110). This phenomenon is in part compensated by the higher ability of the metallic
clusters to deform itself and optimize the binding with the support. As a matter of fact, the
average deformation cost for the clusters on anatase is slightly larger than that on rutile
(opposite trend with respect to the support) and this compensates the 93 kJ.mol! at the height

of 13% (12 kJ.mol™).

By the light of this latter analysis, one can expect that the support effect might increase with
the size of the deposited metal. In fact, the larger the metallic cluster, the smaller its ability to
deform (larger facets being progressively as stable as flat terraces) and to compensate the

larger deformation energy registered for anatase.

V. Conclusion

In this paper, we presented and discussed the results of DFT calculations on CuAu
nanoclusters deposited on both rutile TiO2 (110) and anatase TiO2 (100) supports. The

objective was to explore the support effect on the adsorption properties. Regular truncated
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octahedron (rto) 38 atoms nanoclusters Cu(x-1)Au(x), with x in the range [0.15-0.36],
representing three alloy types (regular alloy (RA), core-shell (CS), and skin-heart (SH)
structures) were fully optimized in interaction with the support. This selection of AuCu
bimetallic nanoparticles has allowed the exploration of various chemical ordering in the core
of the cluster but also in the outer-shell, especially for modifying the chemical composition of
the facet in contact with the support. A comparative analysis of energetics and structural
properties has shown that the adsorption strength of these clusters is systematically larger on
rutile than on anatase chosen termination (the most stable cluster being the core-shell
Ausz2Cus). On the basis of an energy decomposition analysis, this gain of stability is
essentially due to the enhancement of the binding energy between the nanoparticle and the
rutile support, although this is in part counterbalanced by the deformation cost of the oxide
which is larger for rutile than for anatase. This result is supported by the Bader analysis of
charge transfers between the supports and the metallic nanoclusters. When the gold increases,
the stability of the AuCu bimetallic nanoparticles tends to decrease. The larger propensity of
bimetallic nanoclusters to distort themselves, aiming to promote the formation of chemical
bonds with the support, has been illustrated by examining the deformation energy of the
supported clusters. This ability is expected to decrease with the size of the metallic cluster
since larger facets than those of rto(38) should be more stable and thus less able to adapt to
the geometry of the support. Hence this work illustrates the efficiency of theoretical studies
for unraveling the question of the chemical bonding at the complex interface, at the atomic
scale between a metal and an oxide surface. It paves the way to advanced DFT studies where
larger pure and bimetallic nanoparticles (of several nanometers) will be modeled in
interaction with reducible supports, especially with the presence of defects such as oxygen

vacancies (another type of support effect).
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Tables

Table 1: Energetic (Energy excess and surface energy) and geometric (average atomic

distance and volume) descriptors of isolated pure and BiM NPs (GGA PBE level).

Au content

AEEXC

-2 3

) Free NPs (eV/atom) I'(eV.A?) d(A) V(A3
0 rto(38)Cu 0.000 0.043 2.48 1694.9
0.157 CS_Cus2Aus +0.108 0.045 2.58 1902.6
0.210 RA_CuszAus -0.037 0.040 2.52 1780.3
0.210 SH_CuszoAus -0.074 0.038 2.53 1788.8
0.263 RA_CuzsAuio -0.052 0.040 2.56 1854.9
0.368 SH_Cu2sAu14 +0.034 0.042 2.62 1986.2
1 rto(38)Au 0.000 0.028 2.83 2499.2

Table 2: Energetics (deposition, deformation and interaction energies) for optimized

rto(38)Au, rto(38)Cu, Core-shell CS_Cus2Aus, regular alloy RA_CusoAus, skin heart

SH_CusoAus nanoparticles adsorbed on the rutile TiO2 (110) support.

NP/TiO NP Tio NP*/Ti0,"
Nanocluster Af denosition AEY  orm AEg, et m YAEgeform A Einte{* o
(kJ.mol?)

rto(38) Au -201 14 144 158 -359
rto(38)Cu -493 34 302 336 -829
CS_CuzAue -698 47 168 215 -913
RA_CuspAus -473 68 200 268 -741
SH_CusoAus -440 43 223 266 -706
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Table 3: Energetics (average deposition and interaction energies) for optimized rto(38)Au,
rto(38)Cu, Core-shell CS_Cus2Aus, regular alloy RA_CusoAus, skin heart SH_CusoAus

nanoparticles adsorbed on the rutile stoichiometric TiO2 (110) support.

Nanocluster NP/TiO NP*/Ti0,"
(kJ.moI'l) < AEdePOSitizon > < AEinteraétizon >
rto(38) Au -28 -51
rto(38)Cu -70 -118

CS_CuzAuUs -116 -152

RA_CUsoAUa -68 -106

SH_CUaoAUg -62 -100

Table 4 : Geometric properties (average metal-metal bond lengths of the NP optimized gas
phase, of the NP optimized on the support, geometric deformations and the numbers of
bounds connecting the NP with the support) for rto(38)Au, rto(38) Cu, Core-shell
CS_Cus2Aus, regular alloy RA_CusoAus, skin heart SH_CusoAus nanoparticles adsorbed on

the rutile stoichiometric TiO2 (110) support.

Nanocluster Ady-u Taeform ;
v A) dﬁf}, A) N, NP-Ti0;
(A) (%)
rto(38) Au 2.827 2.82 -0.01 -0.25 7
rto(38)Cu 2 48 250 0.02 0.81 7
CS_Cus2Aus 259 2.54 -0.05 -1.93 6
RA_CusoAus 2.55 2.57 0.02 0.78 /
SH_CusoAus 255 2.56 0.01 0.39 7
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Table 5: Energetics (deposition, deformation and interaction energies) for optimized

rto(38)Au, rto(38)Cu, Core-shell CS_Cus2Aus, regular alloy RA CusoAus, skin heart

SH_CusoAus nanoparticles adsorbed on the anatase TiO2 (100) support.

Nanocluster AEcIiVeI;/oTsii(gizon AECIlvef}orm AE;;??)rm ZAEdeform AEL'I;I:eZZi(t)iZSn
(kJ.mol 1)
rto(38) Au -164 34 71 105 -269
rto(38)Cu -408 51 141 192 -600
CS_Cus2Aus -512 36 124 160 -672
RA_CusoAus -389 70 130 200 -589
SH_CusoAus -323 31 107 138 -461

Table 6: Energetics (average deposition and interaction energies) for optimized rto(38)Au,

rto(38)Cu, Core-shell CS_Cus2Aus, regular alloy RA_CusoAus, skin heart SH_CusoAus

nanoparticles adsorbed on the anatase stoichiometric TiO2 (100) support.

Nanocluster

NP/TiO NP*/TiO,"
(k\].m0|_1) < AEdePOSifl?‘m > < AEinteraztizon >
rto(38) Au -23 -38
rto(38)Cu -58 -86
CS_Cus2Aus -47 -61
RA_CusoAus -55 -84
SH_CusoAus -46 -66
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Table 7: Geometric properties (average metal-metal bond lengths of the NP optimized gas
phase, of the NP optimized on the support, geometric deformations and the numbers of
bounds connecting the NP with the support) for optimized rto(38)Au, rto(38) Cu, Core-shell
CS_Cus2Aus, regular alloy RA_CusoAus, skin heart SH_CusoAus nanoparticles adsorbed on

the anatase stoichiometric TiO2 (100) support.

Nanocluster S S N
diP LAY AV (A) Ady_y (A) Taerorm (%) N, NP-TiO:

rto(38) Au 2.825 2.835 0.01 0.35 7
rto(38)Cu 2.482 2.516 0.034 1.37 7
CS_Cus2Aus 2.580 2.640 0.060 2.32 11
RA_CuzoAus 2523 2.594 0.071 2.81 7
SH_CuaoAus 2,527 2.570 0.043 1.70 7
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Figure captions

Figure 1: Lateral (upper part) and top (downmost part) views of TiO2 support surfaces (a)
TiO2 (110) rutile, (b) TiO2 (100) anatase. Red and blue balls are oxygen and titanium atoms,

respectively.

Figure 2: Optimal structures of free Cux-1Au) nanoclusters of composition x in the range
[0.15-0.36], of truncated octahedral shape and of total number of atoms of 38. Au (yellow),
Cu (orange). Notation : CS = Core-Shell, RA = Regular Alloy, SH = Skin heart

Figure 3: DFT calculated excess energies E,,. (eq. 2) of free CuAu nanoclusters as a

function of Au content (x). See Figure 2 for the definitions.

Figure 4: Optimized structures of deposited monometallic Au and Cu nanoclusters on (a,b)
rutile (110) and (c,d) anatase (100) TiO2 supports. The yellow, brown, blue and red colored

balls represent Au, Cu, Ti and O, respectively.

Figure 5: Structures of optimized CuAu nanoparticles deposited on (a,b,c) the rutile TiO2
(110) and (d,e,f) anatase (100) TiO2 supports. Ti atoms are represented in blue, O in red, Au

in yellow and Cu in brown.

Figure 6: Evolution of the computed energy deposition of Au, Cu and CuAu nanoclusters on
anatase TiO2 (100) (red line) and rutile TiO2 (110) (blue line), as a function of Au content (X).

32



Figures

Figure 1

T
.

TiOz (110) rutile surface

T!III ® .'l D a \" y & IIIT
SERESE
i ]'llll
ARNEBRES.

/4

L \\’@w .
7NN
&)

TiOz (100) anatase surface

Figure 2
CS_Cus2Aus RA_CusoAus SH_CusAus | RA_Cu2sAuio SH_Cu24Au14
(x=0.15) (x=0.21) (x=0.21) (x=0.26) (x=0.36)

33




Figure 3

0.15 - Eexc(eV/atom)

0.1 -
CS_AugCu,,
0.05 -
Cusg Augg
0 t T T T T T T T .
. . . 0.4 0.5 0.6 0.7 0.8 0.9 1
x(Au)
-0.05 -
_0.1 .
Figure 4

34




bl Lo b

"'

[ifos & .
| vfﬁx\w\& -/"l": A

Figure 5

Rutile TiO2(110) support

Anatase TiO2(100) support

CS_Cus2Aus

(a)

(d)

,//\\ \% \“‘%E 3
A ‘0’" '/ o

RA_CusoAus

(b)

(e)

35




7 L s o

.y ¥
s

v =

(c) (f)




Figure 6
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