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Nanoparticles are fascinating nanoobjects that are actively studied and widely employed in various fields, such
as heterogeneous catalysis and advanced electrode materials. Their local atomic structure and composition can
significantly impact their properties. We employed the state-of-the-art first-principles calculations to investigate
the effects of AuCu nanoparticle structure and composition on the electronic properties, charge distribution,
and CO and O adsorption energies. Two types of nanoparticles were examined in this study; specifically core-
shell nanoparticles (Cu@Au, Au@Cu) and bimetallic alloy particles (Au-Cu), all with an average diameter of
2 nm (321 atoms) and exhibiting fcc, icosahedral, and amorphous structures. The research comprehensively
investigated the electronic and adsorption properties of the proposed nanoparticles with regard to their ability to
adsorb CO and O, revealing the potential for finely tuning of their properties by modifying their atomic structure
and composition. Adjusting the core-to-shell ratio allows one to precisely tune the O and CO adsorption energies
on the nanoparticle surface, particularly in fcc nanoparticles. This results in a narrower range of adsorption
energies, specifically for CO adsorption, which cannot be achieved in bimetallic alloys. Our study shows the
significance of this approach for fine-tuning adsorption energies on a nanoparticle surface.

DOI: 10.1103/PhysRevB.108.205414

I. INTRODUCTION

Metal nanoparticles are widely used in heterogeneous
catalysis due to their high surface area to the volume ratio,
which reduces the cost of producing catalytically active ele-
ments [1–7]. Copper nanoparticles (NPs) have demonstrated
suitability for CO2 hydrogenation, regeneration reactions, and
CO oxidation [8,9]. However, copper is prone to oxidation,
which leads to surface poisoning, reducing their catalytic
activity [10]. One successful strategy for preventing this in-
volves alloying copper with a stabilizing metal like gold,
which is resistant to corrosion and oxidation. Copper-gold
bimetallic alloys are recognized as materials that are more
catalytically efficient compared to their single-component
counterparts [11–18]. It is therefore possible to tune the cat-
alytic properties of bimetallic nanoparticles effectively by
varying the proportions of Cu and Au. The catalytic activity of
nanoparticles is primarily determined by their surface proper-
ties and strongly depends on their structural features [19,20].
In addition to bimetallic alloy, nanoparticles are capable to
form core-shell structures that give them uniquely advanta-
geous properties [21–28].

The effect of the ligand, the redistribution of the charge at
the core-shell interface, and the appearance of a dimensional
quantum effect in the case of a thin shell lead to a change
in the catalytic properties of core-shell nanoparticles [29,30].
Another important factor is the deformation of the metallic
shell due to the mismatch of its lattice with the core at the
interface, which can lead to a change in the electronic proper-
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ties [31]. Recent work by Zhang et al. [32] using the example
of Au@Pd core-shell catalysts has shown that the selection
of the necessary size of the core and shell can significantly
increase the catalytic activity of nanoparticles.

For this reason, in our work we have studied three dif-
ferent models of bimetallic AuCu nanoparticles, namely
Cu-core/Au-shell (Cu@Au), Au-core/Cu-shell (Au@Cu),
and homogeneous bimetallic alloy particles (Cu-Au) with ran-
dom distribution of Au and Cu atoms in the cluster. In order to
obtain the most efficient catalyst, it is necessary to determine
the atomic structure and composition of the particles.

To assess the catalytic efficiency of nanoparticles with-
out direct calculations of the adsorption of atomic and
molecular agents on the surface, there are a number of
models that provide information on the reactivity of nanopar-
ticles [33,34]. The most successful model was proposed
by Hammer and Nørskov [33]. Their model, called the d-
band model, justifies the reactivity of transition metals on
the basis of a single parameter, the center of the d-band
of the surface atoms. This model well describes the dif-
ference in adsorption energy of atoms and molecules at
different sites on the surface of nanoparticle [35]. In ad-
dition to the electronic structure, the study of the surface
charge can also provide important information about the
chemical reactivity of nanoparticles, since the adsorption
of molecules causes a charge flow that affects the bond
strength [34].

Here we have studied the features of the electronic and
catalytic properties of AuCu nanoparticles caused by the
variation of their local atomic environment [fcc, icosahedral
(Ih), and amorphous] and type (core-shell or alloy) together
with the Cu:Au ratio. The prospects for the application of

2469-9950/2023/108(20)/205414(10) 205414-1 ©2023 American Physical Society

https://orcid.org/0000-0001-8376-2999
https://orcid.org/0000-0003-2694-1709
https://orcid.org/0000-0002-0718-6691
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.108.205414&domain=pdf&date_stamp=2023-11-13
https://doi.org/10.1103/PhysRevB.108.205414


CHEPKASOV, BAIDYSHEV, AND KVASHNIN PHYSICAL REVIEW B 108, 205414 (2023)

these nanoparticles towards CO oxidation reaction were ana-
lyzed based on the calculations of surface charges and d-band
center. For nanoparticles with fcc structure, the adsorption
energies of CO molecules and O atoms on the Au-Cu nanopar-
ticles with different compositions were estimated.

II. SIMULATION METHODOLOGY

To analyze the electronic structure and reactivity of the
nanoparticles using density functional theory (DFT) [36,37],
we first relaxed the geometry of each studied nanoparticle.
The generalized gradient approximation (GGA) was used with
the revised PBE [38] parametrization for the exchange corre-
lation functional as implemented in the VASP package [39–41].
The ion-electron interaction was described by the augmented
plane wave (PAW) method [42], with a cut-off energy of
480 eV. The orbital occupancies were smeared by the first-
order Methfessel-Paxton method with a smearing width of
0.05 eV.

Spin-polarized GGA with the PBE parametrization was
used to calculate adsorption energies. The energy of the
oxygen molecule was calculated for the triplet state using
spin-polarized calculations. Effective interaction between the
valence electrons and nuclei screened by frozen core electrons
was described via scalar relativistic ultrasoft pseudopotentials.
The integration of spin-orbit coupling with scalar relativistic
pseudopotentials through the implementation of the VASP code
resulted in fully relativistic results. This outcome holds signif-
icance for nanoparticles that are composed of gold.

Density functional theory is a widely used tool for study-
ing adsorption of atoms and small molecules on metallic
surfaces and nanoparticles. While generally accurate, DFT
relies on the approximation of electron-electron interactions
using exchange-correlation functionals. Unfortunately, these
functionals often prove inadequate for describing the disper-
sion component of the van der Waals energies, which result
from electrons responding to instantaneous charge density
fluctuations. Methods for calculating the van der Waals in-
teraction are classified into three categories: semiempirical
models developed by Grimme et al. [43–45], models that are
based on atomic polarization and are modified by the electron
density [46–49], and full density functional approximations
which are founded on pairwise dispersion models utilizing
only the density [50,51]. As previously demonstrated [52], a
comparison of three methods that include DFT-D3, DFT-D2,
and optPBE dispersion corrections has shown that DFT-D2
and optPBE can yield diverse outcomes for CO adsorption
on metallic nanoparticles in comparison to experimental re-
sults. Only the DFT-D3 correction yields results in accordance
with experiment. In our research comparing these methods,
alternative functionals have also been employed to compute
the adsorption energy of the CO molecule on the surface
of Au nanoparticles (see Table I). Our findings indicate that
the outcomes from DFT-D3 exhibit remarkable similarity to
those of the extensively employed and highly precise DFT-TS
approach for describing dispersive van der Waals interactions.
Consequently, we applied Grimme correction DFT-D3 [44] to
account for dispersive van der Waals interaction.

The local geometry optimization of considered clusters
was conducted until the maximum force on each atom became

TABLE I. Calculation methods used; Ea, energy of CO adsorp-
tion on an Au (fcc, 321 atoms) nanoparticle, and �q, the change in
charge of the CO molecule between states before and after adsorption
(within the Bader theory calculation).

Method Ea (eV) �q (e)

DFT-D2 [43] −0.7837 0.160
DFT-D3 [44] −0.6338 0.150
DFT-D3-BJ [45] −0.6394 0.145
DFT-TS [47] −0.6206 0.145
DFT-TS/HI [53] −0.6201 0.155
optB86b-vdW [54] −0.5984 0.141
optB88-vdW [54] −0.4540 0.125
optPBE-vdW [54] −0.3555 0.132
rev-vdW-DF2 [55] −0.5562 0.147
SCAN-rVV10 [56] −0.7139 0.147

less than 0.03 eV/Å. The nanoparticles were placed in a box
with a vacuum of at least 10 Å separating them.

The results of the calculations were postprocessed and
visualized using the Open Visualization Tool [57] and the
VESTA package [58,59]. Electron transfer was explored by
Bader analysis [60]. To determine the structural stability, the
excess energy [61] of nanoparticles with respect to a bulk was
calculated,

� = (ENPs − ECuNCu − EAuNAu)/(NCu + NAu)2/3, (1)

where ENPs is the energy of the considered nanoparticle; NCu

and NAu correspond to the number of Cu and Au atoms,
respectively; ECu and EAu are the energies per atom for the
bulk Cu and Au, respectively.

Adsorption energies of CO molecules and O atoms were
calculated as

Eads[CO] = E [CO/CuxAuy] − E [CO] − E [CuxAuy], (2)

Eads[O] = E [O/CuxAuy] − E [O2]/2 − E [CuxAuy], (3)

where E [CO/CuxAuy] and E [O/CuxAuy] are the energies of
adsorption complexes of CO and O on CuxAuy nanoparticles,
while E [CO], E [O2], and E [CuxAuy] are the energies of the
gas phase CO and O2 molecules and the considered CuxAuy

nanoparticles, respectively.

III. RESULTS AND DISCUSSION

Our study is based on the analysis of the catalytic prop-
erties of AuCu NPs and the identification of the peculiarities
of the influence of structure type, local atomic environment,
and composition on their properties. We considered core-shell
and bimetallic alloy AuCu NPs with a diameter of 2 nm (321
atoms) with fcc, icosahedral, and amorphous structures, so a
total of nine types of NPs were considered. The atomic struc-
tures of the considered nanoparticles are shown in Fig. 1. For
the Cu@Au and Au@Cu core-shell structures, we considered
only compositions where the entire surface consists of Au or
Cu atoms, respectively, while for NPs with a random arrange-
ment of elements (Au-Cu), the entire range of compositions
was considered. We studied different structures of AuCu NPs
(fcc, icosahedral, and amorphous) because particles with both
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FIG. 1. Atomic structures of considered bimetallic NPs with
different local environments. NPs with (a) Au core with Cu shell
(Au@Cu), (b) Cu core with Au shell (Cu@Au), and (c) bimetallic
alloy (Au-Cu) are shown with fcc, Ih, and amorphous structures. The
gold and copper atoms are depicted as yellow and brown spheres,
respectively.

fcc and icosahedral structures have been experimentally syn-
thesized [62,63], and the use of these NPs in high-temperature
catalytic reactions can lead to changes in their atomic neigh-
borhood due to melting and/or amorphization [64–67], which
should be taken into account when studying the properties of
these NPs. Amorphous nanoparticles were obtained by MD
modeling the fcc melting of AuCu nanoparticles and rapid
freezing of the amorphous structure.

Before studying the electronic properties, surface charge
and adsorption energies of CO molecules and O atoms on
the Au-Cu NPs with different compositions, we estimated
the energies of particles with different structures, namely fcc,
icosahedral, amorphous. The excess energies (�) were calcu-
lated as the difference between the binding energy of the NPs
and the bulk counterparts Eq. (1).

The dependence of � on the Au concentration in Au-Cu,
Cu@Au, and Au@Cu NPs with different structures (fcc, Ih,
and amorphous) are shown in Fig. 2. Comparing two types
of core-shell NPs, the difference in binding energies between
Cu@Au and Au@Cu NPs can be clearly seen. Au@Cu NPs
are energetically less favorable compared to other structures,
see Fig. 2. As can be seen, bimetallic Au-Cu NPs show an
energy minimum in contrast to core-shell NPs. For fcc and
icosahedral NPs [Fig. 2(a)] the energy minimum corresponds
to Cu:Au = 1:1, while for amorphous particles the minimum
corresponds to 90% gold in the composition. Experimental
values of the “average” surface energy of Cu and Au are 1.83
J/m2 [68] and 1.5 J/m2 [69], respectively, indicating that the
gold surface of NPs is more preferred than the copper surface.
Similar results were previously observed for Au@Cu NPs
[70,71], which supports our finding. In addition, our previous
work [72] on the thermodynamic stability of AuCu NPs with
different structural patterns using EAM potential [73] defines
that the surface covered by gold possesses thermodynamic
stability compared to other structure types. Moreover, the
study of NPs at different temperatures showed that AuCu
NPs of all four patterns (bimetallic alloy, core-shell, “Janus”
type) maintain a relatively stable structure up to temperature
of 700 K, while higher temperatures lead to active diffusion
processes involving both copper and gold atoms, resulting in
the formation of the copper-gold alloy with mixed surface
composition [72].

One of the main driving forces leading to the adsorption
of various chemical agents on the surface is the nonzero
surface charge resulting from dangling bonds on the surface.
We have studied the distribution of the surface charges for
the considered NPs by using Bader’s theory [60] as shown
in Fig. 3. It can be seen that uniform Au-Cu alloys (fcc, Ih,
and amorphous) always have an excess of electrons with an
average surface charge of about −0.025e− per surface atom,
see blue lines in Fig. 3. Our results show that the atomic-thick
Au shell of the Cu core (green lines in Fig. 3), corresponding
to the composition of Cu0.5@Au0.5, has an average surface
charge four times larger compared to a pure metallic NP of the
same size (−0.1e− and −0.025e− per surface atoms, respec-
tively). This is in agreement with previous results obtained for

FIG. 2. Excess energies of AuCu NPs with different structure types (fcc, Ih, and amorphous) and atomic environment (Cu@Au, Au@Cu,
and Au-Cu) as a function of composition. (a) fcc, (b) Ih, and (c) amorphous. The gold and copper atoms are depicted as yellow and brown
spheres, respectively.
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FIG. 3. Average surface charge of AuCu NPs with different structures. (a) fcc, (c) Ih, and (d) amorphous and atomic environment (Cu@Au,
Au@Cu, and Au-Cu) as a function of composition. (b) Atomic structures of fcc nanoparticles with atomic charge distributions. The gold and
copper atoms are depicted as yellow and brown spheres, respectively. Positive values indicate a shortage of electrons (electrons have migrated
from the surface to the interior), and negative values indicate an excess of electrons resulting in a negative surface charge.

core-shell Pd@Pt NPs [74], where their surface charge is also
larger compared to pure metallic ones.

The atomic thick Cu shell of the Au core shows the surface
charge of ∼ − 0.025e− to 0.075e− per surface atom (see red
lines in Fig. 3) depending on the Cu:Au composition. The
surface charge for Au NPs with both fcc and Ih structure types
is larger compared to pure Cu NPs, namely −0.0193e− with
respect to −0.0179e− for fcc and −0.0272e− with respect to
−0.0191e− for Ih, see Fig. 3. This result is in good agreement
with the difference in the work functions for these atom types
[75].

However, in the case of the amorphous structure of NPs,
the situation is reversed, namely for pure Au the charge is
−0.0196e−, while for Cu NP the charge is −0.0205e−. We
suggest that such an effect is probably observed due to the
highly deformed surface of amorphous NPs. The charge dif-
ference also shows the tendency of the electron density to be
redistributed from the copper atoms to the gold atoms. As a
result, we can conclude that changing the ratio of atoms in the
core and shell of the particle together with the type of metal
on the surface (Au or Cu) drastically affects the surface charge
as follows:

(1) Cu core covered by an atomic-thick Au shell shows
a significant excess of electrons flowing from copper atoms
to surface gold atoms, forming a negative charge on the NP
surface;

(2) Au core covered by atomic-thick Cu shell shows op-
posite results, namely a deficiency of electrons on the surface
forming a positive charge.

Thus, changing the structure of AuCu nanoparticles leads
to fine-tuning of the surface charge and opens up more
prospects for their use in various applications.

As mentioned above one of the successful descriptors al-
lowing the determination of catalytic properties is the d-band
center. We calculated the d-band center for all considered
NPs by calculating of electronic densities of states projected
onto each atom in the NP. The only surface atoms were se-
lected for analysis and the d-band center values of the surface
were averaged. The results are shown in Fig. 4. Calculations
showed that average surface d-band center for Au are −3.22,
−3.28, and −3.32 eV for fcc, icosahedral, and amorphous
structure types (Fig. 4). For Cu surfaces where the average
d-band centers were −2.32, −2.41, and −2.35 eV for fcc,
icosahedral, and amorphous structure types. Considering this,
it can be concluded that the structure type of the NP slightly
influences the d-band center, see Fig. 4.

Core-shell structures, in which the Cu or Au core is cov-
ered by an atomic-thick shell (Au or Cu atoms, respectively),
show the maximum or minimum values of the d-band center
among all other NPs. For Au@Cu NPs, the maximum values
for Au:Cu = 1:1 are close to −2.11, −2.14, and −2.16 eV
for fcc, icosahedral, and amorphous structures, respectively,
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FIG. 4. d-band centers averaged over the surface of AuCu nanoparticles with (a) fcc, (c) Ih, and (d) amorphous structure types and atomic
environment (Cu@Au, Au@Cu, and Au-Cu) as a function of composition. (b) Atomic structures of fcc nanoparticles with spatial distribution
of d-band center values. The gold and copper atoms are depicted as yellow and brown spheres, respectively.

while Cu@Au NPs showed minimum values of d-band center
of −3.55, −3.77, and −3.42 eV for fcc, icosahedral, and
amorphous structure, respectively. In contrast to the core-shell
NPs, the alloy particles show an almost monotonic decrease of
the d-band center dependence with respect to Au concentra-
tion (blue lines in Fig. 4).

In the case of icosahedral Cu@Au [green line in Fig. 4(c)]
we observed the smallest value of the d-band center of
−3.77 eV among all other NPs corresponding to the core-shell
Cu@Au NP with almost 50% of gold in the composition. As
shown in Ref. [76], the lower the value of the d-band center,
the weaker the binding energy of the adsorbents with the
metal surface. However, according to the Sabatier principle,
the adsorption energy should be neither too strong nor too
weak for the adsorbent to interact with the catalyst surface.
Thus, changing the ratio of core and shell atoms in the AuCu
NP can lead to significant changes in the surface properties of
NPs, i.e., the d-band center.

To visualize the charge transfer between Au and Cu atoms
in Cu@Au and Au@Cu nanoparticles, we analyzed the dif-
ference between the electron density of the core and shell
(Fig. 5). Our findings show that in Au@Cu nanoparticles,
the electron density localisation shifts from the copper atoms
to the region near the subsurface gold atoms, resulting in a

shortage of electrons at the nanoparticle surface [Fig. 5(b)].
In the case of Cu@Au, there is a shift of electron density
from subsurface copper atoms to surface gold atoms, result-
ing in electron excess formation at the nanoparticle’s surface
[Fig. 5(a)].

FIG. 5. Charge transfer between Au and Cu atoms in Cu@Au
and Au@Cu nanoparticles visualized as a difference between the
electron density of core and shell. Red areas correspond to density
build-up and blue to depletion. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version
of this article). The gold and copper atoms are depicted as yellow and
brown spheres, respectively.
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FIG. 6. Distributions of adsorption energies of O and CO species calculated for 14 symmetrical nonequivalent adsorption sites on fcc
core-shell nanoparticles (Cu@Au and Au@Cu). The distributions were obtained by applying 0.35 eV smearing to the calculated adsorption
energies. The dashed lines reflect the average adsorption energies calculated for each distribution.

The next part of the study is devoted to the investigation of
the adsorption of O and CO on the NPs. Since the dependence
on the structure type was previously studied in Ref. [77], we
paid more attention to the influence of the adsorption proper-
ties on the composition of the NPs. We chose the fcc structure
type as a model system for this study, which allows us to show
the general tendencies in the adsorption of O and CO on the
AuCu NPs. In order to determine the influence of the local
atomic environment of AuCu NPs on the adsorption energy
of O and CO, we considered 14 different adsorption sites on
the surface of AuCu nanoparticles with fcc structure. In order
for the adsorption pattern to be most complete, a variety of
adsorption sites were chosen including top, bridge, hollow,
and kink (see Supplemental Material [79]).

The selected 14 adsorption sites were fixed for all the
studied nanoparticles (core-shell and bimetallic) in order to
distinguish how the local atomic environment influences the
adsorption. During the calculation of the adsorption energy,
the positions of the atoms in the particle were frozen and
only the adsorbent was allowed to move. As shown by Ma
et al. [78] calculating the adsorption energy with frozen
atoms of a nanoparticle can lead to overestimated values
of the adsorption energy. We have carried out comparative
calculations of the adsorption energy of CO on Cu@Au
nanoparticles. We calculated the adsorption of CO at 14 sites
on a frozen nanoparticle and a completely free (nonfrozen
atoms) nanoparticle. The results of the calculations are pre-
sented in the supplemental material [79]. The calculation
results show that when the particle is frozen, the adsorption
energy is slightly higher than when the particle is unfrozen,
although the site-dependent adsorption energy trends are fully
conserved (except for site 11 where frozen nanoparticle opti-
mization shifted the molecule to another more advantageous
site).

The adsorption energies of O and CO on the copper-
terminated surface of Au@Cu nanoparticles are lower than
those for Cu@Au nanoparticles with Au surface (Fig. 6).
Similar observation was also found in our previous work [77]
where small AuCu nanoparticles were studied. The adsorp-
tion energy of oxygen on Au@Cu nanoparticles [Fig. 6(a)]
is almost independent of the concentration of Au with re-
spect to Cu and the average values are around −1.5 eV. A
more interesting situation is observed for the adsorption of
CO on Au@Cu NPs [Fig. 6(b)], where the average adsorp-
tion energy of CO on the pure gold NP is around −0.4 eV,
showing the highest values compared to other compositions;
adsorption energies for other compositions of Au@Cu NPs
are around −0.55 eV, Fig. 6(b). For Cu@Au nanoparticles the
average values of adsorption energies of both CO and O are
higher compared to the previously considered Au@Cu NPs
[Figs. 6(c) and 6(d)]. The average adsorption energy of O
[Fig. 6(c)] is positive and equal to ∼0.4 eV. The presence
of gold on the surface prevents the oxidation of the NP,
preventing the oxygen poisoning of the NP and allowing a
better adsorption of CO [see Fig. 6(d)]. From another point
of view this behavior will interfere with CO oxidation via
both Langmuir-Hinshelwood and Eley-Rideal mechanisms,
whereas Au@Cu nanoparticles are suitable for reactions ac-
cording to these mechanisms. The adsorption of CO on the
Au@Cu NPs [Fig. 6(d)] also does not depend on the local
atomic environment and has a slightly negative value of the
adsorption energy of about −0.25 eV.

For a more visual representation of the change in adsorp-
tion energy depending on the local atomic environment and
composition, we have plotted the dependence of the average
adsorption energy of O and CO on these properties as shown
in Fig. 7. The difference between the adsorption energies of
O and CO on the surfaces of pure Cu and Au nanoparticles
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FIG. 7. Average adsorption energy of (a) O and (b) CO on AuCu
NPs with different local atomic environment (Cu@Au, Au@Cu, and
Au-Cu) as a function of composition. The gold and copper atoms are
depicted as yellow and brown spheres, respectively.

is 1.92 eV (−1.48 eV for Cu NP and 0.44 eV for Au NP).
For Au@Cu particles, as the concentration of gold in the
core increases and the thickness of the copper shell decreases,
the adsorption energy decreases from −1.48 eV for pure Cu
NP to −1.65 eV for Au@Cu with an atomic-thick Cu shell.
In the case of Cu@Au NPs, a decrease in the number of
Au atoms in the shell leads to a decrease in the adsorption
energy of oxygen atoms from 0.44 eV for pure Au NP to
0.23 eV for Cu@Au with atomic-thick Au shell (the adsorp-
tion energy value is still positive). For the bimetallic alloy
NP (50% Cu, 50% Au) the average adsorption energy of O
atoms is −0.54 eV. However, in the case of the bimetallic
alloy NP, the adsorption energy will strongly depend on the
type of adsorption site (the variety of compositions is greater
compared to pure metal surfaces). For example in Fig. 8(a) we
have shown the dependence of the adsorption energy on the
type of adsorption site. The site which consisting only of Cu
atoms binds oxygen more strongly than mixed Cu-Au sites,
whereas pure Au sites are not locally stable for the adsorption
of these species.

In the case of the CO molecule, the change in the structure
of the NP and its composition leads to more interesting trend
[Fig. 7(b)]. The adsorption energy of the CO molecule is
reduced by half compared to a Cu particle as the thickness
of the Cu shell increases (for the same size and structure

FIG. 8. Adsorption energies of (a) O atoms and (b) CO
molecules on the considered bimetallic Cu-Au alloy (50% Cu, 50%
Au) nanoparticle for various compositions and adsorption sites. The
gold and copper atoms are depicted as yellow and brown spheres,
respectively.

type). The adsorption energies vary from −0.35 eV for pure
Cu to −0.64 eV for Au0.42@Cu0.58. For bimetallic Au-Cu
alloy particle (50% Cu, 50% Au) the change in adsorption
energy of the CO molecule is not as large as for oxygen. At
sites where there are more Cu atoms, CO molecules have the
strongest binding [Fig. 8(b)]. This has been described in detail
in our previous work [77]. A change in the structure type of
the nanoparticles has a major effect on the binding energy of
the CO molecule to the surface due to the change in the local
atomic environment with subsequent change in the surface
charge distribution (see Fig. 3). This is because CO prefers
to bind to positively charged sites rather than negatively
charged sites due to its more pronounced electron donating
nature [80,81].

IV. CONCLUSIONS

Here we have studied the influence of composition (Cu:Au
ratio), structure type (fcc, icosahedral, and amorphous), and
local atomic environment (core-shell and alloy) of bimetallic
AuCu nanoparticles with a diameter of 2 nm (321 atoms)
on the electronic properties and charge distribution. It was
found that the type of core-shell nanoparticles (Cu@Au and
Au@Cu) together with the thickness of the shell with respect
to the core drastically affects the surface charge. Nanoparticles
in which the Cu core is covered by an atomic-thick Au shell
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(Cu@Au) show a significant excess of electrons flowing from
the copper core to the gold surface, forming a negative charge
on the surface. Nanoparticles with an Au core covered by an
atomic-thick Cu shell (Au@Cu) showed the opposite results,
namely a deficiency of electrons on the surface forming a pos-
itive surface charge. At the same time, the structure type (fcc,
icosahedral, and amorphous) of core-shell nanoparticles has
almost no effect on the surface charge. For alloy nanoparticles,
the surface charge is independent of changes in all properties
(composition, local atomic environment, and structure type).
The calculated d-band center for all considered nanoparticles
shows their great potential for catalysis. The lower the value
of the d-band center, the weaker the binding energy of the
adsorbents with the metal surface. We observed the lowest
value of the d-band center among the considered nanopar-
ticles in Cu@Au core-shell nanostructures. The adsorption
of O and CO on the surface of AuCu nanoparticles with
fcc structure type has been studied in detail by considering
14 symmetrical nonequivalent adsorption sites. We show that
the presence of Au on Cu@Au nanoparticles preserves the
adsorption of O, which interferes with CO oxidation via both

Langmuir-Hinshelwood and Eley-Rideal mechanisms, while
Au@Cu nanoparticles are suitable for reactions according to
these mechanisms. Alloy bimetallic fcc nanoparticles show
a much broader distribution of adsorption energies for both
O and CO adsorption. The obtained data correlate with the
change in surface charge and d-band center in the case of
adsorption of CO molecules, while in the case of O atoms
the correlation is not so obvious. The results of this study
open up great prospects for tuning the catalytic properties of
nanocatalysts by modifying of their local atomic environment.
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