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a  b  s  t  r  a  c  t

Density  functional  theory  (DFT)  calculations  confirm  the  structural  stability  of  isomers  for  13-atom  Ag,
Cu, and  AgCu  nanoparticles.  Ag13 and  Cu13 nanoparticles  have  a  different  stable  structure  because  of
the  quantum  effect  and  differences  in  surface  energy.  We  systematically  studied  the  oxygen  reduction
reaction  (ORR)  of  Ag13, Cu13, Ag12Cu1 (core–shell)  and  Ag12Cu1 (alloy)  nanoparticles  by investigating  the
vailable online 10 October 2011

eywords:
xygen reduction reaction
gCu bimetallic nanoparticle

adsorption  property  of  O2 and  the  transition  state  calculations  of  O2 dissociation,  which  determine  the
ORR  rate.  An  Ag  alloy  with  Cu  has  the  high  adsorption  energy  and  a low  energy  barrier.  It  also  exhibits
the  high  structural  stability  during  the  reaction.

© 2011 Elsevier B.V. All rights reserved.
ensity functional theory
tructural stability

. Introduction

The seriousness of problems with energy supplies and environ-
ental pollution is creating greater interest in fuel cells and lithium

atteries. Fuel cells produce electricity by electrochemically con-
erting hydrogen and oxygen into water [1].  In fuel cells, noble
etals such as Pt are used as a catalyst for the ORR [2–5]. How-

ver, the high cost of Pt has sparked a search for a Pt substitute
r new ways of reducing the quantity of Pt required. For exam-
le, in contrast to Au bulk materials, Au nanoparticles can be used

n many selective oxidation reactions [6–18]. Several bimetallic
anoparticles have been recommended for use in a catalytic system
3,19–29].

Our research is focused on intrinsic metal effects. We  ignore
ther effects, such as support. Although such effects are still
mportant [8,30,31], we hope to gain a better understanding of
he catalytic reaction on bare nanoparticles by systematically
nvestigating how the alloying procedure or the nanoparticle con-
guration affects the catalytic activity and structural stability. A
lear understanding of the reaction mechanism is essential for val-
dating the catalytic properties of new materials. The ORR can be
xpressed as follows:

/2O2 + ∗ → O∗ (R1)
 ∗ + H+ + e− → HO∗ (R2)

O ∗ + H+ + e− → H2O + ∗ (R3)

∗ Corresponding author. Tel.: +82 42 350 3334; fax: +82 42 350 3310.
E-mail address: hmlee@kaist.ac.kr (H.M. Lee).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.09.022
where * denotes a site on the nanoparticle and the O2 dissocia-
tion reaction (R1) is the rate determining step. We  focus on (R1)
as a means of validating the catalytic properties. As part of the
researches, we selected an AgCu bimetallic nanoparticle as a new
catalyst for ORR. ORR activity of the pure Ag or Cu is low than Pd or
Pt because O2 adsorption energy on Ag is too low, while O2 adsorp-
tion energy on Cu is too high [32]. We  expect that each property
of Ag and Cu affects O2 adsorption property on an AgCu bimetal-
lic material and leads AgCu bimetallic nanoparticle to have proper
adsorption strength and to become a good catalyst for ORR. More-
over, Ag and Cu are much less expensive than Pt or Pd. On 17
August 2011, the metal prices are 40.29 $/troy oz, 0.28 $/troy oz,
1840.80 $/troy oz, 779.65 $/troy oz for Ag, Cu, Pt and Pd, respec-
tively [33]. The structural stability of nanoparticles is a key factor.
Many researchers have endeavored to find a stable nanoparticle
structure [34–39].  We  use DFT calculations to determine the stable
structure of Ag13, Cu13, and Ag12Cu1 nanoparticles. Then, we  evalu-
ate the O2 adsorption and the O2 dissociation on the nanoparticles
by DFT calculations.

2. Computational details

We performed GGA-level spin-polarized DFT calculations with
the atomic orbital based DMol3 code for energetically structure
stabilities and catalytic properties of Ag, Cu, and AgCu bimetallic
nanoparticles. The exchange correlation energy was  functionalized

with the RPBE functional. The Kohn-Sham equation was expanded
in a double numeric quality basis set with polarization functions
(DNP). The orbital cutoff range was  5.0 Å. The DFT sem core pseudo
potential was used to treat the core electrons of heavy Ag and Cu

dx.doi.org/10.1016/j.cattod.2011.09.022
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:hmlee@kaist.ac.kr
dx.doi.org/10.1016/j.cattod.2011.09.022
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Fig. 1. Energy difference between the COh and Ih stru

toms. We  used a Fermi smearing method with a window size of
.002 hartree (Ha) (1 Ha = 27.2114 eV). The energy, force, and dis-
lacement convergence criterion were set to 10−5 Ha, 0.002 Ha/Å,
nd 0.005 Å, respectively.

For effective analysis, we simplified the system of the DFT cal-
ulations. We  prepared Ag13, Cu13, and Ag12Cu1 nanoparticles with
wo types of structures: a cuboctahedron (COh) and an icosahedron
Ih). These structures are well known as the isomers of a nanoparti-
le with 13-atom. We  considered two configurations of the Ag12Cu1
anoparticle. The first is a core–shell structure (with copper sub-
tituted for an Ag atom in the core): namely, Ag12Cu1 (core–shell).
he second is an alloy structure (with copper substituted for an Ag
tom in the shell); namely Ag12Cu1 (alloy).

The transition state calculations for the O2 dissociation reac-
ion were performed with a synchronous transit method, a linear
ynchronous transit method, and a quadratic synchronous transit
ethod. These methods were combined with a conjugate gradient
inimization algorithm for subsequent refinement.

. Results and discussion

.1. Structural stability

In Fig. 1, the Ag13 and Cu13 nanoparticles have different levels of
tructural stability among the isomers of a 13-atom nanoparticle.
n the Ag13 nanoparticle, the stability of the COh structure exceeds
hat of the Ih structure by 0.471 eV; in the Cu13 nanoparticle, the
tability of the Ih exceeds that of the COh structure by 0.206 eV. The
nergy difference between the COh and Ih structures in the pure Cu
anoparticle is smaller than the corresponding energy difference in
he pure Ag nanoparticle.

The total energy of a nanoparticle consists of internal energy and
urface energy. The ratio of the surface to volume increases with
maller particles. Thus, the effect of the surface energy on the total
nergy of the entire system has become increasingly important.
educing the surface energy is therefore a significant factor in nano-
ized systems that reduce the total energy of nanoparticles.

Although a face centered cubic (FCC) structure is the most stable
tructure of pure Ag and Cu in bulk materials, another Ih structure
ith five-fold symmetry has been found in nano-sized systems. A

lose packed (1 1 1) surface has the lowest surface energy. One way

o decrease the surface energy and, ultimately, the total energy is
o form an Ih structure that includes all the twenty surfaces of the
1 1 1) surface. In addition, the Ih structure has two  types of bond
engths. The bond between a core atom and a shell atom is shorter
s in (a) Ag13, (b) Cu13, and (c) Ag12Cu1 nanoparticles.

than the bond between two shell atoms. That is, a nanoparticle of
an Ih structure is under compressive stress in the direction of the
core–shell. We  speculate that the internal energy of an Ih structure
is higher than that of a COh structure.

Our DFT calculations for the Cu nanoparticle show that the Ih is
more stable than the COh having FCC symmetry. These days, how-
ever, many researchers can experimentally control the structure of
nanoparticles. If Cu13 nanoparticles with COh are synthesized and
the catalytic properties are examined, then very weird results may
come out. This kind of predictive study can help to avoid unneces-
sary experimental trials. In this way, we considered both structures.
As shown in Fig. 1, the DFT calculations for the Ag13 nanoparticle
show that the COh is more stable than the Ih structure. The internal
energy and surface energy are in a competition to reduce the total
energy. For an Ag13 nanoparticle with a lower surface energy than
that of Cu13 nanoparticle, the internal energy can be effective to
reduce the total energy. However, the surface energy can be effec-
tive to reduce the total energy in the case of a Cu13 nanoparticle
with a higher surface energy. The surface energy is 1.32 J/m2 for
silver and 1.77 J/m2 for copper [40].

In the case of the Ag12Cu1 bimetallic nanoparticle, we  consid-
ered two  configurations by the position of the Cu atom: Ag12Cu1
(core–shell) and Ag12Cu1 (alloy). In Fig. 1(c), Ag12Cu1 nanopar-
ticles having the COh and Ih structures have the same stable
configuration of a core–shell structure. This configuration is caused
by the fact that Cu has a higher surface energy than Ag. As a
result, the optimum configuration is to have the Cu atom in the
core of the nanoparticle and the Ag atom in the shell of the
nanoparticle.

Fig. 1(c) shows that the energy difference between the COh  and
Ih was  0.169 eV in Ag12Cu1 (core–shell). This value is smaller than
the 0.471 eV energy difference found in a pure Ag13 nanoparticle
or the 0.206 eV found in a pure Cu13 nanoparticle. As mentioned,
the Ih structure was under some stress. For an Ag13 nanopar-
ticle, the bond length is 2.87 Å between the core–shell atoms
and 3.03 Å between the shell–shell atoms. The difference in bond
length induces stress and strain in the Ih structure of a pure Ag
nanoparticle. The Ih structure suffers compressive stress in the
core–shell direction and tensile stress in the shell–shell direction.
We found that when an Ag atom in the core was  replaced with a
Cu atom, which has a smaller atomic size, the bimetallic nanopar-

ticle Ag12Cu1 (core–shell) shrinks. The difference in bond length
between the core–shell atoms and the shell–shell atoms is reduced.
Thus the stress in the Ih structure is reduced by Cu substitution and
the structure is stabilized [39].
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property is decreased. In some case, nanoparticles were deformed
into amorphous structure by adsorbates. Amorphous nanoparticle
has very low catalytic activity in our previous study [19]. Thereby
structure change is reducing the renewability of the catalyst. In
ig. 2. (a) Configurations of an oxygen molecule adsorption, (b) the adsorption of
wo  oxygen atoms on two hollow sites of the COh and Ih structures of a metal
anoparticle.

In summary, Ag, which has less surface energy than that of Cu,
as a stable COh structure. The Ih structure is more stable than
Oh structure in the Cu13 nanoparticle. In the same way, Ag12Cu1
core–shell) is more stable than Ag12Cu1 (alloy) because Ag and
u have different levels of surface energy. The substitution of a Cu
tom for a core Ag atom alleviates stress and strain in the Ih struc-
ure and reduces the energy difference between the COh and the
h. This energy difference between the two structures is related to
enewable catalysts, which are explained in the following section.

.2. O2 dissociation on Ag13, Cu13, and Ag12Cu1 nanoparticles

The cathode of a fuel cell undergoes a continual ORR. For an ORR,
he O2 adsorption and the O2 dissociation processes are essential
or determining the rate and activity level of the entire reaction. In
ther words, the adsorption and dissociation of an oxygen molecule
n an ORR must be considered for identification of the catalytic
roperties of an AgCu nanoparticle. Our investigation of an O2
issociation reaction of a 13-atom nanoparticle revealed that an
xygen molecule and two oxygen atoms had strong adsorption
ites. Fig. 2(a) shows the configuration of the adsorbed oxygen
olecule, and Fig. 2(b) shows the configuration of the two  adsorbed

xygen atoms. The oxygen molecule has three optimal adsorption
ites: a hollow top (h-t), a top bridge top (t-b-t), and a bridge (b). The
olecule adsorbed on the b site of the edge between the two  metal

toms is symmetrical but located asymmetrically at the t-b-t site,
lightly toward the (1 1 1) surface. The Ag12Cu1 (alloy) nanoparticle
as two types of h-t sites. When an oxygen molecule is adsorbed at
he h-t site, the Cu substitution can occur at the hollow site (h(Cu)-t)
r the top site (h-t(Cu)).

Table 1 lists the adsorption energy, the electron transfer amount,
nd bond length of O–O at each site and configuration. The oxygen
olecule accepts electrons from Ag and Cu metal atoms and the

ntibonding states of the oxygen molecule are occupied. It weak-
ns the binding energy of the oxygen molecule and consequently
engthens the bond length of the oxygen molecule. Thus it affects
he O2 dissociation. However, to predict a strong adsorption site,
e need to analyze other factors such as the structure, the charge
ow, the bond length, and the density of states.

Table 1 shows that a threefold h-t site has the strongest adsorp-
ion energy on the Ag13 nanoparticle. In the case of the Cu13

anoparticle, all the sites have about −1.7 eV of adsorption energy.

n the chemisorption of transition metals, the shift of the d-band
ffects the O2 adsorption energy [41]. Fig. 3 plots the d-bands of
gainst each composition and configuration. The d-band center of
Fig. 3. Metal d-projected density of states of each system.

Ag13 nanoparticle is much further below the Fermi level than the
d-band center of Cu13 nanoparticle. O2 adsorption energy of Cu13
nanoparticle is three times higher than that of Ag13 nanoparticle.
Ag12Cu1 (core–shell), which has Cu as a core atom and only Ag as
a shell atom, has similar d-band center of Ag13 nanoparticle. Thus
there is no significant benefit for the O2 adsorption on the surface
of the nanoparticle. When O2 is directly bonded to a Cu atom on the
surface of an Ag12Cu1 (alloy) nanoparticle, the adsorption energy
is two times higher than that of Ag13 nanoparticle.

As shown in Fig. 4, O2 adsorption on a metal nanoparticle
induces structural change in Ag13 and Cu13 nanoparticles. In both
cases, the relatively unstable structure becomes stable trough the
transformation. That is, the Ih changes to a COh in an Ag13 nanopar-
ticle and the COh changes to an Ih in a Cu13 nanoparticle. These
structural changes are not good for a catalyst because catalytic
Fig. 4. Structural change for a relatively unstable structure in Ag13 (upper) and Cu13

(bottom) nanoparticles.
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Table  1
The adsorption energy (Ead), the electron transfer amount, and the bond length of O–O (dO–O) for each configuration and adsorption site.

Structure Site Ead (eV) Mulliken charge of O2 dO–O (Å)

Ag13

COh h-t −0.509 −0.308 1.401
t-b-t  −0.436 −0.340 1.427

Ih h-t −0.775 −0.314 1.398
t-b-t  Structure change to COh
b −0.584 −0.261 1.343

Cu13

COh h-t Structure change to Ih
t-b-t −1.760 −0.341 1.528

Ih  h-t −1.758 −0.326 1.504
t-b-t −1.734 −0.334 1.527
b  −1.741 −0.260 1.409

Ag12Cu1 (core–shell)

COh h-t −0.415 −0.314 1.415
t-b-t  −0.453 −0.331 1.420

Ih  h-t −0.652 −0.315 1.403
t-b-t  −0.577 −0.335 1.429
b −0.480 −0.261 1.355

Ag12Cu1 (alloy)

COh h-t(Cu) −0.987 −0.335 1.446
h(Cu)-t −0.905 −0.335 1.445
t-b-t  −0.955 −0.351 1.476

Ih h-t(Cu) −1.254 −0.324 1.437
h(Cu)-t −1.141 −0.324 1.432
t-b-t  −1.280 −0.340 1.471
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reactant, O2. However, its isomers undergo structural change by O2
adsorption as mentioned. Cu13 nanoparticle is poor for the renewa-
bility. In addition, the excessively strong adsorption of O2 on Cu
nanoparticles can hinder the subsequent reaction and reduce the
b  

ontrast to pure Ag13 and Cu13 nanoparticles, there is no struc-
ural change in an Ag12Cu1 bimetallic nanoparticle of core–shell or
lloy structures. As mentioned, the energy difference between the
Oh and Ih structure in an Ag12Cu1 bimetallic nanoparticle is less
han that of pure Ag and Cu nanoparticles. We  speculate that if the
nergy difference between isomers is sufficiently small, there will
e no structural change because there is no need for the isomers to
hange their states. An Ag12Cu1 bimetallic nanoparticle has a good
enewability.

In our DFT calculations, we considered three adsorption sites for
he atomic oxygen; top, bridge, and hollow. The results show that
he hollow site is the most stable site. As shown in Fig. 2(b), we
ptimized the adsorption configuration of two  oxygen atoms. The
onfiguration includes an additional oxygen atom that is adsorbed
n another hollow site near a pre-adsorbed oxygen atom on the
ollow site.

For the O2 dissociation reaction, we used the three configura-
ions of an adsorbed oxygen molecule as the initial structure and the
onfiguration of two adsorbed oxygen atoms as the final structure.
hese configurations enabled us to find various reaction pathways,
nd we calculated the energy barriers by using transition state cal-
ulations. Here, too strong or too weak adsorption energy induces a
ower ORR activity [32]. If O2 is strongly adsorbed on a nanoparticle,
he reaction rate tends to be decreased. Weak adsorption energy,
n the other hand, induces a strong dissociation energy barrier. In
ur study, the Cu13 nanoparticle has the high adsorption energy for
n oxygen molecule; it reduces the binding energy between oxy-
en atoms in the adsorbed oxygen molecule. Our results verify that
eak O–O binding energy is represented by the longer bond length

n Table 1. As a result, we predict that the Cu13 nanoparticle, which
as the high adsorption energy, has a low dissociation barrier. In the
g13 nanoparticle, the oxygen molecule is adsorbed in a weak man-
er. We  therefore predict that Ag13 has a higher dissociation energy
arrier than Cu13. The adsorption energy of the oxygen molecule
nd the bond length of O–O help us predict the energy barrier of
he O2 dissociation reaction.
Fig. 5 shows the relation between the energy barrier and the
dsorption energy of Ih structure. High adsorption energy of reac-
ant is one of the factors to enhance the catalytic performance. O2
dsorption energy is higher on an Ih Ag12Cu1 (alloy) nanoparticle
−1.066 −0.267 1.380

than on a COh Ag12Cu1 (alloy) nanoparticle. Thus we  performed
calculations to obtain the energy barrier in O2 dissociation using
Ih nanoparticles. We  considered every initial and final configura-
tion for O2 dissociation. However we reported only the pathway
which have smallest energy barrier in each initial configuration. As
predicted, the Ag13 nanoparticle has the high energy barrier for O2
dissociation, whereas the Cu13 nanoparticle has the low energy bar-
rier. In the case of bimetallic nanoparticles, Ag12Cu1 (alloy) has the
slightly lower energy barrier and the higher adsorption energy than
Ag12Cu1 (core–shell). The O2 dissociation is the factor that deter-
mines the ORR rate. The low energy barrier increases the ORR rate.
The Cu13 and Ag12Cu1 (alloy) nanoparticles are good candidates
for a catalyst. The Cu13 nanoparticle is also good for adsorbing the
Fig. 5. Relation between the dissociation energy barrier and the adsorption energy
for every adsorption sites in the Ih structure of Ag13, Cu13,  Ag12Cu1 (core–shell),
and Ag12Cu1 (alloy) nanoparticles. The values of lowest energy barrier for Ag13,
Cu13, Ag12Cu1 (core–shell), and Ag12Cu1 (alloy) nanoparticles are 0.742 eV, 0.012 eV,
0.756 eV and 0.692 eV, respectively.
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verall ORR rate. For the stability of a continuous chemical reaction,
g12Cu1 (alloy) is better than pure Cu13. Comparing the O2 adsorp-

ion energy and O2 dissociation energy barrier on Ag12Cu1 (alloy)
anoparticle with those on Pt (1 1 1), Ag12Cu1 (alloy) nanoparti-
le has stronger O2 adsorption energy of −1.28 eV than Pt (1 1 1)
−0.34 eV). Although energy barrier of 0.75 eV is relatively higher
han 0.38 eV of Pt (1 1 1) [42], it is acceptable when considering the
xtremely small size of Ag12Cu1 nanoparticle.

. Conclusion

Our DFT calculations confirm Cu, which has a relatively high sur-
ace energy, tends to occupy the core position in an AgCu bimetallic
anoparticle. Therefore, Ag12Cu1 (core–shell) is energetically more
table than Ag12Cu1 (alloy). In an Ag12Cu1 (core–shell) bimetallic
anoparticle, the energy difference between the COh and Ih struc-
ures is reduced because the Cu substitution alleviates the stress
nd strain in the Ih structure.

The O2 adsorption energy of Ag12Cu1 (alloy) nanoparticle is two
imes higher than that of Ag13 nanoparticle. Ag12Cu1 (core–shell)
anoparticle has no significant benefit for the O2 adsorption on the
urface of the nanoparticle. Additionally, Alloying with Cu prevents
ny structural transformation and enhances the structural stability
uring the reaction.

Compared to systems other than Cu13, the Ag12Cu1 (alloy)
anoparticle has the higher adsorption energy for O2 and a slightly

ower energy barrier against O2 dissociation. In addition, there is
o structural change during the ORR. The structural stability and
he activity related to the reaction rate are important for a high
atalytic performance. Although the Ag12Cu1 (alloy) nanoparticle
s more energetically unstable than Ag12Cu1 (core–shell), the alloy
anoparticle can be synthesized provided consideration is given to
he composition or kinetic factors. Ag12Cu1 (alloy) appears to be a
ood candidate for an ORR catalyst.
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