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Introduction

To overcome environmental problems, such as the greenhouse
effect,[1] and develop new energy-conversion techniques using
renewable sources, many researchers are working on proton-
exchange membrane fuel cells (PEMFCs), solar cells, and other
technologies. Among the various research topics related to
energy-conversion techniques, PEMFCs have attracted the at-
tention of many groups. PEMFCs have a high energy-conver-
sion efficiency (about 50 % or higher)[2] and can provide energy
for transport vehicles and portable electronic devices.[3] More-
over, hydrogen and oxygen gases are used and water is the
only product of the reaction in PEMFCs at low temperatures
(<373 K[4]), and they are not harmful to the environment.

The most crucial part of PEMFCs operated at low tempera-
tures is the catalyst that transforms oxygen to water in the
cathode; the performance of this catalyst determines the effi-
ciency of the whole PEMFC. Thus, one of the most important
issues is the design of a stable and active oxygen reduction re-
action (ORR) catalyst to increase the reaction rate in PEMFCs.
In practice, noble metals such as Pt are generally used as ORR
catalyst;[5–7] however, the amount of Pt in the earth’s crust is
limited. Thus, Pt scarcity is one of the bottlenecks of PEMFC
technology. In addition, typical Pt loadings in the electrode are
about 0.4–0.8 mg cm!2.[4] However, the US department of
energy (DOE) has set a target of 0.2 mg cm!2 to be reached

until 2015.[8] To satisfy the DOE target without a significant loss
of performance, many research groups have worked to find Pt
substitutes or reduce the amount of Pt required by using
alloys[9–14] or bimetallic nanoparticles (NPs)[10, 15–19] that have
a higher activity than bulk materials. The Nørskov group has al-
ready investigated the catalytic performance of most transi-
tion-metal surfaces and reported that Pt is the best material ;
thus a new approach is needed to substitute Pt.[20] We chose
a bimetallic NP system as a substitute for Pt. Much attention
has been focused on Ag, one of the least expensive noble
metals ;[21–25] however, its weak oxygen adsorption energy[26] led
to the investigation of other materials. For this reason, we pro-
duced a bimetallic NP from Cu and Ag to strengthen the cata-
lyst’s oxygen adsorption energy. Moreover, the cost of Ag and
Cu is much lower than that of Pt or Au. In November 2012, the
prices of Ag, Cu, Pt, and Au were approximately $27.0, $0.3,
$1432.1, and $1584.8 per troy oz, respectively.[27]

The interest in the use of NPs in various catalyst sys-
tems[17, 24, 28–32] has increased since the pioneering discoveries of
the Haruta group, who revealed that Au NPs can catalyze CO
oxidation at or below room temperature.[28, 33] Before we inves-
tigated the catalytic performance of a NP system, we had to
confirm its durability[34–38] because durability is an important
factor in catalyst design. At this point, we also considered the
support, other gases, and acidic conditions involved with the
NPs to account for the real conditions in a fuel-cell cathode
and confirm its durability and activity; however, it is almost im-
possible to calculate all of these conditions because of compu-
tational limitations. Therefore, we considered the surface ten-
sion of the metal element (Ag and Cu) and various isomers
consisting of the same number of atoms to determine the en-
ergetically most stable structure of the NP system. We initially
had to understand the exact reaction mechanism and the
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effect of alloying to design noble-metal catalyst systems. Thus,
we focused on the effect of structure and alloying.

We used DFT calculations to investigate the ORR using our
NP catalyst. Generally, NPs of 2–5 nm in diameter are used in
fuel-cell applications.[5, 6, 39, 40] Therefore, it is not easy to control
the system, observe the reaction, or identify the reaction
mechanism using experimental tools. By applying DFT calcula-
tions to nanosized catalysts, we may make observations that
are otherwise difficult to do experimentally. In this way, we are
going to design a new catalyst.

Results and Discussion

Structural stability of AgCu bimetallic NPs

The truncated octahedron (TOh) structure of NPs (Figure 1) has
two layers: a core layer and a shell layer. The core layer con-
sists of six atoms, and the shell layer consists of 32 atoms.
Thus, a substitution of the Ag NP core layer by Cu atoms
would easily result in the formation of a AgCu (core–shell) NP

system. However, the AgCu (alloy) system presented a different
challenge. This system has 32 Ag atoms in the shell layer.
We performed DFT calculations to find a stable AgCu (alloy) NP
system. In the shell layer, there are two types of atomic posi-
tions, namely, the center and edge (Figure 1 d). The system
with one Cu atom placed at the center of the Ag NP shell layer
was more stable (by approximately 0.095 eV) than the system
with a Cu atom placed on the edge of it. In all cases, the
system with the Cu atoms posi-
tioned at the center of the Ag
NP shell layer was more stable
than other systems with more
Cu atoms substituted into the
system.

In these NP systems, the
AgCu (core–shell) NP is more
stable (by approximately
1.359 eV) than the AgCu (alloy)
due to the surface-energy differ-
ence between Ag and Cu.
In general, an element with
a high surface energy is favored
to occupy the core layer be-
cause it is unstable when that

element occupies the shell layer. The surface energy of Cu
(1.77 J m!2) is higher than that of Ag (1.32 J m!2).[41] Thus, the
energy of AgCu (core–shell) is lower than that of AgCu (alloy)
because Cu atoms are favored to occupy the core layer of the
given NP system. Although the AgCu (alloy) NP system is un-
stable, we evaluated its catalytic performance because it was
possible to synthesize this system experimentally.[42] It was im-
portant to consider every possible configuration because AgCu
(core–shell) and AgCu (alloy) NPs can be synthesized, and the
size and shape of the NPs can also be controlled.

Adsorption trends of the oxygen molecule in NP systems

ORR continuously occurs in the cathode of fuel cells; the ad-
sorption energy of the oxygen molecule and the activation-
energy barrier of the oxygen dissociation reaction are impor-
tant aspects of ORR. Oxygen molecule adsorption and dissocia-
tion must be considered to determine the performance of
a catalyst in ORR. To investigate the oxygen dissociation reac-
tion, we first had to consider oxygen molecule adsorption.
There were many different aspects relative to our previous
study with thirteen-atom NPs[26] in terms of oxygen molecule
adsorption to the NPs. Herein, we considered the stable ad-
sorption site, adsorption energy, and alloying effect on oxygen
adsorption.

We considered 8–14 initial adsorption sites to determine
stable and strong adsorption sites and obtained reliable calcu-
lation results. In Figure 2, the five optimal adsorption sites of
the oxygen molecule (R1, R2, R3, R4, and R5) and adsorption
sites of the oxygen atom (P1, P2, P3, P4, and P5) are shown.
The R1 site represents the square100 (s100) site, which shows the
oxygen molecule adsorbed symmetrically on the (100) surface.
The R4 site represents the bridge (b) site, which shows the
oxygen molecule adsorbed on the edge of NPs. The R2, R3,
and R5 sites represent the hollow-top (h-t), top-bridge-top
(t-b-t), and square111 (s111) sites, respectively, which show the
molecule adsorbed on the (111) surface. There is a small struc-
tural change when the molecule is adsorbed to the R5 (s111)
site, which looks like the R1 (s100) site. All the adsorption sites
of the oxygen atom are chosen to easily dissociate the oxygen
molecule. Each oxygen molecule adsorption site corresponds

Figure 1. (a) Ag, (b) Cu, (c) AgCu (core–shell), and (d) AgCu (alloy) NPs pre-
pared for calculation; the energy of AgCu (alloy) is higher (1.359 eV) than
that of AgCu (core–shell) ; Ag and Cu NPs are composed of 38 atoms of each
element; AgCu (core–shell) and AgCu (alloy) NPs are composed of 32 atoms
of Ag and six atoms of Cu.

Figure 2. (a) There are five stable adsorption sites (R1, R2, R3, R4, and R5) of an oxygen molecule (red circles) in
every NP system: R1 is the square100 (s100) site, R2 is the hollow-top (h-t) site, R3 is the top-bridge-top (t-b-t) site,
R4 is the bridge (b) site, and R5 is the square111 (s111) site. (b) Configurations P1, P2, P3, P4, and P5; oxygen-atom
adsorption sites (blue circles) are based on the oxygen molecule adsorption sites.
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to two oxygen atom adsorption sites, which is the result of the
oxygen dissociation reaction. For instance, R1 is related to P1
and P2, whereas R2 corresponds to P3 and P4.

The three adsorption sites and energies represented for
each NP system exhibit notable trends (Table 1). In the four
systems, the shell layers of Ag and AgCu (core–shell) are cov-
ered exclusively by Ag atoms (Figure 1). The oxygen-molecule
adsorption trends show similar tendencies. R1 is the strongest

adsorption site because it has the same shell-layer conditions.
However, a previous study on the cuboctahedron (COh) struc-
ture of the thirteen-atom NP system showed that the R2 site is
the most stable adsorption site among all systems.[21, 24] COh
and TOh are almost identical structures and have the same
face-centered cubic (fcc) symmetry. We drew the HOMO-level
isosurface for each system (thirteen and 38 atoms) to analyze
the electronic distribution difference between COh and TOh.

The isosurface of the HOMO to the R1 adsorption sites
(Figure 3) shows that there is a significant difference between
the adsorption to (a) R1 and (b) R2. In the case of the R1 ad-
sorption site, the Ag1 and Ag2 atoms directly adsorb to the
oxygen molecule to form dz2-like orbitals in the radial direction
from the center of the NP; these dz2-like orbitals strongly over-
lap with the orbital of Ob. This result means that the oxygen
molecules are strongly bonded to NPs. In contrast with the
result of R1, it is difficult to find the isosurface of the HOMO or-
bital level in R2, which means that the oxygen molecules are
not strongly adsorbed to the R2 site. In the case of the thir-
teen-atom NP system, the trends are different. The orbital
overlap of R2 is larger than that of R1. Thus, the adsorption-
site preference can be altered by adjusting the diameter of the
NPs.

Despite the fact that the AgCu (core–shell) NP system is cov-
ered only by Ag atoms (similarly to Ag NP systems) the adsorp-
tion energy of the oxygen molecule is low. To verify the reason
for the weak oxygen molecule adsorption in AgCu (core–shell)
NPs, we drew the HOMO orbital level and compared the result
to another system. In Figure 3 c, the number of electrons is in-
sufficient in Ag1 and Ag2 to bond with the oxygen molecule
due to the presence of the Cu core. The electrons are highly
localized in the Cu core, which causes the oxygen binding
energy of AgCu (core–shell) NPs to weaken.

Previously, we reported that the thirteen-atom AgCu (alloy)
NP system had a higher adsorption energy than the Ag NP
system.[26] In this calculation, however, the adsorption energy
of the AgCu (alloy) NP is not improved. The Cu atom posi-
tioned at the center of the (111) surface does not participate
to a large extent because the charge of this Cu atom is posi-
tive (+0.016). In contrast, the charge of the Cu atom occupying
the edge of the (111) surface is negative (!0.024); therefore,
the Cu atom can donate electrons to the oxygen molecule to
help adsorption. Thus, we increased Cu atoms to the Ag32Cu6

(alloy) NP system to verify the effect of positioning on the
edge. In Table 1, the oxygen adsorption energy to the Ag29Cu9

Figure 3. HOMO level isosurface (isovalue = 0.014 e ") of 38-atom NP sys-
tems: (a) R1 site on Ag38 NPs; dz2 orbitals of Ag1 and Ag2, which strongly
overlap with orbitals of Oa and Ob, are represented. (b) R2 adsorption site on
Ag38 NPs; it is difficult to find the orbital isosurface between Ob and
Ag1–Ag2. (c) Oxygen molecule adsorption to Ag32Cu6 (core–shell) NPs.

Table 1. Oxygen molecule adsorption sites and energy values. Each NP
system has three optimal adsorption sites. Another system is the Ag29Cu9

(alloy) NP. More Cu atoms were added to the Ag32Cu6 (alloy) to strength-
en the effect of the Cu element.

System Site Ead [eV]

Ag38

R1 (s100) !0.544
R4 (b) !0.322
R2 (h-t) !0.288

Cu38

R1 (s100) !1.725
R2 (h-t) !1.217
R3 (t-b-t) !1.157

Ag32Cu6 (core–shell)
R1 (s100) !0.338
R2 (h-t) !0.105
R5 (s111) !0.093

Ag32Cu6 (alloy)
R5 (s111) !0.623
R2 (h-t) !0.574
R1 (s100) !0.413

Ag29Cu9 (alloy)
R2 (h-t) !0.902
R1 (s100) !0.744
R5 (s111) !0.708
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(alloy) NP system is represented; the adsorption energy is
dramatically increased relative to Ag32Cu6 (alloy) NPs.

Activation energy of oxygen dissociation

Using the calculation results above for oxygen molecule (and
atom) adsorption, we investigated the oxygen dissociation re-
action with a focus on two aspects of ORR. The first was to
achieve a low activation-energy value for oxygen dissociation
(to boost ORR), and the second was to achieve a strong ad-
sorption-energy value for oxygen because the ORR occurs
after an oxygen molecule is adsorbed to NPs. We considered
six reaction pathways based on our calculation results for each
NP system and then chose four datasets with low activation
energies and strong adsorption energies (Figure 4).

The lowest activation energies of Ag38, Cu38, Ag32Cu6 (core–
shell), Ag32Cu6 (alloy), and Ag29Cu9 (alloy) were 0.905, 0.029,
0.926, 0.702, and 0.497 eV, respectively. From these results, we
could control the adsorption energy of the oxygen molecule
and activation energy of the oxygen dissociation by varying
the composition of Cu. However, to improve this property, we
had to add more than eight Cu atoms because the effect of
Cu comes from substitution of the edge-position atoms in the
TOh structure of the 38-atom NP system.

Cu38 and Ag29Cu9 (alloy) NP systems may be good candi-
dates for ORR catalysts based on the results described above
because they have strong adsorption energies and low activa-
tion energies. However, adsorption of oxygen molecules that is
too strong or too weak can reduce the ORR rate.[20] Adsorption
of oxygen that is too strong can be an obstacle to the prog-
ress of the reaction because strong adsorption implies that it is
difficult to desorb. Adsorption that is too weak induces a high
activation energy of oxygen dissociation. The adsorption
energy of Ag38 and the Ag32Cu6 (core–shell) NP system is ap-

proximately !0.3 to !0.5 eV, and these weak adsorption ener-
gies induce high activation energies (approximately 0.9–
1.2 eV). Therefore, Ag38 and Ag32Cu6 (core–shell) NP systems
are not suitable as ORR catalysts. The Cu38 NP system has an
adsorption energy (approximately !1.7 eV) that is about three
to six times higher than the adsorption energy of Ag38 and
Ag32Cu6 (core–shell) NP systems. In fact, the Cu NP system has
a strong tendency to be oxidized due to overly strong adsorp-
tion.[43, 44] Although the Cu38 NP system has a low activation
energy of oxygen dissociation, this system is not appropriate
as an ORR catalyst. In contrast to the Cu38 NP system, Ag29Cu9

(alloy) has an optimal adsorption-energy and activation-energy
barrier. Due to the optimal level of adsorption energy, the
Ag29Cu9 (alloy) system can overcome the oxide problem and
prevent oxygen atom poisoning. In other experiments, AgCu
(alloy) NPs had no oxide layer, although the NP average size
was slightly larger.[45]

Comparing the oxygen adsorption energy and activation
energy of oxygen dissociation of the Ag29Cu9 (alloy) NP system
with those of Pt38 NPs, Ag29Cu9 (alloy) and Pt38 NPs have similar
oxygen adsorption energies (!0.902 and !0.796 eV, respec-
tively). In the case of activation energy, Ag29Cu9 (alloy) has
a slightly higher activation energy (0.497 eV) than that of Pt38

(0.227 eV). Ag29Cu9 (alloy) may be a good ORR catalyst because
Ag29Cu9 (alloy) has an advantage in terms of cost, despite the
fact that it has a slightly poorer activity relative to Pt38.

Conclusions

We investigated four systems, including pure Ag38 and Cu38 NP
systems and bimetallic Ag(38!x)Cux (x = 6, 9) NP systems.
Ag32Cu6 (core–shell) is more stable than Ag32Cu6 (alloy) because
Cu has a relatively high surface energy relative to Ag.

Oxygen molecules are favored to adsorb to the R1 site in
our system, and we found that the highly overlapped orbital
makes oxygen bind strongly near the R1 site. Ag32Cu6 (core–
shell) has a lower adsorption energy because Cu atoms have
highly localized orbitals in the core layer. Highly localized orbi-
tals hinder the donation of an electron to oxygen, causing
oxygen binding to be weakened. The position of Cu atoms in
the Ag-based NPs affects the strength of oxygen molecule
adsorption.

Among the four systems, Cu38 and Ag29Cu9 (alloy) NP sys-
tems are potential ORR catalysts. However, Cu is easily oxidized
because of the high adsorption energy of the oxygen mole-
cule. Thus, the Ag29Cu9 (alloy) NP system seems to be the most
suitable ORR catalyst.

Experimental Section

We performed GGA-level spin-polarized Kohn–Sham DFT calcula-
tions using the atomic orbital-based DMol3 package.[46, 47] The
Kohn–Sham equation was expanded in a double-numerical quality
basis set with polarization functions (DNP). The exchange correla-
tion energy was functionalized with the revised PBE (RBPE) func-
tional.[48–51] In general, the RPBE functional was found to be superi-
or in the description of energetics of atomic and molecular bond-

Figure 4. Relationship between the activation energy of oxygen dissociation
and the adsorption energy of an oxygen molecule. The x axis represents the
adsorption energy of an oxygen molecule, whereas the y axis represents the
activation energy of oxygen dissociation. Black is Ag38, blue is Cu38, orange is
Ag32Cu6 (core–shell), red is Ag32Cu6 (alloy), green is Ag29Cu9 (alloy), and
purple is Pt38 for benchmark.
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ing to transition metals according to many researchers.[52–54] The or-
bital cutoff range was set to 5.0 ". To treat the core electrons of
heavy Ag and Cu atoms, we used the DFT semicore pseudopoten-
tial.[55] Fermi smearing was set to 0.003 Ha (1 Ha = 27.2114 eV) in all
calculations. The convergence tolerances of energy, force, and dis-
placement were 2 # 10!5 Ha, 0.004 Ha "!1, and 0.005 ", respectively.

Herein, Ag, Cu, AgCu (core–shell), and AgCu (alloy) NP systems
composed of 38 atoms (approximately 1 nm in diameter) were pre-
pared; the structure of the NP systems was TOh, which was one of
the stable structures. Generally, NPs of 2–5 nm in diameter were
chosen to investigate catalytic activity because of their high activi-
ty.[56–58] However, Qiao et al. reported that even NPs of <1 nm in
diameter exhibit an extremely high activity.[59] Therefore, we chose
a NP system composed of 38 atoms to investigate the catalytic re-
action; Pt38 NPs of similar diameter were used as a benchmark.
Generally, metal NPs were not used as an isolated entity, but were
supported by a support material (e.g. , metal oxide).[56, 60–64] The
structure of a supported NP system was commonly a pyramidal
one with a fcc symmetry;[56, 61–64] the structure of NPs (TOh) herein
was similar to that pyramidal one because it also had a fcc symme-
try. Thus, we used TOh as the initial structure in the four catalyst
systems and performed geometry optimization to find the most
stable structure.[23] TOh had six (100) surfaces and eight (111) sur-
faces and consisted of six atoms in the core and 32 atoms in the
shell. In Figure 1, six atoms of Cu occupied the core and 32 atoms
of Ag occupied the shell in the AgCu (core–shell) NP system. In the
case of AgCu (alloy), six atoms of Cu were located in the center of
the (111) surface because location of the Cu atoms in the center of
(111) provided the greatest stability in this calculation.

The ORR occurred and generated energy in the PEMFC cathode.
Herein, we focused on two aspects of this system, including the ac-
tivation energy of oxygen dissociation, well-known to be the rate-
determining step of the ORR, and the oxygen adsorption energy
starting point of the ORR. A good ORR catalyst must lower the acti-
vation-energy barrier of oxygen dissociation to boost ORR and has
a strong adsorption energy to initiate ORR. Therefore, we per-
formed DFT calculations to investigate the adsorption energy of
the oxygen molecule and the activation energy of the oxygen dis-
sociation reaction. To calculate the activation energy of the oxygen
dissociation reaction, we needed to know the oxygen molecule ad-
sorption to the reactant and the oxygen atom adsorption to the
product. We considered approximately ten adsorption sites for
each adsorption calculation to increase the reliability of the calcula-
tion results. The adsorption energies (Ead) were calculated using
Equation (1):

Ead ¼ EmolþNP!ENP!Emol ð1Þ

where Emol+NP is the total energy of oxygen-adsorbed NPs, ENP is
the total energy of NPs, and Emol is the chemical potential of
oxygen.
Using the calculated results of the oxygen molecule (atom) adsorp-
tion, we calculated the activation energy of the oxygen dissocia-
tion reaction and compared the activation energy and adsorption
energy to find the relationship between them.[24, 26]
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