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Abstract
The interactions between oxygen molecules and a silver surface or a CeO2(111) supported atomic layer of silver are predicted using firstprinciples calculations based on spin polarized DFT with PAW method. The juncture between the CeO2(111), the atomic layer of silver, and O2
represents a triple-phase boundary (TPB) whereas the interface between silver surfaces and O2 corresponds to a 2-phase boundary (2PB) in a solid
oxide fuel cell (SOFC). Results suggest that the O2 dissociation process on a monolayer of silver supported by CeO2(111) surfaces (or TPB) with
oxygen vacancies has lower reaction barrier than on silver surfaces (or 2PB), and the dissociated oxygen ions can quickly bond with subsurface Ce
atom via a barrierless and highly exothermic reaction. The oxygen vacancies at TPB are found to be responsible for the lower energy barrier and
high exothermicity because of the strong interaction between subsurface Ce and adspecies, implying that oxygen molecules prefer being reduced
at TPB than on silver surfaces (2PB). The results suggest that, for a silver-based cathode in a SOFC, the adsorption and dissociation of oxygen
occur rapidly and the most stable surface oxygen species would be the dissociated oxygen ion with −0.78|e| Bader charges; the rate of oxygen
reduction is most likely limited by subsequent processes such as diffusion or incorporation of the oxygen ions into the electrolyte.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Ceria (CeO2); Silver surface; First-principles calculations; Triple phase boundary (TPB); Solid state oxide fuel cell (SOFC)

1. Introduction
The interaction of oxygen molecules with oxide supported
metals is considered as one of the modern classics of heterogeneous reactions for fuel cell and catalytic applications [1–4].
The reduction processes of oxygen molecules on the metal/oxide
interface, which corresponds to the electrode/electrolyte system,
are the key reaction in the cathode region of solid oxide fuel cells
(SOFCs). The oxygen reduction process may occur via three
parallel reaction routes, depending on the ionic and electronic
transport properties of the cathode and electrolyte materials [5,6].
In the first route, oxygen molecules are adsorbed on the triplephase boundary (TPB), where the electrolyte, electrode, and gas
meet, the reduced oxygen ions can directly combine with oxygen
vacancies in the electrolyte. In the second route, oxygen
molecules are adsorbed and dissociated on the cathode surface
(2PB), followed by the transport of the dissociated oxygen ions
through the cathode to the electrolyte or along the surfaces of the
⁎ Corresponding author. Tel.: +1 404 894 6114; fax: +1 404 894 9140.
E-mail address: meilin.liu@mse.gatech.edu (M. Liu).
0167-2738/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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cathode to the TPB. In the third route, oxygen molecules are
adsorbed and/or dissociated on the electrolyte surface (2PB),
followed by the transport of the adsorbed/dissociated oxygen ions
along the surfaces of the electrolyte to the electrolyte to the TPB,
where they are reduced and incorporated into the electrolyte. For
SOFCs with metallic electrodes, it is generally believed that
oxygen reduction occurs predominantly at the TPB since metal
electrodes are electronic conductors rather than ionic conductors.
This has been confirmed experimentally by examining the
reduction of oxygen molecules in Au and Pt/yttria-stabilized
zirconia (YSZ) system [7,8]. Nevertheless, the detailed mechanism of oxygen-metal/oxide interaction is still not well
understood and many fundamental concepts in the microscopic
level remain unclear. For example, it is still unknown the
mechanisms of oxygen reduction on the surface of a silver
cathode (2PB) or the TPB near Ag/CeO2 juncture.
Silver is one of the most investigated catalysts for electrochemical reduction of oxygen. On the most stable Ag(111)
and Ag(110) surfaces, the oxygen adsorption, desorption, dissociation and diffusion processes have been widely examined
both experimentally and computationally [9–20]. On the
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Fig. 1. Ag/CeO2 (cathode/electrolyte) system in SOFC and the related surface models employed for calculations.

surfaces, oxygen molecules start to chemically adsorb on the
surface forming peroxide species, O22− with the O–O bond
parallel to the surface at low temperatures (∼120 K). The O–O
bond strength is found to be reduced significantly on the surface,
and the adsorbed oxygen partially desorb or dissociation as the
surface temperatures are increased slightly (∼220 K). The
atomically adsorbed oxygen, which is tightly bonded with
surfaces, is hard to desorb from the surface but can migrate on
the surface or penetrate through the bulk (with higher activation
energies) [12,13]. As the partial pressure of oxygen increases,
the subsurface oxygen is formed and the top few layers of
surfaces resemble to oxide like structures [21]. This metal/oxidelike system is discovered to exhibit better catalytic activity
because the subsurface oxygen can strongly facilitate the
catalytic reactions [12,13,19,22,23]. This behavior is also
observed in other oxide supported metal systems such as Au/
CeO2 and Au/IrO2/TiO2 [24,25].
In this report, we systematically examine the reduction
processes of oxygen molecules on silver cathode surfaces and
at TPB (Ag/CeO2 system) using first-principles calculations
based on the density functional theory (DFT) and pseudopotential
method. First, one monolayer adsorbed Ag on CeO2 surfaces,
with and without oxygen vacancies, are modeled as TPB, as
shown in Fig. 1. The O2 adsorption and dissociation are extensively investigated on these surfaces. Second, the two most stable
Ag(111) and Ag(110) surfaces are modeled as the Ag cathode
surfaces. The reactions in 2PB of undissociated O2 and dissociated O ions on these metal surfaces are computed and
confirmed with previous works. Finally, the two types of the
reactions in 2PB and TPB are compared to determine the preferred process of oxygen reduction in Ag/CeO2 system.
2. Computational method
The geometrical structures of the oxygen reduction process in
Ag/CeO2 system are optimized by Vienna ab initio simulation

package (VASP) [26–28], implementing the spin-polarized density functional theory (DFT). The exchange-correlation function
treated with the generalized gradient approximation (GGA) [29]
with the Perdew–Wang 1991 (PW91) formulation [30], which
has been shown to work well for surfaces, is used for the total
energy calculations. The projector-augmented wave method
(PAW) [31,32], an all-electron method combining the accuracy
of augmented plane waves with the cost-effective pseudopotentials implemented in VASP, is applied. The twelve 6s, 5s, 5p, 5d
and 4f valance electrons of each Ce atom, the six 2s and 2p
valance electrons of each O atom, and eleven 5s and 4d valance
electrons of each Ag atom are expanded with plane-wave basis
sets. This plane-wave expansion includes all plane waves with
their kinetic energies smaller than the chosen cut-off energy, K2 /
2m b Ecut, which ensures the convergence with respect to the
basis set. The Brillouin zone is sampled with the chosen
Monkhorst–Pack [33] k-points, which also ensures the convergence of the whole system.
For each system, the bulk calculations are initially performed
and compared with experimental observations, lattice constants
and band gaps, to confirm that the applied parameters give
confident results. The computed lattice constants from the bulk
calculations are considered as theoretical values and employed
for the surface calculations. For CeO2 bulk calculations, a super
cell with 16 [CeO2] units of dimension of 2a × 2a × a, along
Table 1
Calculated and experimental bulk properties of CeO2: lattice constants and
band gaps
LDA [34] PW91 [35] PBE96 [24] Expt. [33] This work
Lattice constant 5.37
(A)
BG: O2p → Ce4f 2.54
(eV)
BG: O2p → Ce5d 5.25
(eV)
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Fig. 2. Top and side views of (a) perfect CeO2(111) surface, which is modeled by a p(2 × 2) 9-layer slab with four surface O atoms, (b) Ag(111) and (c) Ag(110)
surfaces, which are modeled by 6-layer (111) and (110) slab, respectively.

(100) × (010) × (001) directions (where a is the theoretical lattice
constant), a 400-eV cutoff energy and 2 × 2 × 4 Monkhorst–Pack
k-points are employed. As listed in Table 1, computed lattice
constant and band gaps show good agreement with previous
studies [25,34–36].
CeO2(111) surface is modeled by repeated super cells in three
directions. Repetition of the in-plane super cells creates an
infinite slab, while periodicity in the direction perpendicular to
the slab creates an infinite stack of slabs. The super cell, as
shown in Fig. 2(a), is a p(2 × 2) 9-layer slab with 12 [CeO2] units.
The bond lengths and angles are initially defined according to
the bulk calculations. During the geometrical optimization, the
top three layers are relaxed, the cutoff energy is kept at 400 eV,
the Monkhorst–Pack k-points are set as 3 × 3 × 1 along
(211) × (011) × (111) directions, and a 10-Å vacuum space is
presented along the (111) direction to minimize the interaction
between distinct slab surfaces in this infinitely periodic model
system. The atomic Ag layer and gas phase reactant O2 are
additionally introduced for the calculations of surface reactions.
Similarly, for the Ag bulk calculations, a 32-Ag super cell of
dimension of 2a × 2a × 2a along (100) × (010) × (001) directions,
a 400-eV cutoff energy and 5 × 5 × 5 Monkhorst–Pack k-points
are employed. The computed lattice constant, 4.11 Å, which is
closed to previous experimental (4.09 Å) and computational
(4.05–4.19 Å) values [10–12,17,19,37]. Applied with the
computed lattice constant, the Ag(111) and Ag(110) surfaces
are constructed by 6-layer (111) and (110) slabs, as shown in Fig.
2(b) and (c), respectively. Both the (111) and (110) slabs have
2 × 2 surface cells with 4 Ag atoms. The Monkhorst–Pack kpoints, applied for the super cells of Ag(111) and Ag(110)
surfaces, are set as 8 × 8 × 1 along (112̄) × (11̄0) × (111) and
8 × 4 × 1 along (11̄0) × (001) × (110) directions, respectively. The
cutoff energy and vacuum space are kept at 400 eV and 10 Å,
respectively. The top three layers are relaxed and bottom three

layers are fixed at the computed lattice constant during the
optimization.
3. Results and discussion
3.1. Ag adsorbed on CeO2(111) surface with and without
oxygen vacancies
It is found that the surface oxygen of CeO2(111) surface can
be removed to produce oxygen vacancy on the surface and the
Ce atoms nearby the oxygen vacancies will be reduced from
Ce4+ to Ce3+ [38–40]. Therefore, the perfect CeO2(111)
surface (without O vacancy) and reduced CeO2(111) surfaces
(with O vacancies) are all considered in modeling of monolayer
Ag covered CeO2(111) surface.
A 9-layer p(2 × 2) slab employed for CeO2(111) surface
model has four surface oxygen atoms. By taking off them oneby-one, there are four possibilities of reduced surfaces, labeled
as CeO20.25v, CeO20.5v, CeO20.75v and CeO2v (the superscript
numbers indicate the ratio of oxygen vacancies to four). The
perfect surface is labeled as CeO2 directly.

Table 2
Averaged adsorption energies a and Bader charges of monolayer Ag adsorbed on
the CeO2 surfaces

Eads (eV)
Bader charge(e)
a
b
c

4Ag/
CeO2

4Ag/
CeO0.25v
2

4Ag/
CeO0.5v
2

4Ag/
CeO0.75v
2

4Ag/
CeOv2

1.16
0.14b

1.32
0.14b;
− 0.43c

1.37
0.14b;
− 0.45c

1.83
0.12b;
− 0.46c

2.28
− 0.47c

Eads = (E(CeO2) + 4⁎E(Ag) − E(4Ag/CeO2)) / 4.
Ag adsorbed on surface O.
Ag adsorbed on surface Ce.
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Fig. 3. Top and side views of monolayer Ag covered on CeO2(111) surface (a) without and (b) with four oxygen vacancies.

On CeO20.25v surface, with one oxygen vacancy in the p(2 × 2)
surface model, the adsorption energy of one Ag atom bonding
with the surface oxygen, 0.37 eV, is much lower than that for one
Ag atom staying in the oxygen vacancy site, 1.22 eV, indicating
that the Ag atom is more likely to adsorb on the oxygen vacancy
site than to bond with surface oxygen. This can be rationalized
from the enhanced ionic bonding, the same reason as described
for Au/CeO2(111)0.25v surface [25].
Furthermore, we put four Ag atoms on the top of the four
surface active sites, either adsorbing with surface oxygen atoms
or vacancies. Without forming Ag clusters, the averaged
adsorption energies and Bader charges [41] of 4 Ag/CeO2(v)
system are summarized in Table 2. The trends, in which Ag
adsorbing on the surface with more oxygen vacancies has
higher averaged adsorption energy and is more negatively
charged, are consistent with the results of Au/CeO20.25v system
[25]. In addition, because Ag atoms weakly bond with surface O
atoms in 4Ag/CeO2 system, the surface Ag atoms can be
stabilized by forming Ag-clusters on the surface, i.e. Ag–Ag
distance is in the range of 2.770–3.047 Å, as shown in Fig. 3(a).
The averaged adsorption energy of 4Ag/CeO2 system with Ag
cluster increased to 1.55 eV. Comparing with that of 4Ag/CeO2
system without Ag cluster, the cluster stabilizes the surface by
0.39 eV. On the other hand, all the Ag atoms are tightly
anchored in the O vacancy sites, and cannot form clusters in

4Ag/CeO2v system, i.e. Ag–Ag distance is in the range of
3.805–3.909 Å, as shown in Fig. 3(b).
3.2. O2 adsorption
Atop and 3-fold hollow sites are considered as the active sites
on the surface shown in Fig. 3. For the adspecies, it is commonly
found that O2 can adsorb on the surfaces forming either
superoxide, O2−(a), with an end-on structure or peroxide, O22−(a),
with a side-on structure. Therefore, four kinds of O2 adsorptions
on different surfaces are computed and listed in Table 3. Shown
in Fig. 4 are the structures of these four adsorption configurations on a 4Ag/CeO2v surface.
Several observations can be made from the predicted adsorption energies listed in Table 3. First, the adsorptions on atop sites
are less stable than those on 3-fold hollow sites. This finding,
which is consistent with the adsorptions on the (111) surface of
fcc crystals [16,42], can be rationalized from their bonding
structures. Each adsorbed O2 at the atop position forms one
chemical bond with one single Ag atom; in contrast, the adsorbed
O2 at the 3-fold hollow site forms more bonds with nearby Ag
atoms. Second, side-on adsorbed O22−(a) is more stable than
end-on adsorbed O2−(a). In end-on adsorption of superoxide only
one O atom bonds with the surface while in side-on adsorption of
peroxide both O atoms bond with the surface Ag atoms. This also

Table 3
Adsorption energies, O–O bond lengths and vibrational frequencies of oxygen molecularly adsorbed on the surfaces forming superoxide (O−2 ) and peroxide (O2−
2 )
adspecies
O−2 (a)atop
O−2 (a)hollow

O2−
2 (a)atop
O2−
2 (a)hollow

Eads (eV)
O–O (Å)
Eads (eV)
O–O (Å)
νO–O (cm− 1)
Eads (eV)
O–O (Å)
Eads (eV)
O–O (Å)
νO–O (cm− 1)

4Ag/CeO2

4Ag/CeO0.25v
2

4Ag/CeO0.5v
2

4Ag/CeO0.75v
2

4Ag/CeOv2

0.93
1.269
1.41
1.347
1003
1.35
1.358
1.62
1.496
750

0.80
1.284
1.32
1.335

0.76
1.280
1.20
1.326

0.48
1.277
1.07
1.328

1.25
1.320
1.51
1.470

1.21
1.315
1.32
1.422

1.17
1.305
1.22
1.380

0.31
1.284
0.93
1.329
1079
1.09
1.299
1.10
1.370
916

0.75v
Eads = (E(4Ag/CeO2) + E(O2) − E(O2/4Ag/CeO2)) / 4; the Eads and O–O are averaged values on 4Ag/CeO0.25v
, 4Ag/CeO0.5v
surfaces since the
2
2 , and 4Ag/CeO2
4Ag atoms are not identical on these surfaces.

a
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Fig. 4. Top (upper panel) and side (lower panel) views of (a) atop and (b) 3-fold hollow superoxide O−2 , and (c) atop and (d) 3-fold hollow peroxide O2−
2 adsorptions on
4Ag/CeOv2 surface.

agrees with previous studies — peroxide form is more stable than
superoxide form on metal surfaces [43,44]. Third, the adsorptions
on the surface with less oxygen vacancies are more stable than
those with more oxygen vacancies. This is because more
subsurface oxygen (or less oxygen vacancy near surfaces) can
provide more electrons to the surface Ag atoms, leading to
stronger bond with the adsorbed O2. The subsurface oxygen can
also up-shift the d-band center of these Ag atoms and make them
more reactive, as observed in the Ag(111) surface with
subsurface oxygen atoms [19].
Two observations can be made from the O–O bond length
analysis in Table 3. First, all adsorbed O2(a) have longer bond
lengths than that in the gas phase, 1.236 Å. This result is
supported by the experimental observation that O–O bond
becomes weaker and longer on surfaces, i.e. the O–O bond
energies of O2/Ag(110) = 0.70 eV [18], O2/Ag(111) = 1.11 eV
[19], O2/Pt(111) = 0.86 eV [45], O2/Au/IrO2 = 0.22 eV [24],
comparing with O2(g) = 5.23 eV in the gas phase [46]. Second,
the adsorbed O2(a) with longer bond lengths has higher
adsorption energies. This is because the adsorptions, for
example, on 3-fold hollow sites and of peroxide form, with
longer and weaker O–O bonds donate more electron and form
stronger Ag–O bonds to stabilize the whole system. Therefore,
the overall stability can be attributed to that the energy produced
by forming strong Ag–O bonds is more than the energy
consumed by partially breaking the O–O bond.
Finally, the vibrational frequencies of the most stable
superoxide and peroxide on 4Ag/CeO2 and 4Ag/CeO2v surfaces
are computed. Not surprisingly, the adsorptions of superoxide
forms with shorter O–O bonds have higher vibrational
frequencies than those of peroxide forms. In addition, the O–
O vibrations on 4Ag/CeO2 and 4Ag/CeO2v surfaces are closer to
the experimental observations of O2(a) on the CeO2(111)

surface, O2−(a): 1127–1135 cm− 1 and O22−(a): 831–877 cm− 1
[47–49], than of O2(a) on metal surfaces, O2− (a): 870–
1020 cm− 1 and O22−(a): 610–660 cm− 1 [50]. This implies that
the O2(a) on one Ag layer supported by CeO2 surface still
retains the properties of CeO2(111) rather than those of the
silver surface.
3.3. O2 dissociation and O transport
To clearly understand the oxygen reduction processes in the
Ag/CeO2 (cathode/electrolyte in SOFC), the processes of the
adsorbed O2 dissociating to O ions and the subsequent transport of
the O ions on the surfaces are further examined. As mentioned
earlier, Ag(111) and Ag(110) surfaces are modeled as the Ag
cluster of cathode surface and the two special surfaces, 4Ag/CeO2
and 4Ag/CeO2v with monolayer adsorbed Ag on perfect and
mostly reduced CeO2(111) surfaces, respectively, are modeled as
TPB to compute the surface reactions. The reactions on other
three TPB models, 4Ag/CeO20.25v, 4Ag/CeO20.5v and 4Ag/
CeO20.75v with difference degree of oxygen deficiency, might
behave between the two special surfaces (as concluded in Table 3)
and are not calculated. The dissociation processes of chemically
adsorbed O2(a), O2(a) → 2O(a), and the transport processes of
atomically adsorbed O(a), O(a) → O(a), on the two modeled
cathode surfaces and two modeled TPB are presented with
potential energy surface (PES) in Figs. 5 and 6 and summarized in
Table 4 and Figs. 7 and 8.
3.3.1. Dissociation
In the dissociation processes, the most stable adspecies, O22−,
adsorbed on the most stable adsorption position (3-fold hollow
sites) of 4Ag/CeO2 and 4Ag/CeO2v surfaces are considered as
reactants for the dissociation processes on TPB. On 4Ag/CeO2
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Fig. 5. PES and geometrical structures of O2(a) → 2O(a) dissociation processes on 4Ag/CeO2, 4Ag/CeOv2, Ag(111) and Ag(110) surfaces. The relative energies are
referenced to O2(g)/surfaces (=0).

surface without O vacancies, the two dissociated O(a) prefer to
adsorb on the two nearest 3-fold hollow sites, forming the most
stable structures with Eads = 2.06 eV, which is considered as the
product. Connecting with the reactant and product, the
transition state with a reaction barrier of 0.43 eV are found
when O–O bond are extended to ∼2 Å.
Interestingly, on 4Ag/CeO2v surface with oxygen vacancies,
the dissociated O atoms prefer bonding with subsurface Ce to
surface Ag atoms. This is understandable because the
adsorption energies on atop sites of O–Ce (5.55 eV) is much
higher than that of O–Ag (1.99 eV) in O/4Ag/CeO2v system.
Therefore, the most stable product on 4Ag/CeO2v surface is the
two dissociated O(a) adsorbed on surface Ce atoms. This
reaction needs to overcome a 0.28-eV barrier and released the
energy of 4.70 eV. With oxygen vacancies, this O–O
dissociation process on 4Ag/CeO2v surface is highly exothermic
and low barrier because of the high activity of subsurface Ce
atoms, which stabilizes the dissociated O and partially
dissociated O2.
On Ag(111) surface, the surface Ag atoms have a fairly
similar structure, in which the Ag–Ag distance is 2.906 Å, as
the 4-Ag cluster on the 4Ag/CeO2 surface (Ag–Ag = 2.770–
3.047 Å). Similarly, the most stable reactant is found to be a

peroxide species anchored in the fcc site and the dissociated
product will lead to the two O(a) adsorbed on the two nearest 3fold hollow sites, fcc and hcp. However, the adsorption
energies of the reactant, 0.87 eV (experimental observations
0.40–0.81 eV [15,20]), and the product, 0.33 eV, on the pure
Ag(111) surface are much less than these on 4Ag/CeO2 surface,
1.62 and 2.06 eV, respectively, because of the subsurface
oxygen in 4Ag/CeO2 system as mentioned earlier. The
computed 0.85 eV reaction barrier in the dissociation process
agrees with the previous experimental observation (0.73 eV)
[15] and computational prediction (1.06 eV) [19]. This higher
dissociation barrier on Ag(111) than on 4Ag/CeO2 surfaces
might be related to the highly reactive Ag and subsurface O
atoms of 4Ag/CeO2, which can interact with the partially
dissociated O2 and lower the barrier.
On Ag(110) surface, the most stable reactant of O2(a)
adsorption is O22− adsorbed in the 4-fold hollow site with the O–
O bond (1.464 Å) along (11̄0) direction. The computed
adsorption energy of this processes (1.31 eV) is slightly higher
than previous experimental results of 0.40–1.0 eV [9,20]. By
extending the O–O bond along (11̄0) direction, the product of
the two dissociated O stay in the long bridge side with
Eads = 1.06 eV. The transition state is found when the O–O bond
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-3.33 eV
TS/4Ag/CeO2

-3.41 eV
TS/Ag(111)

-3.29 eV
TS(sb)/Ag(110)

-3.78 eV
O2-/Ag(111)

-3.72 eV
O2-/Ag(110)

-3.67 eV
-3.84 eV
O2-/4Ag/CeO2

-3.92 eV

-3.43 eV
O2-(sb)/Ag(110)

O2-/Ag(111)

-3.55 eV
TS(lb)/Ag(110)

-3.64 eV
2-

O (lb)/Ag(110)

O2-/4Ag/CeO2

-5.55 eV
O2-/4Ag/CeO2v
Fig. 6. PES and geometrical structures in O(a) diffusion on 4Ag/CeO2, 4Ag/CeOv2, Ag(111) and Ag(110) surfaces. The relative energies are referenced to O(g)/
surfaces (=0).

is lengthened to 2.336 Å with a 0.60-eV reaction barrier, which
agrees well with previous experimental and computational data,
0.62–0.70 eV [10,11,18]. The lower barrier on Ag(110) surface
than on Ag(111) surface might be related the different
adsorption structures on the surfaces, as shown in Fig. 5. On
Ag(110) surface, the two O atoms are stabilized by the bonding
with two surface Ag and one subsurface Ag atoms at the
transition state, while only two surface Ag atom are bonded
with the dissociated O on Ag(111) surface.

Table 4
Adsorption energies of peroxide adspecies and reaction barriers of O2
dissociation and O diffusion on 4Ag/CeO2, 4Ag/CeOv2, Ag(111) and Ag(110)
surfaces

Eads(O2−
2 )

Ebarrier(O2 → 2O)
Ebarrier
(Osurf → Osurf)
Ebarrier
(Osurf → Obulk)

4Ag/CeO2

4Ag/CeOv2

Ag(111)

Ag(110)

1.62
0.43
0.59

1.10
0.28

0.87
0.85
0.37

1.31
0.60
0.17(11̄0); 0.43(001)

0.86 [13]

0.92 [17]

3.3.2. Transport
On 4Ag/CeO2 surface, the 4Ag clusters are separated by
∼4.5 Å on the perfect CeO2 surface, as seen in Fig. 3(a). This
large separation implies that the transport of O from one 4Ag
cluster to another is very difficult. The motion of O within the
same Ag cluster may occur; the dissociated O may move from
one 3-fold hollow site to another. This process needs to
overcome a 0.59-eV barrier. On the 4Ag/CeO2v surface, we
consider that the O moves from a surface Ag atom to a
subsurface Ce atom. This process is a barrierless and highly
exothermic reaction (ΔH = −3.56 eV) because of the strong O–
Ce bond. This result suggested that any dissociated O near the
oxygen vacancy will be dragged into the unsaturated Ce3+
quickly.
Similar to 4Ag/CeO2 case, the possible motion of O on Ag
(111) surface is from one fcc site to another nearest hcp site (the
two nearest 3-fold hollow sites) with a 0.37-eV reaction barrier.
On Ag(110) surface, we consider two possible pathways.
Starting from O adsorbed on the most stable 4-fold hollow site,
it can move to the stable long bridge (lb) and short bridge (sb)
sites along (11̄0) and (001) directions, respectively. The
computed barriers are 0.17 and 0.43 eV for lb and sb migrations,
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ΔH ~ 0

Ag(111)
O2(g)

ΔH = -0.71
Ea ~ 0

O2-(a)

ΔH = -0.16
Ea ~ 0

O22-(a)

ΔH = 0.54

Ea = 0.37

2-

ΔH < 0.68

ΔH ~ 0

Ag(110)
O2(g)

Ea ~ 0

O2-(a)

ΔH = -0.50
Ea ~ 0

O22-(a)

ΔH ~ -3.56

O (a)
Ea = 0.85

Ea > 0.86

ΔH = -0.81

diffusion on surface

ΔH = 0.25

Ea > 0.17

O2-(a)

Ea = 0.60

ΔH < 0.28
Ea > 0.920

Ea ~ 0

O ox

diffusion through bulk

diffusion on surface
ΔH ~ -3.56
Ea ~ 0

O ox

diffusion through bulk

Ag/CeO2
O2(g)

ΔH = -1.41
Ea ~ 0

O2-(a)

ΔH = -0.21
Ea ~ 0

ΔH = -0.44

O22-(a)

O2-(a)

Ea=0.43

ΔH ~ 0
Ea ~ 0.596

diffusion on surface

O ox

ΔH ~ -3.56; Ea ~0
Fig. 7. The stepwise reaction mechanisms of oxygen reduction processes at cathode surfaces, Ag(111) and Ag(110), and at TPB, Ag/CeO2 and Ag/CeOv2. The units of
ΔH and Ea are in eV.

dissociated O. The reduced Ce3+ is also found to considerably
enhance the reactivity of ceria substrates [38,40,51,52]. On
4Ag/CeO2, subsurface O layer makes surface Ag become more
reactive to interact with the adspecies. This effect lowers the
dissociation barrier but raises the migration barrier. Furthermore, the behaviors of oxygen molecules and ions on Ag(111)
and Ag(110) surfaces are corresponding to the different surface
morphology [12,53,54].

respectively. Alternatively, the dissociated O ion is also possible
to diffuse through Ag bulk. Compared with previous computational results on the transport processes on the surface [13,17],
these barriers are relatively high (N0.86 eV).
From the above results, we found that the subsurface
interactions play a significant role in the gas–surface processes.
On 4Ag/CeO2v, the lowest reaction barriers are attributed to a
subsurface Ce3+ strongly bonding with adsorbed O2 and
O22-

On-

On-

Ag

Ag

Ag

CeO2

CeO2

CeO2

dissociation on cathode
(higher barrier)

diffusion on cathode
(higher barrier)

adsorption on cathode

Ag
CeO2

Ag

O2

2-

CeO2

direct dissociation at TPB
(lower barrier, faster reaction)

adsorption on TPB
Fig. 8. Cartoon of oxygen reduction processes in Ag/CeO2 SOFC.

O ox
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For practical SOFC application, the low barrier dissociation
process on 4Ag/CeO2v surface suggested that the oxygen
reduction process is easier to occur on TPB with defects on the
connected electrolyte. On the other hand, the oxygen reduction
process can be enhanced by increasing the TPB area, which is
consistent with the experimental observations in Au/YSZ and Pt/
YSZ systems [7,8].
4. Summary
First-principles calculations based on spin polarized DFT
with PAW method have been used to predict oxygen adsorption,
dissociation, and transport processes on the two most stable Ag
(111) and Ag(110) surfaces and on a monolayer silver supported
by CeO2(111) surfaces with or without oxygen vacancies.
Results suggest that O2 reduction processes on Ag/CeO2 (or an
SOFC cathode based on silver) can be described stepwise as
follows,
2−
O2 ðgÞðþeÞ→O−2 ðþeÞ→O2−
2 →2O

The adsorption and dissociation occur rapidly and the most
stable surface oxygen species appears to be the dissociated
oxygen ion with − 0.78|e| Bader charges. This implies that the
rate of oxygen reduction on a silver-based cathode in a solid
oxide fuel cell is limited unlikely by either adsorption or
dissociation of oxygen on silver. The computed energies of
these reactions show that the O2 reduction process and the
incorporation of the dissociated O ions in the oxide electrolyte
prefer taking place in the TPB region with oxygen vacancies.
This is consistent with experimental observations and suggests
that the rate of oxygen reduction may be enhanced by increasing
the TPB areas.
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