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Dopant driven tuning of hydrogen oxidation mecha-
nism at the pore/nickel/zirconia triple phase boundary†

Albert M. Iskandarova,b,c and Tomofumi Tada,a,b

The effects of cation dopants in zirconia on the H2 oxidation mechanism at the pore/nickel/zirconia
triple phase boundary (TPB) were theoretically examined. Y, Sc, Al, Ce, and Ca were considered
as dopants, and on-boundary, O-migration, and H-migration reaction mechanisms were exam-
ined. Based on density functional theory calculations, Y as a dopant favored the on-boundary
mechanism with water molecule formation within the immediate proximity of the TPB. The cor-
responding rate-limiting step is H transfer from the nickel surface to the boundary. In contrast,
the on-boundary mechanism is not completed with the Al-, Sc-, and Ca-doped systems, due to
the dissociation of water molecules at the boundary. In the Al-doped system, the O-migration
mechanism is the major reaction pathway due to a low barrier for the rate-limiting step that cor-
responds to O transfer from zirconia to the nickel surface. H-migration mechanism, which implies
water molecule formation on the zirconia surface at a position distant from the boundary, should
dominate at the Sc-, Ca, and Ce-doped TPBs, with the lowest activation barrier at the Sc-doped
TPB. The reasons for the switching of the reaction mechanisms depending on dopant species are
analyzed.

1 Introduction
Fuel oxidation lies at the very heart of solid oxide fuel cell (SOFC)
operation. Thus, it is considered that one of the main approaches
to improve SOFC performance is closely related to understand-
ing the reaction mechanisms. In conventional SOFCs, the oxi-
dation reactions proceed at the triple phase boundaries (TPBs)
where the electrolyte material, metal, and gas molecules meet.
The electrolyte material enables ion transport to the TPB from
the electrolyte connected to the anode/cathode, while pore al-
lows gas molecules to access at the TPB, and the metal matrix,
which is connected to a current collector, enables electronic cur-
rent flow. The typical choice for the anode material in SOFCs is
a nickel/yttria-stabilized zirconia (Ni/YSZ) cermet. Wide utiliza-
tion of this anode compound has motivated intensive effort and
discussion aimed at revealing the reaction mechanisms with this
material, from both theoretical1–10 and experimental11,12 per-
spectives.

Experimental techniques cannot reveal the details of fuel ox-
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idation at the atomic level; therefore, various atomistic model-
ing techniques have been widely used to study the mechanisms
of the fuel oxidation reactions. In particular, theoretical calcula-
tions based on density functional theory (DFT) can provide re-
liable information on each step of such a complicated reaction
as fuel oxidation. Moreover, modern simulation packages based
on the DFT approach can handle systems that consist of various
atomic species and contain hundreds of atoms, which has allowed
rather complicated TPB structures to be considered. In the last
decade, there have been several extensive DFT-based modeling
studies that aimed to determine the most favorable mechanism
for fuel oxidation at Ni/YSZ TPBs. In their first work on hydro-
gen oxidation in a Ni/YSZ system, Shishkin et al. suggested that
the reaction was plausible in the considered Ni/YSZ system with
an oxygen-rich TPB region, while very high energy barriers were
reported for a stoichiometric TPB composition1. Let us make a
critical remark here regarding the definition of the term spillover
to avoid the confusion related to definition of reaction mecha-
nisms7. The spillover term implies water molecule formation on
the nickel or zirconia surface at a large distance from the TPB
where no effect of the TPB on water molecule formation can be
expected. Although the spillover term is widely used in DFT stud-
ies of fuel oxidation in Ni/YSZ systems, small sizes of the con-
sidered models do not allow to exclude completely such effect
of the TPB. Thus, instead of the spillover term, we use the mi-
gration term to define the reaction mechanisms in the present
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paper as follows: H-migration indicates transfer of a hydrogen
atom from the nickel surface to an oxygen ion (on the zirconia
surface) situated far from the TPB, O-migration indicates trans-
fer of an oxygen ion from the zirconia surface to the nickel sur-
face, OH−-migration indicates transfer of a hydrogen atom from
nickel to the YSZ surface to form a hydroxyl that further migrates
back to the nickel surface and forms a water molecule there with
another hydrogen atom. Shishkin et al. distinguished another
reaction mechanism that involves successive transfers of two H
atoms from the nickel surface to an oxygen ion bonded to both
nickel and zirconium atoms.3 We refer to this mechanism as to
the on-boundary mechanism throughout the rest of the present
paper. According to this mechanism, a water molecule is formed
in the vicinity of the TPB and thus does not require H migration
along the YSZ surface, which is involved in H-migration mecha-
nism when a water molecule is formed on the zirconia surface at
some distance from the TPB.

The barriers for the on-boundary mechanism were reported by
Shishkin et al. to be the smallest in comparison with those of
the H-, O- and OH−-migration mechanisms3. The on-boundary
mechanism was also predicted by Cucinotta et al. to be more
favorable under dry conditions than the O- and OH−-migration
mechanisms4. This result is also qualitatively consistent with
the DFT analysis performed by Liu et al., where the O-migration
and on-boundary mechanisms were considered at different TPB
sites7. In contrast to these DFT results, Fu et al. reported that that
the energy barrier for the O-migration mechanism can be compa-
rable with that for the on-boundary mechanism, which indicates
the possibility of two concurrent reaction mechanisms. More-
over, even for qualitatively the same conclusion of on-boundary
mechanism dominance, the energy barriers estimated by the dif-
ferent authors were notably different. These discrepancies can
be attributed to differences in local atomic arrangements near
the TPBs, the model sizes, and the dopant distributions. There
is also a qualitative ambiguity of results based on micro kinetic
modeling studies. Ammal et al. performed DFT-based micro ki-
netic modeling and concluded that the on-boundary mechanism
dominates over H- and OH−-migration mechanisms5. However,
Vogler et al.2 reported that only under assumption of H-migration
dominance was it possible to reproduce the experimental data de-
rived by Bieberle et al.11 for a patterned anode.

The dependence of reaction profiles on dopants is also an im-
portant aspect for SOFC design, although a many of the theo-
retical studies have focused only on Ni/YSZ. Recently, Liu et al.
demonstrated that the energy barriers and reaction energies for
H transfer from the Ni surface to interfacial oxygen ions can differ
by 0.19 eV and 0.37 eV, respectively, depending on the types of
cations near the oxygen ions7. Fu et al. demonstrated that if Ni
atoms migrate into YSZ, then the barrier for O transfer from the
zirconia to nickel surface can be as small as 0.88 eV, while the bar-
rier is 1.36 eV when there are no Ni atoms in YSZ13. These the-
oretical results indicate that the reaction barriers can be changed
according to the dopants involved, and in turn the reaction mech-
anism can be switched. However, the dopants used in SOFC an-
ode materials have been mainly discussed only in terms of their
effect on the oxygen-ion conductivity14–16 and the stabilization

of cubic phase zirconia at SOFC operating temperatures17. It
has been well established that an 8 mol % concentration of yt-
tria provides the maximum oxygen-ion conductivity14,18. There
have also been theoretical studies on the optimal distribution of
the yttrium dopant to improve the oxygen-ion conductivity19–21.
However, dopants may also affect other properties in Ni/ZrO2 sys-
tems. Muńoz et al. reported a pronounced effect for the Y dopant
on the structure and adhesion of Ni/ZrO2 interfaces22. Xu et al.
also reported higher energy barriers for nickel atom migration
on an Al-doped (111)ZrO2 surface compared with that on the Y-
doped surface23. Iskandarov et al. found that a dopant with a
smaller covalent radius resulted in increased energy barriers for
nickel diffusion at the Ni(111)/ZrO2(111) interface24.

The literature data presented here implies that the properties
of Ni/ZrO2 systems can be modified by the cation dopants in a
controlled manner. However, to the best of our knowledge, there
has been no attempt to date, to theoretically predict the effect of
cation dopants on the fuel oxidation mechanisms in SOFCs. From
an atomistic modeling perspective, the task of studying fuel oxi-
dation mechanisms becomes complicated due to the sensitivity of
results (i.e., reaction energies and barriers) to such parameters as
the examined structures with respect to geometry, composition,
and dopants species. Thus, it is often difficult to justify appropri-
ateness of the examined structures and the validity of results for
comment on the actual electrochemical equilibrium in the anode
of an SOFC.

Here we address the question of the cation dopant effect on the
three main reaction mechanisms: on-boundary, H-migration, and
O-migration mechanisms. We do not consider the OH−-migration
mechanism, because it has not been reported as a dominant re-
action pathway in any of the DFT-based literature. We examined
effect of the divalent (Ca) and trivalent (Al, Sc, Y, Ce) dopants
because these dopants are the most commonly used ones for zir-
conia25–31. Due to the lower valence compared with zirconium,
these dopants lead to the formation of the oxygen vacancies in
zirconia, which results in a high oxygen ion conductivity. The
other known benefits that can arise from these dopants are stabi-
lization of zirconia in the cubic phase17, suppression of the nickel
sintering in the SOFC anode29,32, and enhanced coking resistance
for hydrocarbon fuels33. The DFT calculations presented in this
work are based on TPB models constructed in a systematic way
to avoid dependence of reaction energies on model size34. We
also apply open-circuit voltage (OCV) correction to the calculated
reaction profiles to achieve an appropriate relation of the results
to the electrochemical equilibrium in the SOFC anode.

2 Modeling setup

2.1 Structures

All structures used in this work are based on a model containing
nickel and zirconia slabs, as shown in Fig. 1; the pure zirconia slab
in the simulation cell contains 72 atoms and the Ni slab contains
36 atoms. This model has two characteristics: 1) the slab model
for the metal is required to keep the bulk-like density of states
(DOS) of the metal, and 2) the dependence of the reaction energy
on the model shape and size should be minimized34. Besides, a
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Fig. 1 a) Top view and b,c) side views of the relaxed Ni(111)/ZrO2(111) interface. White, red and black spheres represent zirconium, oxygen, and
nickel atoms, respectively. Some zirconia atoms located on the same
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line are labelled with the same character and numbered by subscript index.

Blue arrows indicate jumps of hydrogen atoms on the nickel surface towards TPB in the course of the on-boundary and H-migration mechanisms. Red
arrows indicate possible jumps of two oxygen ions, b1 and b2, from the TPB to the nickel surface during the O-migration mechanism.

line-shaped boundary between Ni and ZrO2 was adopted because
the boundary was found to be more electrochemically active than
a point-contact boundary in terms of the chemical softness35. Pe-
riodic boundary conditions are imposed in all three dimensions.
The geometry of the structure is selected so that the nickel slab
is formed by the most stable surfaces, i.e., {111}36. Two {111}
nickel surfaces form two interfaces with a zirconia slab, while the
other two {111} nickel surfaces are exposed to the vacuum region
(see Fig. 1c). The orientation and termination of the zirconia slab
surface are chosen to be O-terminated {111} because this has the
lowest energy among the other low-index zirconia surfaces un-
der anodic conditions34,37–39. The location of the dopants and
oxygen vacancies is determined by a search of their most stable
configurations, the results of which are summarized in a later sec-
tion. For all dopant species, we prepared reactant structures with
the same arrangements of atoms at the TPB, as shown in Fig. 1,
that is, oxygen ion at the b1 site is bonded with two Ni atoms and
a dopant at the D1 site, and oxygen ion at the b2 site is bonded
with one Ni atom and a dopant at the D2 site.

It should be noted that when zirconia is doped with some of
the considered dopant species, other phases can appear, for ex-
ample CaZrO3

40 and Al2O3
29. Presence of these phases in anode

can significantly affect SOFC performance29,41. Therefore, ide-
ally, the possibility of formation of these phases should be con-
sidered in simulations of SOFC anodes. However, experimental
characterization of TPB structures on atomic level is still a big
challenge; therefore, there have been no direct observations of
atomic structure and composition of TPBs in actual SOFCs. Also,
there have been no atomistic simulations that could suggest real-
istic structure of TPBs containing such phases as CaZrO3 or Al2O3.
As a result, including these phases in our simulations would cause
additional uncertainties related to building realistic TPB structure
for each particular phase. Therefore, in this work we did not con-
sider the possibility of formation of these phases and simply as-

sumed that few dopant atoms can appear at the TPB of Ni/ZrO2.

2.2 Computational details

DFT calculations were performed using the Vienna Ab initio Sim-
ulation Package (VASP)42,43 by electronic structure calculations
based on the projector-augmented wave (PAW) method44 and the
generalized gradient approximation (GGA) according to Perdew,
Burke and Ernzerhof (PBE)45. Spin-polarized calculations were
employed with the kinetic energy of the plane waves being lim-
ited by 400 eV. The Brillouin zone was sampled with a 2× 1× 1
k-point mesh. The choice of the cut-off energy and the k-point
mesh is based on the convergence analysis performed by Xia46

and previous works on Ni/ZrO2 systems1,7,38. Atomic relaxations
were stopped when components of the forces acting on atoms
were less than 0.04 eV/Å. The shape and size of the simulation
cell were kept fixed during relaxations. The convergence param-
eter for electronic relaxation was 10−5 eV. The 12 (4s24p65s14d3)
electrons of Zr atoms, 6 (2s22p4) electrons of O atoms, and 10
(3d94s1) electrons of Ni atoms were treated as valence electrons.
For Ce atoms, the 12 (5s25p64f15d16s2) electrons were treated
as valence electrons. For Ce, DFT+U methodology was utilized
according to Dudarev et al.47 to account for the localization of
strongly correlated electrons48. The Hubbard parameter U was
set to 5 eV for the Ce 4f orbitals15,16. For the Sc and Y atoms,
11 electrons were treated as valence electrons, 3s23p63d24s1 and
4s24p64d25s1, respectively. The 3s23p1 electrons were treated as
valence electrons for Al. For Ca, 10 electrons were treated as va-
lence electrons, i.e., 3s23p64s2. To determine the transition states
between reaction states and estimate the corresponding energy
barriers, climbing nudge elastic band (NEB) calculations were
performed, as implemented in VASP by Henkelman et al.49.
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2.3 Reaction mechanisms
Three reaction mechanisms of H2 oxidation are considered, all of
which are based on the following assumptions:

• All reactions start from an oxygen-rich structure (reactant
configurations), which is attained by introducing an extra
oxygen ion into X-doped zirconia slabs, where X indicates a
divalent/trivalent dopant. This assumption is based on the
use of a stoichiometric X-doped zirconia slab as a reactant
configuration, whereby the reaction energies for the fuel ox-
idation reaction become highly endothermic. Thus, the re-
action will not proceed from a stoichiometric system, and an
oxygen-rich situation will consequently appear as a result of
the supply of oxygen ions from the bulk solid electrolyte.

• All reactions end with stoichiometric structures (product
configurations) because an oxygen ion in the reactant struc-
ture is used to form the gaseous water molecule.

• Gaseous H2 molecules can be easily dissociated into atomic
hydrogen on the nickel surface, and atomic H migrates easily
on the Ni surface50,51. According to DFT calculations, the
dissociation barrier of H2 on the (111) nickel surface can
reach only up to 0.25 eV51, and the maximum barrier for H
atom migration on the (111) nickel surface was estimated
in the present work to be 0.3 eV. These energy barriers are
small and those steps are thus omitted in the determination
of the rate-limiting steps.

• An OCV correction52 is adopted to maintain the electro-
chemical equilibrium in each Ni/X-doped zirconia anode.

• Effect of temperature is estimated by adding entropic contri-
butions of gaseous molecules and is discussed in Section4.1.

Intermediate states of the three mechanisms are schematically
illustrated in Fig. 2. The first mechanism, the on-boundary reac-
tion, implies consecutive transfer of two hydrogen atoms from the

nickel surface to zirconia, which leads to the water molecule for-
mation with an oxygen ion at the immediate proximity of the TPB.
In the course of the second mechanism, O-migration, the oxygen
ion located at the TPB migrates to the nickel surface and com-
bines there with two hydrogen atoms to form a water molecule.
The third mechanism, H-migration, is qualitatively similar to the
first mechanism, except that water formation occurs on the zirco-
nia surface at some position distant from the TPB. This requires
additional steps of hydrogen-atom migration along the zirconia
surface.

It should be noted that the reaction energy profile for the H-
migration mechanism is built from the results obtained for the
on-boundary mechanism. States 1-5 are identical for both mech-
anisms. The energy of state 6 in the H-migration mechanism was
estimated based on the structure, in which the hydrogen atom is
bonded to the oxygen ion at site a1 (see Fig. 1). This configura-
tion aims to mimic the position of the hydroxyl at some distance
from the TPB. We further assume that the transferred hydrogen
atom bonded to O at the a1 site does not contribute to the en-
ergy barrier for migration of the second hydrogen atom along the
nickel surface and its transfer to zirconia. Thus, states 7-11 of
the H-migration mechanism are qualitatively identical to states 2-
6; therefore, it is assumed that the energy barriers related to the
second hydrogen transfer and migration (states 7-11) are equal
to those of the first hydrogen atom (states 2-6).

In our DFT calculations, the gaseous molecules depicted in
Fig. 2 were not explicitly included into the simulation cell, but
their energies were accounted for in the energy profiles. The to-
tal energies of the gaseous molecules were individually estimated
in separate VASP calculations.

2.4 Open-circuit voltage (OCV) correction

In this section, we introduce the OCV correction to regard the
oxygen-rich models as relevant reactants in the fuel oxidation re-
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actions. When the total system of a fuel cell is in equilibrium, we
can assume local equilibrium in both the cathode and anode (i.e.,
an OCV situation). Under the OCV condition, the rates of the for-
ward and backward electrochemical reactions in the anode (and
also in the cathode) should be the same to maintain zero current.
From an energetic point of view, this situation corresponds to zero
reaction free energy. To attain zero reaction free energy, we make
use of an energy correction term U that is applied for each elec-
tron transferred to nickel. This term is used to correct free energy
of a reaction state by −neU , where ne is the number of electrons
transferred to nickel in the reaction state (as shown in Fig. 2).
In total, two electrons are transferred to nickel in the course of
HOR. Therefore, zero reaction free energy can be obtained after
correction with U =Ueq = ∆E/2, where ∆E is reaction free energy
before correction. Figure 3a schematically shows the change of
the reaction energy profile due to the OCV correction.

To clearly explain background for the OCV correction, let us
first present the original approach proposed by Nørskov et al.52

for the following water formation reaction at the cathode of a
proton conductor fuel cell:

1
2

O2(g)+2
(

H+
(electrolyte)+ e−

(Pt:C)

)
→ H2O(g), (1)

where O2 and H2O molecules are in the gas phase, H+ is a proton
coming from the electrolyte, and e−

(Pt:C) represents an electron at
the cathode. The calculation for the total energy of the left hand
side of Equation (1) could be very easy if the molecular energy of
1
2 H2(g) is available. To do so, an anodic equilibrium (i.e., 1

2 H2(g) =

H+
(electrolyte) + e−

(Pt:A)
) can be introduced, where e−

(Pt:A)
represents

an electron at the anode. Using this relation, the cathodic reaction
of Equation (1) can be written as:

1
2

O2(g)+H2(g)+2
(

e−
(Pt:C)− e−

(Pt:A)

)
→ H2O(g), (2)

To maintain the local equilibrium at the cathode, the free energies
of the left- and right-hand sides have to be equal, and this is sim-
ply realized with the electrode potential term 2(e−

(Pt:C)− e−
(Pt:A)

)

because the term can be used to compensate the free energy dif-
ference between 1

2 O2(g)+H2(g) and H2O(g). That is, the estimated
potential energy difference between the cathode and anode under

the OCV condition corresponds to the free energy difference be-
tween 1

2 O2(g)+H2(g) and H2O(g). In this way, any configuration
can be calculated with DFT as a neutral system, and we simply
add the correction term to the system free energy according to
the number of transferred electrons in each reaction step. Let us
write the correction energy as U , which is equal to half of the free
energy difference between 1

2 O2(g)+H2(g) and H2O(g), because the
number of transferred electrons in Equation (2) is two. As a gen-
eral expression, the energy of a reaction state with ne electrons
on Pt is shifted by −neU .

Now let us adopt the idea of the OCV correction for the fol-
lowing hydrogen oxidation reaction (HOR) in the nickel/zirconia
anode of an SOFC:

H2(g)+O2−
(ZrO2)

→ H2O(g)+2e−
(Ni), (3)

where O2−
(ZrO2)

is the extra oxygen ion in the doped-zirconia slab.
To achieve the OCV correction in Equation (3), we again equalize
the free energies of the left- and right-hand sides. To make the
point clearer, let us rewrite the equation as:

H2(g)+O(ZrO2)+2e−
(X)
→ H2O(g)+2e−

(Ni), (4)

where 2e−
(X)

is the extra electron at material X (i.e., ZrO2 or Ni),
and OZrO2 is the extra neutral oxygen in the doped-zirconia slab.
If X is equal to Ni, then there is no chance to find the correction
term U . However, the material that should be assigned to X is
ambiguous, because Equation (4) is the total reaction of anode,
and equilibrium must be realized for the reaction, i.e., X could
be Ni and ZrO2. Once X is assigned as ZrO2, the situation for the
excess electrons 2e−

(X)
could become very complicated because the

electron can occupy states in the valence band, gap states, etc.
(e.g., see Fig. 3b). As a consequence, Equation (4) can be written
as:

H2(g)+O(ZrO2)+2
(

e−
(X)
−2e−

(Ni)

)
→ H2O(g), (5)

This expression is quite similar to that of Equation 2, and we thus
recognize that the free energy difference between H2(g)+O(ZrO2)

and H2O(g) can be set to two times the value of U , the OCV correc-
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Table 1 Energies (eV) of the oxygen-rich reactant structures with two
trivalent dopants and no oxygen vacancies. The energies are relative to
the structure with two dopants located at sites D1 and D2. NN desig-
nates the nearest-neighbor configuration between the dopants, and NNN
designates the next-nearest-neighbor configuration between the dopants

Dopant D1−D2 D1−D3 D1−D4 D3−D5
(NN) (NN) (NNN) (NN)

Y 0.00 +0.21 +0.05 +0.26
Ce 0.00 +0.81 +0.84 +1.08
Sc 0.00 −0.21 −0.23 −0.19
Al 0.00 −0.89 +0.17 −0.57

tion term. In this way, we apply the OCV corrections to the HOR
in the nickel/zirconia anode of the SOFC. Note that, in contrast
to the OCV correction for the oxygen reduction reaction (ORR)
in a proton conductor fuel cell, the U value in HOR is not based
on the free energy difference between 1

2 O2(g)+H2(g) and H2O(g),
because the oxygen is not a gas but an atom embedded in ZrO2,
which consequently results in a much smaller value of U for the
HOR than that for the ORR.

As for the computation steps, we first build the reaction en-
ergy profile solely based on the total electronic energies calcu-
lated with DFT for the neutral systems along the HOR reac-
tion, H2(g)+O(ZrO2) → H2O(g). Second, entropic contribution of
gaseous molecules is added for each state to obtain reaction en-
ergy profile based on the free energies. Third, the OCV correction
is performed.

We have described how the OCV correction term Ueq can be in-
dividually determined for each dopant X from the DFT reaction
energy ∆E at the X-doped TPB. This procedure to determine Ueq

corresponds to the situation when dopant X is the major (or the
only) dopant appearing at the TPB. This correction is referred to
as the individual OCV correction. On the other hand, a differ-
ent situation could occur when co-doping by X is performed in
a conventional Ni/YSZ anode, i.e., X is a minor dopant and Y is
the major dopant. The concentration of the co-dopant in YSZ is
assumed to be significantly smaller than that of Y. In this situ-
ation, the equilibrium of HOR in anode is primarily determined
by condition of HOR equilibrium at the Y-doped TPBs. There-
fore, the DFT reaction energy profiles for the co-dopant should be
corrected using the OCV correction term Ueq determined for the
Y-doped TPB, which is referred to as the YSZ-based OCV correc-
tion. For example, let us assume that ∆EX and ∆EY are reaction
free energies before the OCV correction at the X- and Y-doped
TPBs, respectively. Then, in the situation of co-doping by X , the
energy correction term U is ∆EY/2, not ∆EX/2. Therefore, the
same value of U = ∆EY/2 is used for all dopants in the situation
of co-doping.

3 Results
3.1 Defect distribution
3.1.1 Reactant configurations

For calculation of the HOR energy profile, the dopant positions in
doped-ZrO2 is the first concern because when dopants are posi-
tioned closely to reaction sites (i.e., active sites or a boundary),
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Fig. 4 TPB model used in the present paper. White, red and black
spheres represent zirconium, oxygen, and nickel atoms, respectively.
The green area indicates search region for the most energetically favor-
able position of the oxygen vacancy.

we can expect a significant influence of the dopants on the reac-
tion energy profiles. For example, in Fig. 4, when dopants are
positioned at cation site D1, the dopant effect on the reaction en-
ergy profile at the Ni-ZrO2 boundary will emerge directly. On the
other hand, a dopant positioned at site D3 will have less influence
on interface reactions. To find possible positions for the dopants,
the total energies were calculated as a function of the dopant po-
sitions.

In this study, the base structure of the oxide is cubic ZrO2. The
formal charges of Zr and O are +4 and −2, respectively, and the
dopants adopted in this study are trivalent (+3) and divalent (+2)
cations. We consider the following three cases:

Case i) when two Zr ions are replaced with two trivalent
(+3) cations, a stoichiometric/one-oxygen-rich model contains
one/zero oxygen vacancy,

Case ii) when a Zr ion is replaced with a divalent (+2) cation, a
stoichiometric/one-oxygen-rich model contains one/zero oxygen
vacancy, and

Case iii) when two Zr ions are replaced with two divalent
(+2) cations, a stoichiometric/one-oxygen-rich model contains
two/one oxygen vacancies. One-oxygen-rich configurations are
used for determination of the dopant positions because these are
the reactants of the HOR.

Let us start with Case i), with two trivalent dopants and no
oxygen vacancy. Table 1 lists the total energies calculated for the
doped configurations with respect to the doped structure with
two dopants at sites D1 and D2. The most stable dopant configu-
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Table 2 Energies (eV) of the oxygen-rich Ca-doped structures with one
Ca dopant and no oxygen vacancies. The energies are relative to the
structure with the dopant at site D1

Dopant D1 D2 D3 D5
Ca 0.00 −0.02 +0.64 +0.30

ration varies with the dopant species, i.e., D1−D2 for Y and Ce,
D1−D4 for Sc, and D1−D3 for Al. For each dopant, the bulk
dopant configuration (D3−D5) is not the most energetically fa-
vorable configuration. For all dopant species, the most stable
configurations have a dopant at the D1 position, near which all
atomic and molecular movements are taking place in the course
of the examined reaction pathways. Therefore, the local configu-
ration around the D1 site mainly affects the H2 mechanism at the
TPB, and the position of the second dopant has little influence
on the reaction profiles as long as the first dopant is positioned
at the D1 site. For instance, for the Al-doped case we calculated
energy barriers for the O-transfer step (1-2) of the O-migration
mechanism with the D1−Dn (n = 2−4) dopant distributions, and
found that the difference between the calculated barriers is 0.10
eV at the most. Therefore, even for the Al- and Sc-doped TPB,
the D1−D2 dopant configuration provides useful results for un-
derstanding the dopant effect on the mechanisms of the H2 oxida-
tion. In addition, the fact that the configuration with a dopant at
the position D1 is the most stable configuration regardless of the
dopant species indicates the possibility of a dopant segregation at
the surface, which is actually reported in DFT studies on Y and Sc
segregation at the (111) zirconia surface24,38,53.

Let us proceed with Case ii), with a single divalent dopant and
no oxygen vacancy. In Table 2 we present the total energies of the
doped structures relative to the structure with the dopant located
at the D1 site. For Ca, the dopant prefers to be located at the
position D2, which indicates that for Ca there should also be a
tendency of segregation at the surface and TPB. We would like to
pay additional attention to the both bulk positions (D3 and D5) of
the dopant, which are attributed with higher energies than both
the surface positions (D1 and D2).

For Case iii), with two divalent dopants and one oxygen va-
cancy, we did not perform calculations to find the most stable con-
figuration of the two dopants, but we assumed that they should
be located at positions D1 and D2, as with Case ii), because Ca
prefers these to positions D3 and D5.

The search performed for the dopant position was not rigorous
because only five possible positions for the dopants were consid-
ered. However, we consider that for all dopants species, the re-
sults presented here provide sufficient justification for the consid-
eration of atomistic models with dopants segregated at the TPB.
Thus, in the present work, it was assumed that the TPB models
contain two dopants located at sites D1 and D2 except for the next
case. We additionally considered an Y-doped structure with two
Y dopants located at the inner positions D3 and D5. The results
obtained for this structure are marked as Y in bulk throughout
the present paper. The cations at the TPB (i.e., sites D1 and D2)
are Zr in this structure; therefore, the results obtained for this
structure are regarded as reference data to discuss the effect of

Table 3 Most stable position for the first/second oxygen vacancy in the
surface region and entire search region of the TPB structure with triva-
lent/divalent dopants

Dopant Surface region Entire search region
Y g2 l1
Y in bulk h1 h1
Ce k1 f2
Sc g2 l1
Al d1 d1
Ca k1 k1

Table 4 Total energy change ∆EOmig, due to the transfer of oxygen ions
from zirconia to the nickel surface

Dopant ∆EOmig (b1 to s), eV ∆EOmig (b2 to t), eV
Y +1.22 +1.24
Sc +1.16 +1.57
Al +0.73 +1.51

the dopants.

3.1.2 Product configurations

In the product configurations we assume the same positions of
the two dopants as in the reactant configurations, i.e. D1 and
D2 (D3 and D5 in the Y in bulk structure). Therefore, in Case i),
two trivalent dopants and one oxygen vacancy; only the position
of a single oxygen vacancy must be additionally determined. For
Case iii), two divalent dopants and two oxygen vacancies, rig-
orous identification of the most stable configuration of the two
vacancies is very time consuming; therefore, we restrict possible
vacancy configurations by placing the first vacancy at the c2 site,
so that only the position for the second vacancy must be deter-
mined.

We examined 26 possible vacancy positions within the search
region shown as green in Fig. 4. This area contains oxygen ions
of four upper oxygen layers, except for the ions located near the
TPB on the opposite (close to the right boundary of the simulation
cell) surface of the nickel slab. There are two oxygen ions in the
simulation cell along each

[
1̄10

]
line; therefore, it is convenient

to label these 13 lines within the search region by characters a-m.
Each oxygen ion in the search region can then be identified by the
line name and additional index (1 or 2), as shown in Fig. 4.

The search region is divided into surface and boundary regions;
the vertical gray plane in Fig. 4 separates the search region into
the two regions. The most stable position of the vacancy is as-
sumed to be in the surface region for the H-migration mecha-
nism because this mechanism implies the formation of an oxy-
gen vacancy at some distance from the TPB. For the other two
HOR mechanisms, the limitation for the vacancy positions was
not applied (i.e., the most stable position of the oxygen vacancy
is within the entire search region). Table 3 lists the most stable
positions of the oxygen vacancy in the surface region and in the
entire search region according to the dopants species.
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3.2 O-migration mechanism

In the TPB model, there are two oxygen ions that are located
within the immediate proximity of the TPB and could potentially
migrate to the nickel surface, i.e., ions at positions b1 and b2 (see
Fig. 1). We can determine which of the two anions is more likely
to migrate on the basis of the total energy change ∆EOmig, due
to their transfers. An oxygen ion at position b1/b2 is assumed to
transfer to position s/t on the nickel surface (Fig. 1b). Table 4
lists the calculated values of ∆EOmig for Y, Sc, and Al; ∆EOmig

values for the b1 to s process are smaller than those for b2 to t.
Therefore, transfer of the oxygen from position b1 should be more
probable than that from b2, and we consider it as the first step of
the O-migration mechanism. Note that the magnitude of the OCV
correction in this analysis does not affect the result, because the
number of electrons transferred to nickel is the same before and
after O transfer (see step 1-2 in Fig. 2).

A climbing (nudged elastic band) NEB analysis was performed
for step 1-2, which is transfer of the oxygen ion from position b1

to s. Figure 5 shows the calculated reaction energy profiles for
the O-migration mechanism after individual OCV correction, and
the reaction energies before OCV correction ∆E. The energy bar-
riers for step 1-2 are within the range of 0.87-1.80 eV, depending
on the dopant species at the TPB. The transition state has only
slightly higher energy than that of state 2. The reaction proceeds
with H atom migration along the nickel surface (from position
q to s in Fig. 1), the formation of OH (state 4), the formation
of a water molecule (state 6), and then desorption of the water
molecule (state 7). The energy barriers for the H jumps on the
nickel surface are shown to be small and amount to only 0.05-
0.3 eV.

The reaction further proceeds with migration of the oxygen va-
cancy into the bulk region (step 7-8). This migration is accom-
panied with a decrease of the total energy for all dopants. The
preference for the oxygen vacancy to be located in the bulk re-
gion with respect to the surface is consistent with the previous
theoretical reports53. States 7 and 8 differ only by the position of
the oxygen vacancy, so that they are connected with each other
through several elementary jumps of the oxygen vacancy. Ex-
plicit calculation of the energy barriers for all these jumps is very
time consuming, especially considering the variety of paths that
the oxygen vacancy can follow. Therefore, we instead use the re-
sults obtained by Pornprasertsuk et al.14 for YSZ to determine the
possibility of oxygen diffusion as the rate limiting step for the O-
migration mechanism. Pornprasertsuk et al. performed extensive
analysis of the energy barriers for oxygen-ion migration in bulk
YSZ according to the types of cations that surround the migrating
oxygen ion. We adopt these barriers for the atomic environment
of the vacancy at site b1 (state 7); the barrier for an elementary
jump of the vacancy to position f2 should be 0.80 eV, which is
energetically more feasible than jumps to the two other nearest-
neighbor sites of e1 and e2 (0.88 eV). Further migration of the
vacancy (to the position in state 8) occurs in the dopant-depleted
subsurface region, which should be accompanied by energy bar-
riers not larger than 0.71 eV.

According to the last two paragraphs, we conclude that the
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Fig. 5 Energy profiles for the HOR via the O-migration mechanism. Tran-
sition states are marked as TS.

rate-limiting step of O-migration mechanism for all dopants
should be the transfer of the oxygen ion to the nickel surface
(step 1-2). This result is in qualitative agreement with the litera-
ture data, where the same rate-limiting step for the O-migration
mechanism was predicted in Ni/YSZ systems1,4,13. The energy
barriers associated with the transition states of this rate-limiting
step are listed in Table 5. However, it should be noted that OH
migrates back to zirconia during atomic relaxation in states 4 and
5 in the Ca-doped system (the energies of these states after OH
migration to zirconia are shown by the dashed line in Fig. 5).
Thus, the HOR cannot be completed via O-migration in the Ca-
doped system, even though the barrier of step 1-2 (+1.26 eV) is
comparable with that for other dopants.

Let us next address the dopant effect. When dopants are lo-
cated directly at the TPB (sites D1 and D2), the barrier of the
rate-limiting step is within the range of 0.87-1.35 eV, which is no-
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tably lower than 1.80 eV for the Y in bulk structure. Thus, dopant
segregation at the TPB is beneficial for the O-migration mecha-
nism. The lowest activation barrier (0.87 eV) for O-migration was
obtained at the Al-doped TPB, and this barrier is at least 0.3 eV
lower than that for all other dopants. This low energy barrier
can indicate a high probability and high rate of the HOR via the
O-migration mechanism at the Al-doped TPB. Thus, the origin of
the low energy barrier at the Al-doped TPB must be revealed and
is discussed further in a later section.

Previous discussion in this section is based on the individual
OCV correction. The number of electrons in nickel for states 1 and
2 (see Fig. 2) is the same; therefore, the magnitude of the OCV
correction does not affect the barrier height of the rate-limiting
step 1-2. Therefore, this barrier for co-doping with each dopant
should be same as that for the individual OCV correction. For co-
doping, barriers for step 1-2 at Mg- and Sr-doped TPBs were addi-
tionally estimated to be 1.23 and 0.95 eV, respectively. However,
at the Sr-doped TPB, similar to the Ca-doped TPB, the reaction
cannot be completed via the O-migration mechanism due to the
migration OH from the nickel surface to zirconia in states 4 and 5.
Thus, only Al and Mg dopants allow the HOR to complete via O-
migration with an activation barrier that is lower than that for Y.
However, the activation barrier for Mg (1.23 eV) is almost equal
to that for Y (1.26 eV); therefore, co-doping by Al (the barrier is
0.87 eV) could be expected to have a significant contribution to
the HOR via the O-migration mechanism in the Ni/YSZ anode.

3.3 On-boundary mechanism

According to the analysis performed in the previous section, it
should be energetically easier to remove an oxygen ion from a b1

site than from a b2 site. This also implies that it must be easier to
detach a water molecule from the zirconia surface if the molecule
is formed by an oxygen ion at position b1 than at position b2.
Moreover, hydrogen atoms can directly jump from the s site to
oxygen at b1 over the bridge site between two nickel atoms (see
Fig. 1). Thus, for the on-boundary and H-migration mechanisms,
we consider the successive migration of two hydrogen atoms from
position q via s towards the oxygen ion at the b1 site. For the on-
boundary mechanism, this first results in OH formation and then
water-molecule formation with the oxygen ion at the b1 site. A
climbing NEB analysis was performed for several steps along this
pathway: 2-3 (first jump of the first hydrogen atom along the
Ni surface from position q to r), 3-4 (second jump of the first
hydrogen atom along the Ni surface from position r to s), and 4-
5/7-8 (transfer of the first/second hydrogen atom from position
s on the nickel surface to the on-top position of oxygen at the b1

site).

Figure 6 presents reaction energy profiles for the on-boundary
mechanism after individual OCV correction. According to the
NEB analysis, the migration of H along the nickel surface (steps
2-3 and 3-4) is associated with small energy barriers of around
0.05-0.30 eV, while the energy barriers for the H transfer steps to
zirconia (step 4-5/7-8 for the first/second hydrogen transfer) are
significantly higher (above 1.08/0.75 eV for step 4-5/7-8) for all
dopants (see Table 5).
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Fig. 6 Energy profiles for the HOR via the on-boundary mechanism.
Transition states are marked as TS.

In state 8 of the Al-, Sc-, and Ca-doped structures, the water
molecule is not stable and dissociates into a hydroxyl on top of
the dopant at the D1 site and a proton bonded with a surface oxy-
gen (at a1 or a2 sites). For this reason, the energy of state 8 for Al,
Sc, and Ca is marked by dashed lines in Fig. 6, which indicates
that the HOR cannot be completed via the on-boundary mecha-
nism for these three dopants. It should be noted that instead of
the considered Langmuir-Hinshelwood-type step 7-8 that leads to
the water molecule dissociation for Al, Sc, and Ca, one could pro-
pose Eley-Rideal-type step with direct interaction of OH adsorbed
at some distance from the TPB with gaseous H2. The Eley-Rideal-
type step may possibly lead to successful formation of a gaseous
water molecule at the Al-, Sc-, and Ca-doped TPB. As for the other
dopants, a water molecule is adsorbed at the TPB in state 8, and
corresponding adsorption energies for the Y in bulk, Y-, and Ce-
doped structures are −0.56, −0.62, −0.74 eV, respectively. These
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Table 5 Energy barriers (eV) for the three HOR mechanisms after different types of OCV correction

HOR mechanism Reaction Type of OCV Y Sc Al Ce Ca Y in bulk
step correction

O-migration 1-2a any 1.26 1.27 0.87 1.36 1.26b 1.80
On-boundary 4-5a individual 1.20 1.08c 1.14c 1.13 1.70c 1.15

YSZ-based 1.20 1.07c 0.97c 1.11 1.66c 1.18
no 1.41 1.28c 1.18c 1.31 1.87c 1.38

7-8 individual 0.75 0.92c 0.84c 0.95 1.37c 0.93
no 0.95 1.12c 0.88c 1.13 1.54c 1.16

H-migration 4-5a individual 1.20 1.02 1.14 1.07 1.70 1.15
9-10a individual 1.20 1.02 1.14 1.07 1.70 1.15

a The step is rate-limiting for the corresponding HOR mechanism.
b Migration of OH occurs from the nickel surface to zirconia, which does not allow the HOR to be completed via the O-migration
mechanism.
c Dissociation of water molecule occurs at the TPB, which does not allow the HOR to be completed via the on-boundary mechanism.

values quantitatively agree with the adsorption energies of wa-
ter molecules on YSZ surfaces reported by Shishkin et al.54 as
−0.52 eV and by Chaopradith et al.55 as ranging from −1.19 to
−0.5 eV.

Similar to the O-migration mechanism, the last step of the on-
boundary mechanism (step 9-10) involves the migration of an
oxygen vacancy from position b1 to its position in the product
configuration (state 10). The barriers for this oxygen diffusion,
as estimated in the previous section, are lower than the barriers
for step 4-5; therefore, oxygen diffusion should not be a rate lim-
iting process of the on-boundary mechanism. We conclude that
transfer of the first hydrogen (step 4-5) from the nickel surface to
zirconia is the rate-limiting step for the on-boundary mechanism.

There is an electron transfer to nickel during the rate-limiting
step 4-5 (see Fig. 2); therefore, the barrier for this step is de-
pendent on the magnitude of the OCV correction. Thus, in the
co-doping situation, the barrier of step 4-5 for each dopant is dif-
ferent from that after the individual OCV correction. The bar-
riers for this step after the YSZ-based OCV correction are also
listed in Table 5. The barriers for this step with co-doping by
Mg and Sr were additionally estimated to be 1.29 and 1.54 eV,
respectively. However, the HOR cannot be completed via the on-
boundary mechanism in the case of Mg-doping due to dissociation
of the water molecule at the TPB. Among the dopants for which
the HOR can be completed via the on-boundary mechanism, Ce
may be the most promising co-doping candidate because it has
the lowest activation barrier.

3.4 H-migration mechanism

The first five states of the H-migration mechanism are identical to
those of the on-boundary mechanism. However, compared with
the on-boundary mechanism, the energies in the energy profile
for the H-migration mechanism (Fig. 7) are different due to the
different magnitudes of the OCV correction. The highest energy
barrier among the first 5 steps corresponds to the hydrogen trans-
fer from position s on the nickel surface to the oxygen ion at po-
sition b1. States 5 and 6 differ only by position of the transferred
H on the zirconia surface. The energy barriers required for H
atom migration along the zirconia surface were not explicitly cal-
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Fig. 7 Energy profiles for the HOR via the H-migration mechanism. Tran-
sition states are marked as TS.
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culated, but instead the barriers estimated by Cucinota et al. for a
Grotthus-like mechanism, i.e., H jumps on the YSZ surface among
surface O ions, were adopted4. Such jumps of H require barriers
of around 1 eV to be overcome.

States 7-11 are identical to states 2-6, and the corresponding
energy barriers are the same. The last reaction step 11-12 can
be represented as a sequence of three elementary events: i) H
atom migration on the zirconia surface towards the first OH−,
which results in water molecule formation, ii) water molecule
desorption from the zirconia surface, and iii) oxygen diffusion in
zirconia, so that the surface oxygen vacancy formed after water
desorption is filled with a bulk oxygen ion. The barrier for i) has
been estimated in this section as 1 eV, that for ii) at the O-rich
YSZ surface was estimated by Shishkin et al. to be 0.52 eV54, and
the barrier for iii) was estimated in the O-migration mechanism
section to be not larger than 0.88 eV. Therefore, considering that
the barriers for steps 4-5 and 9-10 are larger than 1 eV for all
dopants, we conclude that the H transfer from the nickel surface
to zirconia constitutes the rate-limiting step for the H-migration
mechanism.

In the co-doping situation, the barrier of the rate-limiting steps
4-5 and 9-10 for H-migration is equal to that of step 4-5 of the
on-boundary mechanism for every dopant. In contrast to the on-
boundary mechanism, the H-migration mechanism can be suc-
cessfully completed for all examined dopants. Sc exhibits the low-
est activation energy (1.07 eV) among the dopant species that fa-
vor the H-migration mechanism in the co-doping case; therefore,
Sc co-dopants would contribute to the most significant enhance-
ment of the HOR via the H-migration mechanism.

4 Discussion

4.1 Dopant dependence of favorable HOR mechanism

We have considered three HOR mechanisms individually and clar-
ified the influence of the dopants on the energy barriers for each
mechanism. Here we compare the reaction mechanisms with re-
spect to the dopants and specifically answer which mechanism
is the most energetically favorable for each dopant species. For
each dopant in Table 5, we should identify the reaction mecha-
nism with the lowest activation energy (i.e., lowest energy barrier
of the rate-limiting step). We begin the discussion in this section
from the individual OCV correction. The co-doping situation is
addressed in the last part of this section.

The activation energies for the on-boundary and H-migration
mechanisms are the same at the Y-doped TPB (1.20 eV). These
barriers are lower than the activation barrier of the O-migration
mechanism (1.26 eV), which indicates that O-migration should
not be the favored HOR mechanism at the Y-doped TPB. Next,
we assume that when the activation energies for the on-boundary
and H-migration mechanisms are same, the on-boundary mecha-
nism should dominate. This assumption can be justified by con-
sideration of the hydrogen transfer steps. If the activation ener-
gies are the same, then the energy barriers for the first hydrogen
transfer step 4-5 are the same for both mechanisms. However, for
each dopant, the barriers for the second hydrogen transfer in the
on-boundary mechanism (step 7-8) are notably lower than those

for the second hydrogen transfer in the H-migration mechanism
(step 9-10), as shown in Table 5. Thus, the on-boundary mecha-
nism should be dominant at the Y-doped TPB.

Various dominant HOR mechanisms were predicted in experi-
mental works on Ni/YSZ anodes. Based experimental results and
kinetic modeling, Ihara et al. predicted O-migration mechanism,
where water formation on nickel surface occurred via reaction be-
tween adsorbed O and H species56. In contrast, Primdahl et al.
proposed that the O-migration was unlikely, because H-migration
mechanism should dominate due to dissociative adsorption and
fast migration of hydrogen on the nickel surface57. Similar con-
clusion was made by Vogler et al.2. Nagasawa et al. proposed
that the H- and O-migration mechanisms can undergo simultane-
ously58,59. Since our simulations focus only on the TPB reactions,
we do not investigate other processes such as bulk and surface
diffusion of oxide ions, which, in contrast, were considered in
the kinetic models based on experimental data. Therefore, we
cannot directly compare our results with those from the exper-
imental studies. In our paper we assume that the bulk/surface
oxide ion diffusion is not a rate-limiting process, and thus HOR
steps can be regarded as the rate-limiting steps. Under this lim-
ited condition we can compare our results with the experimental
ones. Activation energies of Ni/YSZ calculated in our work for all
three reaction mechanisms are almost the same (1.20 eV for the
on-boundary and H-spillover mechanisms, and 1.26 eV for the O-
migration mechanism). Therefore, one may expect that HOR in
Ni/YSZ may proceed via all three mechanisms, corresponding to
the experimental result by Nagasawa et al.58,59

Most of the up-to-date DFT studies on hydrogen oxidation at
the zirconia-based TPBs have been performed for YSZ, which al-
lows us to quantitatively compare the present results for the Y-
doped system with the literature data. However, the literature
does not incorporate the OCV correction; therefore, a fair quanti-
tative comparison between our energy barriers and the literature
data should be performed using non-corrected values, which for
the on-boundary mechanism are presented in Table 5. The bar-
rier for the rate-limiting step 4-5 of the on-boundary mechanism
(1.41 eV) is within the range of 0.41-1.43 eV reported for this step
for various Y-doped TPB structures3–5,7,13, with the lowest barrier
reported by Cucinotta et al.4 and the highest by Ammal et al.5.
Transfer of the second hydrogen atom from the nickel surface to
the hydroxyl at the interface (step 7-8) is associated with a bar-
rier of 0.95 eV, which is comparable with the range of 0.80-1.23
eV reported for this step in the literature4,5,7. The OCV correc-
tion does not change the magnitude for the energy barrier of the
rate-limiting step (1-2) of the O-migration mechanism; therefore,
the barrier (1.26 eV) for this step at the Y-doped TPB can be di-
rectly compared with the literature data3–5,7,13. For instance, the
value of 1.26 eV is exactly the same as the estimation obtained by
Shishkin et al.3.

Now let us continue results with the individual OCV correction
for other dopants species. In the Sc- and Ce-doped systems, the
H-migration mechanism should be favored; in the Sc-doped sys-
tem, the activation barrier of the H-migration mechanism (1.02
eV) is the smallest among the other dopants. Moreover, dissocia-
tion of the water molecule dissociation observed at the Sc-based
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TPB for the on-boundary mechanism, can contribute to the HOR
via the H-migration mechanism. After dissociation of the water
molecule, adsorbed OH does appear on top of dopant D1. Now,
let us consider that such an adsorbed OH is located near the two
H atoms in state 11 of the H-migration mechanism. In this situ-
ation, according to Cucinotta et al.4, the water molecule can be
formed by the two H atoms and surface O with a much smaller en-
dothermic effect than that with the identical process on a dry zir-
conia surface (no adsorbed OH). Thus, the dissociation of the wa-
ter molecule observed at the Sc-doped TPB for the on-boundary
mechanism can contribute to the H-migration mechanism with
water molecule formation on the zirconia surface. This argument
strengthens our conclusion that doping with Sc seems to be the
most promising for promotion of the H-migration mechanism.

Ni/Scandia-stabilized zirconia (ScSZ) anode material has been
experimentally reported to provide better SOFC performance
than Ni/YSZ33,60. In particular, higher power density and
lower anode overpotential were reported for Ni/ScSZ than for
Ni/YSZ33. Our work partially supports better performance of
Ni/ScSZ due to smaller activation barrier of the dominant HOR
mechanism for Sc (1.02 eV, H-migration mechanism) than for Y
(1.20 eV, on-boundary mechanism). However, besides the activa-
tion energy of HOR, dopants affect many other anode properties
such as ionic conductivity, microstructure, etc. that are impor-
tant for SOFC performance. Since our model does not include Sc
dopants in the bulk region, and we do not consider the dopant
effect on the oxide ion diffusion in bulk, different dominant HOR
mechanisms found in our study for Ni/ScSZ and Ni/YSZ can be
only a part of explanation for the experimentally observed higher
activity of Ni/ScSZ in comparison with Ni/YSZ.

The O-migration mechanism should be the most favorable at
the Al-doped TPB; the barrier for the rate-limiting step 1-2 is only
0.87 eV, which is significantly smaller than the activation energies
for the other two mechanisms with Al. Moreover, compared with
other dopants, Al provides the smallest activation energy of the O-
migration mechanism. Thus, Al is the best candidate (among the
examined species) to make the O-migration mechanism the most
favorable HOR mechanism if Al can maintain the doped position
during HOR.

As for Ca, the present results do not allow to make conclu-
sive comment on the favorable reaction mechanism. HOR via the
O-migration and on-boundary mechanisms cannot be completed
due to the OH migration from the nickel surface back to zirco-
nia and H2O dissociation, respectively. As for the remaining H-
migration mechanism, the barrier for Ca is the highest among all
the dopants.

For co-doping to YSZ, the most favorable reaction mechanism
for each of the Al, Sc, Ca co-dopants is the same as in the case of
individual OCV correction. Only for the Ce co-dopant, the most
favorable mechanism becomes the on-boundary mechanism (acti-
vation energies of on-boundary and H-migration mechanisms are
actually same, but, as previously explained in this section, the on-
boundary mechanism is regarded as dominant in this situation).
As for the additionally considered co-dopants, the Mg co-dopant
favors the O-migration mechanism with an activation barrier of
1.23 eV, while the Sr co-dopant favors the on-boundary mecha-

H
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ig
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Ca1.
70

Ca
YSZ

1.
66

Fig. 8 Venn diagram illustrating those HOR mechanisms that can be
successfully completed for each dopant species. The most favorable re-
action mechanism (with energy barriers (eV)) for each dopant can be
identified by the position of the dopant label in the corresponding sector
depicted by the gray dashed lines.

nism with an activation energy of 1.54 eV.
We conclude the above discussion of this section with a Venn

diagram (Fig. 8) where each dopant is located in the intersection
area of the HOR mechanisms that can be successfully completed
for that dopant. The most favorable reaction mechanism for each
dopant can be identified by the position of the dopant in one of
the three sectors formed by the gray dashed lines. The activa-
tion energies of the rate-limiting steps are provided near the label
for each dopant. The color of the activation energy corresponds
to the color of the reaction mechanism. A co-doping situation is
marked with "YSZ" as a subscript. For each reaction mechanism,
those dopants that favor the mechanism with the lowest activa-
tion energy after individual OCV correction are encircled.

Let us finally estimate the temperature effect. Our approach
here is based on a simple adding entropic contribution of the
gas molecules (H2 and H2O), and the temperature effect is dis-
cussed at a representative SOFC operating temperature of 1000 K.
To obtain reaction energy profiles at 1000 K, the following three
changes must be applied to the reaction energy profiles at 0 K:

• each 1
2 H2 adsorption step has 0.68 eV higher reaction energy

at 1000 K than that at 0 K,

• each H2O desorption step has 1.96 eV lower reaction energy
at 1000 K than that at 0 K,

• the OCV correction term U is 0.30 eV smaller at 1000 K than
that at 0 K.

Similarly to Table 5 that is for 0 K, Table S1 (ESI†) summa-
rizes activation energies and rate-limiting steps of all examined
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reaction mechanisms for 1000 K. The rate-limiting step of each
reaction mechanism remains the same at 1000 K as at 0 K. In
addition, for all dopants except for Y, the dominant reaction
mechanism is the same at 1000 K as at 0 K. Therefore, the only
significant qualitative difference between the results for 0 and
1000 K is that the most favorable reaction mechanism at the Y-
doped TPB changes at 1000 K to the O-migration from the on-
boundary mechanism at 0 K. However, this estimation of the
temperature effect is based on a simple adding the entropy con-
tributions of the gas molecules. Considering the small difference
(0.09 eV) between the activation energies of the on-boundary and
O-migration mechanisms at 1000 K for the Y-doped TPB, we be-
lieve that to make an accurate estimation of the temperature ef-
fect one must perform vibrational analysis of the entire TPB sys-
tem.

In the next section we present explanations for the low activa-
tion barrier of the O-migration mechanism at the Al-doped TPB
and for the dissociation of the water molecule observed for some
dopants at the TPB in the course of the on-boundary mechanism.
The Al-doped TPB is used as an example. These findings may help
to gain theoretical ideas on how to control the dominant mecha-
nism of the HOR in an SOFC anode.

4.2 Details of HOR at Al-doped TPB

4.2.1 O transfer from TPB to nickel

The origin of the low activation barrier for the O-migration mech-
anism at the Al-doped TPB can be understood from an atomic
coordination analysis of state 1. Figure 9 illustrates the TPB re-
gion of state 1 in a) Y- and b) Al -doped systems. For clarity, the
simulation cell is partially repeated along the TPB line, so that
the cation at site D2 is depicted twice. Chemical bonds between
cation X (X=Y, Al, Zr) and an oxygen ion are depicted when the
distance between them is shorter than 1.2× (rion

X + rion
O ), where

rion
X and rion

O are the ionic radii of cation X and the oxygen ion,
respectively (see Table 6)61. According to the depicted bonds,
the coordination number (CN) of both Y dopants is calculated as
7 in the Y-doped system; six oxygen ions bonded with the cations
can be observed in Fig. 9a, and one more oxygen is positioned
underneath each dopant, which is not shown in the figure. This
coordination corresponds to the coordination at the ideal cut of
the (111) surface of cubic zirconia, i.e., the Y-doped zirconia sur-
face undergoes only a minor relaxation (Fig. 9a). In contrast, at
the Al-doped TPB, the CNs of dopants at sites D1 and D2 are 4
and 5, respectively, and the zirconia surface is notably perturbed.
Lower CNs of Al dopants can be recognized by the tendency of
Al ions to have tetrahedral coordination due to sp3 hybridization.
Tetrahedral coordination can be clearly observed for Al dopant at
the D2 site (Fig. 9b), which is bonded with oxygen ions at sites
a1, a2, b2, and another oxygen ion underneath the dopant. The
lengths of these four bonds are between 1.77 and 1.90 Å, and the
angles between the bonds are within the range of 99.4− 119.1◦.
The Al dopant at site D1 cannot accomplish such perfect tetrahe-
dral coordination, but shows a tendency for it by having CN=5.
The length of these five bonds dD1−O, is within the range of +1%
to +7% from the rion

Al + rion
O value (see Table 6). Lower CNs of Al

D1D2 D2

b1b2 b2
e1 e2e1e2

a2 a1a2a1

d2 d2d1

a)

D1D2 D2

b1b2 b2e1 e2
e1e2

a2 a1
a2a1

d2 d2
d1

b)

Fig. 9 Top view of a) Y- and b) Al-doped TPB regions in the reactant
structure (state 1 of all reaction mechanisms). The structure is partly
replicated along the TPB line; actual borders of the simulation cell are
depicted by dashed gray lines. Only part of the bottom nickel layer and
part of the top O-Zr-O trilayer are shown. Atoms are labeled and colored
in the same way as Fig. 1 and 4. Y and Al dopants are shown in gray and
yellow, respectively.

dopants indicate that some surface oxygen ions have smaller CNs
than normally coordinated (CN=3) surface oxygen atoms on the
(111) surface. For example, in Fig. 9b, the surface oxygen ions at
a1 and b1 sites are twofold coordinated because they are not con-
nected with Al dopant at D1 site. The distance between D1 and
b1 sites dD1−b1 , is 2.39 Å, which is 28% larger than the rion

Al + rion
O

value. The appearance of the twofold coordinated oxygen ions on
the Al-doped ZrO2 surface is in agreement with the work by Xu et
al.23.

Considering that the dD1−b1 distance at the Al-doped TPB is
28% larger than rion

Al + rion
O , it can be expected that the twofold

coordinated oxygen ion at the b1 site is bonded more weakly to
the zirconia surface than the surface oxygen ions with normal
surface coordination. This is supported in Table 4; the migration
of an oxygen ion from site b1 (CN=2) to the nickel surface is
associated with a lower endothermic effect (∆EOmig) of 0.78 eV
than the migration of an oxygen ion from a b2 site (CN=3). Thus,
we consider that the twofold coordination of the oxygens ion at
b1 sites leads an energy barrier for the transfer of the ion to the
nickel surface at the Al-doped TPB that is around 0.4 eV lower
than that with the Y-doped system.

4.2.2 Dissociation of water molecule at TPB

To clarify the origin of water molecule dissociation at the Al-
and Sc-doped TPBs during the on-boundary mechanism, we per-
formed auxiliary relaxation of a structure with atomic positions
taken from the relaxed Y-doped structure in state 8 of the on-
boundary mechanism (with molecularly adsorbed water) with
both Y dopants being replaced with either Al or Sc.

Let us first briefly inspect the relaxed Y-doped structure in state
8 of the on-boundary mechanism. Figure 10a depicts the atomic
arrangement near the water molecule. The water molecule is lo-
cated on top of the Y dopant at a D1 site. The D1−b1 distance,
2.47 Å, is slightly larger than 2.32 and 2.39 Å reported by Chao-
pradith et al. for a water molecule adsorbed on YSZ surface55.
The HH2O−OZrO2 distances are 2.77 and 3.37 Å, which suggests
that there are no H-bonds between the hydrogens and surface
oxygen ions.

Now let us proceed with the Al-doped structure. Figures 10a-d
show the development of the atomic arrangement near the wa-
ter molecule during relaxation of the Al-doped structure. The
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Table 6 Ionic radius rion
X of cation X (X=Y, Al, and Zr) 61 with certain CN. The distance between the dopant at the D1 site and the oxygen ion at the b1

site, i.e., dD1−b1 , in state 1 is given with its deviation (in parenthesis) from the rion
X + rion

O . The last column, dD1−O, presents the range of bond lengths
between dopants at site D1 and oxygen ions that were accounted for the CN analysis

Ion CN rion
X , Å rion

X + rion
O , Å dD1−b1 , Å dD1−O, Å

Y 7 1.10 2.34 2.32 (-1%) 2.24-2.41 (-5%-+3%)
Al 5 0.62 1.86 2.39 (+28%) 1.89-1.99 (+1%-+7%)
Zr 7 0.92 2.16
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Fig. 10 Relaxation of Al-doped TPB with initially introduced water
molecule on-top of the dopant at the D1 site. a) Side view of the ini-
tial structure, where the atomic positions are identical to those in relaxed
Y-doped TPB in state 8 of the on-boundary mechanism, b) structure after
80 relaxation steps and c) after 100 relaxation steps, d) and relaxed struc-
ture after 250 relaxation steps. Dopants at sites D1 and D2 are shown in
yellow and hydrogen atoms are shown in blue.

relaxation begins with shortening of the distance between Al at a
D1 site and an oxygen ion at a b1 site (see Fig. 10b), which can
be explained by the smaller ionic radius of Al than Y. The relax-
ation proceeds with a decrease of the distance between one of the
hydrogen atoms and one of the surface oxygen ions (Fig. 10c),
which results in H-bond formation between one the hydrogen
atoms and oxygen ion at an a1 site. The transfer of the hydrogen
then occurs from the water molecule to the surface oxygen ion,
which results in the dissociation of the water molecule (Fig. 10d).
Qualitatively similar results were obtained during relaxation of
the structure doped with Sc.

It should be noted that the dissociative adsorption of water
on a YSZ surface has been reported in a DFT calculation, and
that dissociative adsorption was reported as much stronger than
molecular adsorption54,55. In our present calculation, an artifi-
cial Y-doped structure with a dissociated water molecule was also
confirmed as a more energetically stable configuration than state
8 of the Y-doped structure in the on-boundary mechanism (i.e.,
molecularly adsorbed water). To make the artificial structure,
we manually built a Y-doped structure with a dissociated water
molecule, where one hydroxyl was placed on top of dopant at a

D1 site and one hydrogen atom bonded to the surface oxygen ion
at an a1 site (this structure is qualitatively similar to the structure
in Fig. 10d). The energy of the artificially made Y-doped structure
is 0.4 eV lower than that of state 8. However, the barrier for such
dissociation from state 8 was estimated to be 2.2 eV, which should
be due to the large HH2O−OZrO2 distances (2.77 and 3.37 Å) at
the Y-doped TPB in state 8 (Fig. 10a).

The present study shows that the barrier-less dissociation of
a water molecule occurs mainly when there are cations of small
ionic radii (such as Al, Mg, Sc) at the TPB, which allows the wa-
ter molecule to closely approach the zirconia surface and dissoci-
ate. Thus, to prevent water molecule dissociation and make water
formation plausible via the on-boundary mechanism, it would be
reasonable to choose a dopant with an ionic radii that is compa-
rable or larger than that of Zr, so that the water molecule formed
on top of the dopant at the TPB would not closely approach the
zirconia surface.

5 Conclusions
DFT studies were performed with respect to the effect of cation
dopants on the energy barriers of three different mechanisms
for the HOR at the pore/nickel/zirconia TPB: on-boundary, O-
migration, and H-migration mechanisms. OCV correction was ap-
plied to relate the present DFT results with the situation of anodic
equilibrium in an SOFC. The results obtained can be summarized
as follows:

1. At Y-doped TPBs, the HOR should proceed via the on-
boundary mechanism when a water molecule is generated
in close proximity to the TPB, which in a good agreement
with the literature data. Co-doping of YSZ with Ce may in-
crease the rate of the on-boundary mechanism.

2. Doping with Al shows potential to make the O-migration
mechanism favorable. The low energy barrier for O trans-
fer at Al-doped TPBs has been explained by the tetrahedral
coordination of Al dopants and the appearance of twofold
coordinated oxygen ions on the zirconia surface.

3. Sc could be the best dopant candidate to make the H-
migration mechanism favorable (when used as either a ma-
jor or a minor dopant).

4. Dopants with small ionic radii, such as Al, Mg, and Sc would
hinder the on-boundary mechanism due to barrier-free wa-
ter dissociation at the TPB. Co-doping by Mg should favor
the O-migration mechanism.

5. Although dissociation of a water molecule, observed at the
TPB for some dopants, hinders the on-boundary mechanism,
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the dissociation of a water molecule can facilitate the HOR
via the H-migration mechanism with water molecule forma-
tion on the zirconia surface.

6. Doping with Ca and Sr would hinder the O-migration mech-
anism due to the OH migration from the nickel surface
back to zirconia. Doping and co-doping by Ca favor the
H-migration mechanism. Co-doping by Sr should favor the
on-boundary mechanism.
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The H2 oxidation mechanism at the pore/nickel/zirconia triple phase boundary is drastically changed 

depending on dopants at the boundary. 
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