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ABSTRACT: The adsorption, dissociation, and diffusion of hydrogen in Ni(100)
and Ni(100)/YSZ(100) slabs with two different interfaces (Ni/cation and Ni/O
interface) have been studied by the density functional theory (DFT) with the
Perdew−Wang functional. The H2 molecule is found to preferentially absorb on a
Top (T) site with side-on configuration on the Ni(100) surface, while the H-atom
is strongly bound at a fcc Hollow (H) site. The barrier for the H2 dissociation on
both surfaces is calculated to be only ∼0.1 eV. The potential energy pathways of H
diffusion on pure Ni and Ni/YSZ with the two different interfaces are studied. Our
calculated results show that the H-atom diffusion occurs via surface path rather
than the bulk path. For the bulk path in Ni/YSZ, H-atom migration can occur
more readily at the Ni/cation interface compared to the Ni/O interface. The
existence of vacancy in the interface region is found to improve the mobility of H-
atoms at the interface of Ni/YSZ slab. The rate constants for hydrogen dissociation
and diffusion in pure Ni and Ni/YSZ are predicted.

■ INTRODUCTION
Nickel (Ni) has attracted a great deal of interest because of its
high catalytic activity for hydrogen oxidation in an anode of a
solid oxide fuel cell (SOFC).1−3 In a practical SOFC, anode
material is usually composed of a mixture of nickel and other
oxide ceramics, such as SiO2,

4 doped-CeO2,
5−8 and Sc-

stabilized ZrO2,
9 due to their high activity and structural

stability. Owing to the high operating temperatures of SOFC
(between 800 and 1100 K), the thermal expansion behavior
between Ni and oxide ceramics is usually chosen to match each
other. The nickel/yttria-stabilized zirconia (Ni/YSZ) cermet,
which has been synthesized successfully by Spacil,10 is widely
used today as an anode material of SOFC10−20 due to its good
thermal expansion and ion conductivity.
In generally, the mechanism of the H2 oxidation reaction was

assumed to occur at the three-phase boundary (TPB), which is
the composition of gas phase, catalyst, and electrolyte, in the
anode of SOFC. The oxidation reaction at the TPB can be
described as

+ → +− −H O H O 2e2
2

2 (1)

It is now widely accepted that the oxidation process of H2 at
the TPB of the Ni/YSZ cermet electrode can be divided into at
least two rate-determining processes.15 The first process is the
adsorption/dissociation of hydrogen on the nickel surface.15

The second process is the hydrogen migration from nickel to
the YSZ surface accompanied by charge transfer. They found
that the anode performance of SOFC is determined by that
reaction processes. Experimental studies have demonstrated
that about 0.1% interstitial H-atoms are present in bulk Ni and
YSZ at a high SOFC operating temperature.18−20 The
interstitial H-atoms come from the adsorption and dissociation
of H2 on Ni.16,17 It is well-known that the performance of
SOFC is strongly dependent on the oxygen reduction at the
cathode.1,3,21 However, the catalytic effect of the anode on the
overall efficiency of SOFC is still a critical issue. Many
experiments22−25 have been carried out to study the tunneling
motion of H-atoms in the Ni crystal. Johnson et al. showed that
some of H-atoms may diffuse into the bulk Ni at low pressure
conditions when H-atoms are adsorbed on the Ni surface.23

The Ni crystalline lattice does not restructure as H embedded
in Ni crystals. Kammler’s result shows that the effect of thermal
H-atoms with an initial probability of ca. 4.5 × 10−2 leads to the
absorption of H-atoms in subsurface sites of Ni(100).25

However, investigating the H2 reaction in Ni/YSZ is difficult
experimentally due to the complex reaction involved. First-
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principles calculations provide one technique to elucidate the
mechanism of the reaction. By this technique, the adsorption,
dissociation, and diffusion of hydrogen on the Ni surface have
been studied by Kresse.26,27 Furthermore, Bhatina and Sholl
have studied the energy barriers of H-atom migration from a Ni
surface (Ni(100), Ni(110), and Ni(111)) into subsurface by
density functional theory (DFT) calculations. They found that
the activation barriers of 1.12, 0.76, and 0.84 eV need to be
overcome for Ni(100), Ni(110), and Ni(111), respectively.28

Recently, Shishkin and Ziegler studied the adsorption and
dissociation of H2 on YSZ(111) and YSZ(111)+O surfaces
based on DFT calculations.29 Their results indicate that
dissociation adsorption of H2 on the YSZ(111)+O surface is
an exothermic adsorption, contrary to the endothermic
adsorption on YSZ(111). They further employed the DFT
computational method to investigate two mechanisms for H2

oxidation proposed for oxygen and hydroxyl spillover on the
Ni/YSZ interface.30

To the best of our knowledge, most of previous reports
focused on reaction mechanism of H2 molecule on a metal

surface. There are very few studies devoted to the under-
standing of interface effect of Ni/YSZ anode on the reaction
mechanism of H2 molecule and H-atom diffusion in Ni/YSZ
anode bulk. On the other hand, the interface of metal/oxide
materials plays a crucial role on catalyst properties which
depend on the bonding at the interface. Ab initio calculations
have successfully offered microscopic insight into interface
structures of metal-ceramics.31−33 In the present paper, two
different interfaces (Ni/cation and Ni/O) of Ni/YSZ slab are
applied to understand the interface effect on the dissociation of
H2 and the diffusion of H-atoms by DFT calculations.

■ COMPUTATIONAL METHOD AND MODEL
All present calculations are performed with the spin-polarized DFT34

plane wave method utilizing the Vienna ab initio simulation package
(VASP).35−37 The ultrasoft pseudopotential38,39 in conjunction with
the Perdew−Wang (PW91)40,41 functional is applied. The Brillouin
zone is sampled with the Monkhorst-Pack grid.42 The calculations are
carried out using the 3 × 3 × 3 and 3 × 3 × 1 Monkhorst-Pack mesh
k-points for bulk and surface calculations, respectively. A 400 eV cutoff

Figure 1. Simulation models of Ni(100)/YSZ(100) for Ni-Cation (Zr or Y) and Ni−O interfaces. (a−c) and (d−f) are side views for different Ni/
cation and Ni−O interfaces, respectively; (g) is a top view of Ni-Cation models; (h−j) are the top views of panel (d−f), respectively. Yellow square
“V” indicates a vacancy.
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energy is used allowing convergence to 1 × 10−4 eV in total energy for
all calculations.
The configuration of YSZ (Y2O3 stabilized ZrO2) with cubic CaF2-

type structure is very similar to that of the pure ZrO2. Because Ni and
YSZ crystalline possess different crystal structures and lattice
parameters, the high degree of strain in interface can be expected as
Ni and YSZ stack each other together in the same cubic space group.
In DFT studies by Christensen and Carter for the ideal ZrO2/Ni
interface,31 their results indicate that both Ni(111)/ZrO2(100) and
Ni(110)/ZrO2(100) have larger misfit than Ni(100)/ZrO2(100) in
interface. In addition, they have shown that the bonding between
Ni(111) on ZrO2(111) is weak. Moreover, for the Ni(100)/
ZrO2(100) slab, it has been predicted that there are strong chemical
bonds in interface.32,33 Therefore, although the Ni(111) surface has
the lowest surface energy compared to the Ni(100) surface, we have
considered the Ni(100)/YSZ(100) interface as a model of the Ni/
YSZ, first because this interface better matches the surface cell of Ni
and YSZ and second because Ni(100)/YSZ(100) interface has a better
lattice match between both materials.
On the other hand, Pornprasertsuk et al.43 have demonstrated the

ionic conductivity in YSZ is sensitive to the surrounding cations. Thus,
we consider different kinds of Y-atom doping positions to investigate
the diffusion of H-atom in the Ni(100)/YSZ(100) in this study. The
side and top views of the p(2 × 2) lateral cell of the Ni(100)/
YSZ(100) with different interfaces, including the Ni/cation interface
and the Ni/O interface are shown in Figure 1. Three various kinds of
Y-atom doping positions are considered. In the first case, both Y-atoms
are in the first layer (denoted as first layer) of the YSZ slab. In the
second case, one Y-atom lies in the first layer and the other in the
second layer (denoted as first-second layer). In the third case, two Y-
atoms lie in the second layer (denoted as second layer). In all six
models, three layers of the Ni slab of the (100) faces are stacked on
the top of the YSZ(100) surface. Then the Ni slab is rotated by 45° to
align with the YSZ slab’s [110] orientation. Two slabs are made of 8
layers (Ni, 12; Y, 2; Zr, 7; O, 4 per supercell) and 9 layers (Ni, 12; Y,
2; Zr, 11; O, 4 per supercell) with a total number of 25 and 29 atoms
for Ni/cation and Ni/O interfaces, respectively. To maintain the
neutrality (Y is 3+, Zr is 4+), an oxygen vacancy was created as two
yttrium atoms substituted the two Zr atoms near the interface,
corresponding to the dopant concentration of 21% and 16% mol
concentrations of yttria in YSZ for Ni/cation and Ni/O interfaces,
respectively. The bottom two atomic layers are kept constrained and
set to the estimated bulk parameters, whereas the remaining layers are
fully relaxed during the calculations. A vacuum region of thickness
about 11 Å in the direction normal to the surface for the surface
reaction is used to prevent the interaction between the translational
images. However, in this study, we considered some nonoxygen and
oxygen terminated YSZ substrate to study the interface effect (for the
stack of Ni slab on different lattice mismatched and polar surfaces) on
the adsorption, dissociation, and diffusion properties of hydrogen. In
addition, the interaction energy of the three-layer Ni metal on the Ni/
cation and Ni/O configurations also has been calculated according to
the eq 2. The calculated results show that the adsorption energies of
Ni of the Ni/cation models as shown in Figure 1a−c are −6.53, −7.05,
and −6.91 eV, and for the Ni/O models as shown in Figure 1d−f are
−7.25, −5.21, and −6.95 eV.
In this study, we calculate adsorption energies according to the

following equation:

Δ = + − +E E E E[slab adsorbate] ( [slab] [adsorbate])ads (2)

where E[slab + adsorbate], E[slab], and E[adsorbate] are the
calculated total energy of adsorbed species on the Ni(100)/
YSZ(100) surface, a clean Ni(100)/YSZ(100) surface, and a gas-
phase molecule, respectively. The nudged elastic band (NEB) method
is employed to obtain a minimum energy pathway (MEP) of a
reaction.44,45 At least eight images are used to locate each transition
state (TS).

■ RESULT AND DISCUSSION
Potential Energy Surfaces for the Adsorption and

Dissociation. The structural properties of Ni and ZrO2 bulk
materials and the H2 molecule are taken into account first to
verify the reliability of the computational method. The
predicted lattice constants of bulk Ni and ZrO2 are 3.54 and
5.10 Å, which are in good agreement with the experimental
values of 3.5246 and 5.09 Å,47 respectively. The bond length of
H2 is calculated in a 10 × 10 × 10 Å3 cubic box to be 0.74 Å
which is also consistent with the available experimental data.48

We initially studied molecular and dissociative adsorption of
H2 on selected surface models. In order to locate possible
intermediates of H/Ni/YSZ, H2/Ni/YSZ, H/Ni and H2/Ni
surfaces, three different adsorption sites are considered: Top
(T), Bridge (B), and fcc Hollow (H) sites. For the T site, the
molecule adsorbs on top of the first-layer Ni atom of Ni(100)
and Ni(100)/YSZ(100) with the Ni/cation and Ni/O
interfaces. For the B site, the molecule adsorbs above the
center of the Ni−Ni bond of the two nearest Ni sites in
between first-layer Ni atoms and second-layer Ni atoms. For
the H site, the molecule adsorbs above a second-layer Ni atom.
Accordingly, the adsorptions of H and H2 are corresponding to
1/4 mole layer (ML) coverage. Table 1 shows the adsorption

energies and geometries of H on the Ni(100) and Ni(100)/
YSZ(100) surfaces. The results indicate that the adsorption
energies and geometries on the Ni(100) and Ni(100)/
YSZ(100) surfaces both are similar. Furthermore, the site is
the most favorable binding site with the adsorption energies of
−2.79, −2.72, and −2.68 eV for the Ni/cation, Ni/O, and pure
Ni cases, respectively. These results are also consistent with
previous experimental and theoretical values.49,50 In addition,
the Ni−H bonding lengths for three cases are between 1.829
and 1.877 Å, which are also in good agreement with the
theoretical result of H on the Ni(100), 1.84 Å, for the
adsorption of H at a 4-fold hollow site.51

For the adsorption of H2, we have investigated both end-on
(with the H−H bond normal to the Ni(100) surface) and side-
on (with the H−H bond are parallel to the Ni(100) surface)
coordinations of the molecule to various adsorption sites on the
Ni(100) surface of Ni and Ni/YSZ. For the end-on
configuration, the optimized geometries and adsorption
energies of the H2 of the H2/Ni/YSZ and H2/Ni have been
summarized in Table 2. The calculated H−H bond lengths in
three different adsorption sites for three different cases are

Table 1. Adsorption Energy and Bond Lengths of H on the
Ni (100) and Ni(100)/YSZ(100) Surfaces with Ni/Cation
and Ni/O Interfaces

Ni/Y ΔEads (eV) d(Ni−H) (Å)

Top (T) −2.22 2.16
Bridge (B) −2.69 1.631/1.628
fcc Hollow (H) −2.79 1.858

Ni/O ΔEads (eV) d(Ni−H) (Å)

Top (T) −2.19 2.16
Bridge (B) −2.66 1.629/1.648
fcc Hollow (H) −2.72 1.877
pure Ni(100) ΔEads (eV) d(Ni−H) (Å)

Top (T) −2.14 2.16
Bridge (B) −2.59 1.620/1.620
fcc Hollow (H) −2.68 1.842
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about 2−6% longer than that in the gas phase. Among all of the
calculated adsorption configurations of H2 on the Ni(100) and
Ni(100)/YSZ(100) surfaces, the adsorption energies of H2 in
most adsorbed sites vary within 0.0 to −0.02 eV (−0.03 to
−0.46 kcal/mol), or some with slightly positive (unstable)
values indicating that the adsorption of H2 on the Ni(100)
surface with the end-on configuration belongs to physisorption.
The side-on coordination results are shown in Table 3. We

found that the H2 can absorb stably on the Top site (T) with
the calculated adsorption energy of ∼−0.34 eV (−8 kcal/mol).
In summary, it is found that the adsorption of H2 molecule on
the Ni(100) and Ni(100)/YSZ(100) surfaces favors the on
Top site (T) with the side-on configuration.
As mentioned above, the side-on adsorption of H2 is

energetically more stable than the end-on adsorption. The end-
on configurations of H2 on the Top site of the Ni(100) and
Ni(100)/YSZ(100) surfaces are chosen as the starting
structures for the study of H2 dissociation as shown in Figure
2a and b, respectively. The two separated H-atoms except at the
H site (its most favorable binding site) are chosen as the final
state. The dissociative barriers of H2 on the Ni(100) and
Ni(100)/YSZ(100) surfaces are found to be about 0.1 eV,
which is also consistent with the result reported by Madix and
Hamza52 with a molecular beam study. Our result supports the
finding that the H2 can easily dissociate on the Ni(100) surface
due to the low energy barrier. In addition, we found the
structure of the pure Ni(100) is unreconstructed after H2
dissociative adsorption on the surface, which is consistent with

other theoretical observations.49,53 Our results show that the
interaction between the Ni and the YSZ support does not play
a critical role in the reactivity for H2 adsorption and
dissociation in view of the similar adsorption and dissociation
behavior on both surfaces. We have also performed calculations
for H2 adsorption on (2 × 1), (2 × 2), and (3 × 3) adlayer
Ni(100) surfaces, corresponding to coverage of 1/2, 1/4, and
1/9 ML, respectively, using the most stable configuration of H2
on Ni(100). These studies show that the coverage effect on the
calculated stability of this specie is negligible (smaller than 0.1
eV).

Energies and Mechanisms for H Migration. The
dissociative adsorption of hydrogen results in two H-atoms
adsorbed on the surface; the H-atoms may migrate on the
surface. The potential energy surface (PES) for H-atom
migration on the Ni(100) surface and diffusion into the bulk
Ni is shown in Figure 3. For the diffusion of H-atoms on the
Ni(100) surface, we found that the diffusion from the fcc
Hollow (H) site to the Bridge (B) site (surface→TS1→
surface2) entails a small energy barrier of 0.1 eV. This value is
in good agreement with the barrier height of 0.17 eV reported
by studies of Truhlar et al.56 Therefore, the H-atom can easily
move on the clean Ni(100) surface at low temperatures because
of the small diffusion barrier. For the tunneling of the H-atom
in Ni, an activation barrier of 0.89 eV is required to surmount
from a 3-fold site of Ni(100) into an octahedral site of the
subsurface (surface→TS2→IM1). We also observed a barrier
height of 0.29 eV from a subsurface site to the 3-fold site of
Ni(100) which is slightly lower than that of H diffusion in

Table 2. End-on Adsorption Energies and Bond Lengths of
H2 on the Ni (100) and Ni(100)/YSZ(100) Surfaces with
the Ni/Cation and Ni/O Interfaces

Ni/Y ΔEads (eV) d(H−H) (Å) d(Ni−H) (Å)

Top (T) 0.0 (0.01 kcal/mol) 0.77 2.07
Bridge (B) 0.0 (−0.03 kcal/mol) 0.75 2.69
fcc Hollow (H) 0.0 (0.07 kcal/mol) 0.75 2.97

Ni/O ΔEads(eV) d(H−H) (Å) d(Ni−H) (Å)

Top (T) 0.0 (0.02 kcal/mol) 0.76 2.08
Bridge (B) 0.16 0.78 1.95
fcc Hollow (H) 0.01 0.76 3.02
pure Ni(100) ΔEads(eV) d(H−H) (Å) d(Ni−H) (Å)

Top (T) 0.03 0.76 2.21
Bridge (B) 0.05 0.76 2.40
fcc Hollow (H) 0.0 (−0.02 kcal/mol) 0.75 3).05

Table 3. Side-on Adsorption Energies and Bond Lengths of
H2 on the Ni (100) and Ni(100)/YSZ(100) Surfaces with
the Ni/Cation and Ni/O Interfaces

Ni/Y ΔEads (eV) d(H−H) (Å) d(Ni−H) (Å)

Top (T) −0.36 0.87 1.61
Bridge (B) − − −
fcc Hollow (H) − − −

Ni/O ΔEads (eV) d(H−H) (Å) d(Ni−H) (Å)

Top (T) −0.32 0.87 1.60
Bridge (B) − − −
fcc Hollow (H) − − −
pure Ni(100) ΔEads (eV) d(H−H) (Å) d(Ni−H) (Å)

Top (T) −0.34 0.86 1.62
Bridge (B) − − −
fcc Hollow (H) − − −

Figure 2. Potential energy diagrams of H2 dissociation on (a) Ni
(100) surface; (b) Ni(100)/YSZ(100) surface for the Ni-Cation
model. Insets of (a) and (b) are the top views of simulation models.
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Ni(111).54 In addition, H can further migrate in the bulk Ni
from the octahedral structure of subsurface to the octahedral
structure of the second layer (IM1→TS3→IM2→TS4→IM3),
which only has to overcome two small barriers of 0.30 and 0.13
eV. However, the low barriers indicate that H can migrate in
the bulk Ni. Furthermore, we have calculated the transverse
diffusion of H along the [010] direction in between both
tetrahedral structures on the same atomic layer in the bulk Ni.
Similar barriers of 0.30 and 0.13 eV were also found. As
discussed above, we can conclude that the most favorable
diffusion path of H-atoms is the surface path. In addition, H
diffusion in the bulk Ni is also possible but the surface barrier of
0.89 eV must first be overcome.
Since interstitial H-atoms may be present in the bulk Ni and

YSZ ceramics of the SOFC anode at a high operating
temperature,18−20 it is important to understand the migration
of H-atoms into the bulk from the Ni surface and the tunneling
motion of H-atoms in the Ni/YSZ crystal. In order to examine
the role of the Ni/YSZ interface in the diffusion of H-atoms,
the diffusion in the Ni/YSZ slab with Ni/cation and Ni/O
interfaces was analyzed. Figure 4 shows the PES for the
diffusion of H in the Ni/YSZ slab for the six different models
given in Figure 2. In Figure 4, the diffusion barrier of H from
the surface of Ni to the subsurface for six different models with
errors estimated to be about 0.1−0.2 eV are compared to the
diffusion result of H in the pure Ni case as shown in Figure 3.
In addition, the barriers for H migration inside the bulk Ni
from the tetrahedral configuration of subsurface to the
octahedral configuration of the second layer are in the ranges
of 0.15−0.27 and 0.43−0.47 eV for Ni/cation and Ni/O
interfaces which are, respectively, slightly lower and larger than
that for migration of H in the pure Ni, stemming from the
interaction between the Ni and YSZ. The Ni/cation interface of
Ni/YSZ seems to be more active for the H diffusion in the bulk
compared to the diffusion in the Ni/O interface. For the path
of H-atoms passing through the interface with a vacancy at the
Ni/cation interface (IM4→TS5→IM5), the barriers of 0.3 eV,
0.29, and 0.22 eV for the Y doping in first, second, and first-
second layers of the YSZ slab were found as shown in panels
(a), (b), and (c) in Figure 4, respectively. These results indicate
that the migration barrier depends strongly on the local atomic
environment. Since the ionic radius of Y3+ ion is bigger than
that of Zr4+ ion, the size effect leads to the highest diffusion
barrier for Y doping in the first layer rather than in the second
layer. In addition, the interface barrier of H diffusion for Y
doping in the first-second layer is found to be lower than of that
of Y doping entirely in the second layer. This is because the

adjacent edge of the interface of Y doping in the first-second
layer may accommodate better the contraction of the lattice in
the neighbor of the vacancy when an oxygen vacancy is formed.
Therefore, the H-atom passes through most easily the

interface of Ni/YSZ with Y doping in the first-second layer
comparing to the other two doping cases. In order to study the
effect of vacancy on the diffusion behavior, the change of
potential energy for H diffusion at the interface of Ni/cation for
Y doping in the first-second layer of the YSZ slab without
oxygen vacancy is also calculated as shown in Figure 5. A
barrier as high as 3.4 eV is found for H passing through the
interface. Therefore, our barrier predicitions demonstrated the
vacancy influence on H diffusion which improves the mobility
of H. In the following process from IM5→TS6→IM6, that is,
H diffusion in the YSZ slab, we found the transition structure
TS6 for the three different cation edges of the Ni/cation
interface, with a large barrier about 3.5 to 3.65 eV. These results
suggest that the H-atom cannot move easily in the inner part of
YSZ slab at operating temperature. At the Ni/O interface, the
process of migration through the interface with 1.78, 1.5, and
1.22 eV barriers are also predicted for Y doping in the first,
second, and first-second layers of the YSZ slab, respectively.
The same trend can be observed in this process comparing with
that of the Ni/cation interface, which is that the H-atom can
most easily as through the interface of Y doping in the first-
second layer of the Ni/YSZ interface. Comparing the Ni/cation
and Ni/O interfaces, we found that the diffusion barriers of H-
atoms crossing the Ni/O interface is much larger than that of
the Ni/cation interface. These results can be attributed to the
stronger interaction between the H-atom and the oxygen atom
than that between the H-atom and the cation.
To understand the nature of interaction between the H-atom

and the Ni, Y, Zr, and O atoms of Ni/YSZ in the diffusion
process, we have calculated the Bader charge58 on two Ni/YSZ
cases, which are shown in Figures 1(c) and 1(f). We find that
the H-atoms are all partially negatively charged wherever in the
surface of Ni (100) surface or inside of Ni of Ni/YSZ slab, with
the Bader charge of approximately −0.25e and −0.3e for the
two cases, respectively. The H-atom in the Ni(100) surface of
the Ni/YSZ slab is more negative charged than that in the pure
Ni(100) surface. The results demonstrate that the interstitial H-
atoms acquire electronic charge from the neighboring Ni(100)
surface. We also find that, for H diffusion to the vacancy of the
Ni/O interface, the Bader charge of H becomes substantially
positive (about 1.0e). On the contrary, for H diffusion to the
vacancy in the Ni/cation interface, the Bader charge of H
becomes negatively charged (above −0.9e and −0.3e for the
Ni/Zr and Ni/Y interfaces, respectively).

Kinetics for H2 Dissociation and Diffusion. Based on the
aforementioned PESs, we have calculated the rate constants for
the dissociation of H2 and diffusion of H-atoms in Ni and Ni/
YSZ by using the ChemRate program59 on the basis of Rice−
Ramsperger−Kassel−Marcus (RRKM) theory60,61 as shown in
Table 4. The predicted diffusion rates of H-atoms in Ni for the
surface path (surface-IM1-surface2) and the bulk path (IM1-
TS3-IM2) are D1 = 1.13 × 108(T/1000)3.32 exp(−3552/T)
(cm2/s) and D3 = 2.61 × 105(T/1000)0.333 exp(−3621/T)
(cm2/s), respectively, which are in good agreement with of
experimental55,57 and theoretical results56 as shown in Figure 6.
For H-atom diffusion in Ni/YSZ, the predicted diffusivities of
D4 = 4.83 × 104(T/1000)0.323 exp(−2915/T) (cm2/s) and D5 =
5.29 × 104(T/1000)0.151 exp(−3017/T) (cm2/s) are obtained
for the IM4→TS5→IM5 (panel (c) of Figure 4) and IM4→

Figure 3. PES of H diffusion on the Ni(100) surface and inside the
bulk.
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Figure 4. continued
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Figure 4. Potential energy diagrams of H diffusion inside Ni-YSZ slab. Y ions doping in (a) first, (b) second, and (c) first-second layer of the Ni/
cation interface and (d) first, (e) second, and (f) first-second layer of the Ni/O interface, respectively.
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TS5→IM5 (panel (f) of Figure 4) models, respectivly. From
the rate constant predicitions of Table 4, our results show that
H-atoms are more likely to migrate on the Ni surface (surface
path) to the three-phase boundary.

■ CONCLUSIONS

The adsorption, dissociation, and diffusion of hydrogen in pure
Ni and Ni/YSZ slabs with two different interfaces (Ni/cation
and Ni/O interfaces) have been studied by the density
functional theory (DFT) with the Perdew−Wang (PW91)
functional. The H-atom was found to bind preferentially at the
fcc Hollow (H) site on the Ni(100) surface with the adsorption
energy of −2.68 eV. The H2 molecule absorbed on the Top (T)
site of Ni(100) surface with the side-on configuration has the
adsorption energy of −0.34 eV (−8 kcal/mol). The calculated
barrier energy for H2 dissociation on both surfaces is about 0.1
eV. Calculations show that the diffusion energy for the
adsorbed H on the Ni(100) surface or on the Ni(100)/
YSZ(100) is only ∼0.1 eV while the diffusion energy for H
going through the bulk is as high as 0.89 eV at the first step
(from surface to subsurface), suggesting that the surface path is
more favorable. Comparing the Ni/cation and Ni/O interfaces,
we find that the barrier for H migration through Ni/O is much
larger than that through Ni/cation. Our results also
demonstrate that the H-atom can pass through the interface
most readily with Y doping in the first-second layer in the Ni/
cation case. In addition, the migration of H-atom in the YSZ

slab is found to be very high. On the other hand, the existence
of vacancy can enhance the diffusion of H-atoms through the
interface of the Ni/YSZ slab. The results of kinetic simulation
indicate that H-atoms can possibly diffuse through the Ni bulk
to the Ni/YSZ interface.
Since DFT calculation can gain insight into diffusion

mechanism of H-atom to explain the effect of structural
composition by calculating a set of energy barriers for H-atom
migration in Ni/YSZ. The ionic conductivity of H-atom in Ni/
YSZ is interesting and may be investigated by kinetic Monte
Carlo calculations based on first-principles quantum simu-
lations in the future. On the other hand, Molecular dynamics
(MD) simulations at different temperatures are also carried out
to verify the interaction of H2 with the Ni surface (see the
Supporting Information). The MD results indicate that the
adsorption numbers of H2 molecules on the Ni substrate
decrease with increasing temperature.
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Figure 5. Potential energy diagram of H-atom passing through the Y−
Zr interface in the Ni-YSZ slab without an oxygen vacancy.

Table 4. Rate Constants for H2 Dissociation (unit: 1/s) and
H Diffusion (unit: cm2/s) in Pure Ni and Ni/YSZ Slab

paths rate constants

H2 dissociation on pure
Ni(100) surface (Figure 2)

k1 = 4.20 × 1013(T/1000)0.92 exp (−1260/T)

H diffusion in pure Ni
(Figure 3)
surface→TS1→surface2 D1 = 1.13 × 108(T/1000)3.32 exp (−3552/T)
surface→TS2→IM1 D2 =

2.26 × 105(T/1000)0.0475 exp (−10545/T)
IM1→TS3→IM2 D3 =

2.61 × 105(T/1000)0.333 exp (−3621/T)
H diffusion in Ni/YSZ
IM4→TS5→IM5
(Figure 4(c))

D4 =
4.83 × 104(T/1000)0.323 exp (−2915/T)

IM4→TS5→IM5
(Figure 4(f))

D5 =
5.29 × 104(T/1000)0.151 exp (−3017/T)

Figure 6. Diffusion of H-atoms on and in the pure Ni: (a) the surface
path and (b) the bulk path comparing with experimental (refs 55 and
57) and theoretical results (ref 56).
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