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ABSTRACT: We performed DFT+-U quantum period calculations to
study the characteristics of Ni interactions on/in CeO,—ZrO, mixed
oxide solid solutions. We analyzed the energetics of Ni adsorption and
insertion on/in different surface and subsurface sites of the
Ceg25Zr0750,(111) slab, and also the changes in its atomic and
electronic structures. The most stable interaction corresponds to a
single Ni atom adsorbed on the O—O bridge site, where the nearest-
neighbor metal atom is the Zr. Our calculations also show that Ni can
form small clusters on the Cey-sZry,50,(111) surface; which also
locate around the Zr dopant. Due to Ni interactions, surface and inner
layers oxygen anions experience important modifications in their
geometric positions and the Ni atom deposition results in the partial

occupation of 7-coordinated Ce(4f) states.

1. INTRODUCTION

Cerium oxide-based materials are extensively used as catalysts
for purification of exhaust gases in the three-way automotive
converts, combustion of organics, production and purification of
hydrogen, water gas shift reaction, selective oxidation of CO,
production of synthesis gas (syngas), or gas sensors.' >

Syngas, a mixture of carbon monoxide and hydrogen, is not
only easily converted to hydrogen through the water gas shift
reaction, but also is a fundamental feedstock for the production
of methanol, dimethyl ether, and Fischer—Tropsch liquid
fuels.*> The predominant processes involved in the production
of synthesis gas are catalytic partial oxidation and steam and dry
reforming of methane, and also steam reforming of other
hydrocarbons and alcohols. Industrially, the catalysts commonly
employed in these processes are based on massive or supported
Ni, Pd, Pt, and Rh. The noble metals Pd, Pt, and Rh are more
stable and active than Ni. However, Ni is the cheapest and
therefore the most abundant element in the composition of
commercial catalysts.

The catalytic performance of Ni can be improved by the
addition of another metal or by the use of reducible supports. Ni
supported on pure CeO, catalysts has shown good activity for
methane partial oxidation reactions, but it rapidly deactivated
due to severe surface carbon deposition.® Besides, pure CeO,
supports presented poor thermal resistance and stability at high-
temperature operation conditions. The performance of cerium
oxide, mainly related to Ce**/Ce*" couples, reduction facility
and oxygen mobility properties, has been improved by the
addition of transition, alkaline-earth, or rare-earth metals."”
The incorporation of those metals into the CeO, lattice enhanced
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its redox properties, oxygen mobility, and thermal stability.
Particularly, the doping of CeO, with Zr promoted its Ce**/
Ce®" couples, oxygen storage capacity, thermal resistance, and
catalytic activity.® > CeO,—ZrO, solid solutions showed better
thermodynamic properties than pure CeO,, because of their
improved redox couples formation and reversible oxygen storage
properties."> "> Consequently, Ni/CeO,—ZrO, solid solutions
have exhibited excellent catalytic behavior during methane re-
forming reactions.'®”**

The performance of Ni/CeO,—ZrO, catalysts with different
contents of Zr has been compared to that of Ni supported on
pure CeO, or ZrO, oxides, for partial oxidation of methane."”
Ni/CeO,—ZrO, samples presented higher activity, lower reac-
tion temperature, and excellent coking resistance, and these
remarkable catalytic characteristics were related to their phys-
ics construction and also to strong Ni interactions with the
Ce0,—ZrO, supports. Ni/CeO,, Ni/ZrO,, and Ni/CegZry,0,
catalysts have been evaluated for combined reforming of methane to
produce synthesis gas for gas to liquid (GTL) process.”* The
authors related the enhanced catalytic activity and stability of Ni/
CeggZro,0, catalyst to the combination of cubic CegZry,0,
mixed oxide and finely dispersed nanosized NiO crystallites,
which resulted in intimate contact between Ni and the support,
better Ni dispersion, and improved oxygen transference during
the reactions. Ni/CeO,—ZrO, catalyst, compared to the ZrO,-
free sample, exhibited much higher activity for dry reforming of
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methane reactions.”® This was attributed to the presence of Zr in
the support, which considerably altered the electronic environ-
ment of the Ce ions, increasing the concentration of the active
sites of the surface. Besides, Ni/Ceg ¢Zr( 0, solid solution has
been reported as very promising anode material for hydrogen
production from methane partial oxidation, for power generation
in solid oxide fuel cells operating at intermediate temperatures.”**>
On the other hand, the relationship between activity and coke
formation in Ni/CeO,-based catalysts has been also investigated.*®
The authors reported, from samples characterization and meth-
ane dry reforming tests, an active role of CeO,—ZrO, mixed
oxides in the gasification of surface coke. The strong interactions
between Niand Ce—Zr supports have been identified as responsible
for coke deposition prevention.”’28 Besides, Ni/Ce; _,Zr,O, (x=0,
0.25,0.5,0.75, 1) catalysts, with finely dispersed Ni particles on their
surfaces, exhibited high activity and resistance to carbon deposits
formation."**® The coking resistance of Ni/Ceg 75219250,
catalyst has been compared with that of Ni/CeO, and Ni/
ZrQ, catalysts for methane partial oxidation to synthesis gas
reactions.”’ Ni/Ceg7sZr,50, mixed oxide resisted coke
formation more than the other catalysts, mainly because of
the high degree of Ni dispersion and surface oxygen mobility.

The difference between Ni interactions with CeO,—ZrO,
mixed oxides and that with undoped CeO, supports are highly
relevant to catalysis, as previously discussed. In spite of that, the
catalytic behavior of Ni/CeO,—ZrO, solid solutions is still not
fully understood and more research is needed to improve their
comprehension. Computational chemistry calculations on such
materials can provide information at atomic level about the
metal—support interactions, and the changes introduced in the
geometric and electronic structures of the support by the
presence of the promoter. These insights would be also very
useful for the design of new Ni/CeO,-based oxides catalysts,
which need to fulfill two main requirements: resistance to carbon
deposition and stability against metal particles sintering.

Theoretically, many works have reported electronic and
geometric studies on bare CeO, and ZrO, solids, and also on
noble metals supported on those oxides.”” ** Besides, the
interfacial properties of Pd and Pt supported on Ceg 521750,
systems were evaluated by first-principles electronic structure
calculations.>* The density functional theory has been applied to
study the defect chemistry and electronic structure of Ni/CeO,
materials.>® Recently, the effects of Ni substitutional and inter-
stitial point defects in CeO, structure were investigated by
performing ab initio calculations.®>® However, as far as we know,
there are no publications that provide first-principles insights
about Ni/CeO,—ZrO, systems, which can help to explain Ni
particles dispersion and oxygen mobility characteristics of these
materials. Therefore, in this work we performed density func-
tional calculations to investigate the energetics of Ni adsorption/
insertion on/in different Ceg-5Zro,50,(111) sites, and the
changes in the geometric and electronic structure of the Ce—Zr
mixed oxide support.

2. COMPUTATIONAL METHOD

We performed plane-wave periodic density functional (DFT)
calculations implemented with the Vienna Ab-initio Simulation
Package (VASP).*”3® The Kohn—Sham equations were solved
with the generalized gradient approximation (GGA) using the
exchan§e-correlation functional of Perdew—Burke—Ernzerhof
(PBE).”

The core electrons were represented with the projector aug-
mented wave (PAW) method.** The valence electron wave
functions were expanded using a truncation energy value of
400 eV, and the tolerance for the total free energy change set in
10~ * eV. We have used the valence configurations Ss, 5p, 5d, 4f,
6s for cerium; 2s, 2p for oxygen; Ss, 4d, Sp for zirconium; and 4s,
3d for nickel. The Brillouin zone was sampled with a 4 X 4 X 1k-
points grid according to the Monkhorst—Pack scheme,*' and a
Gaussian smearing of 0.2 eV. For the energy calculations, we
considered spin polarization effects and the final results were
extrapolated to those of SIGMA = 0 eV.

The standard DFT formulation usually fails to describe
strongly correlated electrons due to a deficient treatment of electron
correlation. This limitation has been corrected by using the
DFT+U method, where the introduction of a Hubbard para-
meter U modified the self-interaction error and enhanced the
description of the correlation effects.*** In this work, we used a
Hubbard parameter U = S eV to describe the on-site Coulomb
interaction of the Ce(4f) electrons. This value is consistent with
the recommendations of Nolan et al., who have reported that
CeO, structure essentially converges with respect to localization
for a value of the U parameter greater or equal to 5.0 eV.*¥*

Cerium oxide has a fluorite structure (CaF,), consisting of a
cubic close-packed array of Ce cations with all tetrahedral holes
filled by O anions. In the fluorite-type structure, each Ce*" cation
is surrounded by eight O>~ anions, which form the corners of a
cube. Also, each O~ anion is surrounded by four metal cations in
a tetrahedron-like structure.

The reported experimental value of the CeO, lattice para-
meter is 5.41 A.*® Besides, experimental studies have indicated
that cubic lattice parameter of CeO, decreased due to Zr mixing
into the cerium oxide.>*

In this work, we simulated the Ce 75Zr( 550, solid solution by
introducing a Zr-dopant atom into the bulk cubic cell of CeO,, as
reported in ref 7. The doped system contains 25% of Zr ions in
each of the cation layers, and our calculated DFT value of the
lattice constant is 5.41 A (5.42 A, in ref 7).

For cerium oxide, it has been reported that CeO,(111) face is
the most stable.>*® This surface corresponds to the minimal Ce—O
bond's cleavage. Thus, we performed Ni adsorption calculations on
the (111) face of the Ce—Zr solid solution doped with 25% Zr.

The Ceg75Zr9250, (111) surface was modeled as a supercell
(see Figure 1). This system, obtained by cleaving the optimized
bulk cell, was simulated with a 12-atomic-layer slab. The dimen-
sions of the supercell, 7.65 x 7.65 x 22.80 A?, avoided periodic
interactions of adsorbed molecules with the atoms of the upper
layers. Also, we allowed the layers to relax from top to sixth, and
fixed the next six layers to the bulk value. After that, we optimized
the geometry for the Ce, Zr, and O ions in the relaxed layers until
the forces on atoms were less than 0.02 eV/A.

The Ni atom adsorption energy was calculated as the differ-
ence between the total free energy of the Ni/Ce5Zt050,(111)
system and that of the bare Ce(-sZr(250,(111) surface termi-
nated by oxygen atoms and the atomic nickel:

AE 4 ni = E[Ni/Ceg75Zr250,(111)

— E[Ce0‘75Zr0_2502(111)] - E[Nl]

A negative value of AE, 4 n; means that Ni interaction on the
surface sites is stable. The value of the atomic nickel energy was
taken as the lowest triplet state Ni 4’ s': E[Ni] = —0.52 eV.3o¥
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We studied Ni atom interactions on different sites of the
Ceg75Z19250,(111) surface. Four of these sites are positions on
top of Ce, Zr, O1, and O4 ions (see Figure 1), and the other two
are bridge positions above two surface oxygen anions (the O—OP
bridge sites W and X).

The oxygen anions O1, 02, and O3 are located over the center
of a triangle which corners are occupied by Ce and Zr cations.
However, the O4 anion is located over the center of a triangle
which corners are only occupied by Ce cations. Thus, we studied
Ni adsorption on top of the Ol-type and O4 oxygen atoms.

The sites W and X are bridge positions above two oxygen
anions O2 and O3. As we can see in Figure 1, the environments of
these sites are different. On the site W, the nearest-neighbor
metal atom is a Zr cation; while on the site X, it is a Ce cation.

Ce1e
. Zr
©c ©Q
@ O, suface e . e \\
© 0 inlayers U
P (112) ) Q - Q@ o \

- o
L.e%e

Figure 1. Top view of the bare Ce(~5Zr(,50,(111) face, with indica-
tion of the studied Ni surface adsorption sites: Ce, Zr, 01, 04,and O—O
positions W and X.

Table 1. Adsorption Energy Value for a Single Ni Atom
Interacting on the Cey 75Zr(,50,(111) Surface

Ni positions AEads,Ni (eV)

Thus, we calculated Ni interactions on the O—O bridge sites
W and X.

We also evaluated other possible locations of Ni on the
Cep75Z19250,(111) surface such as Ce—O bridge, Zr—O
bridge, Ce—Ce bridge, Ce—Zr bridge, and hollow sites. Our
results indicated that these optimized systems would relax into
one of the aforementioned structures.

3. RESULTS AND DISCUSSION

In the following, we discuss the mechanistic details of Ni
interactions on/in different Ceg,5Zry,50,(111) surface and
subsurface sites.

3.1.Interactions of a Single Ni Atom on the Ceq 75Zr 2505-
(111) Surface. The calculated energy values for the adsorption of
Ni on different Ceg5Zrp250,(111) surface sites were reported
in Table 1. The less favorable energy value for the Ni adsorption
corresponds to a single Ni atom located on top of surface cerium
cations, where the Ni—Ce repulsion is maximized.*> Nickel in-
teractions on Zr and O ions are stable, and the order of pre-
ference for Ni adsorption on the different surface sites is: O top < Zr
top < O—O bridge.

When Ni was placed on top of oxygen O1, which coordinates
with a Zr cation, a Ni—O bond of 1.78 A was formed after the
relaxation (see Table 2). As a result, the oxygen O1 was moved
outward the surface about 0.3 A (see Figure 2). The rise of the
other surface oxygen ions was lower than that of O1; oxygens O2
and O3 were moved up 0.07 and 0.13 A, respectively. The oxygen
04 relaxed only on the (111) plane; it was moved 0.12 A toward
the oxygen O1. Those surface oxygen movements also affected
the O anions located on the third layer, which were displaced
0.1 A on its plane. The nearest-neighbor cations of oxygen O1
showed lower displacements: Zr was moved down 0.04 A, while
Ce was raised 0.07 A (see Figure 2). The movement of oxygen

Table 2. Ni—O Bond Lengths for a Single Ni Atom Adsorbed
on the Ceq ,5Zrg,50,(111) Surface

on top of Ce —0.47 L d(Ni A
on top of oxygen O4 oas Ni positions (Ni—0) (A)
on top of oxygen O1 —2.77 on top of oxygen O1 1.78

on top of Zr —3.21 on top of oxygen O4 1.78

on the O—O bridge X —3.88 on the O—O bridge site X 1.87,1.94
on the O—O bridge W —4.21 on the O—O bridge site W 1.86,1.92

0.0TA 0.13A
I 0.07A
0.04 A ‘

[111]

(112

Figure 2. Side view of the relaxation caused by Ni adsorption on top of the oxygen O1 on the Ce(-5Zro,50,(111) surface. The dotted line indicates the
position of the top metal cations. The region shown in the side view is also indicated between red lines in the front view on the right.
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O1, away from the surface, also influenced the Zr—O1 bond
stability; the O1—Zr distance elongated 0.14 A (see Table 3).

Ni interaction on top of oxygen O4 led to a Ni—O4 bond
length similar to that of Ni—O1 (see Table 2: d(Ni—04) =
d(Ni—01) = 1.78 A). Also, the movements of the surface and
third layer oxygen ions were similar to those observed for Ni
adsorption on top of oxygen Ol. On the other hand, no
displacement of the two Ce cations nearest neighbors of oxygen
04 was observed.

We report in Tables 3 and 4 Zr—O and Cel—O bonds
length for the bare Ceg75Zrg,50,(111) surface and after Ni
adsorption on top of oxygens O1 and O4. We can see that the
most significant change is that of Cel—O1 bond, which was
elongated 21% after Ni—O1 bond formation. The nearest-
neighbor metal cations of oxygen Ol are one Zr and two
Ce, while oxygen O4 is surrounded by three Ce cations.

Table 3. Zr—O Distances on Ceg~5Zry,50,(111) and
Ni—Ceg.75Zrg»50,(111) Surfaces

d(Zr—01) d(Zr—02) d(Zr—03)

4) (4) (4)
bare surface 2.48 2.48 2.16
Ni on top of oxygen O1 2.62 2.72 2.17
Ni on top of oxygen O4 2.60 2.60 212
Ni on top of Ce 2.52 2.52 2.16
Ni on top of Zr 2.24 229 231
Ni on the O—O bridge site X 213 227 3.73
Ni on the O—O bridge site W 2.14 2.17 3.19

Table 4. Cel—O Distances on Ce ,5Zry,50,(111) and Ni/
Ceg75sZry,50,(111) Surfaces

d(Cel—01) d(Cel—02) d(Cel—04)

(&) (&) (&)
bare surface 2.14 2.14 2.36
Ni on top of oxygen O1 2.59 2.12 2.46
Ni on top of oxygen O4 2.53 2.05 2.57
Ni on top of Ce 251 2.18 2.46
Ni on top of Zr 2.62 2.11 2.44
Ni on the O—O bridge site X 2.50 225 2.38
Ni on the O—O bridge site W 2.47 2.00 2.39

Theoretical DFT+U calculations have shown that oxygen
vacancy is more easily created on those CeO,(111) surface
sites located near Zr centers.”>° Thus, the localization of the Zr
dopant near oxygen O1 could explain that Ni interaction on
top of oxygen O1 was about 0.3 eV stronger than that on top of
oxygen O4.

We also studied the Ni interaction on top of Zr cation, which
was 0.44 eV more stable than that on top of oxygen O1 (see
Table 1). The Zr was moved inward the bulk by 0.19 A and the
three oxygens located near the Zr cation were moved 0.25—0.37 A
out of the surface (see Figure 3). These oxygens were also
displaced on the (111) plane by 0.11—0.18 A (see Figure 4) and
became located near the Ni atom at distances of 2.09—2.23 A.
Also, the Zr— 01 and Zr—O2 distances were shortened due to Ni
interaction over Zr (see Table 3).

We also studied Ni interactions on the bridge position
above the two oxygen atoms of the Ceg;5Zrg,50,(111)
surface. When the Ni atom was adsorbed on the O—O bridge
site W, the Zr was moved down 0.18 A toward an oxygen anion
of the third layer (see Figure S). The two surface oxygens O2
and O3 were moved out of the surface and bonded to the Ni
atom. These oxygen anions and the nearest Zr cation were also
relaxed on the (111) plane, as shown in Figure 6. The Ni—O
distances, 1.86 and 1.92 A, respectively (see Table 2), are
larger than that found after Ni adsorption on top of oxy-
gen Ol (1.78 A). On the other hand, the relaxation of the
Ce.75Zr9250,(111) structure due to the adsorption of Ni
atom on the O—O bridge site X, which nearest-neighbor metal
cation is a Ce, was similar to that resulting from Ni adsorption
on the site W. The comparison of the calculated adsorption
energy values for these two interactions (see Table 1) showed
that Ni adsorption on the O—O bridge site Wis 0.33 eV more
stable than that on the site X. The energetic of the most
favorable of these interactions, Ni adsorption on the O—0O
bridge site W, was driven by the location of the Ni atom: close
to a Zr and far away from Ce ions, thus minimizing Ni—Ce
repulsive interactions.>

3.2. Interactions of Two Ni Atoms on the Ceg 75Zr 2505
(111) Surface. The adsorption of two Ni atoms (Ni,) on the
Ceg5Zr0250,(111) surface was also considered, in order to
compare their relative stabilities. For that purpose, we placed a
second Ni atom on the Ceg-sZry50,(111) surface with a Ni
adsorbed on the most favorable O—O bridge site W position
previously found (Niy/Ceg75Zr250-). The value of Ni adsorption

e %0
‘021)‘«

[112]

@ @ce

@0 ONi

Figure 3. Side view of the relaxation caused by Ni adsorption on top of a Zr cation on the Ce75Zrg,50,(111) surface. The dotted line indicates the
position of the top metal cations. The region shown in the side view is also indicated between red lines in the front view on the right.
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Figure S. Side view of the relaxation caused by Ni adsorption on the O—O bridge site W on the Cey 75Zr(250,(111) surface. The dotted line indicates
the position of the top metal cations. The region shown in the side view is also indicated between red lines in the front view on the right.

energy (eV/Ni atom) was calculated as
AE.4,xi = {E[Niy/Ceq75Zr0250,(111)]
— E[Ceg.75Z10.250,(111)] — 2E[Ni] } /2

Due to the interaction of the second Ni atom on the O—O
bridge site X, the surface oxygens O2 and O3 were moved 1.35 A
out of the surface. As a result, four Ni—O bonds of similar length
were formed (see Table S). We also observed the relaxation of
the geometric positions of oxygen atoms located on the third
layer. The calculated adsorption energy value for this interaction
was AE, gni = —2.35 eV/Ni atom (see Table 6).

In the case of the deposition of a second Ni atom on the site W,
the interaction was more favorable with an adsorption energy
value AE, 4 n; = —2.83 eV/Ni atom (see Table 6). The lengths of
the formed Ni—O bonds, in the range of 1.83—1.93 A, are
reported in Table 5. The optimization of this structure involved
surface relaxation of the geometric positions of surface O, Ce, and
Zr ions and also subsurface inner layers oxygens. The surface
oxygens 02 and O3 were raised 0.6 A (see Figure 7). In addition,
the movements of the oxygen anions were extended to those in
the third and four layers of the slab. In spite of that extended
relaxation of O, Ce, and Zr atomic positions, no reconstruction of
the CeO,—ZrO, support crystal structure was observed.

Figure 6. Front view of the relaxation caused by Ni adsorption on the
O—O bridge site W on the Ceg5Zr,50,(111) surface.

The calculated adsorption energy value for the second Ni on
the O—O bridge site W was about 67% of that found for a single
Ni atom on the same site on the bare surface.

3.3. Interactions of a Ni Atom into the Ceg 75Zr(250,(111)
Slab. We also compared Ni interactions in the Ce—Zr(111)
subsurface layers with those on the surface. We calculated the
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nickel absorption energy by placing a Ni atom in different
positions into the Ceg75Zrg250,(111) slab: (i) in the subsurface
layer, (ii) between the first metal cations (Ce and Zr) layer and
the second oxygen layer, and (iii) between the second and third
oxygen layers. Similarly to the previous DFT calculations, we
performed structure relaxations by keeping fixed the in-plane
lattice vectors. The most favorable interaction corresponded to
the insertion of the Ni atom in the plane between the second and
third oxygen layers. The calculated energy value for this Ni
interaction was AE,n; = —3.88 €V, only 0.33 eV higher than
that for a Ni atom deposition on the surface O—O bridge site W.
Thus, a single Ni atom insertion and adsorption interactions
were almost comparable for the Zr-doped CeO, system.

After Ni insertion in the plane between the second and third
oxygen layers, the spacing between these layers (1.5 A in the
Ce—Zr bare slab) increased to 2.18 A. The Ni atom, inserted
about 2.4 A below the surface, coordinated with two oxygen
anions of the second O-layer and with one oxygen of the
third O-layer: d(Ni—Ogecond layer) = 1.96 and 2.07 A, and
d(Ni—Ohird 1ayer) = 2.03 A. These Ni—O distances are similar
to the Ni—O bond lengths in the nickel oxide (2.08 A). The
nearest-neighbor metal cations of Ni atom were located on the
fifth layer of the slab. The Ni—Ce distance was 3.95 A, larger than
that for the Ni,Ce alloy (about 3 A, see ref 51); while the Ni—Zr
distance was 2.8 A.

Next, we evaluated the possibility of a Ni insertion into the
Ce—Zr slab after Ni atoms deposition on its surface. The most
favorable absorption/adsorption sites previously found were
only considered. Thus, we placed a Ni atom into the second
and third oxygen layers of the Cey75Zrp,50,(111) support
with two Ni atoms adsorbed on the O—O bridge sites W and

Table 5. Ni—O Bond Lengths for Two Ni Atoms Adsorbed

on the Ce0_75Z1‘0.2502( 11 1)
d(Ni—0) (A)

Ni positions

Ni on the O—O bridge sites X and W
Ni on the O—O bridge sites W and W

173 (2), 1.74 (2)
1.83, 1.89, 1.92, 1.93

Table 6. Adsorption Energy Values for Two Ni Atoms
Interacting on the Ce;5Zr,50,(111) Surface

Ni positions AE,4;ni (eV/Ni atom)

Ni on the O—O bridge sites X and W —2.35
Ni on the O—O bridge sites W and W —2.83

W. Then we relaxed the positions of the Ni atoms together with
that of the Ce, Zr, and O ions located on the six top atomic layers
of the Ce—Zr slab model. The energy value for this Ni interaction
was calculated as the difference between the total free energy of
the Ni*/Ceg;5Zr0250,(111)** system and that of the
Ce75Z19250,(111)** slab and the atomic Ni energy. Ni*
represents a Ni atom inserted into the CegsZrg,50,(111)**
slab subsurface layers, while Ce(;sZrg250,(111)** represents
the Ceg-5Zr,50,(111) slab with two Ni atoms adsorbed on its
surface (each one over an O—O bridge site W). The calcu-
lated Ni absorption energy value after structure relaxation was
AEpsni = —0.92 eV. The insertion of a Ni atom into the Ce—Zr
slab with Ni deposited on its surface was 2.97 eV less favorable
than that into the bare Ce—Zr slab.

3.4. Interactions of Ni Clusters on the Ceg 75Zry2505(111)
Surface. Finally, we compared the relative stability of nickel
clusters versus a single Ni atom deposition on the CeO,—ZrO,
surface. We calculated the adsorption energy for the adsorption
of four Ni atoms (Ni) on the Ceg;5Zrg50,(111) supercell.
The Ni atoms were placed atop the surface oxygens on the
CeO,—ZrO, support, and then optimized their positions to-
gether with those of the Ce, Zr, and O ions located on the top six
atomic layers of the slab.

The Ni adsorption energy (eV/Ni atom) was evaluated as

AE.4,ni = {E[Nig/Ceg75Zrg250,(111)]
— E[Ceo75Zro250,(111)] — 4E[Nil} /4

The interaction of four Ni atoms on the Ceg;5Zry,50,(111)
surface was favorable, with an energy value of AE, 45 ni4 = —3.89
eV/Ni atom. In Figure 8 we can see that the optimization of this
geometry ended with the four Ni atoms located around the Zr
dopant. Moreover, the oxygens O1, 02, and O3 were relaxed to
positions at the hole above a subsurface oxygen atom. These
oxygen atoms were moved to that hole by 0.14, 0.15, and 0.45 A,
respectively; while the Zr cation was displaced 0.16 A to the
center of the Ni cluster.

The Ni atoms chemisorbed to the surface oxygens by forming
four Ni—O bonds of 1.78, 1.81(2), and 1.83 A, respectively. As a
result, the oxygens O1, O2, and O4 were moved out of the
surface by 0.27, 0.28, and 0.40 A, respectively (see Figure 9). The
oxygen O3 was the most relaxed surface anion; it was raised by
0.7 A, and also moved 0.45 A away from the Zr cation. The
movements of the surface oxygens also modified the atomic

0.28A

1@

[112]

Figure 7. Side view of the relaxation caused by Ni adsorption on O—O bridge sites W and W on the Ce(~5Zr(,50,(111) surface. The dotted line
indicates the position of the top metal cations. The region shown in the side view is also indicated between red lines in the front view on the right.
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positions of the oxygens located on the third and fourth O-layers.
These oxygens were displaced on its plane about 0.3 A, and also
moved 0.14 A up to the surface, or 0.18 A toward the bulk (see
Figure 9). In addition, the Zr cation was moved 0.17 A down to
the subsurface. On the other hand, the atomic positions of Ce
cations remained almost unchanged.

The significant exothermic interaction of Ni4 species and the
meaningful relaxation of the structure of the CeO,—ZrO, sup-
port indicated that Ni could stabilize on the Ce(sZry50,(111)
surface in the form of small supported Ni clusters located around
the Zr dopant. This idea was also supported by the calculated Ni,
tetrahedron cohesive energy value of —2.43 eV/Niatom, and the
Ni—Ni bond distances which lay in a range of 2.25—2.36 A in the
optimized Niy cluster. Thus, the Zr dopant could act as nuclea-
tion centers for Ni clustering.

3.5. Effect of Ni Deposition on the Electronic Structure of
the Ceg75Zr9250,(111) Surface. Our theoretical study of Ni
interactions on the Cey,5Zrg,50,(111) slab showed that Ni
bonded preferentially to the oxygens located near a Zr dopant.
The calculations also showed that these oxygens were partially
moved away from the surface. Thus, we analyzed the density of
states (DOS) of this system in order to understand the electronic
effect of Ni adsorption on the Ce75Zro,50,(111). The DOS
curve (see Figure 10) showed the typical highest occupied
valence band made mainly of O(2p) orbitals, and the narrow
Ce(4f) empty conduction band. The Ce(5d) and Ce(6s) states
were located higher in energy than the Ce(4f) states. This
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Figure 8. Front view of the relaxation caused by Ni clusters adsorption
on the CegsZrg,50,(111) surface.

manifold is consistent with the reported electronic structure of
the Ceg75Zr9250,(111) bare surface (see ref 31). The computed
energy value of the gap between the top of the valence band and
the bottom of conduction band was 2.1 eV, while the reported
experimental value for the bare mixed oxide gap is 3.0 eV.>

The DOS plot of the Niy/Ce75Zr250,(111) system also
showed new peaks located between the top of the valence band
and the bottom of the conduction band. The wide peak at lower
energy was made mainly from Ni(3d) and O(2p) contributions.
This peak corresponded to the Ni(3d)—O(2p) overlapping and
reflects the Ni-bonding interactions with surface oxygens. The
sharp peak at higher energy was located 0.83 eV below the main
4f manifold. Our calculations showed that this peak was made of
Ce(4f) orbitals and originated by the metal—support interaction,
with the Ni atom pulling of surface oxygens. The electron
transference to the hepta-coordinated Ce cation next-neighbor
of the highest raised surface oxygen was consistent with the
reported partial occupation of the most stable 7-coordinated
Ce(4f) state of the reduced Ceg75Zro250,(111) and CeO,(111)
surfaces.”*?

3.6. Discussion. The analysis of the different studied Ni
interactions on(in) the Ceg,5Zrg250,(111) slab indicated that
Ni interactions with Ce cations were unfavorable, in good agree-
ment with the reported repulsive character of Ni—Ce interactions.”
On the contrary, Ni adsorption/absorption's stability was driven
by the bonding of Ni to oxygen atoms located near Zr cations,
with the developing of strong Ni—support interactions.
Besides, from the adsorption/absorption's energy calculations
emerged the following preference order for the more stable Ni
interactions: adsorption of a single Ni atom on the bare slab
(AE,4sni = —4.21 eV) > adsorption of Niy clusters on the bare
slab (AE,qqni = —3.89 eV/Ni atom) > absorption of a single Ni
atom into the bare slab (AE,n; = —3.88 eV).

The most favorable of these interactions was the deposition of
a single Ni atom on the surface O—O bridge site which nearest-
neighbor metal atom is a Zr cation (AE,g;n; = —4.21 eV). This
suggested that the lower the content of nickel in the catalysts was,
the stronger the interaction between Ni and the support became,
as concluded from characterization results of Ni/CeO,—ZrO,
materials.>’

Our DFT+U Ni adsorption/absorption results also showed
that the deposition of Ni, clusters and the insertion of a Ni atom
into the Ce75Zrp250,(111) slab were very likely occurrences.
We calculated similar energy values (~—3.9 eV) for these Ni
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Figure 9. Side view of the relaxation caused by Ni clusters adsorption on the Cey 75Zry50,(111) surface. The dotted line indicates the position of the
top metal cations. The region shown in the side view is also indicated between red lines in the front view on the right.
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Figure 10. Spin-polarized density of states plot obtained for a single Ni
atom adsorbed on the O—O bridge site W on the Ce(-5Zr(,50,(111)
surface.

interactions, which resulted only 0.32 eV (~7%) less stable than
the most favorable single Ni atom deposition on the surface. The
formation of Niy species on the Ce—Zr oxide, 1.46 eV more
favorable than in vacuum, was mainly facilitated by the Zr
dopant; which acted as nucleation center for Ni clustering.
Experimentally, the deposition of small Ni particles on CeO,—ZrO,
solid solutions has been related to the content of Zr dopant.'*>%****
It was reported that CeO,—ZrO, mixed oxide supports dis-
persed well the Ni particles,””** forming crystallites of small
average diameter,'” and that finely dispersed Ni particles (active
sites) increased with the raising of Zr content.'”*> We have also
realized that the meaningful possibility of Ni insertion into the
subsurface layers of the Ceg;5Zrg,50, solid solution was facili-
tated by the presence of Zr dopant. Ni located between two
oxygen layers at 2.8 A of a zirconium, the Ni nearest-neighbor
metal cation, developed strong interactions with the surrounding
O and Zr ions. The incorporation of some Ni into the CeO,—ZrO,
supports has been related to the formation of relatively small and
finely dispersed Ni particles.>* Particularly, the possibility of Ni
entering into the lattice of the Ni/Ce75Zr,50, solid solution
was also associated to the enhanced dispersion of Ni on the
surface.>® Therefore, our findings could be taken as indications of
dispersed Ni species formation on the CeyysZro250,(111)
surface, in agreement with experimental reports which have been
connected the deposition of finely dispersed Ni particles to the
content of Zr dopant and the occurrence of Ni entering into the
lattice of CeO,—ZrO, mixed oxides.'¥>*?22355:56

The theoretical ab initio calculations could contribute to the
understanding of Ni/CeO,—ZrO, catalysts behavior through
the description, at fundamental level, not only of Ni interactions
with the support but also of the resulting atomic and electronic
structures modifications. Looking at the atomic modifications,
we underlined that Ni atoms bonded preferentially to oxygen
anions located near the Zr dopant, and consequently the Ce—Zr
mixed oxide structure experienced important relaxations. Due to
Ni adsorption, the oxygens connected to Ni were pulled 0.6 A of
the surface. The interaction of a second Ni on the O—O bridge
sites moved their bonded oxygens 1.35 A out of the surface. After
Ni insertion into the slab, the spacing between the second and
third oxygen layers increased about 90% and the surface oxygen
neighboring Ni ascended up to 1.14 A. Electronically, the
removal of oxygen atoms from the CeO, surface, forming anion
vacant sites, has been related to the ability of cerium to easily
adjust its electron configuration to best fit the immediate
environment. >3V #4553 [ Zr-doped CeO, solids, the formation
of anion vacancies and the mobility of lattice oxygens were
significantly enhanced by the distortion of the CeO, lattice.”*

In all these materials, the creation of surface oxygen vacancies caused
the simultaneous condensation of electrons into localized Ce(f)-
level traps. Our density of states (DOS) plot of the Niy/
Ceg75Zr9250, system showed the rise of two peaks between
the valence band and the empty conduction band: abroad peak at
lower energy corresponding to the Ni(3d)—O(2p) overlapping,
and a sharp peak at higher energy made of Ce(4f) orbitals. In our
DOS plot, the higher energy peak mainly came from the electron
transference of the most relaxed surface oxygen to a neighboring
Ce cation. The analyses of the atomic modifications, caused by Ni
adsorption/absorption interactions on(in) Ceg-sZrp,50, mixed
oxides, have also shown important movement of inner layer oxy-
gens coming up to the surface anion holes originated by Ni interac-
tions. These displacements could have contributed to the observed
electron localization on Ce(4f) orbitals, as reported for the diffusive
movement of an oxygen atom toward the surface of CeO,.”’

Our study of Ni interactions on(in) the Ceg;sZro,50,(111)
system revealed a strong correlation between the structural and
electronic properties. Ni interactions caused lattice strain with
important relaxations of surface and subsurface ions, which
resulted in the moving of bulk oxygens toward the surface, the
pulling of the surface of the oxygen anions located near the Zr
dopant, the enlargement of Ce—O and Zr—O bonds length with
their consequent weakening, and also the modification of the
Ceg75Zr0250, insulator character through the electron popula-
tion of Ce(4f) orbitals. Ni/CeO,—ZrO, solid solutions have
gained great attention during the past years, mainly due to the
high activity and resistance to coke formation of these materials.
The redox reactions and structural properties of Ni/CeO,—ZrO,
catalysts were mainly related to their behavior in methane
reforming reactions.'”'>>® The notable performance of these
catalysts was connected with the couples Ce*"/Ce®", and the
reducibility and consequent oxygen mobility. Strong Ni—sup-
port interactions and Ni incorporation into the CeO,—ZrO,
mixed oxides lattices, which enhanced the reducibility and helped
to produce mobile oxygens during methane reactions, were also
related to the enhanced catalytic activity of Ni/CeO,—ZrO,
materials.**>%° Our investigation of the Ni/Ce75Zrp,50,
system revealed important modifications caused by Ni adsorp-
tion/absorption interactions on the atomic and electronic struc-
tures. In spite of the lack of a detailed study about oxygen
vacancies formation in this system, we found some interesting
indications of surface and bulk oxygens' relaxations’ influence in
Ceg75Zr9250, reducibility and Ce*"/Ce>" reactions. In that
sense, our theoretical results could also be related to the catalytic
activity of the Ni/CeO,—ZrO, materials.

4. CONCLUSIONS

In this work, we have performed DFT+U quantum periodic
calculations to analyze the energetics of Ni interactions on the
Ceg75Zr0250,(111) surface and the modifications in the atomic
and electronic structures of the Ce—Zr mixed oxide support.

The comparison of the calculated Ni adsorption/absorption's
energy values showed that the most stable interaction corre-
sponded to a single Ni adsorbed on O—O bridge sites. In the
Cep75Z19250,(111) slab, Ni could also stabilize as Ni, species
deposited on the surface or as Ni cation inserted into the
subsurface layers.

The results showed that Ni atoms bonded preferentially to
oxygen anions located near the Zr dopant and caused an im-
portant relaxation of the Ce —Zr mixed oxide structure, involving

7463 dx.doi.org/10.1021/jp1108703 |J. Phys. Chem. C 2011, 115, 7456-7465



The Journal of Physical Chemistry C

not only surface Ce, Zr, and O ions but also O anions of the in-
ner layers. The density of states of Ni adsorbed on O—O bridge
sites showed the partial occupation of the 4f states of a cerium
cation, situated near the most distorted surface oxygen anion,
and could be interpreted as some extend reduction of the
Ceg75Z10250,(111) slab.

Our theoretical calculations indicated that nickel interactions
were influenced by Zr dopant, with the Zr doping centers
facilitating Ni deposition as small clusters and also Ni insertion
between two oxygen inner layers. These findings could be related
to the reported tendency of Ni to adsorb as finely dispersed Ni
particles on CeO,—ZrO, mixed oxides, which was associated to
the supports content of Zr dopant and the occurrence of Ni
entering into their lattices. Besides, Ni adsorption/absorption
interactions caused important relaxations of surface and inner
layers anions and reduction to some extent of the Ceg ;75Zrp,50,
structure, which could also modify the release of surface oxygens,
and thus be related to the catalytic behavior of Ni/CeO,—ZrO,
solid solutions.
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