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Nickel (Ni) single atoms and small clusters dispersed on CeqsZrgs0, (CZO) are promising for the dry
reforming of methane (DRM). However, understanding of defects and electronic interactions between Ni
motifs and (non) stoichiometric CZO surfaces is limited. Here, we use Density Functional Theory (DFT) and
ab initio thermodynamics to investigate vacancy formation and electronic properties of Ni; and Niy on
CZO(111). Surface and subsurface oxygen vacancies near Zr** ions dominate due to distortion-induced
stabilization across DRM-relevant chemical potentials; vacancies prefer to be subsurface. Interestingly, Ni
single atoms coordinate with two O, surface atoms on CZO(111) (Nice,z,), unlike three-fold coordinated Ni
atoms on hollow sites of CeO,(111). Ni; does not directly bind to oxygen vacancies due to its oxophilicity
and steric hindrance caused by multiple surface Ce*" ions. Clusters, on the other hand, can bind favorably
at a surface oxygen vacancy. Ni adatoms are more stable than Niy at trimer defects comprising one Ce and
two oxygen vacancies (Ce,(O,),), at the pristine surface, and at the Nice,z, site with a next-nearest neighbor
oxygen vacancy due to coordination with more oxygen atoms. The extent of electron transfer from the
metal to the surface and, thus, the degree of cationic character of a nickel adatom varies with its location
and defect type and correlate positively with its resistance to sintering. We discuss the expected
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Introduction

The recent shale gas boom in the US,' the growing need to
reduce carbon emissions, and the importance of hydrogen in
transitioning to a renewable energy economy>® make the dry
reforming of methane (DRM) (CH, + CO, — 2H, + 2CO) an
attractive route to produce hydrogen. Reducible metal oxides
are potential catalyst supports as they allow facile oxygen
vacancy formation and replenishment in the Mars-van
Krevelen-type mechanism. CeO, and mixed CeO,-ZrO, oxides
(CeyZr;-,0,) have been shown to be excellent supports for this
reaction,” owing to their high oxygen storage capacity (OSC).
Liu et al® have shown that Ce,Zr,_,O, is easier to reduce
because Zr is smaller than Ce, which introduces lattice
distortions and weakens the Ce-O bonds.”” Homogeneously
dispersed Zr*" in the CeO, lattice at a Ce:Zr ratio of 1:1
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(hereafter referred to as CZO) shows the highest reducibility
and 0SC.”*

Highly dispersed nickel on CZO is an attractive catalyst for
DRM because of nickel's abundance, high activity, and
resistance to coking.”* The complex electronic structure of
this catalyst remains largely unexplored. Different defects
(e.g., oxygen and/or cerium vacancies) can be stabilized
during DRM's reduction and oxidation half cycles, but the
dominant defect configurations and their distribution are
unknown. The nuclearity of Ni clusters could influence the
relative stability of defects with potential ramifications for
catalysis, but a practical catalyst will often contain a broad
distribution of Ni cluster nuclearities. These complexities
ultimately hinder a detailed mechanistic understanding, as
the interpretation of spectroscopic data for detecting defect-
Ni interactions hinges on the structural homogeneity of the
catalyst. Furthermore, state-of-the-art experimental
techniques have yielded limited information about the active
site  and its local coordination.">"®  First-principles
simulations could provide insights into the physicochemical
interactions at the atomic scale.

To shed light on the structure of Ni/CZO catalysts, we use
density functional theory (DFT) to electronically characterize
vacancy formation as well as nickel adsorption on pristine

This journal is © The Royal Society of Chemistry 2025
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and defected CZO surfaces. By evaluating the vacancy
formation and nickel adsorption energies, we gain insights
into the relative stability of the nickel single atom and
clusters on different surfaces. This paper is organized as
follows: first, we identify the location and configuration of
stable oxygen vacancies on the CZO(111) surface, then we
investigate the possibility of cerium vacancies and discuss
the electronic and geometric properties of defected
surfaces. To predict surface structure under experimentally
relevant environments, we investigate the stability of
different defects at finite temperatures and varying oxygen
partial pressure. Next, we assess the stability of a Ni
adatom and Ni, cluster on stoichiometric and non-
stoichiometric CZO(111) and vacancy formation in the
presence of nickel and provide insights into nickel-support
electronic interactions. Last, we discuss the interplay
between Ni binding and vacancy formation under different
oxygen conditions.

Methodology
Periodic electronic structure calculations

All electronic structure calculations were performed within
the spin-polarized DFT framework, using the Vienna ab initio
simulation package (VASP),"*'® version 5.4.1. The exchange-
correlation energy was calculated using the Perdew-Burke-
Ernzerhof (PBE)'® functional within the generalized gradient
approximation (GGA). The core electrons of each atom were
described by the projector-augmented wave function
(PAW)''®  method, and the  VASP-recommended
pseudopotentials (v54) were used for all elements. The one-
electron wave functions were developed on a plane-wave basis
set with an energy cutoff of 500 eV. The Ce 4f, 5s, 5p, 5d, and
6s electrons; the O 2s and 2p electrons; the Ni 3d and 4s
electrons; and the Zr 4s, 4p, 4d, and 5s electrons were treated
as valence electrons. The Brillouin zone was sampled at the
gamma point. A maximum force convergence criterion of
0.05 eV A was used, and each self-consistency loop was
iterated until reaching a convergence level of 107° eV. It is
well known that the GGA method incorrectly reproduces the
band gaps of CeO, and ZrO, and fails to accurately describe
the localization of Ce 4f states upon oxygen vacancy
formation in CeO,, on account of the electrons being strongly
correlated in the Ce 4f state. To remedy this, we adopt the
DFT+U  formalism,'>*® which has been extensively
benchmarked and shown great success in describing vacancy
formation, dopant behavior, and catalytic activity on CeO,.
Informed by the vast literature on CeO, and less so on ZrO,,
we select U = 5 eV for the Ce 4f states®® and U = 4 eV for the
Zr 4d states.”” Similar to the approach presented by Livraghi
et al.,”® our work also employs the DFT+U formalism for Zr
in CZO, as GGA functionals incorrectly reproduce the
bandgap for early transition metal oxides like ZrO,. For
comparison, we compute the surface and subsurface vacancy
formation energy on a p(4 x 4) CeO,(111) surface and the
bulk vacancy formation energy in a (2 x 2 x 2) supercell of

This journal is © The Royal Society of Chemistry 2025
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bulk CeO, to ensure similar oxygen vacancy concentrations,
using the same settings. Since multiple local minima with
different Ce®* configurations can exist upon reduction or
nickel adsorption, we explored the thermodynamically
preferred arrangements of Ce®" sites, focusing on those
nearest and next-nearest to the adsorbed nickel species. To
generate these configurations, we employed a two-step
structural optimization: we first biased the reduction by
substituting the target Ce atoms with La, followed by
restoring Ce and performing a final relaxation to obtain the
desired Ce*' configuration.”*

Bulk and surface models of CZO

Two types of bulk phases are often considered in modeling
CZO: the k-Ce,Zr,Og phase, which has segregated blocks of
CeO, and ZrO, units as viewed along [001], and the t-Ce,-
Zr,0g phase, which has uniformly distributed Ce*" and zr*"
ions, as viewed along [001]. The high OSC of the
k-Ce,Zr,0Og phase with its electronic and geometric origins
has been widely studied by DFT.>**® While segregation has
been suggested at high temperatures under oxidizing/
reducing environments by EXAFS studies,®*” its extent,
dependence on the environment and temperature, and the
synthesis procedure remain elusive. Computational studies
of bulk CZO have shown low energy gains from phase
segregation compared to the random cation arrangement,
which can exhibit multiple local minima.*® Therefore, in
this work, we assume uniform ordering of Ce** and Zr**
cations in bulk and investigate surfaces cut from the less
studied t-phase. To model the CZO unit cell, we substitute
Zr atoms for two Ce atoms in the unit cell of cubic-fluorite
CeO,. The bulk structure, which is a (2 x 2 x 2) supercell
of the cubic unit cell is shown in Fig. S1.f Bulk oxygen
vacancy formation energies are computed using this
structure. The structure is only slightly distorted from the
cubic fluorite to a tetragonal geometry (c/a = 1.005),*
resulting in uniform surface cuts.

From the aforementioned bulk structure, we carved out
the perfect crystal's most stable (111) and (110) surfaces.
We constructed a 9-layer slab (3 O-Ce-O tri-layers) with the
3rd tri-layer frozen during optimization for the (111)
surface and a 6-layer slab with the bottom two layers fixed
during optimization for the (110) surface. For both
surfaces, we used a p(2 x 2) slab and a 20 A thick vacuum
layer. The (111) surface is 10.2 J m™ more stable than the
(110), like in stoichiometric CeQ,.>’ The lower energy of
the (111) termination can be attributed to the Ce and Zr
atoms each having one less bond with lattice O
(7-coordinate surface atoms) whereas, on the (110) surface,
each metal atom has two less bonds with O (6-coordinate
surface atoms) (Fig. S2f). All subsequent analysis on
vacancy formation and Ni adsorption was done on the
(111) surface. The top-view of the CZO(111) surface is
shown in Fig. 1a.
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Fig. 1
formation. (O, red; Ce, yellow; Zr, green).

Results and discussion

Formation, structure, and stability of O and Ce vacancies
without Ni

The (111) surface of CZO has two types of surface O atoms:
O coordinated to two Ce and one Zr atom (hereafter OZ.),
and O coordinated to two Zr and one Ce atom (hereafter
037;). The subsurface O atoms are coordinated to two Ce
and two Zr atoms; three atoms lie in the same tri-layer as
the oxygen, and one in the layer below it. Therefore,
subsurface oxygens are of two types as well: one, where the
same tri-layer atoms comprise two Ce and one Zr atom
(hereafter OZ°) and the other with two Zr and one Ce atom
in the same layer (hereafter O3:"). The bulk oxygen atoms
are uniform. Fig. 1b shows the types of oxygen atoms.
Visual inspection shows that the O and Of, atoms are
displaced downward along the surface-normal compared to
the O and Of. atoms (Table S1t), resulting in elongated

Ce-0y, bonds (by ~0.06 A).
. 1 x
Assuming a neutral oxygen vacancy (O — 502 +Vy, in

Kroger-vink notation), its formation energy is independent
of the Fermi level and given by eqn (1)

~ 1 ’
AEO = gOCZ0 . 5EO2 _ pvCz0 (1)

where E¥?© is the total energy of the stoichiometric CZO

slab (s-CZO referring to the stoichiometric CZO surface),
E® %O is the total energy of the CZO slab with an oxygen
vacancy (vacancy coverage @ = 1/16), and Eo, is the energy of
a gas-phase O, molecule. Table 1 shows AE? for the five
defect sites at Of., O, ONP O and 02, = OY in
CZO(111), and the three defect sites at O°, O*"" and O in
Ce0,(111), for comparison.

Table 1 Oxygen vacancy formation energy for CZO(111) and CeO,(111)

AE® (eV) 0ce—CZO 0,,-CZO 0-CeO,
Bulk 2.69 2.69 2.79
Subsurface 1.81 1.22 1.98
Surface 2.06 1.42 2.02
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(a) Top-view of the p(2 x 2) CZO(111) surface, and (b) CZO(111) surface showing the four types of oxygen atoms involved in vacancy

Energetically speaking, Oz vacancies are easier to form
than Og. vacancies on both the surface and subsurface
(Table 1). Among the Oz vacancies, the subsurface O
vacancies are more stable than those on the surface, and the
bulk vacancies are the least stable, similar to what has been
observed for Ce0,(111).*° Comparing the oxygen vacancy
formation energies in Table 1, Zr doping clearly facilitates
their formation in CZO(111) compared to CeO,(111). The
preference of an oxygen vacancy in the subsurface near a Zr
cation has been reported previously on Zr-doped CeO,(111)
surfaces.”® The relative stability trends between Oz and Oce
vacancies remain the same across different U values for the
Ce f-orbitals (Table S27).

Next, we consider the energetics for cerium vacancy
formation on CZO(111) and compare with previous studies of
cerium vacancies on CeO,(111), particularly their interactions
with Au and Ir single atoms,®™*> as well as with the Ni-
substituted surface examined in this work. Assuming a
neutral defect (Cec. + O, — CeOy(s) + V&), its formation
energy is given by eqn (2)

AECer — gOe~C20 4 eglél(l;z ~Eo, - SCZ0 2)

s-CZO Ce,~CZO

where E and Eo, were defined earlier, E is the total
energy of the slab with a Ce vacancy, and €3y is the total
energy of bulk ceria per chemical formula. With AE®® = 4.1
eV, V¢ formation in CZO(111) is more facile than in
undoped CeO,(111) by 0.6 eV but still unlikely compared to
oxygen vacancy formation.

The data raises the question: how does Zr facilitate oxygen
vacancy formation in CZO(111)? Upon forming an O vacancy,
the surface distorts, and two electrons are left localized in
two Ce f orbitals, forming polarons.**** Here, a polaron is
characterized by electron localization at a Ce site and a
radially outward relaxation of O surrounding the site.
Therefore, following the formalism of Wang et al,** we
decompose the oxygen vacancy formation energy (AE®) into
the energy required to remove oxygen from the fixed
CzO(111) structure (AE™®™) and the energy gained from
relaxing the atoms upon oxygen removal (AEST™™). The
energies are given by eqn (3) and (4):

This journal is © The Royal Society of Chemistry 2025
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Table 2 AEP°™ and AES"3" values for the single oxygen vacancies

Oxygen atom removed AEPM (ev) AEST™ (V)
O;l;b 4.07 -2.85
05, 5.08 -3.66
ogb 4.34 -2.53
05, 4.29 -2.22
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— 1 a

Afbond _ Egrvlrfé? + 5EO2 _ gSCZ0 (3)
i 0,-CZ0 _ (0s-C20

AEStaIN _ g —Eunrelax (4)

From Table 2, we see that removing Oz atoms from the

surface and subsurface results in a higher relaxation-induced
stabilization compared to O¢. atoms. We evaluate this result

1.00 T
—— spinup
0759 spin down
0.504
0.25- 7 NN
8
a 0.004
a
—0.25
6 NN
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Fig. 2 Defective CZO(111) surface showing the vacancy and reduced cerium atoms and Ce pDOS on its f states for (a) O3

vacancy, (b) O3,
vacancy, (c) O vacancy, and (d) Og. vacancy. (O, red; Ce, yellow; Zr, green). Left structures; right pDOS. The vertical gray dashed line indicates

the Fermi level referenced to the vacuum level.
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with more analysis in the following section. Given the
differing coordination environments at the surface and
subsurface, we compare surface oxygens only with other
surface oxygens and subsurface oxygens only with other
subsurface oxygen atoms.

We now turn to electronic and geometric analyses to
further understand the role of Zr in stabilizing oxygen
vacancy formation. Fig. 2 shows non-stoichiometric CZO(111)
surface structures with the single oxygen vacancy and the
corresponding projected density of states (pDOS) on the Ce f
orbitals. The stabilizing polarons are
highlighted. The stability of multiple possible configurations
of Ce*" ions around the vacancy is evaluated, following the
procedure in Otero et al.>' The peaks just below the Fermi
level in the pDOS arise from the reduction of Ce*" to Ce".
Fig. 2a shows that for the vacancy at 03U the electrons are
localized on dissimilar Ce atoms: one is a 6-coordinated
surface atom adjacent to the vacancy and the other is a
7-coordinated surface atom away from the vacancy (although
one of the Ce-O bonds is elongated to 2.8 A, so it is not
entirely 7-coordinated). The higher-energy f-orbital belongs to
the 7-coordinate Ce®". This is because the reduction of Ce**
with a higher number of oxygen neighbors weakens the Ce-O
ionic bond more. Similarly, for the vacancy at O3, the
electrons localize on Ce atoms with a seemingly less
pronounced dissimilarity due to both electrons having the
same spin; the Ce atom away from the vacancy also has one
of its Ce-O bonds elongated to 2.8 A, making it closer to a
6-fold coordination (Fig. 2b). The vacancies at O and 0%,
are accompanied by  electron localization on
indistinguishable surface Ce atoms, and the f-states are
nearly degenerate (Fig. 2c and d). The Ce f orbitals all have
similar energies, making it challenging to determine the role
of Zr in oxygen vacancy formation. Hence, we turn to
geometric analysis to probe the AE*™™ noted above.

Visual inspection reveals significant distortions around
the O3® vacancy. The highlighted surface oxygen (Fig. 2a)
shifts downward along the surface normal by 0.33 A.
Distortion-based stabilization of oxygen vacancies around Zr
ions has been discussed for Zr-doped CeO,(111) surfaces;
however, it has only been quantified in bulk CZO.*> Here, we
compute the root-mean-square of displacements (RMSD)
between oxygen atoms in the relaxed and unrelaxed geometry
to quantify the extent of surface distortion accompanying
vacancy formation eqn (5):**

cerium atoms

n

RMSD = %Z (ri—r9) (5)

=1

where n is the number of oxygen atoms, r; and r° are the
positions of the oxygen atoms in the relaxed and unrelaxed
geometries, respectively. We did not include Ce and Zr in our
analysis as they undergo significantly less relaxation than the
oxygen atoms. We computed the RMSD of the oxygen atoms
in the first coordination shell of the vacancy (Fig. S3t), as
these atoms show the most pronounced relaxation. To

3416 | Catal. Sci. Technol, 2025, 15, 3412-3422
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Table 3 RMSD between relaxed and unrelaxed structures with the
oxygen vacancy. Computations are done for two cases: oxygen atoms in
the first coordination shell of the vacancy (first shell) and oxygen atoms in
the first coordination shell and on the surface (extended)

RMSD (A) Oce Oy
Surface (first shell) 0.28 0.4
Surface (extended) 0.08 0.09
Subsurface (first shell) 0.22 0.25
Subsurface (extended) 0.1 0.1

consider the possibility of relaxation of oxygen atoms further
away from the vacancy on the surface, we also computed the
RMSD of all the oxygen atoms in the surface and subsurface
layers (indicated as ‘extended’ in Table 3).

0, vacancies at the surface and subsurface distort the
structure more than Oc, vacancy. This agrees with the view of
distortion-induced stabilization of oxygen vacancies around
Zr atoms previously noted in bulk CZO.>® Greater structural
relaxation upon vacancy formation helps accommodate the
larger Ce®" ions in the lattice. Similar AES™" trends between
Oz and Oc, vacancies were noted in Table 2, showing that
the RMSDs upon vacancy formation correlate with the
AE*™" like in bulk CZO.

All the AE" values reported so far have been computed at T =
0 K and po (T= 0K, p) = 0 and are not representative of vacancy
formation under reaction conditions. Therefore, we examine
the stability of the defected-CZO(111) surfaces at finite
temperatures and different O, partial pressures. It is useful to
understand vacancy stability under oxidantrich and oxidant-
poor conditions, especially for Mars-van Krevelen reaction
mechanisms, which invoke oxidation and reduction half-cycles
involving lattice O. Assuming the surface vibrational
contribution to the free energy does not affect trends, we write
the free energy of vacancy formation as in eqn (6)

- - bulk bulk
AG' = EV 40 - S0 4 NOy, + NE© {ecgoz —Zﬂo] when el

bulk
< €ce,0,

or
Ce

\ : N,
AGY = E"C0 ~F<04 NOpo +=- |ebi, ~3p1o| when 2%, (6)

bulk
< €ce0,

where E¥““C is the total energy of the defected CZO slab, N$ and
NS are the numbers of O and Ce vacancies, respectively, and
Ho(T, p) is the chemical potential of atomic oxygen in the
reservoir. Here, it is convenient to introduce Ay as yo referenced
to half the total energy of oxygen in an isolated molecule at 0 K

1 .
<A,uo =uo(T, p) - 3 [E02]>. Based on the DFT+U formation
. . l bulk _ __ bulk _
energies of the bulk oxides, 5 |ece0, 36| = €ceo, ~ 2o at Mo
=-2.12 eV per atom.

This journal is © The Royal Society of Chemistry 2025
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Under DRM conditions where lattice O abstraction by CO
and O vacancy replenishment by CO, are quasi-equilibrated,
the effective O chemical potential is defined as: o = fico, -
Hco- Here, rather than the partial pressure of O,, o under
reaction conditions depends on the ratio of CO, and CO
partial pressures. We follow Zhang et al.'s methodology to
compute the reaction-relevant range,> and find that for 7/K
€ [800, 1100], Auo(T, p)/eV per atom € [-3.78, —3.03]. Since
Mio = -3.15 eV per atom when pco /pco is 0.5, Ay values
between -3.15 and -3.78 eV per atom correspond to
increasingly reducing conditions and between -3.15 and
-3.03 eV per atom to increasingly oxidizing conditions.

The upper bound of uo(T, p) can be extended to the energy
of an isolated O, molecule at 0 K, namely

TN

max(4o(T, p)) =5

Therefore, for (T, p) referenced to the energy of an isolated

0, molecule at 0 K, the bounds are

—4 < po(T, p) - [Eozl <0

Fig. 3 shows the relative stability of different types of defects

on CZO(111). In addition to oxygen and cerium vacancies, we
have investigated a cerium vacancy with one oxygen vacancy
(Cey, Oy) and with two oxygen vacancies (Ce,, (Oy),). Under
reducing conditions, oxygen vacancy is favored, with a more
negative AG' than on CeO,(111)*' consistent with the
reported higher reducibility of CZO.” Increasing po(T, p)
favors cerium vacancy creation, but even under strongly
oxidizing conditions, an oxygen vacancy is favorable over a
cerium vacancy. Overall, under DRM conditions, oxygen
vacancies are most likely in the CZO surface. The defect

S
L
9
g :
5 : .""’u.,.....
S ! Cev(ov)z L4
Q - s A ek ek
P3| 2 ﬁ**ﬂﬂw" . A
istoichiometric AAAARAAAD
0= +tbfrttbdttt +++—+—|»+++H++++XKK**M‘A Nt bbbt
] Aﬁ*
0, L aaasasttt!
-2 ; AAAAMALY
AARA ] Osub
H l v ;
1 I 1 I 1
-4 -3 -2 -1 0

Auo (eV/atom)

Fig. 3 Vacancy formation energy (AG') as a function of oxygen
chemical potential (Axo) with the most stable cerium oxide phase as a
reference (bulk CeO, and bulk Ce,Os3 to the right and left, respectively,
of the vertical dotted line at Aup = -2.12 eV per atom). The left end of
the graphs corresponds to reducing conditions, and the right end to
oxidizing conditions. The region between the vertical dashed lines
(Auo(T, p) € [-3.78, -3.03]) represents typical DRM reaction conditions.
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stability trends on the CZO(111) surface resemble CeO,(111).
In the next section, we discuss how Ni single atoms and
clusters alter the stability of the vacancies.

Structure, electronic properties, and stability of Ni anchored
on CZO surfaces

While Ni/CZO is an attractive catalyst for DRM, nickel's
interactions with the CZO support under reaction conditions
remain largely unexplored. In this section, we investigate the
stability and electronic properties of Ni and Ni, structures on
stoichiometric and non-stoichiometric CZO(111) surfaces and
how nickel affects support reducibility.

First, we investigate nickel adsorption on the stoichiometric
CZO(111) surface. Nickel binding energy on the surface per

metal atom (AEIS\;fnZO) is computed using eqn (7)
- - - bulk
AEG?O = (Eggzo —E¥C20 —peby >/n 7)

where AE{ is the total energy of the stoichiometric CZO slab

with a Ni,, cluster on it, 7 is the nuclearity of the Ni cluster, and
exi'™ is the total energy of bulk nickel per atom. AE3CZC
measures the stability of a Ni,, cluster relative to the bulk: large,
positive values indicate a strong preference for Ni to stay in the
bulk phase.

We considered six locations to anchor Ni adatoms: atop a
Ce atom (Nig.), atop a Zr atom (Niz,), atop Oz (Nio, ), atop
Oce (Nig_), the hollow site formed by a Ce and two Zr atoms
(Niz;,ce) and the hollow site formed by a Zr and two Ce atoms
(Nice,zr) (Fig. S41). The adsorption energies are shown in
Table 4. Ni is most stable at the hollow site formed by a Zr
and two Ce atoms (Nige z). With a AEX{? of 0.04 eV, the
nickel adatom is as stable as it would be in the bulk.
Interestingly, Ni adsorption on CeO,(111) has a AES® of
0.45 eV, which is closer in energy to the Nig, c. site. Analysis
of the geometries reveals distinct coordination environments.
In the Nigez, site, nickel coordinates to two O atoms
adjacent to the hollow site in a bridge geometry. The O
atoms are significantly displaced by ~0.8 A out of the plane
Fig. 4a). In contrast, at the less stable Niz c. site, nickel
adopts a three-fold coordination with the adjacent oxygen
atoms (Fig. 4b). Similarly, on CeO,(111), nickel binds at the
hollow site with a three-fold coordination to the surface
oxygen atoms, resulting in a binding energy comparable to

Table 4 Nickel and

CeO5(111)

binding energy on stoichiometric CZO(111)

-CZ0 / p 7CeO bulk
Binding site AEGIZO MBS (wrt e, eV)

Nice 1.51
Nig, 1.16
Nio,, 2.39
Nio,, 1.99
Nige,zr 0.04
Nize,ce 0.31
Ni/CeO, 0.45
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Fig. 4 Nickel binding sites (a) Nice,z//CZO(111), (b) Niz,,ce/CZO(111) and (c) Ni/CeO,(111) (O, red; Ce, yellow; Zr, green; Ni, blue).

that of the Niy, c. site (Fig. 4c). The notably stronger binding
on CZO(111) can be attributed to the substantial structural
distortion of the Oz atoms, which facilitates nickel's bridging
mode. Interestingly, Mao et al.*® found that Ni binds to the
(110)-type step edge of CeO,(111) in a similar O-Ni-O
bridging geometry and is more stable in this configuration
than as bulk Ni. This similarity shows the importance of
lattice flexibility in creating stable binding sites for single
atoms. In summary, the CZO(111) terrace facilitates the
dispersion of Ni single atoms much more effectively than the
CeO,(111) terrace.

A similar exploration was carried out to identify the most
stable binding geometry of a Ni, cluster (Fig. S51); the top
view of the stable structure is shown in Fig. S6.f Mao et al.*®
showed that Ni, prefers the pyramidal geometry over planar
on CeO,(111). On the CZO surface too, the most stable Ni,
cluster assumes pyramidal geometry atop a Zr atom. With a
AEY{© of 0.68 eV, the nickel cluster is less stable at the
surface than the adatom. Upon closely inspecting the
geometries, we see that the three Ni atoms at the base of the
pyramid interact with the surface oxygen atoms and displace
them, but by a smaller amount than the single atom. The
average Ni-O bond length for the adatom is 1.71 A, while for
the cluster it is 1.79 A. This indicates that the Ni-O bonding
is weaker in the cluster due to competing Ni-Ni bonds, and
results in weaker interactions with the support.

Next, we investigate how anchored nickel affects surface
reducibility. Unlike Au and Pd, Ni is unstable when anchored
to oxygen vacancies, as evidenced by nickel heat of
adsorption experiments on CeO,_,(111) surfaces.”® This

3418 | Catal. Sci. Technol., 2025, 15, 3412-3422

instability arises from nickel's pronounced oxophilicity,
which favors coordination with oxygen atoms rather than
binding to or nucleating at defects. To investigate how nickel
affects surface reducibility compared to bare CZO(111), we
compute the energetics for oxygen vacancy formation on Ni/
CZ0(111) and Ni,/CZO(111) using eqn (8):

y 1
AER, = Exi, BN, + 5 Fo, (8)

where Eg}n is the energy of the CZO(111) slab with an oxygen
vacancy and a Ni, cluster on it. We consider surface oxygen
vacancies in the same Oz row (denoted Oz NN), as the
oxygens coordinated to nickel, and in the adjacent Oz row
(denoted Oz._NNN). While surface oxygen vacancies are
kinetically relevant for the DRM reaction, there is a
thermodynamic driving force to create the more stable
subsurface oxygen vacancies. At DRM-relevant temperatures
of 1000 K, oxygen mobility should allow vacancy diffusion to
the subsurface. Therefore, we also evaluated an adjacent
subsurface oxygen vacancy formation. Table 5 shows the
vacancy formation energies as per eqn (8); Fig. S7 and S87
show the structures.

Table 5 Oxygen vacancy formation energies on Ni,/CZO

Vacancy formation energy (eV) Surface Subsurface
AEQ: -0 NN 1.86 1.85
AEQ -0 NNN 1.4 1.2
AER; ~ 0z NN — 1.35
AE ~Oz NNN 1.7 1.2

This journal is © The Royal Society of Chemistry 2025
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AE® in Table 1 and AEy; in Table 5 indicate that nickel
on the CZO(111) surface generally destabilizes Oz, vacancies,
especially surface vacancies with larger Ni clusters.

For Ni/CZO, the O vacancy formation energy reduces to
that on the pristine surface further away from the Ni single
atom. Interestingly, upon optimization, a surface Oz, vacancy
near the nickel cluster on Ni,/CZO converges to the
thermodynamically favored subsurface O, vacancy, reflecting
nickel's high oxophilicity. In addition to the structures in
Table 5, we also computed oxygen vacancy formation energy
at the foot of the Ni single atom and cluster (denoted
Oz:_Ni), as these vacancies may be more kinetically favored.
AEQ -0z Ni and AEy Oz Ni are 3.57 eV and 2.7 eV,
respectively, further evidencing nickel's high oxophilicity. The
destabilization of oxygen vacancies near nickel contrasts with
less oxophilic metals, such as Au, which can undergo partial
reduction upon interacting with supports like CeO, and
TiO,.”” We next explored the mechanism of O vacancy
destabilization. Comparing AES™™ values in Tables 2 and
S3,f we see that Oz vacancy formation away from the Ni
single atom has similar strain effects as the pristine surface.
In contrast, the nearest neighbor O, vacancy benefits less
from structural relaxation effects (Table S3t). These findings
indicate that the enhanced performance of the Ni/CZO
catalyst for DRM cannot be attributed to the thermodynamics
of vacancy formation, as Ni's oxophilicity and the reduced
lattice flexibility due to Ni-O bonding destabilizes
surrounding O vacancies. Instead, the improvement arises
from improved kinetics of breaking H-H or C-H bonds over
Ni sites and the subsequent vacancy formation at the Ni/CZO
interface.

Under the highly reducing conditions of DRM reaction or
the oscillating reducing/oxidizing conditions during CH,/CO,
half-cycles of chemical looping DRM, we expect the redox-
active CZO surface to be defect-rich. It is then worth checking
whether Ni might preferentially bind to surface defects rather
than fully oxidized CZO(111) under reaction conditions.
Beginning with oxidizing conditions, Jenkins and coworkers*
have suggested surface Ce vacancies for the Au/CeO,(111)
catalyst in such environments. However, for the Ni/CZO(111)
catalyst, Ni cannot assume a Ni*" configuration upon Ce
vacancy formation due to unstable dangling bonds on surface
oxygen. We, therefore, introduced two oxygen vacancies
adjacent to a Ce vacancy (Ce,(Oy),), to prevent dangling
oxygen bonds. It is worth noting that nickel adsorption at the
cerium vacancy is equivalent to Ni*" doping the CZO(111)
surface, which favors the creation of two oxygen vacancies for
charge compensation. We define the binding energy of nickel
to the pristine and Ce,(O,),-CZO surfaces by eqn (9):

Table 6 Nickel binding energy per atom on CZO(111) surfaces

Energy (eV)/defect s-CZO Ce,(0,),-CZO
AEi;lirface 0.04 2.4
AE%:‘face 0.69 0.12

This journal is © The Royal Society of Chemistry 2025
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Cey(0y),-CZO Cey(0y),-CZO Ce, (0,),~CZO _ , bulk
AVINA = (ENi,, ’ ~EC(O) ney; )/n 9)

Ce,(0y),-CZO
Ni,

defect and a Ni, cluster. In this definition of binding energy,
the energy change depends only on Ni adsorption, as defects
are expected to be naturally present.*”

From Table 6, we see that the Ni adatom is very stable at
the Ce,(Oy), defect, more so than on the pristine surface.
Examination of the geometry (Fig. S9ct) reveals that the Ni
adatom forms a stable square-planar complex with two
surface and two subsurface oxygens. In contrast, Ni
coordinates with two surface oxygen atoms on the pristine
surface. This enhanced stability of the Ni adatom on the
Ce,(0,),~CZO surface can be attributed to its ability to
coordinate with more oxygen atoms than on the pristine
surface.

While nickel atoms are highly oxophilic and stabilized by
coordinating with oxygens, they can also be stabilized
through interactions with other nickel atoms during
sintering. We expect this to be the primary mode of Ni
stabilization once all Ce vacancies are filled or under
reducing reaction conditions. By computing the nucleation
energy per Ni atom (AEj,.) from eqn (10), we find that on
the pristine surface, the surface with an oxygen vacancy at
the O,,_NNN site, and the Ce,(O,), defect site, nickel remains
dispersed as single atoms. In contrast, Ni single atoms are
highly unstable at the oxygen vacancy site. The
thermodynamic driving force for nucleation strongly
correlates with the number of coordinating oxygen atoms
around the nickel adatom: the lowest driving force is
observed at the Ce,(O,), defect site, where Ni coordinates
with four oxygens, while the highest is at the oxygen vacancy
site, where Ni coordinates with no oxygen atom (Table 7).

where E is the energy of the slab with a Ce,(Oy),

MBSy = (B, +3F° -8, ) /4 (10)
To understand the electronic origins of the differences in
nickel stability across surfaces, we analyze nickel's Bader
charges and the number of reduced Ce®* species on the
surface. The number of reduced Ce*" species can be related
to the extent of surface reduction (as discussed in the
previous section of the paper) and consequently, nickel's
oxidation state. Due to Ni's oxophilicity, we expect the most
strongly adsorbed Ni species to be largely cationic. Table 8
shows the Bader charges on the nickel adatoms and clusters.
Nickel remains either cationic or metallic across surfaces.
From Table S4,f we note that Ni single atoms have an

Table 7 Nucleation energy (per Ni atom) across CZO surfaces

Surface Nucleation energy (AEjyc) in eV
s-CZO 0.65
Oz _Ni-CZO -1.18
0, NNN-CZO 0.75
Ce,(0,),-CZO 2.56
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Table 8 Electron transfer from nickel (per atom) to the support

Surface qni qni,

s-CZO 0.7 0.3,0.3,0.3,0
0y,._Ni-CZO -0.02 0.15, 0.15, 0.35, 0
0, NN-CZO 0.7 0.3,0.3,0.3,0
0, NNN-CZO 0.7 0.3,0.3,0.3,0
Ce,(0,),-CZO 0.9 0.3,0.5,0.7, 0

oxidation state of +2 on the pristine surface and when
adsorbed at a CeO, vacancy, and remains metallic at an O,
vacancy. For Ni,, due to its pyramidal geometry when binding
to surface O, the three basal Ni atoms in contact with the
surface oxygens exhibit cationic character. In contrast, the
apex Ni atom is metallic. When Ni, binds to Ce,(O,), or O,
defects, the basal Ni atoms lose their symmetry, exhibiting
varying levels of interaction with the surrounding oxygens.
Specifically, on the Ce,(O,), defect site, one of the Ni atoms
adopts a square planar coordination with surface and
subsurface oxygens, while the other Ni atoms interact weakly
with the oxygens (Fig. S10f). The extent of electron transfer
from the nickel adatom to the surface correlates with its
resistance to sintering: the highest charge transfer is noted
on Ce,(O,),-CZO, which stabilizes the adatom the most,
followed by the pristine surface and the surfaces with the
oxygen vacancy at the O, NN and Oz_NNN positions. Nickel
remains metallic on Og._Ni-CZO, which explains why
sintering or diffusion to sites with oxygen atoms could be
favorable at DRM temperatures.

Oxygen vacancies adjacent to nickel, while kinetically
relevant, are energetically unfavorable due to nickel's
pronounced oxophilicity. Nevertheless, understanding the
stability of such surface defects adjacent to nickel under
realistic oxygen partial pressures is crucial for elucidating the
catalytic behavior of Ni/CZO systems. Therefore, we plot
AGY{?° (defined below) as a function of o (Fig. 5), in the
spirit of the analysis presented in Fig. 3. This definition of
AGY{*® computes the Ni binding energy to the non-
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stoichiometric surface but also includes a correction for the
formation of the defect, as given in eqn (11).

v-CZO _ ( v-CZO _ ps-CZO o e[ bulk _ o bulk
AGy;, " = (ENin E + Nyfto + Ny [eCeo2 2/40} nENlbu]k)/ néceo,

bulk
< eCez 03

or
Ce

" i C N,
G = (B0 1270 4 N3+ 622~ o] i) e, (1)

< et
Fig. 5 shows that across the Auo(T, p) range, oxygen vacancies
further away from nickel are most favorable due to nickel
adatoms and clusters coordinating with oxygen atoms. Such
sites may not occur under reducing conditions with a high
concentration of oxygen vacancies. Therefore, we consider
other defects that stabilize nickel. In the DRM-relevant range
of Auo(T, p)/eV per atom € [-3.78, -3.03], Ni single atoms
stabilize Ce,(Oy,), defect sites, which are unfavorable on the
pristine CZO surface. The Ni, cluster, on the other hand, can
bind favorably at the surface oxygen vacancy and the Ce,(O,),
defect site under DRM-relevant conditions. Overall,
comparison with Fig. 3 shows that the nickel stabilizes Ce,,
the pair of O, and Ce,, and Ce,(Oy), formation.

Conclusions

We employed DFT and ab initio thermodynamics to
investigate the energetics, stability, and electronic properties
of vacancy formation and nickel adsorption on CZO(111).
Subsurface and surface oxygen vacancies are favored near
7Zr*" ions due to distortion-induced stabilization, and the
latter are more favorable across DRM-relevant conditions. Ni
single atoms coordinate with two O, surface atoms as Ni**
motifs, unlike three-fold coordinated Ni atoms on hollow
sites of CeO,(111). Interestingly, Ni dislikes direct binding to
oxygen vacancies compared to a pristine surface due to its
oxophilicity as well as electrostatic repulsion from multiple
surface Ce®" ions. The enhanced performance of the Ni/CZO

6 "= Ce 57 " Ce,
\i
‘..."-.q 5 .“....'l..q
4 '.."-.....' 4 C.“V..U:"
s Ce, O, 3 34 stbichiom
= 21 Ooe ""“m.... = A
§ W et m”"o.,.n g e -
assstStoichiometric ; < -
07 AAARE kAR i Y
] Oz-NNN
€70 1 7
-24 v A'A
14
T T T T T T T T T !
-4 -3 -2 -1 0 -4 -3 -2 -t

Auo (eV/atom)

Auo (eV/atom)

Fig. 5 Nickel (a) single atom and (b) cluster (Nis) adsorption energy on the defected and pristine-CZO surfaces as a function of oxygen chemical
potential (o). The most stable cerium oxide phase is used as reference (bulk Ce,O3 and bulk CeO, to the left and right, respectively, of the vertical
dotted line at Auo = -2.12 eV). The left end of the graphs corresponds to reducing conditions, and the right end to oxidizing conditions. The region
between the two vertical dashed lines (Auo(T, p) € [-3.78, -3.03]) represents the typical DRM reaction conditions.
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DRM catalyst stems probably from the kinetics of H-H or
C-H bond activation, vacancy formation, or oxygen diffusion
rather than thermodynamics. Further work is needed to
delineate the mechanisms.

Ni adatoms are more stable than Ni, at trimer defects
comprising one Ce and two oxygen vacancies (Ce,(Oy),), at
the pristine surface, and at the Nic.zr site with a next-
nearest neighbor oxygen vacancy due to coordinating with
more oxygen atoms. Thus, defects exposing oxygen atoms,
e.g., (Ce,(0y),), will stabilize Ni single atoms, but single
oxygen surface vacancies would not directly bind Ni;.
Clusters, on the other hand, can bind favorably at a
surface oxygen vacancy due to Ni-Ni interactions
compensating for the missing surface oxygen. We expect
that high Ni loadings will lead to Ni; adatoms anchoring
next to oxygen vacancies, divacancies, and pristine areas
and Ni clusters stabilized by oxygen vacancies at their
perimetry or underneath. The extent of electron transfer
from the metal to the surface and, thus, the degree of
cationic character of a nickel adatom will vary with its
location and defect type and correlate positively with its
resistance to sintering: the highest charge transfer is on
Cey(Oy),, followed by the pristine surface and surfaces
with a single oxygen vacancy in the next nearest neighbor
position. In an actual catalyst, we thus expect Ni atoms
with varying metallic character and nuclearity to
participate in the chemistry.

These findings provide valuable insights into the Ni/CZO
DRM catalysts, emphasizing the importance of nickel's
electronic interactions with defect sites of the CZO surface.
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