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Abstract Reduced NixMg1-xO solid solutions are

promising catalytic materials for the dry reforming of

methane with carbon dioxide, a reaction of tremendous

importance that converts two green-house gases into syn-

gas. Conventional nickel-based catalysts have been found

to encounter carbon deposition (i.e., coking), one of the

major resources that cause the catalyst deactivation. Pre-

vious studies suggested that MgO-supported Ni nanopar-

ticles produced from the reduction of NixMg1-xO can

inhibit the accumulation of carbon. The efficiency and

durability of the catalyst strongly depends on the mor-

phology. Here we employed density functional theory to

investigate the structural changes of the NixMg1-xO(100)

solid solution under different conditions. Our results show

that Ni ions preferentially anti-segregate to the subsurface

layers of the MgO matrix during the NiO–MgO intermix-

ing. Under reducing conditions, Ni ions facilitates the

generation of oxygen vacancies, which prefer to couple

together with Ni ions inside the MgO matrix to form a Ni

ion–oxygen vacancy pair. In addition, the segregation of a

Ni ion–oxygen vacancy pair can be controlled by changing

the concentrations of Ni ions. This is driven by the strong

interaction between oxygen vacancies and Ni ions. It is

well known that oxygen vacancies play an important role

during a catalytic reaction on an oxide, providing active

sites to help the adsorption and dissociation of reaction

intermediates. Our results show that in mixed oxides

oxygen vacancies could also drive the segregation of the

catalytically active components and provide new opportu-

nities to tune the catalytic activity of oxides.

Keywords Mixed oxides � Segregation � NiO–MgO �
Oxygen vacancy � DFT

1 Introduction

Mixed-metal oxides have recently re-emerged as very

attractive materials in many applications such as photo-

electronics, fuel cells or catalysis [1–5]. It has been found

that the interaction between the oxides in the mixture may

allow a fine-tuning of the properties of each other and

therefore results in a superior activity over the individuals.

Solid oxide solutions—solid-state mixtures of one or more

oxides (solutes or dopant agents) in an oxide solvent (host

matrix)—are particularly interesting. NiO–MgO solid

solutions have been widely used as catalysts for methane

activations, in particular, dry reforming of methane.

Methane dry reforming, CO2 + CH4 ! 2CO + 2H2, com-

bines two of the most problematic greenhouse gases to

generate syngas for the synthesis of clean liquid fuels and

valuable chemicals. In industry, Ni-based catalysts have

been used for methane dry reforming as they are relatively

cheap and exhibit high conversion [6, 7]; yet, due to the

high-temperature reaction of the reforming process, the

conventional Ni catalysts deactivate quickly due to sin-

tering of the active metal phase and carbon deposition (i.e.,

coking) [8, 9]. Currently, there is no commercial catalyst

robust enough to sustain dry reforming reactions on an

industrial scale. The catalysts based on noble metals have

been reported to be less sensitive to coking than the nickel-

based catalysts. However, considering the high cost and

limited availability of noble metals [10], it is more profit-

able to develop a Ni-based catalyst, which is resistant to

carbon accumulation and exhibits long-term stability. It has

been shown that the interaction between Ni and an oxide or
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a mixed oxide support exerts a great effect on its catalytic

properties as well as inhibiting carbon deposition [11–14].

As an example of this, previous studies demonstrated that

an oxide support affects the nucleation mechanism and

even the magnetic state of small Ni clusters [15–17]. In

particular, reduced NiO–MgO solid solutions have been

reported to exhibit a high stability against metal sintering

and a strong coking resistance [18–22]. Unfortunately,

there is no clear explanation behind the unusual behavior of

the reduced NixMg1-xO catalyst.

One of the keys to control the performance of the cat-

alyst is the preparation procedure. Factors such as the

solute composition or the reduction conditions sensitively

affect the activity and stability of the catalyst. Reducing

NixMg1-xO catalysts in a hydrogen atmosphere at high

temperature has been found to result in well-dispersed Ni

particles inside the MgO matrix [23]. Effects of precursor

concentration are also important, and relatively low NiO

contents, in the range 9.2–28.6 wt%, have been found to be

effective to achieve a highly active catalyst [24]. Another

key factor is associated with the oxygen vacancies pro-

duced during the reduction [25]. Oxygen vacancies are

known to affect the catalytic properties of oxides by

directly participating in the reaction and helping to adsorb

and dissociate reaction intermediates [26]. For the reduced

NixMg1-xO, oxygen vacancies have been proposed to drive

the segregation of small amounts of Ni from the matrix to

the solid–gas interface, which could be responsible for the

high activity and stability of the catalyst during methane

dry reforming [6]. Significant research efforts have been

made addressing the thermodynamics of segregation on

ideal metal alloy surfaces [27]. However, little is known

about the strength of surface segregation in mixed oxides,

which is important for catalytic applications. The funda-

mental understanding of NixMg1-xO has so far been lim-

ited to the adsorption of a Ni atom on or in the surface layer

of MgO(100) [28–30]. A deeper understanding of the

atomic arrangement of the Ni ions in the MgO matrix

during the intermixing and reduction remains elusive,

which will help unravel the principles that underlie the

catalytic performance of the oxide.

Here we employ Density Functional Theory (DFT) to

investigate the structural changes of NixMg1-xO solid

solutions under different conditions. Our calculations

reveal that during the intermixing, Ni ions preferentially

anti-segregate to the subsurface of NixMg1-xO and hence

the surface is terminated by MgO. Oxygen vacancies,

created during the early stages of the oxide reduction,

trigger the segregation of the active components. Accord-

ing to our calculations, an active Ni ion and an oxygen

vacancy are coupled together and form a pair. The pair

prefers to stay on the surface of the oxide matrix at rela-

tively low Ni concentration and in the subsurface at

relatively high Ni concentration. The vacancy-driven seg-

regation is attributed to the strong association of oxygen

vacancies and Ni ions, and can have a significant effect on

the performance of the reduced NixMg1-xO catalysts for

methane dry reforming.

2 Methodology

The intermixing of NiO with a rock-salt-based MgO matrix

was studied using DFT, which was implemented with the

Vienna Ab Initio Simulation Package [31–34]. The spin-

polarized generalized gradient approximation with the

PW91 functional and pseudopotentials generated in the

projector-augmented wave method were employed. An

energy cutoff of 400 eV ensured planewave convergence,

and the Brillouin zone integration was performed on a

7 9 7 9 1 Monkhorst–Pack grid for all Ni–Mg–O com-

pounds or a 12 9 12 9 12 grid for bulk materials [35].

The convergence criterion was an atomic force of 10 meV/

Å. We focus on the NixMg1-xO mixtures, where ‘‘x’’ is the

concentration of Ni with x = 0.04, 0.08, 0.12 and 0.16 (or

7.4, 14.4, 20.9 and 27.0 wt%). In this concentration range,

NixMg1-xO mixtures have been reported to be paramag-

netic [36]. Hence, our computational approach is enough to

adequately describe the magnetic and electronic structure

of the mixtures. A six-layer slab with a (2 9 2) unit cell, as

shown in Fig. 1, was used to model the MgO(100) matrix,

being part of the Mg ions were replaced by Ni ions. The

total energy of the mixtures was minimized with the full

relaxation of the atomic positions of the three topmost

oxide layers, whereas the three bottom layers were fixed to

their bulk PW91-optimal positions (aMgO = 4.237 Å). Our

results indicated that Ni ions retain the magnetization,

being the average magnetic moment of two BM.

We used two relevant thermodynamic potentials in order

to study the surface segregation and reduction of the

NixMg1-xO solid solution. We computed the surface segre-

gation energy, Esegr, defined per supercell as follows in Eq 1.

Esegr ¼ E NixMg1�xO 100ð Þ½ � � E NixMg1�xO 100ð Þsurf

� �

ð1aÞ

for fully oxidized NixMg1-xO. Or.

Esegr ¼ E NixMg1�xO0:96 100ð Þ½ �
� E NixMg1�xOy 100ð Þsurf

� �
ð1bÞ

for NixMg1-xO0.96 with one oxygen vacancy per supercell.

E is the total energy per supercell of the corresponding

slabs (NixMg1-xO(100): Ni ions at different layers;

NixMg1-xO(100)surf: Ni ions only on the surface layer;

NixMg1-xOy(100): both Ni ions and the oxygen vacancy on

its most stable position; NixMg1-xOy(100) surf: both Ni ions
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and the oxygen vacancy on the surface layer). Esegr is a

reasonable estimate of the tendency of segregation of Ni

ions to the surface. We also computed reduction Gibbs free

energies associated to the following defect-mediated

process.

O2� þ Ni2þ þ H2ðgÞ ! Vd� þ Nidþ þ H2OðgÞ ð2Þ

where the superscript represents the charge of an ion and V

stands for an oxygen vacancy. The value of d is between

zero and two. Reduction Gibbs free energies, DG�Red, were

calculated at 700 K and computed at standard pressure

conditions according to Eq. 3.

DG�Red ¼ G�Pr oducts � G�Reac tan ts ¼ DH�Red � TDS�

� EðNixMg1�xO0:96Þ � EðNixMg1�xOÞ
� TðS�H2O � S�H2

Þ
ð3Þ

where T and kB are respectively the temperature and

Boltzmann constant. The standard enthalpy change, DH�Red,

can be approximated with the total energy change per

supercell neglecting the PV term, and the standard entropy

change, DS8, is dominated by the change in entropy con-

tribution of the gas phase H2O ðS�H2OÞ and H2 ðS�H2
Þ,

being much higher than that of condensed phases or con-

figurational entropy of the solid solution (*0.64 meV/K

vs. *–0.02 meV/K per oxide unit formula). The entropy

contribution was calculated on the basis of atomistic

thermodynamics [37]. Reduction free energies were

translated to reduction temperatures for pH2O=pH2
= 10-5

and for equilibrium conditions (DG�Red = 0).

3 Results

We first address the structure for NixMg1-xO oxide solu-

tions and analyse the thermodynamics of oxide-mixing. A

key quantity of interest is Esegr, which determines the

tendency of segregation of Ni ions to the surface. Esegr

depends on the solute (Ni ion) concentration and distribu-

tion in the matrix. For each solute concentration, we con-

sider a set of different solute positions leading to different

layer population. For sufficiently negative segregation

energies, the surface layer will contain the Ni ion, whereas

if the energy of segregation is positive, the surface layer is

mostly MgO-terminated.

Figure 2 displays the Esegr as expressed in Eq. 1 for

different solute configurations. The set of configurations

displayed along the X axis represents the anti-segregation

of solute from the topmost surface layer to the second and

the third layer in the subsurface at different concentrations

of solute. Our results indicate that the distribution of solute

inside the MgO matrix is not uniform. As shown in Fig. 2,

at all four concentrations, Ni ions prefer the near-surface

region of the matrix (the second layer) instead of the top

surface layer or the bulk-like third layer. This anti-segre-

gation can be rationalized by means of surface energy. The

surface energy of MgO is lower compared to that of NiO

(cMgO = 2.38 J/m2 and cNiO = 5.34 J/m2 [38]). Anti-seg-

regation of NiO to the second layer of the matrix is able to

reduce the surface energy of the mixture. In contrast, the

further migration of Ni ions to the third layer is less

favourable. According to the previous studies [39, 40], the

low-coordinated oxygen ion on MgO is more active than

the high-coordinated. In the case of NixMg1-xO(100), the

Ni ions in the third layer only interact with the bulk oxygen

ions with coordination of six; in contrast, the Ni ions in the

second layer is able to interact with a low-coordinated

oxygen ion in the surface (coordination number, five),

which provides a stronger binding than those in the bulk. In

this way, a NiO-free surface is likely to form on a fully

oxidized NixMg1-xO(100) mixture.

The next question is what the effects of reduction on the

NixMg1-xO structure are and whether the presence of a

single oxygen vacancy generated during the reduction will

affect the structure of the mixed oxide. NixMg1-xO is

reduced through the creation of oxygen vacancies (see

Eq 2). The electronic structure of an oxygen vacancy

associated to a Ni cation on a NiO matrix has been pre-

viously investigated theoretically, showing that the asso-

ciation lead to effective reduction of the Ni cation [41]. In

Fig. 1 Schematic representation of a supercell of NixMg1-xO(100)

model (x = 0.04). The red spheres represent oxygen atoms whereas

the blue and yellow spheres represent the Mg and Ni cations,

respectively
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the case of NixMg1-xO, the two electrons generated on

creating an oxygen vacancy are delocalized between the

oxygen-vacancy site and the Ni cations. In this way, Ni

cations are partially reduced, which is shown in Fig. 3 for

the projected density of states for a Ni cation before and

after reduction. One can see that the new density of states

right below the Fermi level emerges for the Ni cation after

the generation of an oxygen vacancy. Therefore, as we can

see in the following, the segregation behavior of those

species is anticipated to be different than fully reduced Ni

cation. In the present study, we only consider the creation

of a single oxygen vacancy in the supercell following Eq 2.

The corresponding energy is expressed in the form of

reduction Gibbs free energies DG�Red per supercell and is

displayed in Fig. 4 for different solute concentrations. For

each solute concentration, DG�Red is calculated based on the

configuration with the most stable position for the solute,

which is shown in Fig. 5 together with other less stable

structures and energetics. We understand the vacancy

concentration should be larger under reducing environ-

ments. What we are focusing now is on the initial reduction

process. We use DG�Red to scale the redox properties of the

oxide and the reduction is thermodynamically more

favourable with the lower Gibbs energy [42]. The calcu-

lated DG�Red value for MgO(100) is *3.4 eV, which

corresponds to a reduction temperature of T * 2300 K.

This is in qualitative agreement with the experimental

evidence, finding a reduction temperature of *2500 K

[43]. Our results probe that the addition of NiO facilitates

the reduction of MgO. For a NixMg1-xO(100) solid solu-

tion with x = 0.04, a reduction temperature of 1900 K is

estimated, which corresponds to a DG�Red value of

*2.7 eV. This effect is associated with the binding

strength of oxygen anions in the oxide matrix. It has been

reported that the energy required to create an oxygen

vacancy on NiO(100) is considerably smaller by 2 eV than

that on MgO(100) [15, 44]. The presence of NiO in the

MgO matrix helps decreasing the vacancy formation

energy by more than 1 eV. Our calculations also indicate

that the oxygen ions directly bound to Ni are easier to

remove than those bound to Mg, hence suggesting that

oxygen vacancies and Ni ions tend to be located close to

each other and form a pair. A similar effect has recently

been found for the mixtures of reducible oxides, e.g., ceria

and titania [45]. Figure 4 also shows that the dependence of

DG�Red on the solute concentration, which is in agreement

with experimental studies [46]. The reduction energy

decreases as the amount of Ni ions increases and conse-

quently reduction temperature is lowered. With the

increasing of Ni concentration from x = 0.04 to x = 0.16,

DG�Red for NixMg1-xO mixed oxide is reduced by more

than 2 eV (Fig. 4) and the reduction temperature is

decreased by *1600 K down to *300 K.

Fig. 2 Esegr per supercell for various solute configurations, repre-

senting the segregation of solute (Ni ion) from the topmost surface

layer to the second and the third layer in the subsurface of fully

oxidised NixMg1-xO(100) mixtures with x ranging from 0.04 to 0.16.

We include in the inset atomistic representations of the slab models,

showing only the four topmost layers of a six-layer slab. Blue Mg;

yellow Ni; red O

Fig. 3 Projected density of states (LDOS) to a Ni cation in the fully

oxidised (Top Panel) and the reduced NixMg1-xO(100) mixture with

a single oxygen vacancy (Bottom Panel), where x = 0.04 and 3d, 4s

and 4p orbitals are also included. The zero corresponds to the vacuum

level. Insets are the corresponding configurations. Blue Mg; yellow
Ni; red O; black Ovac
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Our results further suggest that a single oxygen vacancy

produced during reduction can cause the segregation or anti-

segregation of solute Ni ions. Figure 5 further illustrates the

effect of an oxygen vacancy on DG�Red and the segregation

of NixMg1-xO(100). For each Ni concentration, the oxygen

vacancy goes from the surface layer to the second and the

third layer in the subsurface along the X-axis. DG�Reds for

those with the most stable Ni corresponding to a certain

position of the oxygen vacancy are shown together with the

corresponding configuration. For a NixMg1-xO mixture

with x = 0.04, the Ni ion-oxygen vacancy pair prefers to be

in the surface layer of the matrix, and hence the Ni ions

segregate to the surface. This is in contrast to fully oxidized

NixMg1-xO mixtures, where the Ni ion preferentially

incorporates in the subsurface of the matrix. The segrega-

tion effect depends on the solute concentration. With

x increasing to 0.08 and higher, the Ni ion–oxygen vacancy

pair remains buried below the surface (Fig. 5). In order to

quantify the above effect, we display in Fig. 6 Esegr for the

most stable configuration at each Ni concentration. Again,

the negative energies represent for the surface containing

the Ni ion–oxygen vacancy pair, and the positive energies

correspond to a MgO-terminated surface. One can see that

for the fully oxidized NixMg1-xO in the whole range of

solute concentrations we studied, Esegr is positive. Differ-

ently, for the case of NixMg1-xO in the presence of an

oxygen vacancy, Esegr varies in sign from negative to

positive when going from low to high Ni concentrations.

Segregation is a common phenomenon observed in

metal alloys that modifies the surface composition and

therefore results in a unique catalytic activity different

from that of each individual [47, 48]. The present study

shows that similar effects happen for mixed oxides, though

the situation is more complicated. For fully oxidized

NixMg1-xO(100), the Ni ions at different concentrations

preferentially anti-segregate to the subsurface layers of the

MgO matrix, rather than staying in the surface layer.

Therefore, a MgO-terminated NixMg1-xO(100) surface is

likely to form; yet the presence of Ni ions in the MgO

Fig. 4 Variation in the reduction Gibbs free energies (DG�Red) of

creating a single oxygen vacancy with in NixMg1-xO(100) unit cell

with the increasing of x from 0 to 0.16. For each solute concentration,

the DG�Red is calculated based on the configuration with the most

stable position for the solute, which is shown in Fig. 4 together with

other less stable structures and energetics. The lower DG�Red the more

favoured the reduction of the mixed oxide will be

Fig. 5 Variation in the reduction Gibbs free energies (DG�Red) of

creating a single oxygen vacancy with in NixMg1-xO(100) supercell

with the increasing of x from 0 to 0.16. For each Ni concentration, the

oxygen vacancy goes from the surface layer to the second and the third

layer in the subsurface along the horizontal axis. DG�Reds for those with

the most stable arrangement of Ni corresponding to a certain position of

an oxygen vacancy is shown together with the corresponding config-

uration. Blue: Mg; yellow: Ni; red: O; black: Ovac

Fig. 6 Segregation energies per supercell, Esegr at different solute (Ni

ion) concentrations for fully oxidised (blue bars) and reduced (red
bars) NixMg1-xO(100) with the increasing of x from 0.04 to 0.16
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matrix does facilitate the reduction process. Different from

the metal alloys, under reducing conditions, the segregation

in the mixed oxide varies due to the generation of oxygen

vacancies. For the reduced NixMg1-xO(100), the Ni ion–

oxygen vacancy pair can stay on the surface at relatively

low Ni concentrations and in the subsurface at relatively

high Ni concentrations. That is, by tuning the concentra-

tions, Ni ions and oxygen vacancies in the reduced

NixMg1-xO(100) can either be driven to the surface to

participate in the reaction directly, or stay in the subsurface

and play the secondary role. Accordingly, the fully oxi-

dized NixMg1-xO may not be catalytically active towards

methane dry reforming due to the presence of non-reduc-

ible or relatively inert MgO on the surface; in contrast, the

reduced NixMg1-xO favours the partially reduced Ni ions

and oxygen vacancies on the surface at low Ni concen-

tration, which are much more active than MgO and

therefore higher activity is likely to be achieved. We

believe that this effect is driven by the nature of the

vacancy-cation association. As shown in Fig. 3, the

removal of an oxygen anion leaves two electrons which are

delocalized between the Ni ion and the vacancy, leading to

a strong vacancy-cation interaction [36]. On bare MgO,

this effect does not happen and the two electrons are

localized at the vacancy site. Such insights are of great

importance to the development of better catalysts. A strong

defect-cation interaction has been found responsible for the

high ionic conductivity of other oxides such as doped ceria

[49], while our present study points out the possible roles

that it could play in catalysis.

4 Conclusions

In the present work, we investigated the surface composi-

tion of NixMg1-xO solid solutions by means of DFT cal-

culations. Our results revealed that, during the intermixing,

Ni ions preferentially segregate to the subsurface and hence

a MgO-terminated NixMg1-xO(100) surface is likely to

form. Under reducing conditions, the presence of Ni ions

facilitate the generation of oxygen vacancies in the MgO

matrix, where the partially reduced Ni ion and an oxygen

vacancy prefer to couple together and form a pair. In

addition, oxygen vacancies are able to trigger the segre-

gation or anti-segregation of partially reduced Ni ions.

Depending on the concentration of solute Ni ions, the Ni

ion–oxygen vacancy pair can stay either on the surface or

in the subsurface. Therefore, the NixMg1-xO(100) surface

terminated either by the relatively active oxygen vacancies

and Ni ions or by the relatively inert MgO can be achieved.

Accordingly, the fully oxidized NixMg1-xO may not be

catalytically active towards methane dry reforming due to

the presence of relatively inert MgO on the surface; in

contrast, the reduced NixMg1-xO can display higher

activity, being able to hold the active Ni ions and oxygen

vacancies on the surface.This segregation is rationalized in

terms of a radically strong interaction between oxygen

vacancies and Ni ions.

It is well known that the catalytic activity of an oxide

strongly depends on the metal ions, oxygen ions and oxy-

gen vacancies exposed on the surface, which may partici-

pate directly in the adsorption and dissociation of the

reaction intermediates. Our results suggest that for mixed

oxides, the situation can be more complicated. Segrega-

tions have to be considered, which leads to the presence of

different metal ion species on the surface. In addition,

oxygen vacancies may not only act as active sites. The

segregation of catalytically active components can also be

driven by oxygen vacancies. A careful control of the

conditions during the reduction of mixed oxides can

potentially provide the opportunity to control the distribu-

tions of active metal ion–oxygen vacancy pairs and there-

fore the catalytic activity of the mixture.
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Sci 522:175

16. Giordano L, Pacchioni G, Illas G, Rösch N (2002) Surf Sci
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