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The location of the divalent nickel cation exchanged in low amount in dehydrated NaX is identified by
a combination of experimental (XAS) and theoretical (DFT) approaches. The Ni-O and Ni-T distances as
well as the coordination numbers evaluated from experiments are in good agreement with the predicted
models obtained from calculations. After dehydration, the migration of Ni?* towards the hexagonal prism
is confirmed and three distinct possible nickel sites are predicted. The results show the tendency of Ni?*
to get closer to the most basic framework oxygen atoms.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The location and environment of transition metal (TM) ions
exchanged in zeolites, as well as the characteristics of the related
metal-framework interactions, play an important role towards
the active properties of such TM/zeolite heterogeneous catalysts.
In order to achieve proper control of reactivity, studies devoted
to the precise understanding of these parameters continue to
deserve obvious interest. This is especially the case for Ni%*-
exchanged dehydrated faujasites (X and Y zeolites supports, with
FAU structure [1]) that are active in reactions such as DeNOx
[2-4], hydrogenation [5] or CO oxidation [6,7] but for which strong
discrepancies are found in the literature regarding the Ni2* coordi-
nation (from sixfold to threefold) and dy;_g distances (from more
than 2.30 to less than 2.00 A), depending on the study [8-22].

In hydrated Ni/faujasites, it is well established that the prefer-
ential location of Ni2* is inside the supercages [9-12] that have pore
diameters of the order of 13 A [1], thus offering a space big enough
to accommodate the nickel cation with its hydration sphere made
of six water molecules. Upon complete dehydration, all H, O ligands
are removed and the Ni2* ion migrates to more confined environ-
ments in order to optimize its coordination, being then stabilized
by its interaction with the framework oxygen atoms, as classically
occurs for ions in zeolites [19]. In the case of nickel, the preferred
location - and even sole expected one when nickel is present in
low content (few wt%) [15] — has been experimentally identified at
site I [11-16], usually recognized as being at the centre of the
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hexagonal prism. In such position, average Ni-O distances between
2.21 and 2.37 A with a coordination number of 6 were evaluated
from XRD Rietveld refinements [11,15,23]. Nevertheless, it was lat-
ter noted that this distance could have been overestimated - a value
0f 2.16 A being more probable - due to the fact that XRD gives a long
range average information (including Ni-free crystal parts). More-
over, at the local level, a shift of 0.5 A of all six O(3) oxygens around
each Ni2* cation towards the centre of the double six-member ring
was reported [8,13]. Smaller Ni-O distances (from 1.87 to 2.05A)
were also determined by EXAFS (extended X-ray absorption fine
structure) for dehydrated Ni/Na-faujasite samples [13,18,24].

An interesting specificity of EXAFS for the study of TM
exchanged zeolites is the ability of this technique to provide local
information on the nature of the atomic neighbours, coordination
number and bond lengths around the transition metal ion. Espe-
cially, we were able in a previous work [17] to follow by dispersive
EXAFS the progressive changes, upon rehydration, of the Ni envi-
ronment in a Ni/NaX zeolite (NaX being the common denomination
of faujasite with atomic Si/Al ratio in the range 1.2-1.4). After
dehydration, not only Ni-O but also Ni-T (T=Si, Al) linkages were
identified, confirming the strong interaction between nickel and
the zeolite framework. Moreover, dyi_o and dy;_t distances were
measured, which interestingly suggested a location of the Ni ions
distinct from the centre of the prisms, nickel being rather posi-
tioned closer to a part of the zeolitic lattice walls [17]. However,
the exact position of nickel could not be reached from EXAFS data
alone. Then, completing this experimental knowledge by theoreti-
cal calculations able to provide minimum energy configurations of
Ni sitting offers a fruitful manner to reach a precise understand-
ing of the sites. Such combination would reinforce the validity
of sites description, the experimental and theoretical approaches
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supporting each other. This is the purpose of this paper in which
experimental (EXAFS) and theoretical (DFT) methods are applied
in a complementary manner to clarify the sitting of Ni%* inside
the hexagonal prism of dehydrated Ni/NaX. Experimental data
concerning the hydrated sample are also given for the sake of com-
parison. Moreover, only the case of a sample with low Ni content is
considered in order to ensure nickel location inside the hexagonal
prisms (known as the preferred location after dehydration [15]).

2. Experimental
2.1. Sample preparation

The Ni/NaX sample, with unit cell formula Ni;3Nag7Hg4
Alg,Si1100384 (Si/Al=1.34) as deduced from atomic absorption
(measurement made in the Chemical Analysis Centre of CNRS,
Solaize, France) was prepared by refluxing a parent NaX zeolite
(Union Carbide) for 24 h at 343K in a diluted Ni(NO3), aqueous
solution (<0.1 M, pH=6.5). The sample was subsequently washed
three times with distilled water, recovered by centrifugation and
dried in air at 333 K. A part of the solid, containing 2.6 wt% Ni, was
kept in room atmosphere (hydrated sample), whereas another part
was dehydrated at 773K in vacuum (~5 x 10> Pa) during 30 min
and sealed in a glass ampoule to avoid rehydration (dehydrated
sample).

2.2. X-ray absorption spectroscopy (XAS)

The XAS spectra were collected at the Ni K-edge (8333 eV) on the
Dispersive XAS beamline D11 of LURE synchrotron (Orsay, France).
The hydrated and dehydrated samples were studied in the form
of pressed wafers, placed in the latter case into a cell with con-
trolled water-free N, atmosphere sealed with Kapton windows,
which ensured absence of rehydration. For registration of the spec-
tra recorded in the transmission mode at room temperature, the
polychromatic white X-ray beam issued from the DCI storage ring
(1.85GeV, 250mA) was reflected on a bent rectangular shaped
Si(11 1) crystal that permitted to simultaneously delimit the used
energy range and to focus this beam onto the sample. Detection of
the signal was then obtained by collecting the transmitted diver-
gentbeam on a CDD camera, as detailed earlier [17]. The absorption
was defined by In(Ip/I) where Iy and I are the incident and transmit-
ted signals, respectively. The EXAFS signals (k- x(k)) were extracted
by standard procedures, using the Michalowicz’s software pack-
age [26,27]. The Fourier transforms (FT) of the w(k)-x(k)-k* data
were carried out in the range 2.0-11.3 A= (w(k) is a Kaiser-Bessel
window with a smoothness parameter of 3). The simulations of
spectra were performed by FT filtering in the 1.1-3.5 A range and
by multiple-shell quantitative fitting using Ni-O and Ni-Si (or
Ni-Al) back-scattering pairs. The phase and amplitude functions
were calculated using FEFF 7.02 starting from the crystal struc-
tures of Ni(NO3 ),-6H,0 and Ni,SiO4. Note that we checked that no
Ni-Ni back-scattering pairs were present; indeed attempts made
by including them resulted in simulations that were not successful,
thus ensuring that such bonds are absent in our samples.

2.3. Cluster model

A Ni/NaX cluster made of 117 atoms (H340g9NijNagAlygSii4)
was considered for DFT calculations. This cluster, representing an
extended hexagonal prism of faujasite with Si/Al ratio of 1.4, was
obtained after optimizing the Ni-free Na-faujasite cluster previ-
ously built according to the following procedures (more details
are available elsewhere [28]). First, the chemical composition
SiggAlggNaggO3g4 of the LSX (Si/Al = 1) unit cell was considered. The
distribution of the extra-framework cations among the different

crystallographic sites was modelled by selecting the distribution
defined by Viatle et al. [29] that corresponds to 32 ions in site SI'
within the sodalite cages facing the 6-membered rings (6-mr) of
hexagonal prisms, 32 Na* in site SII facing the 6-mr of sodalite
cages towards the supercages, and 32 extra cations in site SIII in
the plane of the 12-ring (12-mr) windows (see Fig. 1 for sites posi-
tions). The second step consisted of cutting out, from the above
Na-LSX zeolite lattice, a cluster of 120 atoms, Hy40ggNaj3Al15Si12,
representing the hexagonal prism and a part of its environment.
The third step was achieved by adjusting the Si/Al ratio of the clus-
ter to 1.4 by replacing two Al sites by Si sites, thus giving the host
NaX cluster that is characterized by a succession of AlO4 and SiO4
tetrahedra except for two sites in which Si atoms replace Al ones.
These two Al/Si substitutions were made as follows. The first one
was done in one of the two 6-membered ring (6-mr) of the hexago-
nal prism, the other 6-mr being kept untouched in order to provide
the atomic Si/Al ratio of 1.4 (5 Al and 7 Si) in the prism. The second
substitution was made outside the prism and it was positioned in a
cluster part close to the substituted 6-mr (upper part of the cluster
in Fig. 1c). After that, the number of sodium cations was adjusted
to ensure charge neutrality and Ni?* was introduced within the
prism by replacing the two Na* located in I’ sites. Finally, all dan-
gling bonds were saturated with H atoms (OH terminations set to
1.0 A and orientated towards the direction of the next tetrahedral
site) [28]. In the following, we denote 6-mr(3Al) and 6-mr(2Al) the
six-rings forming the hexagonal prism and containing 3 and 2 Al
atoms, respectively.

2.4. DFT calculation method

All density functional theory (DFT) calculations were performed
using the Gaussian 03 package. Geometry optimizations were car-
ried out using the Becke3-Lee-Yang—Parr (B3LYP) [30,31] hybrid
functional. Basis sets at the 6-31G* level were used for the Si,
Al, O, Na and H atoms. Ni was described using the extended 6-
311+G* basis set. The same theoretical level was applied for the
optimization of the [Ni(H,0)g]2* molecule and gave a dy;_g distance
value of 2.06 A, in fair agreement with the experimental bonds
lengths reported for Ni-(OH; )g in hydrated faujasites (2.04-2.06 A)
[13,17,18]. The B3LYP functional has proven to be effective for
a number of transition metals exchanged in zeolites [32-34]. As
shown in benchmark tests [35], when combined with the 6-31G*
basis set, the DFT (B3LYP) appears to be the most accurate method
for predicting reliable energies and bond lengths (10 kcal/mol and
0.03 A, respectively). All geometries were optimized with an energy
convergence criterion of at least 10-7 Ha and a maximum norm
of the Cartesian gradient of 10~4Ha/Bohr. No corrections were
made with respect to the basis set superposition error (BSSE) [36].
During optimization, all atoms were allowed to relax except for
the H terminations that were kept frozen. These fixed hydrogen
atoms were positioned over the third coordination sphere of the
hexagonal prism; far enough to consider the absence of effect of
constraints that can be a source of artifacts in the cluster approach
[37]. At the initial stage, a set of single-point energy calculations
was performed to determine the spin state of nickel in the clus-
ter. The single-point energies were calculated with different values
of spin multiplicity and the lowest energy spin state was used for
the subsequent calculations. Geometry optimization of Ni2* inter-
actions with framework faujasite was performed after calculating
successive potential energy profiles (PES). For each calculation, the
nickel was first located at a selected coordinate and a scan of the
potential energy surface was applied along the z-axis. The resulting
energy profiles with different basins (two examples are shown in
Fig. 2) were used to localize the equilibrium geometries of nickel.
Then, the geometry for each basin minimum energy configuration
was re-optimized by means of EG calculations to obtain the final
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Fig.1. Schematic representation at different levels of the faujasite (FAU) structure showing (a) the framework and pore system, (b) the unit cell and (c) the extended hexagonal
prism with its classically referenced cationic site positions. The circle in (c) represents the anisotropic cluster part where two Si atoms substitute two Al atoms. The red,
yellow and purple balls represent the oxygen, silicon and aluminium atoms, respectively. Hydrogen terminations are shown (in c) by small white balls. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 2. Graph representing two scans of potential energy surface (PES) for nickel
along the z-axis, with nickel being first positioned at two selected coordinates
((0,0,0) and (—0.37,0,0)); resulting curves showing the different basins of the energy
profiles.

geometry for the particular location. In this last step of re-
optimization calculation, the nickel coordinate was no longer fixed.
Note that all the Ni/Na-FAU configurations considered in this paper
as well as their related Ni-O and Ni-T distances correspond to
such final equilibrium geometries. Moreover, for the evaluation
of both the coordination numbers and the average dy;_o values,
only the close oxygen atoms at dy;_g distances below 2.5 A are con-
sidered; similarly, only the dy;_r distances below 4.0A are taken

Table 1

into account. Finally, Natural Bond Orbital (NBO) analysis was used
to estimate oxygen Mulliken charges and electronic structures of
nickel.

3. Results and discussion

3.1. Experimental study of the Ni?* neighbouring in hydrated and
dehydrated Ni/NaX

The EXAFS signal of hydrated Ni/NaX and its relative Fourier
transformed spectrum are shown in Fig. 3a and b, respectively.
The single shell visible in the FT spectrum corresponds to oxygen
neighbours. Its spectral simulation leads to an average Ni-O bond
distance of 2.06 A and a coordination number of 6 (Table 1). Such
values are typical of nickel hexacoordinated to oxygen atoms in
the Ni(H,0)s2* complex, as is expected to be formed in the fau-
jasite supercages in presence of hydration water. Moreover, the
low value of the Debye-Waller factor (Table 1) indicates a strong
symmetry and homogeneous Ni-O distances.

After dehydration, the EXAFS signal is significantly modified
(Fig. 3a) and two FT contributions are identified (Fig. 3¢), which
reveal the presence of at least two ligand shells. The shell at
the lower distance in the FT window is still attributable to oxy-
gen neighbours, but it is slightly shifted and an intensity loss is
observed, suggesting a decrease of coordination. This is indeed con-
firmed by the best fit for the simulation of this O shell that leads to
a coordination number of about 5.5 and an average Ni-O distance
of 2.11 A (Table 1). Moreover, the value of the Debye-Waller factor,
higher than above, reveals a larger disorder, which is in line with
the symmetry loss expected if Ni2* interacts no longer with water
molecules but rather with the more rigid lattice environment.

Interatomic Ni-O and Ni-T distances (R), number of neighbour oxygen and tetrahedral (Si, Al) atoms (N), and Debye-Waller factor (o) obtained from spectra simulations for

dehydrated and rehydrated Ni/NaX.

Ni-O Ni-T
R* (A) NP o (A) R2 (A) NP o (A)
Hydrated 2.06 6.0 0.08 - - -
Dehydrated 2.11 5.5 0.11 2.73 0.5 0.07
3.33 4.0 0.07

3 40.02.
b +0.5.
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Fig. 3. (a) XAS spectra and (b and c¢) modulus of Fourier transform (FT) of the
w(k)-x(k)-k® signals (reported before phase shift correction) at the Ni K-edge:
experimental (dashed and full lines) and simulated (0,®) spectra for hydrated
(dashed line, 0) and dehydrated (full line, ®) Ni/NaX. The good fit between the
experimental (full line) and simulated (dashed lines) imaginary parts of the FT is
also shown for (b) hydrated and (c) dehydrated Ni/NaX.

Table 2

Besides this first shell, the most interesting new features are
obtained from the second shell, which best simulation is obtained
by assuming the presence of two sub-shells made of tetrahedral
framework atoms (T =Si, Al), located at Ni-T distances of 2.73 and
3.33A, respectively (Table 1). Such spectral identification of the
framework tetrahedral T neighbours attests of the narrow interac-
tion that takes place between the Ni2* cation and the zeolite lattice.
It gives access to an accurate experimental knowledge on the nature
and number of neighbour atoms and on bond distances around the
nickel ion. This information is fruitfully used below to validate the
site predictions available from calculations.

3.2. DFT predicted Ni2* sitting in the hexagonal prism of Ni/NaX

DFT results considering nickel in its triplet state are reported
hereafter. The geometry optimization of the Ni/NaX studied
cluster predicts not solely one but three distinct possible Ni2*
locations, one being to some extent energetically less favorable
(AE=2.6kcalmol~1) than the two others, as is illustrated in Fig. 4.
For each configuration, the figure shows a “side” view and an
“upper” view of the hexagonal prim, thus providing a detailed rep-
resentation of the nickel location. Moreover, the values of the Ni-T
(see side views) and Ni-O (see upper views) bond distances evalu-
ated in each model are indicated.

The three distinct positions having slightly different stability
levels can be discussed in view of the chemical anisotropy that
exists in the hexagonal prism of the NaX cluster, in which one of the
two six-membered rings is Al-richer than the other one. The most
stable configuration is found for nickel stabilized in the plane of
the 6-mr(3Al), where it can interact with four lattice oxygen atoms
of the ring (three and one oxygens in O3 and 02 positions, respec-
tively) through short bonds having lengths in the range 1.96-2.13 A
(site SI'g_mr(3al), Fig. 4a). The average Ni-O distance for this fourfold
coordinated site is 2.05 A. Besides, two different ranges of dy;_t dis-
tances are found, being either below 3 A (2.84 and 2.92 A) or above
3.3 A (four bonds with lengths between 3.34 and 3.42 A). Notice-
ably, such Ni-O and Ni-T distances are also identified in the less
stable configuration, with Ni2* located in the plane of the 6-mr(2Al)
(site SI's_mr(2a1), Fig. 4c). Therefore, the Si-richer (Al-poorer) envi-
ronment in this ring, which is known to decrease the basicity of
the lattice oxygen neighbours [38], is seen to have only a small
influence on the Ni position and on Ni-0 and Ni-T bond distances;
the effect of this lower basicity would rather be to slightly weaken
the Ni2* interaction with the framework (lower stability). In the
third stable configuration (Fig. 4b), Ni2* is found to be fivefold
coordinated in a site hereafter denoted Sly;nax, Positioned inside
the hexagonal prism but shifted by 0.23 A from the conventional

Mulliken charges of the oxygen atoms and nickel electronic configurations in the three different Ni?* sittings inside the NaX hexagonal prism.

Site dni-o (/:\) Oxygen Mulliken Ni electronic configuration
charges
SINi/Nax 2.05 —0.901 [core]4S(0.23)3d(8.17)55(0.01)
2.19 -0.901
2.21 —0.860
242 —0.853
245 -0.799
SI'6-mr(3A1) 1.95 —0.883 [core]4S(0.31)3d(8.17)
1.96 —0.890
2.07 -0.870
213 —0.868
SI'6-mr(2a1) 1.98 —0.900 [core]4S(0.29)3d(8.16)
2.03 -0.892
2.06 —0.880
2.11 -0.837
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Fig. 4. DFT predicted Ni2* sites in the hexagonal prism of dehydrated Ni/NaX and relative configuration stability (AE) with respect to the most stable configuration for
Ni/NaX. The green, red, yellow and purple balls represent the nickel, oxygen, silicon and aluminium atoms, respectively. For each configuration, a side view and an upper
view are presented, on which the values of all Ni-T (<4.0 A) and Ni-O (<2.5 A) distances, respectively, are indicated. The site denomination, Ni* coordination number (N) and
average dy;_o distances are also reported. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

centered SI site towards the high Al content region (Fig. 4b). As
compared to above, Ni2* in such location can increase its coordina-
tion to a higher number of lattice oxygen atoms (2 and 3 oxygen
atoms at O3 positions in the upper and bottom 6-mr, respectively).
At the same time, the Ni-O bond lengths are significantly increased,
being in the range 2.05-2.45 A, and only Ni-T distances above 3.1 A
are found. Therefore, the higher the coordination numbers of nickel,
the longer the Ni-O bond. This compromise between coordination
number and bond length leads to a configuration that is found ener-
getically competitive (AE=+0.6 kcal mol~!, Fig. 4) with respect to
the most stable fourfold configuration in site SI'g_my(3al)-

In Table 2 are reported the oxygen Mulliken charges and the
nickel electronic configurations obtained from NBO analysis for the
three equilibrium geometries. Even if the nickel configuration does
not change significantly whatever its coordination (five or four),
one can see that the dy;_g bound length tends to decrease when the
charge of the bounding oxygen increases. This well illustrates the
tendency of Ni2* to get closer to the most basic framework oxygen
atoms.

3.3. Precise site description from combined
experimental/theoretical methods

As already stated above, the EXAFS technique has the advantage
to identify at the experimental level the individual and instan-
taneous local structure around the nickel ion. In the present
dehydrated Ni/NaX sample, it is especially able to detect the occur-
rence of two different ranges of Ni-T distances. This experimental
information, as well as the other data available from spectral sim-
ulations, interestingly leads to Ni2* environments that are in very
good concordance with DFT optimized configurations.

In the hexagonal prism of the NaX faujasite, a competition
between the fivefold (Ni2* sitting near the centre of the hexagonal
prism) and fourfold (Ni2* sitting in the plane of the 6-mr) coordi-
nation is predicted. In all sites, the nickel tends to approach Al-rich

regions, which illustrates its affinity for the most basic lattice oxy-
gen atoms (connected to Al tetrahedra). Moreover, in the plane of
the 6-mr, Ni2* is close to the border of the faujasite wall, which
induces noticeable local deformation of the 6-mr (upper views in
Fig. 4a and c). The dy;_s; (2.84 A) and dy;_a (2.92 A) distances pre-
dicted by DFT for Ni2* in SI’ sites show the high agreement that
exists between the present calculations and the EXAFS simulations
thatalso reveals the occurrence of dy;_t values below 3.0 A (Table 1).
In addition, if we assume (i) that each of the sixteen hexagonal
prisms of the faujasite unit cell is occupied by one Ni2* and (ii) that
all three DFT optimized positions exist in Ni/NaX, we can consider
the Boltzmann energy distribution at 298 K, given by the equation
P;/P; = exp(—AE;;/RT), where XP;=1. The following proportions of
1.4%,26.6% and 72.0% are then deduced for nickel in sites SI'g_m(2al),
SIni/Nax and SU'g_my(3a1), respectively. Applying this distribution, we
can evaluate a predicted Ni-O average bond length of 2.10 A, which
is in fair agreement with the Ni-O distance of 2.11 A measured by
EXAFS. From their study of the cation environment after dehydra-
tion of nickel exchanged zeolite, Dooryhee et al. [13] have proposed
a similar average Ni-O bond value, which permitted to explain the
discrepancy between XRD and EXAFS results. These authors have
assigned such a short distance to nickel cations sitting in SI sites.
Using the Diffuse Reflectance Spectroscopy technique, Le petit and
Che [16] have demonstrated that such short distance lie out of the
range of octahedral or distorted octahedral nickel species in SI site
and should therefore be reassigned to four-coordinated cations in
distorted tetrahedral symmetry located in SI’ sites, such proposal
being in line with our findings.

4. Conclusion
In this work, the three distinct DFT predicted nickel sittings

inside the hexagonal prism of a dehydrated Ni/NaX with low Ni
content are confirmed owing to the information gained from EXAFS
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experiments. Especially, the rather short average dy;_o distance
evaluated by EXAFS, around 2.11A, as well as the occurrence of
short dy;_t distances, below 3.0 A, reveal that nickel is located not
solely at a position close to the centre of the prism but also, for more
than 70% of the Ni2* ions, in the planes of the two 6-mr constitu-
tive of the prism, as is predicted by calculations. Such a precise site
description could not have been reached by applying the experi-
mental approach alone. Similarly, the experiments are needed to
validate the relevance of DFT predictions. This demonstrates the
high power of combining experimental and theoretical approaches
for the identification of TM sites in zeolites or more generally in
heterogeneous catalysts.
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