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Abstract: Recently, surface modifications on a commercial Ni/Al,O, catalyst during the production of methane
from synthesis gas were investigated by quasi in situ X-ray photoelectron spectroscopy (XPS). The effect of the
synthesis gas on the surface properties of the catalyst and on its activity under methanation conditions was
studied on an atomic level.l" The conclusion was that the stability of Ni particles on the y-Al,O, support can be
influenced by cluster growth phenomena, which influence both size and distribution of the metal particles. In this
study, Ni deposition and cluster growth on model catalyst samples (10 nm thick, polycrystalline y-Al,O, on Si(100))
was investigated by XPS. The molecular structure of the catalyst was investigated using Density Functional
Theory calculations (StoBe) with cluster model and non-local functional (RPBE) approach. Al,,O, H,. clusters
were selected to represent the y-Al,O, (100) surface. Ni clusters of different size were cut from a Ni(100) surface

and deposited on the Al O, H,. cluster in order to validate the deposition model determined by XPS.
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1. Introduction
Nickel-based catalysts supported on
v-AlL,0,, TiO,, Pt, zeolites or SiO,,>! are
interesting examples due to their usage in
numerous industrial processes.>-51 Previ-
ously, it was shown that nickel particles
change their morphology during catalytic
reactions by cluster growth processes, and
that part of the active clusters are lifted
from the support due to carbon deposi-
tion and carbon whisker formation.l!]
The industrial application of these types
of catalysts(>191 makes the investigation of
the role of metal-support interactions for
the Ni particle growth and detachment dur-
ing methanation an important issue. Three
different theoretical growth modes during
metal deposition have been suggested:[6-9]
‘Volmer-Weber’ mode, where the depos-
ited metal forms clusters immediately on
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the support; ‘Frank van der Merwe’ mode
describes a layer-by-layer growth; and
‘Stranski-Krastanov’ mode, which includes
a transition from an initial layer-by-layer
to a consecutive three-dimensional cluster
growth at a critical layer thickness. Some
literature datal311-131 suggest the possibil-
ity that Niions migrate from the surface
into the bulk forming nickel aluminate, Ni-
ALO,, where nickel appears in NiO form.
The latter is extremely stable and difficult
to reduce to metallic Ni, which is the cata-
lytically active form. Ni° particles grow on
top of the NiO interface later.[!]

Several theoretical investigations of the
pure Ni system have been published!!4-16]
that focus on the stability and diffusivity
of surface species, and further on possible
mechanisms for the methane activation.
Numerous theoretical studies on pure and
modified y-Al,O, systems have been per-
formed previously.l'7-20 Theoretical inves-
tigations of the metal-support interactions
for the adsorption of Pd on y-Al,O, have
been published already.?!22] However to
our knowledge, theoretical studies about
the combined Ni/y-Al O, system are still
missing in the literature.

In this paper, the results of a combined
experimental and theoretical investigation
on the Ni/y-ALQ, system are described.
Emphasis was laid on understanding the
Ni cluster growth and metal—-support inter-
actions. The goal was to define the geom-
etry and favourable localization of metal
particles on the support (disregarding steps
or kink sites), metal-support interactions,
chemical state of surface compounds, and

the role of the support in the modification
of the geometrical/electronic structure of
metal particles and active sites. For the
experiments, model catalysts were chosen
due to the fact that they i) possess flat sur-
faces, which allow the application of AFM,
SE, etc. and ii) allow a sufficient electron
tunnelling through the (10 nm thin) y-AL O,
layer, making XPS and AES investigations
possible.

2. Crystal Structure of Al,O, and
Nickel Clusters

The cubic phasel?324] of defective alu-
minaspinel, Al,O, is described by the space
group Fd-3m (a =b =c =70911 A). Fig.
1 shows the structure of the y-Al,0,(100)
surface. Two different aluminium sites
with four- and five-fold coordinated alu-
minium, A1O , and AlO, as well as two dif-
ferent three-fold coordinated oxygen sites,
O(3) and O’(3), have been distinguished
with Al-O distances of 1.94 A and 1.78
A Tt is important to note that Al(4) is al-
ways located lower than the Al(5) centres
and that the rows of AlO, pyramids are
separated from each other by rows of AlO,
tetrahedra. The (100) surface was chosen
for our studies. The (100) surface exhibits
specific holes with a distance of 2.90 A and
2.79 A between the O(3) centres. All these
surface features are important, since suf-
ficient compatibility of the (100) surface
with the Ni particles is necessary in order
to obtain stable Ni-clusters on the y-Al O,
support. Concerning the nickel particles,
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Fig. 1. Crystal structure of the y-Al,0,(100)
surface: top view with Al (large spheres) and O
(small spheres). Note: the radii of the spheres
do not correspond to the real radii. This is
made for better visibility of active centres.

the cubic phasel®! of metallic nickel is
described by the space group Fm-3m (a =
b =c¢ = 3.5239 A). The distance between
Ni-Ni is 2.49 A.

3. Technical Details

3.1 Experimental Details

The XPS measurements were carried
out in a VG Scientific ESCALAB 220i XL
electron spectrometer. XPS measurements
were made using non-monochromatic Mg
Ko (1253.6 eV) radiation. During meas-
urement, the chamber pressure was always
lower than 1 x 107 Torr. The electron energy
analyzer was operated in the constant-pass-
energy mode with a pass energy of 50eV for
survey scans and 20eV for detailed scans
of selected spectral regions. The conductiv-
ity of the samples was high enough to keep
sample charging below a few eV. For charge
compensation, the binding energy (BE) scale
was adjusted by setting the main Cls peak
to 284.5eV. Quantification of the XP spectra
was carried out using CasaXPS[26l and apply-
ing the transmission function of the electron
energy analyzer and cross-sections calculat-
ed by Scofield. The spectra were deconvo-
luted by applying Gaussian-Lorentzian line-
shapes with a Shirley-type background.

Attached via a distribution chamber
is a preparation chamber equipped with a
home-made metal evaporator. The evapo-
ration rate was determined using a quartz
micro balance. For a detailed description
of the set-up see ref. [27]. The prepara-
tion chamber base pressure was less than
1 X 107'° Torr, or during metal evaporation
below 1 x 10 Torr. XPS characterisation
was performed before and after any Ni
evaporation and without exposure of the
catalyst to air.

3.2 Computational Details
In our studies the Ni and y-Al O, sup-
port surfaces are modelled by clusters of

Fig. 2. Models of

Ni clusters: relaxed
on the y-AL,O,(100)
surface represented
by Al ,O,H, cluster:
(b) Ni, cluster, (c) Ni,
cluster, (d) Ni, cluster.

different size and geometry, which reflect
local sections of the ideal surface. For the
v-ALO, cluster representing the support
surface, formal valence charge saturation
(based on AI**, O%) is imposed and clus-
ter neutrality with respect to the surface
is achieved by saturating by hydrogen
R, = 0.97A). The thus obtained cluster
Al O, H,, was selected for the investiga-
tion. Fig. 2a—c show the results of a geo-
metric optimization of the chosen Ni clus-
ters (Ni,, Ni7, Nig) on y—Ale3 cluster.

The electronic structure of all clusters
was calculated by ab initio density func-
tional theory (DFT) methods (program
code StoBel28]) using the non-local gen-
eralized gradient corrected functionals ac-
cording to Perdew, Burke, and Ernzerhof
(RPBE).[29301 All Kohn-Sham orbitals are
represented by linear combinations of
atomic orbitals (LCAQO’s) using extended
basis sets of contracted Gaussians from
atom optimizations.[3!-321 Detailed analyses
of the electronic structure in the clusters

are carried out using Mulliken popula-
tions[33and Mayer bond order indices.[34-35]
During relaxation, the nickel atoms in the
supported clusters were allowed to move
in 3D space.

4. Results

4.1 XPS Results of Ni Deposition at
Al,0: The Role of Deposition Time
with Regard to Changes in the
Chemical State of Surface

Fig. 3a gives the Ni2p, /Al 2p ratio ver-
sus the deposition (expressed in seconds)
of nickel onto the y-Al O, support. Experi-
mentally obtained data are represented by
dots. The deposition was performed with
a deposition rate corresponding (theo-
retically) to 0.75 ML/min. The solid line
symbolizes the theoretically expected Ni
2p,,/Al 2p ratio for a pure layer-by-layer
growth. For this estimation, we presumed
that this (theoretical) Ni monolayer would
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have the dense geometry of a Ni(100) mon-
olayer on the y-AlLO,. Up to a deposition
time t ~ 45 s, our experimental data follow
almost the expected layer-by-layer growth
line. This suggests that in the initial phase
Ni does not form clusters immediately,
but 1D (or possibly 2D) agglomerates. In
a second stage, the Ni 2p, /Al 2s ratio is
below the ‘layer-by-layer’ line. This makes
itlikely that in this phase 3D Ni clusters are
growing on the surface. We conclude that
Ni deposition on y-Al O, support follows
a kind of ‘modified’ Stranski-Krastanov
growth mode under the applied experimen-
tal conditions, which is in accordance with
the findings of Jacobs et al.[*

A support for the suggested change
in the growth mode can be found by the
change of the binding energy (BE) (Fig.
3b). The change of the binding energy can
be separated into three parts, as indicated
by the two vertical lines. In the initial part,
the very first Ni atoms exhibit a BE value
of ca 854.0 eV, which is close to published
Ni oxide (NiO) data.[12.13.36.37] This can be
interpreted as single Ni atoms being de-
posited and chemically modified by be-
ing bonded strongly to the oxygen of the
support. The further initial part up to about
45 s is characterised by a fast decrease of
the BE down to ca 853.3 eV. In the second
part, between 50 s and about 150 s depo-
sition times, the slope of the BE change
is decreased and the BE value is lowered
to 853.0 eV. The final part, i.e. deposition
times more than 170 s, is characterised by
a slow approach to 852.75 eV (obtained
for deposition times >350 s (not shown)),
the value of metallic Ni as indicated by the
horizontal dash-dotted line.

Interestingly, the time of the transi-
tion from the first to the second part (~45
s) is comparable with the time where the
deviation of the experimentally derived Ni
2p, /Al 2p ratio from the ‘layer-by-layer’
ratio starts, as shown in Fig. 3a (see the
vertical line). This makes it likely that in
this stage additional Ni atoms are added to
the already existing ones forming 3D-Ni
agglomerates. These Ni agglomerates are
still not metallic, but ‘chemically modi-
fied’. The third part indicates that continu-
al cluster growth produces 3D-Ni clusters,
which finally from a band structure typical
for bulk Ni.

4.2 DFT Modelling of the Ni/Al,O,
Interface

The Table presents information about
atomic charges (Mulliken analysis), dis-
tances (A) and bond orders (Mayer bond
analysis) of clusters Al O, H,, and Ni/

15740

A1|5040H35 (x = 2,7,9). The data are bas-
ing on optimisation calculations described
in Section 3.2. The charge of aluminium
centres on the (100) surface increases in

the order q[AI(5)] < q[AL(6)] < q[Al(4)].

Table. Results obtained by DFT calculations summarising atomic charges (eV), distances (A and

bond orders (Mayer bond analysis) of (a) the Al, O

Ni_ at Al,O, cluster, and (d) the Ni, at ALO, cluster.
(@)

(b)

.oHgs Cluster,

(b) the Ni, at AL O, cluster, (c) the

© (d)

Cluster: Al.O,H,. Ni, /Al O, H, Ni,/Al O, H,. Ni,/AlO,H,
Centre Charge [eV]

Al(4) +1.58 +1.87 +2.20 +2.16
Al(5)/Al(6) +0.99/+1.11  +0.91/+1.13 +0.80/+1.13 +1.01/+1.15
(o]k) -0.68 -0.82 -0.89 -0.92

o'©) -0.75 -0.78 -0.84 -0.89

Nitet = +0.28 +0.38 +0.35

Bond Distance [A] ~ Bond Order

O(3)-Al(5)  1.94/1.94 0.73/0.66 0.61/0.58 0.66/0.45 0.66/0.51
O(3)-Ni (see diff. Ni) - 0.21 (2.16A) 0.17 (2.04A)  0.15 (2.094)
O'()-Al(5)  1.94/1.94 0.66/0.66 0.61/0.61 0.58/0.58 0.57/0.55
O’(3)-Al(4)  1.78 0.63 0.43 0.48 0.38
O’(3)-Ni (see diff. Ni) - 0.08 (2.57 A) 0.01 2.96A)  0.004 (3.10A)
Ni's-Ni'st  (see diff. Ni) - 0.34 (3.53 A) 0.08 (4.52A)  0.09 4.77 A)

The AI(5) centre is stronger bound to the
surface (£b.0.=3.1) than Al(4) (Zb.0.=2.3),
but is not fully coordinated. Therefore, the
AIl(5) centre can be easily oxidized or hy-
drated.

The two types of surface three-coordi-
nated oxygen centres, O(3) and O’(3), are
similarly bound to the surface (£b.0.~2.0),
but show a different ionic character. The
O’(3) centres, connected with five- and
four-coordinated aluminium centres, have
higher charge and should be more reactive
than O(3).

The Al ,O, H.; cluster was found to be
a good representation for the electronic
states of both oxygen O’(3) and O(3) as
well as three types of aluminium centres,
Al(4), Al(5) and AI(6), present on the
Al,0,(100) surface. Taking into account
computational time (including optimiza-
tion and metal deposition at the surface) as
well as accuracy of the electronic structure,
the Al O, H.. cluster seems to be a good
enough compromise of cluster conver-
gence criteria and therefore was chosen for
all further considerations in metal deposi-
tion studies.

The stabilization energy of nickel par-
ticles deposition on Al O, H,. cluster is
calculated as the difference between the
total energy of the metal deposited at the
AlO, surface and sum of the total ener-
gies of pure Al O, H., and the M atoms,
respectively. In all cases, the first layer of
nickel deposits on the Al,O,(100) in posi-
tions closer to O(3) centres with different
stabilization energy per Ni atom (for Ni,:
-0.82¢V, for Ni: -0.90eV and for Nigz
—0.71eV). The determined stabilization en-
ergies of the different Ni clusters are in the
range obtained for the adsorption of dif-
ferent metals, mainly Pd, on y—A1203.[19~20]

The deposited nickel influences the elec-
tronic structure of y-Al, O, and is strongly
bound to octahedral O(3).

The largest investigated nickel cluster
(Ni,) creates many interesting structures at
the support surface. Fig. 4 shows the inter-
face atoms of the Ni, cluster after relaxa-
tion. The figure was created by multiplying
the calculated Ni/AlL O, cluster in x and y
direction. The black dots, added for com-
parison with the relaxed structure, sym-
bolize the mismatch of an ‘ideal’ Ni(100)
monolayer with the y-Al O, surface. Dark-
gray spheres give the positions of Ni atoms
with coverage 6 ~ 0.40 ML. Strong vertical
and lateral re-arrangements of the interface
Ni atoms in the Ni, clusters with respect
to the position on the Ni(100) surface are
indicated by our DFT results. Part of the
nickel atoms seem to prefer the ‘valley
regions’ between AlO, rows and close to
O(3) centres. After deposition of a very low
number of metal atoms on y-Al O,, only
the local surface structure is influenced, in
particular the neighbouring centres of Ni,
such as: Al(4), Al(5), O(3) and O’(3). The
O(3) centres are mostly influenced creat-
ing strong bonds with the first (interface
layer) nickel atoms. This finding is in good
accordance with our experimental results
(see Fig. 3b), where we observe the exist-
ence of electronically strongly altered Ni
being adsorbed on y-Al,O, in the first stage
of the deposition. As mentioned above, we
presume that initially single Ni atoms are
deposited, and that consecutive Ni deposi-
tion (up to ~45 s) leads to the formation
of either 1D-Ni chains or 2D-Ni agglom-
erates.

A further important question is the sug-
gested existence of nickel aluminate in the
interface and its influence on cluster stabil-
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Fig. 4. Topography (top and side view) of first
(interface) Ni atoms (dark-gray spheres) for the
relaxed Ni, cluster from an Al O, H. cluster:
all Ni mterface atoms included (6, ~ 0.4 ML).
Black dots symbolize the position of Ni atoms

in an ideal Ni(100) monolayer.

ity at alumina. Studies going in that direc-
tion are presently running in our laboratory
and will be presented elsewhere.[38]

5. Conclusions

Nickel is stabilized on the y-Al,O, sur-
face influencing the electronic properties
of the newly formed surface. Our DFT data
suggest that at low coverages (< 0.2 ML)
Ni prefers being localized in AlO, tetrahe-
dra between rows of AlO,. The DFT results
correspond well with the experimental data
of the initial stage of Ni deposition, where
the formation of a partial Ni monolayer is
suggested. Additional Ni deposition leads
first to non-metallic three-dimensional ag-
glomerates, which are finally transferred
to metallic Ni clusters on the surface by

continual Ni deposition. For Ni, and Ni,
clusters, the initially deposited Ni atoms,
which represent the interface nickel atoms
(‘Ni's"), are bound strongly to the oxygen
of the support and are located in positions
closer to O(3) centres as well as between
rows of Al with adsorption energy, which
varies with the size of the cluster.
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