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Abstract

Scanning tunnelling microscopy (STM) and reflection high-energy electron diffraction (RHEED) have been used to
examine in situ the morphology and growth of nickel nanoislands on the rutile TiO,(110)-p(1 x 1) surface. Such
analysis revealed growth at temperatures between 295 and 495 K via the Volmer—-Weber (V-W) mode of three-di-
mensional islands, in agreement with thermodynamic expectations. The Ni islands grew first as small crystalline domes
with no preferential alignment with the TiO,(110) surface, but with increasing Ni dose their orientation evolved, until
almost perfect monocrystalline (110)y;[|(110)y;, , [110][|[001] 0, orientation-relations were established. This ar-
rangement has one of the lowest lattice mismatches if an average of the two orthogonal surface directions [001]ro, and
[110]ri0, is considered. The epitaxial relation persists upon annealing in ultra-high vacuum (UHV) to 1065 K and the
heat treatment causes the particles to coarsen and grow in size. When the crystalline islands of nickel are oxidised, the
lattice parameters are modified, consistent with the formation of NiO. A new epitaxial relation is established between
the overlayer and the substrate: (001),,...[/(110)y, [IIO]IHYCYH[OOI]T@Z. This produces a large strain parallel to the
[110]ri0, direction and a very small strain along [001]rio, (4+0.13% mismatch). UHV annealing of the oxidised overlayer
reduces the crystallites to islands with lattice parameters corresponding to nickel metal, but the original crystallography
is not recovered. Instead, the nanoislands of reduced nickel maintain the same overlayer orientation as for the oxide. A
model is presented in which the change in epitaxial relation is attributed to the formation of an interfacial NiO layer
between the reduced Ni islands and TiO, substrate. The results demonstrate that the oxidation/reduction treatment of
the substrate and overlayer can be used to modify the microstructure of the metal/oxide system, and have implications
for the use of nickel as a supported metal catalyst. © 2001 Elsevier Science B.V. All rights reserved.
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[1]. Nickel dispersed on the surface of crystalline
titanium dioxide (a mixture of anatase and rutile)
has been shown to exhibit enhanced catalytic ac-
tivity compared to Ni powder or Ni supported on
Si0,, Al,O3 or graphite. What is more, such sup-
ported Ni/TiO, was found to have a greater re-
sistance towards carbon contamination and Ni
sintering (agglomeration) [2]. Supported metal-
on-oxide (M/O) catalysts of this type are well
known as catalysts for selective oxidation. Many
commercial oxidation systems rely on highly dis-
persed noble metals (e.g., Pt, Pd) on a high-sur-
face-area oxide powder such as alumina or silica.
These are expensive to produce and have a lifetime
limited by poisoning, so catalysts that are cheaper
and harder to denature are very attractive indus-
trial alternatives. However, there is a great need
for fundamental understanding of the electronic
interaction of the layer with the substrate; the
thermodynamic stability of the interface; and the
effects of the supports oxidation state, defect den-
sity and morphology. Experiments on the powder-
based systems used in catalytic converters can be
very complex and are difficult to model theoreti-
cally, so recent work has concentrated on simpler,
single crystal oxide substrates such as TiO,. Sur-
face science investigations of small metal particles
supported on oxide substrates have revealed that
chemisorptive and catalytic properties may depend
on particle thickness, particle shape and the con-
dition of the substrate surface, as well as just on
the diameter. Exciting research into catalytically
active metal on oxide systems has recently shown
that it is possible to control the shape of metal
particles with almost nanoscale accuracy [3-5].
Small molecules such as oxygen [6] and carbon
monoxide [7] are known to adsorb on nickel metal,
and atomic resolution images of CO/Ni(111) [§]
and CO/Ni(110) [9] have been published. Mean-
while, room temperature molecular adsorption of
CO on Ni/TiO, has been detected using photo-
emission and electron energy loss spectroscopies
(XPS, UPS and EELS) [10,11]. These results
demonstrate the potential viability of the Ni/TiO,
system as a model catalyst and its suitability for
investigation in ultra-high vacuum (UHV). How-
ever, reports on the catalytic chemistry of Ni/TiO,
vastly outweigh detailed surface analysis, and the

latter corpus of work is inconclusive. Many in-
vestigations seem contradictory when describing
the growth mode and epitaxial-relation of the
nickel to the TiO,(110) substrate beneath. Princi-
pally using scanning tunnelling microscopy (STM)
and reflection high-energy electron diffraction
(RHEED) we have therefore begun to characterise
the Ni/TiO, system, starting with a clean, well-
defined TiO,(110) surface and then depositing
nickel from an electron beam evaporator. The work
is reported in two sections: first a study of the
evolution of the orientation-relations of Ni on
TiO, with coverage; and in the second part, the
effect of heat treatment and role of oxygen on
the morphology and orientation of the nickel on
the TiO,(110) surface.

1.1. Growth mode and orientation relations of
metals on TiO,(110)

Awareness of the importance of thin metal lay-
ers on oxide surfaces is reflected in the recent in-
crease in research carried out on such systems.
Good reviews are provided in Refs. [5,12,13], the
last of which concentrates on metal deposition
onto TiO,. Crystalline overlayers on crystal-
line substrates tend to grow following a preferred
“mode” and may exhibit a preferred orientation
(epitaxy). In the case where there is full registry
of the overlayer atoms with substrate atoms,
the epitaxial overlayer is said to be “coherent”,
“pseudomorphic” or ‘“commensurate” with the
substrate. The energy of the M/O interface is re-
duced through elastic straining of the film, and
even when there is limited coherency of the over-
layer a preferred epitaxial orientation may be
observed. Broadly speaking, metal (m) overlayer
growth on an oxide surface (o) in vacuum (V)
proceeds by one of three different modes. More
“reactive” metals including alkali and alkaline
earth metals and metals left of iron in the periodic
table have low metal/oxide interface energies, 7/,
and 7,y = Vm/v T Vmjo- Metal overlayers deposited
on the TiO, surface grow initially flat “wetting
layers”, then continue in a layer-by-layer fashion
(Frank—van der Merwe, F-M) or as three-dimen-
sional (3D) islands (Stranski-Krastanov, S-K).
Strong interaction accompanied by electronic
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charge transfer from the metal to TiO, has been
demonstrated. Weaker layer-substrate interac-
tions are observed for less “reactive” metals such
as noble metals, nickel and copper. Here the in-
terface energy is high, 7, < Vm/y + Ym0, and the
overlayers form via agglomeration in 3D islands
during Volmer—-Weber (V-W) or occasionally S-K
growth. The “reactivity” of the metal is closely
related to the heat of formation of the oxide [14],
and it is expected that metals such as nickel and
copper would interact very little with the substrate,
their oxides having heats of formation less than
half of the value quoted for TiO, [15]. However, it
was noticed at least twenty years ago that the be-
haviour of nickel on TiO, might be more compli-
cated than this reactivity model suggested. Kao
et al.’s low energy electron diffraction (LEED) in-
vestigations showed the Ni overlayer structure on
TiO, “depends markedly on the Ni coverage and
annealing temperature” [16]. In two other studies,
strong interfacial Ni-O bonding was suggested as
the cause of S-K growth of Ni/TiO,(110) [17,18].
However, this was not confirmed using a real-
space imaging technique such as STM, and the
epitaxial orientations of both Cu/TiO,(110) and
Ni/TiO,(110) are far from unanimous. This has
motivated us to study the growth of nickel on
single-crystal rutile TiO,. Our initial investigations
concerned the characterisation of the bare TiO,
(110) substrate [19]. We show here that the growth
mode of nickel on the TiO,(110) surface is of 3D
(V=W) type, whereby 3D Ni islands form on the
TiO, surface. Small equiaxed nanocrystals ini-
tially exhibit random orientation, but with in-
creasing coverage their orientation evolves so that
the epitaxial-relation (110)y[|(110)g;0,, [110]
[001]y;, is established. This behaviour is observed
at temperatures between room temperature and
500 K.

1.2. The effect of heat treatment, oxidation and
reduction on the metal-on-oxide systems

Heating deactivates many metal-on-oxide (M/
O) catalysts; in particular almost complete sup-
pression of CO and H, chemisorption has been
observed when metal/titania systems are subjected

to high temperature reduction (e.g., annealing in
H,, or above ~725 K in UHV); yet at the same
time the activity for catalysing CO hydrogenation
may be enhanced [20]. Reduced M/TiO, systems
are also reported to exhibit markedly modified
catalytic behaviour in hydrogenolysis and Fischer—
Tropsch synthesis [21,22]. This phenomenon has
been christened the ‘“‘strong metal-support inter-
action” (SMSI) and has been observed for dis-
persed noble metals and most group VIII metals
(Ru, Rh, Pd, Os, Ir, Pt, Ni) supported on TiO,
substrates, and is also seen for other reducible
oxide substrates (Ta,Os, V,03;, MnO, Nb,Os)
[23,24].

Metal-substrate charge transfer is insufficient
to cause the suppression of CO chemisorption
[25-27]; it is now known that the SMSI state
is a solid-state chemical phenomenon, in which
suboxide particles (“moieties”) diffuse onto the
metal surface. This has been observed directly in
HREM of Rh/TiO, [28], and in STM TiO, has
recently been imaged atop annealed Pt/TiO, [29].
The moieties are believed to physically block the
active sites on the metal particles. For certain
catalytic reactions, this catastrophic metal “deco-
ration” or “encapsulation” leads to poisoning of
the catalyst. Poisoning remains a critical and
limiting problem in catalyst technology. On the
other hand, since the “poisoned’ catalyst is active
for certain other reactions, it seems incongruous
that more work has not focused on the Ni/TiO,
system.

In this study, we reveal that the oxidation/
reduction environment of Ni/TiO, induces dra-
matic morphological and electronic changes to the
surface layers. Ni clusters annealed in UHV
coarsened up to ~880 K for the coverage studied,
but after this temperature the metal clusters did
not grow any further. Throughout the process, the
clusters maintained their orientation-relation with
the substrate (110)y[|(110)4,. The crystallogra-
phy and morphology of the surface layer were al-
tered when the samples were oxidised in air. NiO
formation is inferred from the change in lattice
parameter and overlayer orientation. Vacuum an-
nealing did not restore the oxidised samples to
their initial orientation, although crystals of Ni
seem to be at least partially recovered.
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2. Experimental details

The experimental apparatus consists of two
UHV chambers pumped to a base pressure of
~1078 Pa. Up to three chemically etched Pt-Ir tips
and three samples may be loaded through a fast-
entry lock onto a carrousel in the treatment
chamber. Following bake-out of the system, the
tip and sample were transferred to the observation
chamber, containing a commercially designed ele-
vated-temperature STM (JEOL JSTM-4500XT)
[30]. This chamber was additionally equipped with
facilities for gas-source molecular beam epitaxy
(MBE), mass spectrometry, metal deposition and
RHEED. The sample was mounted at the geo-
metrical centre of the chamber with the sources
and probes aligned with the sample surface. In
this way, in situ measurements and treatments may
be carried out, in which combinations of tech-
niques can be used simultaneously or in rapid
succession without the need for sample manipu-
lation. The preparation chamber was equipped
with facilities for gas dosing, Ar™ ion sputtering
and a four-grid retarding-field analyser for rear-
view LEED and Auger electron spectroscopy
(AES).

Though pure stoichiometric TiO, is an insulat-
ing material, the introduction of point defects re-
sults in n-type semiconducting behaviour. Defects
may be created by heating to ~1000 K and sub-
sequent cooling to room temperature. This tech-
nique ensures sufficient sample conductivity for
STM measurements. (The enhanced conductivity
was recently confirmed as a result principally of
interstitial titanium atoms rather than oxygen va-
cancies as commonly quoted [31].) In this work,
the single crystal TiO,(110) wafers (Pi-KEM,
Surrey, UK) were cut into pieces measuring
1 x 2 x 7 mm? and were mounted on top of a re-
sistively heated Si(111) wafer. High temperature
reduction (typically 1100 K, 20 h) turned the
samples from opaque yellow to light blue in col-
our. The surfaces of the samples were cleaned of
debris and impurity atoms by Ar" ion bombard-
ment (typically 15 min, 500 eV, drain current ~5
pA). Sputter damage was removed by vacuum
annealing at ~1100 K for 25-35 min, resulting in
a clean, planar, ordered surface, determined by

AES, LEED and RHEED. An optical pyrometer
was used to determine the temperature.

Nickel was deposited at 45° to the specimen
from a commercial, water cooled, electron beam
metal evaporator (Oxford Applied Research,
model EGN4). A constant metal deposition rate
was ensured via a charged-flux monitor in the
e-beam evaporator. The evolution in surface crys-
tallography with nickel coverage was monitored in
real time with RHEED at growth temperatures
between 295 and 495 K. Azimuthal rotation of the
sample stage between 0° and 45° permitted inves-
tigation of a range of diffraction angles and hence
identification of Ni growth-orientation. Two sets
of samples were prepared, cut with their long side
parallel to either the [001]rio, or the [ITO]TiO2 di-
rection. This allowed investigation of the full range
of diffraction angles, including orthogonal TiO,
[001] and [110] azimuths. Three-index notation will
be used for all features in the RHEED patterns,
even for the two-dimensional (2D) diffracted
beams, in the interest of consistency with later
stages of Ni growth where 3D transmission pat-
terns evolve.

The Pt-Ir STM tip was retracted during depo-
sition to avoid shadowing of the specimen surface.
To correlate the real-space information with
changes in the diffraction pattern, the deposition
was occasionally stopped to approach the tip, and
constant current, empty states images were ac-
quired with the tip held at ground potential and
the sample biased. A voltage offset was entered
into the STM software to account for the role of
the resistively heated silicon as a potential divider.

The size distribution of Ni clusters on titania
was systematically studied as a function of anneal
temperature, monitored by an infrared pyro-
meter. Approximately 50 monolayers (ML) Ni was
evaporated onto clean TiO,(110)-(1 x 1). Empty
states STM images were acquired at maximum
scan range (200 x 200 nm?) to provide sufficient
data for statistical treatment at each anneal tem-
perature. The STM was operated near maximum
sample bias with a small tunnelling current, and
extremely slow scan rate (6 min per image), so that
interactions of the tip with the substrate were
minimised. This maximised the tip—sample sepa-
ration and allowed the z-piezo time to retract up to
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40 nm to surmount the largest cluster apices. Ima-
ges containing abrupt changes in resolution or
other tip-related change were discarded and not
included in the statistics presented.

In a separate experiment, the effect of oxidation/
reduction treatment on Ni/TiO,(110) systems was
studied with STM and RHEED. The clean TiO,
substrate was dosed with Ni and oxidised by ex-
posure to air. Following scanning electron micro-
scope (SEM) analysis, the sample was kept in air,
and was replaced in UHV some 1400 h later.
Surface evolution during annealing was investi-
gated by real-time RHEED.

3. Evolution of orientation-relations with coverage

3.1. Low coverage studies and the growth mode of
Nion TiO,(110)

The image in Fig. 1 is a constant current topo-
graph of the TiO,(110)-p(1 x 1) surface following
exposure to Ni at 375 K. The STM image confirms
that the streaking in LEED and RHEED patterns
(both before and after Ni deposition) is caused
by the high density of steps along [111]ro, and
[111]ri0, directions. This is a result of the sputter-

Fig. 1. At low sample bias, nickel nanoislands are seen on a
TiO,(110)-p(1 x 1) terrace resolved atomically in the [110] di-
rection. The islands have a strong tendency to cluster at step
edges. Vertical streaking is caused by instrumental noise.
Vo=+021V, I = 0.12nA, T =375 K.

ing process and moderate anneal conditions used
to prevent excessive reduction of the TiO, sur-
face (and formation of a (1 x 2) reconstruction).
However, no change in the LEED and RHEED
patterns was detectable following Ni deposition.
RHEED is therefore insensitive to this low cov-
erage of metal, and the unchanged LEED pattern
is in agreement with a previous report, wherein
LEED images from the overlayer were seen only
after about 4 ML Ni [32]. A low tunnelling bias
(V; = +0.21 V) was used to enhance the bright
features in the [001]rio, direction. These are typical
of the (1 x 1) terminated TiO,(110) surface and are
attributed to rows of under-coordinated in-plane
Ti atoms separated by one unit cell (0.650 nm) in
the [110]10, direction [19].

The STM image shows a large number of white
features, previously absent, which we infer as a
result of Ni deposition. The bare TiO,(110)-
p(1 x 1) terminated substrate is visible simulta-
neously with the clusters, consistent with a weak
interaction between Ni-TiO, compared to Ni—Ni.
It also implies unambiguous 3D or V-W growth,
and not S-K as observed in one previous study
[17], and deduced from simulations [32]. Factors
that determine the growth mode include surface
stoichiometry, Ni flux and temperature. In this
study, the surfaces ranged from low-defect, step-
ped TiO,(110) (Fig. 1) to slightly reduced (deter-
mined by the presence of white strings of sub-oxide
on the terraces). However, the effect of mild sur-
face reduction on the growth mode may be negli-
gible: no effect was seen for Cu grown on sputtered
TiO,_,(110) versus TiO,(110)-(1 x 1) samples [33].
The weak influence of surface defect density on
nucleation behaviour is consistent with the weak
interaction between metal overlayer film and TiO,
substrate, and the low activation barrier for dif-
fusion [34]. Similar behaviour is anticipated for Ni/
TiO,.

The clusters of Ni atoms in Fig. 1 and other
similar STM images appear preferentially at step
edges. This behaviour is attributed to the defects
attracting adatoms and acting as nucleation sites,
since the diffusing adatoms have a longer residence
time and therefore a higher probability of meeting
at such stable sites. It is impossible to state unam-
biguously whether the Ni clusters have nucleated at
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lower or upper step edges: many appear to straddle
the step. This was also observed for Cu/TiO,(110)
[34], where the Cu clusters were located at lower
steps, spilling onto upper terraces. In contrast, the
Ni islands in Fig. 1 appear to prefer locations atop
steps, even though it is impossible to rule out that
the initial nucleation events occur at the lower step
edge. The alternative possibility — that the nucle-
ation event occurs at the upper step edge — may
occur if under-coordinated titanium and oxygen
atoms at these locations act as preferred nucleation
sites due to their modified electronic properties.
Alternatively, changes in substrate geometry at
steps (relaxation) could create a better epitaxial
match for the clusters, allowing Ni islands with a
low strain energy to form.

The nickel islands have a typical diameter of
~1.6 nm. Line-scans across the clusters reveal their
shape to be domes with a contact angle of ~33°.
Using the definition of 1 ML from the literature
[16,35], a maximum 2D coverage of ~2x10'
atomscm 2, or 0.2 ML is deduced. This estimation
is reasonable, since the ratio of covered substrate
area to bare TiO, area is ~1/10 and the islands are
more than one atom high. Hence the deposition
rate is estimated at 0.015 MLs™! for the e-beam
flux employed, in agreement with sub-monolayer
calibration measurements at higher flux.

3.2. Determination of the orientation-relations for
NilTiO,(110) and island morphology

Several studies in the literature have reported
conflicting growth orientations of nickel on rutile
TiO,(110). Low Miller index epitaxial-relations of
small fcc metal clusters are visualised in Fig. 2,
whilst Table 1 summarises the epitaxial mismatch

Table 1

a
(@) Jp@r\%t\
. \@/ R

Fig. 2. Schematic illustration of small crystallites of fcc nickel
with different orientations. (a) (001);]|(110)g0,. The crystal-
lite is depicted with {111} faces uppermost. The angle between
the substrate and facets is 54.7°. (b) The hexagonal axis of
(111)411(110) 5, - The stepped structure consists of {110}-type
facets inclined at 35.3° to the substrate. (¢) (110)y|(110)5, .
The {111}-type facets on the long faces are inclined at 35.3°,
whilst the {100} faces at the ends are inclined at 45°. Nearest
neighbours are connected along (110) directions in all dia-
grams.

values for coherent growth of Ni in various ori-
entations on TiO,(110). Each column represents a
different Miller-indexed Ni plane lying parallel to

Orientation relations and mismatch values for coherent, epitaxial Ni(% k /)/TiO,(110). The coincidence, n,, represents the number of Ni

unit cells along direction x that lead to the mismatch value ¢,

Ni(001) Ni(001) Ni(111) Ni(131) Ni(110)
Direction 1||TiO,[001] Ni[100] Ni[110] Ni[101] Ni[101] Ni[110]
Coincidence|| TiO,[001], n, 1 1 1 1 1
Mismatch|| TiO,[001], ¢ +19.0% —15.8% —15.8% —15.8% —15.8%
Direction 2||TiO,[110] Ni[010] Ni[110] Ni[121] Ni[323] Ni[001]
Coincidence| TiO,[110], n, 2 3 1 1 2
Mismatch| TiO,[110], &, +8.5% +15.1% —33.6% +27.2% +8.5%




R.E. Tanner et al. | Surface Science 486 (2001) 167-184 173

the TiO,(110) surface. The first and fourth rows
show the Ni surface unit cell vectors lying parallel
to [001]ri0, and [ITO]Tioz, respectively. The second
and fifth rows give n,, the number of dj, spacings
in direction x, where n.d,;; were used to calculate
the mismatch values in rows three and six. The
values of mismatch shown in the Table are high so
fully coherent growth is not anticipated. However,
reports of epitaxially oriented growth make the
consideration of surface-induced strain important
and therefore warrant the inclusion of the Table.

The following orientations of nickel have been
reported growing parallel to the TiO,(110) plane:

Deposition TiO, [001]
time Ni [110]

Clean: 0's

20s

50s

L] L

110s :":I' 4 ‘ A
4 b X

d
111 117 111 111

Ni(100) [17], Ni(111) [17,36], Ni(111) and Ni(131)
[32]. Recent cross-sectional TEM data for copper
deposited onto TiO,(110) at 475 K [37] revealed
Cu(110) oriented islands, in contrast to previous
work where Cu(111) was seen [14,33,38-46]. Pos-
sible representations of these nanocrystals are
shown in Fig. 2.

RHEED patterns and STM images of a clean
TiO,(110) surface and after various deposition
times are presented in Fig. 3. The first and last
columns contain [001] and [110] RHEED patterns,
and the middle column contains the corresponding
STM images. Each row corresponds to a different

TiO, [110]

Empty states STM Ni [001]

o0l 000 001 002

Fig. 3. Evolution of STM and RHEED images of the TiO,(110) surface as a function of nickel coverage. (a)—(c) Bare TiO,(110); (d)-
(f) Ni deposition for 20 s; (g)—(i) 50 s; and (j)—(1) 110 s. The first column shows 12 kV RHEED patterns in the TiO,[001] azimuth. The
second column is constant current empty states STM images of the evolving surface. The third column shows 12 kV RHEED patterns
in the TiO,[110] azimuth. The coverage was not calibrated but is estimated to be about 1 ML after 20 s.
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exposure. [001] and [110] RHEED patterns from
the TiO, surface prior to deposition are shown in
Fig. 3(a) and (c), respectively. An STM image of
the surface is shown in Fig. 3(b). The initial surface
is 2D, though rather rough on the atomic scale.
This roughness, due to the short terrace size and
thus high density of steps, is manifested in dif-
fraction patterns in the form of continuous streaks
(Fig. 3(a) and (c)).

The evolution of the RHEED patterns with Ni-
deposition time and the corresponding STM ima-
ges are shown in Fig. 3(d)—(l). The Ni deposition
rate was determined from sub-monolayer calibra-
tion experiments and was estimated as equivalent
to the completion of 1 ML after 20 s. Within a few
seconds of opening the evaporator shutter, the
diffraction patterns in both [001}rio, and [110}rio,
crystallographic directions underwent a drastic
2D-to-3D change, confirming the earlier assign-
ment of 3D (V-W) growth mode, from even the
earliest stages. In the low-coverage images of Figs.
1 and 3(e), it could be argued that the development
of 3D clusters is promoted by the substrate heating
(~100 K above room temperature). However,
during room temperature (RT) studies, we ob-
served no RHEED intensity modulations corre-
sponding to layer-by-layer growth, therefore we
conclude that V-W growth of faceted clusters oc-
curs at all temperatures between 295 and 495 K.
The STM image in Fig. 3(e) displays a dense array
of tiny equiaxed crystallites, 4-5 nm in diameter,
shown after 20 s deposition. RHEED patterns
from this surface, Fig. 3(d) and (f), exhibit dif-
fused rings of intensity, so-called “Debye rings”,
originating from rotation of interplanar spacings
in randomly oriented crystallites. However with
increasing deposition time, i.e., increasing Ni-
coverage, the size and the shape of individual
crystallites changes, as can be seen in Fig. 3(h).
The principal change with increasing crystallite
volume is an elongation of the shape, and deve-
lopment of distinct crystallographic facets. Corre-
sponding diffraction patterns, Fig. 3(g) and (i),
exhibit a shift from polycrystalline to a strong
preferred orientation, as can be judged from in-
tensity pumping from the diffused rings into the
spots. This trend continues, and after two minutes
of deposition the well-defined nanocrystals shown

in Fig. 3(k) exhibit monocrystalline diffraction
patterns (Fig. 3(j) and (1)). These patterns do not
change, even if more Ni is deposited or if annealed
at elevated temperatures for prolonged periods of
time, even though further nanocrystal growth is
observed, as discussed in the second section of this
paper.

The monocrystalline diffraction patterns in Fig.
3(j) and (1) are consistent with respectively (110)
and (001) Ni transmission patterns or ‘“‘zone-axes”
in TEM terminology. Knowing these zones were
obtained with the RHEED beam parallel to the
[001] and [110] TiO, directions, respectively, the
patterns are sufficient to define the orientation-
relation with the substrate as {110}xi(|(110)1q,,
(110);11001] 1, and <001>Ni||[T10]TiOZ. Fig. 4 is a
representation of the reciprocal space associated
with the sample surface, calculated using the reci-
procity definitions, and relations between the
reciprocal space vectors and the geometry of
RHEED apparatus. The RHEED patterns from
different azimuths are superimposed at the ap-
propriate rotations. The two additional zones at
35° and 45° rotations (Fig. 4(f) and (g)), confirm
unambiguously our assignment of orientation-
relation. Three TiO, Laue zones are seen upon
35°-rotation, where all the reflections belong to the
TiO,[332] pattern, and upon 45°rotation the
Ni(112)-type pattern is observed, in spite of a 9°
deviation from the real [112] zone at 54°. The
match is excellent between the location of reflec-
tions in the experimental RHEED patterns and
calculated reciprocal lattice points.

In addition to the evolution of the orientation
of the nanocrystals, their shape also changes
with deposition time. While initially equiaxed and
randomly oriented, the Ni crystallites undergo a
distinct shape transition as their size increases,
turning into elongated, faceted nanocrystals.
Viewed from above, the Ni crystallites resemble an
array of roofs, and hence are known as “hut-
clusters”. Facet angle measurements from lines-
cans through STM images (e.g., Fig. 3(k)) and
streak analysis in RHEED transmission patterns
(e.g., Fig. 3(j) and (1)) indicate that the long facets
are inclined at about 35° to the surface and are of
{111} type, and the short ones are possibly of
{100} type. This is also in accord with the shapes
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from four different azimuthal directions show reflections from (a), (d), (g) the Ni film; (b) Ni film and substrate; (c), (e), (f) substrate

alone.

in Fig. 2, proposed on the basis of the smaller
surface energy of low Miller index planes. Previous
studies of the shape of low-reactivity metal islands
on oxide surfaces revealed flat-topped clusters for
sub-monolayer Pt/TiO,(110) [29], Cu/TiO,(110)
[34] and Pd/Al,O; [47]. Although the discrepancy
in behaviour may be due to higher coverage or
deposition temperatures, further investigations in-
dicated formation of 3D clusters even from the
earliest stages of room temperature growth. Simi-
lar faceted crystallites were observed for compa-
rable coverages of Cu/TiO, deposited at 475 K

[37]. In this Cu/TiO, study, (110)-oriented over-
layers were also observed. The steep facet angles
and possibly different parameters required for
STM imaging of metals meant that we were unable
to image atomic-scale features on the Ni surfaces.
Thus we were unable to determine whether the Ni
crystallites were encapsulated with TiO,, as was
revealed on flat-topped Pt clusters [29].

The Ni [110] transmission pattern in RHEED
reveals the presence of two crystalline orientations
of the Ni, with a relative tilt of ~5° (Figs. 3(j) and
4(a)). In Fig. 3(j), the second set of diffraction
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spots is indexed with dashes. Multiple orientations
for metal layers on oxides have been observed for
room temperature deposition of Ni onto MgO-
(002)-(1 x 1) [48], and two orientations were re-
ported for Pt and Cu(l111) overlayers on TiO,
(110). These were interpreted as fcc stacking faults
in Pt and Cu [41,49]. Previous LEED studies of Ni/
TiO,(110) led to the assignment of Ni(111) islands
and Ni(131) islands tilted by 27° [32]. The epitaxial
match with the substrate for these orientations is
very poor however (see Table 1) and the epitaxial-
relation was deduced computationally starting
from the assumption of Ni(111) growth. In the
present work the RHEED patterns indicate tilted
Ni(110) growth, although the origin of the double
spots is unclear. They may arise from growth
defects (such as twins) or may reflect the layer’s
attempt to form registry with the substrate. Al-
though Ni was deposited at elevated temperature,
and the later RHEED patterns (Fig. 3(j) and (1))
show measured lattice constants closer to bulk Ni
than TiO,, nevertheless at lower coverages some
quasi-registry of every other Ni atom can be pre-
served along [001]rp, resulting in a lower strain
along [110]ri0, than for other Ni orientations
(Table 1). The average mismatch in the two per-
pendicular directions is minimised for this orien-
tation, so it would seem surface Ni mobility is
sufficient to allow the crystallites to grow with low
strain. An “‘areal mismatch” may be defined as:
_ oy — dogy i

e
~0.249 nm (2 x 0.352 nm) — 0.296 x 0.650 nm’
N 0.296 x 0.650 nm?

Eyy

= —8.9%.

4. The effect of heat treatment and role of oxygen

4.1. High coverage: temperature dependent shape
evolution

Fig. 5 shows how the size of Ni clusters on the
TiO,(110) surface varies as a function of anneal
temperature. Following deposition of ~50 ML
nickel onto clean TiO,(110)-(1 x 1), elevated tem-
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Fig. 5. Typical elevated-temperature STM images (left-hand
column) and size distributions (right-hand column) for Ni/
TiO,(110) at different anneal temperatures. (a), (b) 470 K
quenched to 295 K (RT), with mean size versus temperature
(inset); (c), (d) 710 K, mean maximum height versus tempera-
ture (inset); (e), (f) 880 K; (g), (h) 995 K and (i), (j) 1065 K.

perature STM images were used to monitor the
changing size distribution of the Ni clusters. In the
left-hand column are representative STM images
at different stages of the annealing process, show-
ing how the Ni islands maintain their “hut-cluster”
shape. The right-hand column is a series of fre-
quency distributions for the average lateral island
size, defined as the arithmetic mean of the base
length along the substrate [001]r0, and [110}r0,
directions [50,51]. The bin size was set at 7 nm
average lateral size, since the error associated with
each set of data is approximately the standard
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deviation for Gaussian spread. The figure indicates
that clusters coarsen with annealing. The average
lateral size, plotted in the inset of Fig. 5(b), shifts
to higher values with increasing temperature for
the first three temperatures. Above ~880 K it is
constant at ~28 nm for all temperatures. Similar
behaviour is observed for average maximum
cluster height versus temperature, inset Fig. 5(d).
The height increases from 15 nm immediately after
quenching, to ~36 nm at 880 K, and is approxi-
mately constant for higher temperatures. Coars-
ening is evidence for the natural self-organisation
of the surface adatoms, where the driving force is
the reduction in surface energy of the islands. The
equilibrium state, when all the deposited Ni is in
one large island, was not attained here. However,
the final state may not be attained if the island-
ripening process is opposed by diffusion or inter-
face mass-transfer barriers.

The mechanism by which clusters on surfaces
evolve and coarsen is modelled in the Lifschitz,
Slyozov and Wagner (LSW) theory [52,53]. This
analytical mean-field theory was extended to sur-
faces by Chakravery [54,55] and predicts distri-
butions of 3D island sizes that are negatively
skewed when dominated by ripening mecha-
nisms. Such distributions have been observed for
Ga/GaAs(001) and Ge/Si(100) [56-58]. Positively
skewed (log normal) or symmetrical (Gaussian)
distributions have been attributed to coalescence-
dominated behaviour. A rigorous treatment of the
data following the LSW formalism cannot be ap-
plied here, since the cluster—cluster interactions are
non-negligible for high cluster density. However,
some qualitative trends may be inferred from Fig.
5. Most of the size distribution functions in the
right-hand column are asymmetric. At the growth
temperature (subsequently quenched to RT), the
distribution is slightly negatively skewed, whilst at
temperatures between 710 and 1065 K it is posi-
tively skewed. Expansion of the sample prohibited
STM investigation during temperature ramping.
Images showed immobile clusters at fixed tem-
perature, indicating that dynamic coalescence pro-
cesses were not responsible for changes in island
shape at constant temperature. The flux of Ni to
the surface during annealing was zero (neglecting
diffusion into and out of the substrate) so the data

indicate that the shape evolution is most likely to
occur via static coalescence (reorganisation) of
touching clusters. Above ~880 K the cluster size is
constant with increasing temperature and it would
seem that this process is almost complete. The
empty, denuded zones around large clusters (Fig.
5(e), (g) and (1)) imply a certain degree of Ostwald
ripening. We believe this indicates that both
mechanisms are active at different stages.

4.2. LEED of annealed NilTiO,(110)

During annealing of ~50 ML Ni on TiO,(110),
the LEED pattern from the surface revealed new
features that were absent from LEED patterns at
low Ni coverage. The extra features appear due to
diffraction from the Ni islands, as previously re-
ported for coverages of Oy; >4 ML [32]. The
LEED images of Ni/Ti0,(110) annealed to 710 K,
Fig. 6, were taken from the Ni/TiO, sample of Fig.
5(c) and (d). A smaller LEED image from a typi-
cal, clean surface is presented in Fig. 6(a) for
comparison. In the right hand column each of the
spots from the rectangular TiO,(110) mesh is in-
dicated with a black circle, including the supposed
position of spots masked by the electron gun. In
addition to the TiO, mesh, additional features
may be seen in Fig. 6(b) and (c) that are due to
the Ni overlayer. Some are indicated with small
arrows. The Ni pattern is symmetrical with respect
to the [001] axis, though no clear 2D mesh is dis-
cernible.

The parallel sets of Ni spots and streaks are
indicated by arrows and are more widely spaced
than the spots of the TiO, reciprocal lattice along
[001]ri0,. The separation of the Ni features corre-
sponds to a periodicity of 0.251 +0.01 nm, con-
sistent with the Ni—-Ni separation along (110);
directions. To define the layer orientation unam-
biguously requires a second direction of periodic
spots, not present in Fig. 6(b) and (c). The 0.25 nm
repeat is wholly consistent with RHEED, in which
a Ni(110) zone axis pattern parallel to the sub-
strate [001]rio, direction was observed.

The Ni spots move rapidly across the pattern
along [110]r0, and [001]ro, directions as the
electron energy is changed. In contrast, substrate
diffraction spots move slowly outward, following a
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Fig. 6. LEED patterns at different primary electron energies from the TiO,(110) surface. (a) A typical pattern from clean TiO,(110)
before deposition. (b) and (¢) LEED patterns from an annealed overlayer of approximately 50 ML Ni on TiO,(110), 7 = 710 K. To the
right of each pattern, the diffraction spots from the rectangular TiO,(110) array are shown as a black circles. Some of the stronger
features resulting from diffraction from the Ni clusters are indicated by arrows. The separation of the parallel lines of these Ni spots
reveals a periodicity of ~0.25 nm in the [001] direction, whilst no periodicity is clear along [110].

trajectory based on Ewald sphere treatment with
(0,0) pattern centre. This complex behaviour of
the Ni diffraction spots is indicative of faceted
surfaces, in agreement with STM data. Similar
LEED patterns were reported for § nm Ni on
TiO,(110) annealed to 520 K for 7.5 min [32].
Complex spot motion was also reported in the
[110}ri0, direction, though not in [001]rio,. Simu-
lations reproduced the patterns by assuming
Ni(111) and tilted Ni(111) growth. The calcu-
lated tilt angle of 27° corresponded to Ni(131)

crystallites, although both Ni(131) and Ni(111)
crystallites have a large associated strain (Table 1).
Our RHEED studies of Ni/TiO, revealed Ni(110)-
oriented islands composed of two crystalline re-
gions with a relative tilt of ~5° in the Ni[110] zone
axis. The LEED pattern is consistent with this
assignment, with Ni(110) periodicity revealed par-
allel to [001]1i0,. The ambiguous periodicity in the
orthogonal direction may be connected to the tilt
seen in RHEED, or the faceted sides of the hut-
clusters. LEED is a good method of checking for
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long-range order on surfaces. It is a complemen-
tary technique to STM since it averages over large
areas and shows whether the real-space STM
images are representative of the whole surface.
However, it is less sensitive to low overlayer cov-
erages than RHEED and is ill adapted to growth
studies.

The LEED patterns reveal the same assignment
of epitaxial relation as determined by RHEED.

4.3. SEM of annealed NilTiO,

The annealed surface of Fig. 5(1) was also
studied by scanning electron microscopy to con-
firm the final state of the clusters. A secondary
electron image of the surface taken at 20 kV is
presented in Fig. 7. In the SEM micrograph, the
grey box indicates an area equivalent in size to the
100 x 100 nm?> STM topographs in Fig. 5. Fig. 5
and further SEM images reveal a large variation in
cluster density from one part of the sample to
another, and even between 100 x 100 nm? areas.
The range in cluster densities therefore stems from
the chosen area on the surface and the sampling
size, and affirms the need to sample from different
areas for statistical purposes. Fig. 7 reveals a
similar range in sizes but lower number density

Fig. 7. Scanning electron microscope image of Ni/TiO,(110)
annealed to 1065 K. This secondary electron image at 20 kV
shows “hut”-shaped crystallites on the surface. Many are of
square or rectangular base area. Others are larger with hexa-
gonal footprints and others still seem to be domes. The grey box
indicates an area 100 x 100 nm?, equivalent to the areas shown
in the left-hand column of Fig. 5.

compared to data from STM images. This is most
likely to be due to the insensitivity of SEM to
smaller clusters (demonstrated for another sample
in which the ~5 nm diameter clusters were not
visible).

Hut-shaped crystallites are present that have
large facets measured at ~35° 4 5°. This agrees
well with the earlier assignment of Ni{l11}-type
long facets on the basis of STM linescans,
RHEED streak analysis and surface energy argu-
ments (Fig. 2). Many of the hut-clusters have
rectangular and square bases, but a proportion
have developed hexagonal bases and dome-like
structures. The domed structures with large heights
are difficult to image in STM as the tip is forced to
trace larger and larger contours over the surface.
The development of these large structures was not
accompanied by any modification of the RHEED
pattern, indicating either that they preserve the
same epitaxial relation with the substrate, or are
rare and do not contribute significantly to the
RHEED pattern. The new features may be formed
at high temperature after the huts attain a certain
critical size. Above ~880 K the growth stops (Fig.
5(b) inset and (d) inset) and a phase transforma-
tion to clusters of different geometry may occur.
Large features are also seen for the Ge/Si(100)
system, where a phase transformation model de-
scribes the shift from hut-clusters to domes [59,60].
For Ni/TiO,(110) it is likely that the true transition
temperature is >1000 K, since the majority of the
clusters in the SEM images are still hut-shaped
even after annealing to 1065 K.

Alternatively, the domes may be explained
as hut-clusters that have undergone a chemical
change due to exposure to air between the UHV
system and the SEM. In order to investigate this
hypothesis further, studies on film oxidation were
carried out, as described in the next section.

4.4. Oxidationlreduction studies of NilTiO,(110)

A clean TiO,(110) surface (Fig. 8(a)) was dosed
with 1.4 ML Ni at 495 K. Images of this surface
(Fig. 8(b)) showed equiaxed crystallites, 4-5 nm in
size, with a slight preferential alignment, mani-
fested in the weak Ni(100) transmission pattern



180 R.E. Tanner et al. | Surface Science 486 (2001) 167-184
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Fig. 8. Annealing low-coverage Ni/TiO,(110). (a) Pre-deposi-
tion RHEED of bare TiO,. Ni/TiO, before annealing: (b) STM
image and (c) corresponding 12 kV RHEED pattern. (d)—(g)
Evolution of RHEED images during annealing. (h) STM image
of the surface with RHEED pattern shown in (g).

(Fig. 8(c)). The sample was exposed to air and the
electron beam in the SEM and was returned to
UHV some 1400 h later. The RHEED pattern
unexpectedly showed a new coherent pattern in the
TiO,[110] azimuth (Fig. 8(d)). This arrangement of
spots is characteristic of a (110)-type zone axis and
was confirmed by the appearance of a (100) zone
axis pattern at 45° azimuthal rotation.

The Ni spots at the shadow edge (Fig. 8(c)) are
not present after exposure to air (Fig. 8(d)) and the
spots no longer lie on the outer dashed grey lines,
but have moved inward. The spot periodicity is

equivalent to 0.15+0.01 nm along [001]ro, and
0.22 + 0.01 nm along [110]ro,.

Since NiO has a rocksalt structure, the Ni—Ni
(or O-0) distance in the two interpenetrating fcc
lattices is 0.295 nm along (110)y,, directions.
These values are in good agreement with double
the measurement of the {220} periodicity in the
RHEED pattern, where the (110) and (110) spots
are absent as one would expect for a (110) zone
axis. The perpendicular [002]n;o direction has a
periodicity of 0.209 nm (%aoyNio), also in good
agreement with the measurement from the
RHEED pattern.

NiO formation is plausible following of expo-
sure of the Ni overlayer to excess oxygen at at-
mospheric pressure. Ni oxidises easily (AHP = 241
kJmol~! [61]) and the lattice parameters of the 3D
crystallites are consistent with the formation of
NiO, epitaxially oriented so that:

(001)laycr||(1 10)Ti027

(110];y: 1001} i, [110] 50| [110] 356, -
If the overlayer has been oxidised to NiO, the
driving force for this orientation-relation must be
the close match of the Ni-Ni (or O-O) separation
in NiO (0.2954 nm) and the Ti-Ti separation in
TiO, (0.2958 nm). The mismatch of NiO(001) with
TiO,(110) is g = —0.15%, & = —9.1%, implying a
system with very low strain in one direction.
Heating the oxidised crystallites in UHV caused
further evolution of the RHEED pattern. Between
RT and 350 K the diffraction spots attributed to
NiO became progressively sharper (Fig. 8(e)). At
600 K, Fig. 8(f), new diffraction spots appeared
with a wider spacing that sharpened rapidly at
~615 K. Following the transformation, the pat-
tern (Fig. 8(g)) shows a considerably reduced
background intensity and a (110) zone. The zone
axis type has not changed, but there has been a
contraction of the spot spacing along both direc-
tions. The periodicities of 0.13 nm for {220} spots
and 0.175 nm for {200} spots correspond well with
the value of dyyy = 0.124 nm and dyp, = 0.176 nm
in Ni. This demonstrates that the overlayer has
been reduced to metallic Ni. Rotation of the
sample by 45° again confirmed the assignment by
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revealing a (001) transmission pattern. The re-
duced crystallites are differently orientated com-
pared to the case of Ni deposition in UHV. Here
the orientation-relation is:

(OOI)layerH (1 10)T1027

[110),, 1001}, [110] {110},

For coherent growth on TiO,(110), the mismatch
values are ¢ = —15.8%, & = +15.1%, so the Ni
layer would be highly strained in both directions.

STM images acquired at ~720 K (Fig. 8(h))
show a dramatic change in surface morphology
to a smaller number of larger islands of 89 nm
typical lateral dimension, that have square or
rectangular footprints and distinct faceted sides.
Between the islands the TiO,(110) substrate is re-
vealed. It is impossible to estimate the volume of
the Ni crystallites from the deposition flux, since
the level of in-diffusion into the TiO, lattice is
unknown. In-diffusion is reported to occur at
temperatures as low as 575 K for Ni/TiO,(110) [16]
and at room temperature for Ni on defective
TiO,(110) [62] or rough TiO,(100) surfaces [63].
Out-diffusion was observed for the samples in this
study when sputter cleaning and subsequent an-
nealing caused Ni precipitation to the surface, and
formation of new islands.

In view of the large oxygen affinity of Ti with
respect to Ni, the reduction of NiO may be caused
by a competition between NiO and TiO, for the
oxygen in the NiO film. This elevated temperature
reaction may be written Ni*" + Ti"" — Ni’ + Ti*",
n < 4 [62]. TiO, is present in the surface layers of
the crystal in the form of oxygen defects, and small
particles of TiO, are known to diffuse across the
surface of metals supported on TiO,(110) [28,35].
The transformation of the film may be linked to
the suppression of small molecule adsorption due
to the SMSI phenomenon and it is possible that
the Ni islands in the STM image of Fig. 8(h) are
covered with thin TiO, film.

To account for the different orientation of Ni
after oxidation and reduction, we discount the ef-
fects of defects at the Ni/TiO, interface. Although
step-edges are known nucleation sites for Pd, Cu
and Ag on TiO, [3,34,64] and Pd/Al,O; [47],

layer || [

terrace defects and surface reduction only weakly
affect the behaviour of unreactive metals [33]. In-
stead, we believe an irreducible layer of NiO per-
sists at the Ni/TiO, boundary where the annealing
process does not fully reduce the NiO. In separate
studies, oxidation of single crystal Ni(100) surfaces
have been shown to result in the formation of a
stable NiO(100) layer [65]. Vestiges of crystalline
NiO are still present in the RHEED pattern of the
annealed Ni/TiO, sample (Fig. 8(g)). We therefore
attribute the anomalous Ni(001) orientation upon
reduction to the stabilising effect of an interfacial
NiO layer. This avoids a Ni/TiO, orientation with
poor strain optimisation, and leads to formation
of a Ni(001)/NiO(001)/TiO,(110) system.

These results mean that the effect of exposure to
air is to modify the crystallites’ behaviour in re-
sponse to UHV annealing and the work confirms
the stability of multiple Ni orientations on TiO,
(110), suggesting that other orientations of Ni
films may also be achievable under certain condi-
tions.

5. Conclusions

It is evident from Figs. 1 and 3 that Ni does not
wet the TiO,(110) surface even at a monolayer
coverage. Assuming that the previous work that
indicated S-K growth at room temperature using
AES [17,32] was indeed observing the same sys-
tem, we prefer our interpretation, since we find
STM and RHEED more appropriate for deter-
mining surface structure and topography. The
data here indicate that the growth mode of Ni/
TiO,(110) at temperatures between 295 and 495 K
is better described by a V-W, rather than S-K,
mode, in agreement with thermodynamic expec-
tations.

Crystalline islands of Ni(110) are formed on
TiO,(110). Previous reports of orientations with
very high mismatch may be a direct consequence
of the low-coverage, room-temperature conditions
under which kinetically limited phases grow. In
our case, the low-strain optimisation of orienta-
tion-relations can be attributed to increased sur-
face mobility at elevated temperature, and possibly
slight surface reduction.
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At low coverages strained layers are formed and
the lattice match for Ni(110) is better along
[001]rio, and for every second Ni atom along
[IT()]TiO2 than for other Ni orientations. The same
orientation-relation was reported recently for Cu/
TiO,(110) [37]. Both the observations of the V-W
growth mode and the previously unreported ori-
entation-relation for Ni/TiO, are reminiscent of
discrepancies over results on Cu growth on TiO;.
Copper is another fcc metal that neighbours Ni in
the periodic table and with similar heat of forma-
tion. Some authors reported the S-K growth mode
for Cu/TiO,(110), whereas others favoured V-W.
There is now a general consensus that Cu films
grow via the V-W mode at low coverages [14,
33,38,40-43,45,46]. In these references there is
also broad agreement that the films grow in the
Cu(111) orientation. In contrast and in direct
agreement with the work here on Ni deposition,
HREM of Cu deposited onto TiO,(110) at 475 K
revealed growth via the V-W mode and formation
of Cu(110) oriented crystallites with well-defined
{111}-type crystalline facets [37]. From this study,
it would seem that the behaviour of RT Ni and
elevated temperature Cu deposited on TiO,(110)
are similar.

When STM and electron diffraction were used
to examine the effect of heat treatment on the
nickel nanoisland morphology, in situ experiments
showed that the orientation relation between
the Ni overlayer and TiO,(110) substrate did
not change during annealing to temperatures as
high as 1065 K, maintaining the orientation re-
lation that develops during deposition: (110)y;|
(110)3i,» [110]xi[[[001] 35, . This arrangement has a
low average lattice mismatch in the two ortho-
gonal surface directions. Upon heating a 50 ML
layer, the clusters coarsened up to 880 K, and their
mean size reached approximately 25 nm (average
of length and breadth) and ~35 nm in height, after
which point the clusters did not grow any further
with increased temperature. Such self-limiting
growth has been discussed recently in relation to
Cu deposition on TiO,(110) [34].

RHEED patterns suggest a transformation to
NiO particles upon oxidation of the Ni clusters.
Crystalline particles formed that have lattice pa-
rameters consistent the formation of NiO. The

crystalline overlayer was aligned so that
(001)1ayer[[(110) 1y,- When reduced again in UHV,
the crystallites’ lattice parameters returned to the
value for Ni. Hut-clusters with well-defined facets
were formed but the original orientation was not
recovered. The new orientation of these Ni(001)
clusters may be stabilised by an interfacial layer of
irreducible NiO(001). These results have implica-
tions for the use of Ni on reducible substrates in
supported metal catalysis, where metal/ceramic
systems are used to promote selective oxidation
reactions.
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