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Initial growth of platinum on oxygen-covered Ni(110) surfaces
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Abstract

The initial growth of Pt on the Ni(110)–(3 · 1)-O and NiO(110) surfaces has been studied by coaxial impact collision ion scattering
spectroscopy (CAICISS), low energy electron diffraction (LEED) and X-ray photoelectron spectroscopy (XPS). Prior to Pt deposition,
the atomic structure of the near-surface regions of the Ni(110)–(3 · 1)-O and NiO(110) structures were studied using CAICISS, finding
changes to the interlayer spacings due to the adsorption of oxygen. Deposition of Pt on the Ni(110)–(3 · 1)-O surface led to a random
substitutional alloy in the near-surface region at Pt coverages both below and in excess of 1 ML. In contrast, when the surface was trea-
ted with 1800 L of atomic oxygen in order to form a NiO(110) surface, a thin Pt layer was formed upon room temperature Pt deposition.
XPS and LEED data are presented throughout to support the CAICISS observations.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Platinum is one of the most important metals used in
modern heterogeneous catalytic processes, applied in the
oxidation of CO and the reduction of NO molecules in
vehicle exhaust systems, as well as in the oxidation of
NH3 molecules to form nitric acid and the production of
specialist silicones [1–3]. However, Pt is an expensive mate-
rial and therefore, in recent times, much attention has been
paid to the characterisation of thin Pt films on a number of
different substrates [4–8].

The oxidation of the Ni(11 0) surface has been studied
using many different techniques (Refs. [9–13] cover just a
few examples). Short exposures to molecular oxygen yield
several reconstructions at sub-monolayer coverages.
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Firstly, the (3 · 1)-O added row structure is formed, with
O atoms occupying every third row in the h100i direction,
as shown in Fig. 1, corresponding to an O coverage of
0.33 ML. The structure of the Ni(110)–(3 · 1)-O surface
has been studied by van der Veen et al. using medium en-
ergy ion scattering (MEIS), with an expansion found in
the outermost interlayer spacing of �1% relative to the
bulk Ni(11 0) interlayer spacing [14]. Increasing the O cov-
erage to 0.50 ML results in the formation of a (2 · 1)-O
overlayer, with O atoms in every second row in the h100i
direction. At a coverage of 0.67 ML, the (3 · 1)-O missing

row structure is formed, with two out of every three rows
in the h1 00i direction occupied by O atoms. Increasing
the O coverage further results in the formation of a
‘sub-oxide’ (9 · 5)-O structure at a coverage of a few ML,
before a nickel oxide structure is formed at higher cover-
ages [9].

Previous work on the characterisation of Pt deposition
and O adsorption on Ni surfaces has been largely limited
to attempts to oxidise the Ni substrate following Pt
deposition. Such investigations on Ni(111) [15,16] and
Ni(100) [17] have found that Pt growth proceeds in a
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Fig. 1. A schematic illustration of the (3 · 1)-O added-row structure
formed along rows in the h100i direction on the Ni(110) surface. Both the
top and side views of the structure are shown, with illustrations of the
interlayer spacings, Dik, and the spacing of the O adlayer and the Ni
surface shown in the side view.
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disordered fashion and that the Pt prevented the room tem-
perature oxidation of the underlying Ni substrate. Kellogg
showed that on the clean Ni(110) surface, Pt atoms replace
Ni surface atoms to form a substitutional alloy at temper-
atures above 105 K [18], an observation confirmed by our
recent study of this system [19]. In the work reported here,
we aim to modify the growth mode of the Pt adlayer on the
Ni(110) surface by exposing the surface to atomic oxygen
prior to Pt deposition. This process may avoid alloying be-
tween the deposited Pt and the underlying Ni structure,
producing a thin Pt film.

In this paper, we report the results of coaxial impact col-
lision ion scattering (CAICISS) studies of the Ni(110)–
(3 · 1)-O and NiO(1 10) surfaces, as well as differences in
the growth characteristics of Pt upon these surfaces. CAI-
CISS is a unique surface science technique which offers both
compositional and structural information with a high de-
gree of surface specificity. Recently this technique has been
used for investigations of many adsorbate–substrate sys-
tems [4,20–26], and relies on the fact that the scattering of
inert gas ions at relatively low energies (1–5 keV) from a sur-
face can be described in terms of a simple binary collision
model [26]. Analysis of the energy and flux of the scattered
ions and neutral particles, as a function of incidence or azi-
muthal angle, offers the possibility to construct the atomic
structure of the surface and determine the elemental compo-
sition with single-layer sensitivity. In addition, X-ray photo-
electron spectroscopy (XPS) has been used to investigate the
chemical state of the Ni and Pt atoms in the near-surface
region, whilst low energy electron diffraction (LEED) has
been used to verify the periodicity of the structures formed
following the adsorption of oxygen on the Ni(11 0) surface.

2. Experimental details

The experiments were carried out in a UHV chamber
equipped with a retractable 3-grid LEED optic (Omicron
GmbH, Germany), a dual anode X-ray source (Vacuum
Generators, UK), a 100 mm concentric hemispherical elec-
tron energy analyser (VSW, UK, HA100), and a modular
CAICISS system described in detail elsewhere [4]. The
main chamber is pumped by ion and diffusion pumps,
and has a nominal base pressure in the region of
2 · 10�10 mbar. Resistive sample heating was monitored
using a chromel–alumel thermocouple. XPS spectra were
taken at a take-off angle of 45� using the MgKa anode of
the X-ray source (hm = 1253.6 eV), with all binding energies
calibrated relative to the Ni 2p3/2 peak at 852.3 eV [27].

2.1. Sample preparation

The Ni(110) crystal (Metal Crystals and Oxides, UK),
cut to ±0.1� of the (110) plane (verified by Laue measure-
ments), was spark eroded and mechanically polished prior
to being mounted on to a manipulator capable of polar and
azimuthal rotation. Once in the analysis chamber, the crys-
tal was cleaned using cycles of low energy ion bombard-
ment and annealing (IBA), with Ar+ bombardment at
3 keV and extended annealing at 700 �C, until no impuri-
ties were observed in the XPS spectrum of the near-surface
region and a sharp (1 · 1) LEED pattern was recorded.
Atomic oxygen adsorption was performed using a thermal
gas cracker (Oxford Applied Research, UK), consisting of
a W tube heated via electron bombardment and sur-
rounded by a water-cooled casing. The cracker had an
estimated oxygen cracking efficiency of �60% and was
positioned with a direct line-of-sight to the Ni crystal sur-
face. Pt deposition was achieved using a metal evaporation
source consisting of a high purity Pt wire wound around a
tungsten filament, with a current of 14.5 A passing through
the filament. Previous experiments forming Pt overlayers
on the Cu(100) surface were used to calibrate the deposi-
tion rate of the Pt source [28]. Pt deposition was carried
out at pressures less than 1 · 10�8 mbar. The W4d, C1s
and O1s photoemission peaks were monitored to ensure
that the surfaces were free from contamination both prior
to and following Pt and O adsorption.

2.2. CAICISS setup

The modular CAICISS instrument used for this investi-
gation is described in detail elsewhere [4]. All of the data
presented in this paper were collected using a 3 keV He+



Fig. 2. LEED patterns observed from (a) the clean Ni(110) surface at
78 eV, and (b) the (3 · 1) pattern observed at 92 eV following exposure of
the clean surface to 1.0 L of atomic oxygen.
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ion beam produced from research grade helium. Data
acquisition was carried out using an EG&G Ortec multi-
channel buffer (MCB) and Maestro II software. The polar
angle data acquisition mode (polar scan) has been auto-
mated using a stepper motor, allowing data to be collected
in 1.8� steps. For this investigation, an acquisition time of
100 s at each step was employed. All of the CAICISS data
presented in this paper were collected in the h100i azimuth,
as shown in Fig. 1. In this azimuth, the atomic structure is
symmetric about the surface normal and therefore the
0–90� polar angle region is completely representative of
the structure.

2.3. XPS and CAICISS data analysis

Structural information was obtained from CAICISS
spectra by measuring the Ni and Pt-backscattered intensity
as a function of polar angle after the preparation of each of
the surfaces investigated. Due to its small differential scat-
tering cross-section, oxygen atoms cannot be directly ob-
served with the Warwick CAICISS system at the present
time, and therefore the location of the O atoms has to be
inferred from their effect on the Ni and Pt-backscattered
intensity profiles. To enable accurate interpretation of the
CAICISS data, the FAN simulation software developed
by Niehus has been used to generate polar angle intensity
plots from a range of 3D models in order to obtain the best
fit for each experimental data set [29]. This package allows
quantitative structural analysis, focussing on the relative
intensities of the peaks within the spectrum and the angular
position of the peaks relative to the experimental data.
Many iterations were performed for each data set, chang-
ing the composition of layers in the surface region and
corresponding interlayer spacings until an acceptable
agreement with the experimental data was obtained. We
have identified recently that care must also be taken over
the choice of the ion–atom interaction potential for each
element in the near-surface region [30]. Correction factors
to the Firsov screening length in the Molière approxima-
tion to the Thomas–Fermi model (TFM) of 0.3 ± 0.1 for
O, 0.60 ± 0.02 for Ni and 0.77 ± 0.02 for Pt were deter-
mined during the analysis of the data presented in this
paper.

XPS data analysis was used to investigate the oxidation
of the Ni surface, as well as to estimate the total amount of
Pt deposited on the Ni(110)–(3 · 1)-O and NiO(11 0)
surfaces. To estimate the Pt coverage, fitting involved
the employment of a Gaussian–Lorentzian mixture
(70%:30%) to determine the area of the Ni2p3/2 peak prior
to Pt deposition, as well as the Pt4f7/2 and Ni 2p3/2 peaks
following the deposition. Quantification methods outlined
by Carley and Roberts [31] were then used to estimate
the Pt surface concentration and total coverage, before a
more accurate layer-by-layer Pt concentration profile was
derived from the CAICISS data. A similar approach was
taken to determine the total amount of O incorporated into
the surface region during the oxidation process and to
investigate the chemical environment of the Ni atoms in
the surface region after the exposure of the Ni(110) crystal
to atomic oxygen.

3. Results and discussion

3.1. The Ni(110)–(3 · 1)-O surface

Following the completion of the cleaning procedure out-
lined above, a (1 · 1) LEED pattern was recorded from the
Ni(110) surface at 78 eV (Fig. 2(a)). The Ni(110)–(3 · 1)-
O surface was formed by exposing the Ni(11 0) surface to
1.0 L of atomic oxygen at room temperature, with the
(3 · 1) LEED pattern recorded at 92 eV shown in
Fig. 2(b). CAICISS data were then recorded in the h100i
azimuth, with the Ni-backscattered intensity profile ex-
tracted from the data shown in Fig. 3(a). In this profile,
the peak at 14� corresponds to scattering from Ni atoms
in the surface layer and represents an interatomic spacing
(and also lattice constant) of 3.52 ± 0.05 Å, a value in line
with the known lattice constant of Ni [32]. Moving to
increasing polar angles, the peaks centered at 27�, 46�,
64� and 72� correspond to scattering from various scatter-
ing geometries in the sub-surface region, allowing the struc-
ture of the five outermost atomic layers to be derived.

Analysis of these data was carried out using the FAN
software, with the simulated profile with the best fit shown
in Fig. 3(b). The simulated profile arose from a structure
with oxygen atoms located in sites directly above the sec-
ond Ni layer atoms, with the O atoms occupying every
third row in the h100i direction (as previously shown in
Fig. 1). The O atoms were estimated to reside 1.0 ± 0.1 Å
above the Ni(110) surface, the large error in their position
due to the fact that as a result of its small differential
scattering cross-section, O cannot currently be observed
directly with the Warwick CAICISS system. However,
locating the O atoms in this site led to an improved fit on
the intensity of the surface peak at 14� when compared
to the much reduced intensity given by other models,



Fig. 3. (a) Experimental Ni-backscattered intensity profile from the
Ni(110)–(3 · 1)-O surface in the h100i azimuth, showing peaks corre-
sponding to scattering from the outermost five layers of the structure. (b)
shows the corresponding profile from the FAN simulation of a trial
structure containing expansions in the two outermost interlayer spacings
relative to the bulk Ni(110) structure and O atoms in added rows running
along the h110i direction. (c) and (d) show simulated profiles from models
in which the added-rows consist of Ni–O chains in the h110i and h100i
directions respectively. It should be noted that the experimental intensity
at 72� is higher than any of the simulated profiles due to the existence of a
small number of defects within the crystal structure.

Fig. 4. (a) The Pt-backscattered intensity profile extracted from the
CAICISS data collected in the h100i azimuth following the deposition of
0.30 ML of Pt on the Ni(110)–(3 · 1)-O surface. (b) The simulated Pt
profile giving the best fit of this data. The final structure and composi-
tional profile is summarized in Table 1.
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including the ‘missing row’ (3 · 1)-O structure, in which
every third row of O atoms is missing. Our model is also
in contrast to the added-row structure reported by Eierdal
and co-workers during their STM study of the adsorption
of molecular oxygen on to the Ni(110) surface [9], in which
the authors observed Ni–O chains on the surface. Fig. 3(c)
and (d) shows that the inclusion of such chains into the
structure leads to features which were not observed in the
experimental CAICISS data. The structure derived from
our CAICISS data contained a �7% expansion of D12

(the spacing between the two outermost Ni layers), to
1.33 ± 0.02 Å. The expansion is larger than the 1% relaxa-
tion found by van der Veen et al. during their MEIS
investigation of the Ni(1 10)–(3 · 1)-O surface [14]. The
relaxation of the surface layer is also in contrast to pub-
lished relaxation data from the clean Ni(110) surface
which indicate a contraction of �9% in D12 [33,34]. Such
differences in the added-row structure and relaxations in
the near-surface region are most likely due to the use of
atomic oxygen in the current investigation. D23 was found
to be 1.30 ± 0.02 Å, an expansion of �4% on the bulk
value and close to the value obtained from previous studies
of the clean Ni(110) surface [33,34,36,37]. Below this, the
bulk Ni(110) structure was observed, with interlayer spac-
ings of 1.25 Å. Therefore, the adsorption of just 1/3 ML of
oxygen was found to cause a significant outward relaxation
of the surface layer, whilst the structure of the near-surface
region (layers 2–5) was found to be unaffected.

3.2. Pt deposition on the Ni(11 0)–(3 · 1)-O surface

Following the deposition of 0.30 ± 0.03 ML of Pt on the
Ni(110)–(3 · 1)-O surface at room temperature, no LEED
pattern was observed, indicative of disorder in the surface
region. The Pt spectrum extracted from the CAICISS data
collected in the h100i azimuth is shown in Fig. 4(a). A brief
inspection of this profile shows the existence of features
centered at 25�, 47� and 72� arising from the scattering of
particles from Pt atoms in the third atomic layer of the
structure. This immediately indicates the penetration of
Pt atoms into the near-surface region following sub-mono-
layer deposition at room temperature, whilst the surface
peak, centered at 14�, shows a significant amount of Pt in
the outermost layer.

Careful analysis of the CAICISS data using the FAN
software yielded the Pt-backscattered profile shown in
Fig. 4(b). In order to replicate the experimental profile, a
surface layer with an average Ni3Pt composition was re-
quired, in addition to Pt atoms making up 5% of the sec-
ond and third atomic layers. The Pt atoms were located
at random substitutional sites within the Ni(110) structure
in accordance with the disorder indicated by the LEED
observations. Interestingly, the analysis of the CAICISS
data revealed no discernable change in the atomic structure
of the surface region as a result of the inclusion of the
Pt atoms, with D12 remaining at 1.33 ± 0.02 Å and D23

remaining at 1.30 ± 0.02 Å. The lack of change in the inter-
layer spacings is most likely due to the expansion of the
outermost layers during the adsorption of O atoms prior
to Pt deposition, making it easier for Pt atoms to be in-



Table 1
A summary of changes to the interlayer spacings and layer-by-layer
concentrations during the deposition of Pt on the Ni(110)–(3 · 1)-O
surface

Pt coverage (ML) 0.00 0.30 0.88 1.88

Surface layer Pt% – 25 33 60
Layer 2 Pt% – 5 25 55
Layer 3 Pt% – 5 15 35
Layer 4 Pt% – 0 15 20
Layer 5 Pt% – 0 0 18

O layer to surface (Å) 1.0 1.0 1.2 1.3
D12 +6.7% +6.7% +12.4% +12.4%
D23 +4.3% +4.3% +12.4% +12.4%
D34 0 0 +4.3% +4.3%
D45 0 0 0 0
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cluded in the Ni(110) lattice without further disturbing the
structure in a significant manner. The O atoms were ob-
served to remain at a height of 1.0 ± 0.1 Å above the Ni–
Pt surface alloy. No changes were observed in either the
structure or composition of the sample at the fourth layer
or below, which retained the bulk Ni(110) structure.

With evidence of a substitutional alloy at sub-monolayer
Pt coverage, Pt deposition continued up to a total coverage
in excess of a monolayer. CAICISS data were taken at
coverages of 0.88 ± 0.05 ML and 1.88 ± 0.05 ML, with
the Pt-backscattered intensity profiles extracted from the
data taken in the h100i azimuth shown in Fig. 5 and the
results of the compositional and structural analysis shown
in Table 1. No LEED pattern was observed at either
coverage, indicating that deposition of Pt on the
Ni(11 0)–(3 · 1)-O surface at room temperature yields
structures with little order at the surface in terms of the
positioning of the Pt atoms within the Ni(1 10) structure.

The Pt-backscattered profiles shown in Fig. 5(b)
(0.88 ML) and (c) (1.88 ML) show the increasing concen-
tration of Pt atoms in the near-surface region, as evidenced
by the increase in intensity of the peaks at polar angles in
excess of 20�. Analysis of the profile collected following
the deposition of 0.88 ML of Pt using the FAN software re-
vealed the penetration of Pt atoms as far as the fourth
atomic layer. It was also possible to conclude that Pt atoms
make up 33 ± 3% of the surface layer, 25 ± 2% of the
second layer and 15 ± 2% of both the third and fourth
atomic layers.

Due to the 11.3% lattice mis-match between Ni and Pt,
the inclusion of a significant number of the larger Pt atoms
into the Ni(110) structure can be expected to produce
expansions of the interlayer spacings in the near-surface re-
gion. This trend is shown by the shift in polar angle (�2�)
Fig. 5. The Pt-backscattered profiles extracted from the CAICISS data
obtained at Pt coverages of (a) 0.30 ML, (b) 0.88 ML and (c) 1.88 ML on
the Ni(110)–(3 · 1)-O surface. The surface peak is observed in the 14–16�
region in all cases, whilst peaks arising from scattering in the near-surface
layers (layers 2–5) are observed at higher polar angles. Structural and
compositional details are given in the main text and Table 1.
for the peaks which correspond to scattering from sub-
surface Pt atoms as the coverage increases from 0.30 ML
to 0.88 ML. Analysis of the intensity profile shown in
Fig. 5(b) using the FAN software showed that D12 and
D23 had both increased to 1.40 ± 0.02 Å, an expansion of
�12% on the bulk Ni(110) interlayer spacing, whilst D34

had expanded to 1.30 ± 0.02 Å, an expansion of �4%. In
order to accurately fit the shapes of the peaks observed,
the (3 · 1)-O layer had to be moved to a height of
1.20 ± 0.05 Å above the surface layer of the alloy structure,
again most probably due to the inclusion of the larger Pt
atoms in the surface region.

The next Pt deposition stage, up to a total coverage of
1.88 ML, led to the inclusion of most of the newly depos-
ited Pt into the two outermost layers of the crystal. The
Pt concentration in the surface layer was observed to have
increased to 60 ± 3%, whilst the second layer Pt concentra-
tion increased to 55 ± 3%. This is evidenced by the increase
of the intensity of the surface peak at 16� in Fig. 5(c) rela-
tive to the other peaks in the Pt-backscattered profile, when
compared to the profile obtained at a Pt coverage of
0.88 ML. The remaining newly deposited Pt was found to
have migrated to the near-surface region, increasing the
Pt concentration to 35 ± 2% in the third layer, 20 ± 2%
in the fourth layer and 18 ± 2% in the fifth layer. However,
the only change observed in the interlayer spacings was a
movement of the (3 · 1)-O layer out to a height of
1.30 ± 0.05 Å above the surface.

3.3. The oxidised Ni(11 0) surface

3.3.1. LEED observations
The clean Ni(110)–(1 · 1) surface (Fig. 6(a)) was ex-

posed to a series of short molecular O2 doses, beginning
with a 1.0 L exposure which yielded the (3 · 1)-O added-
row structure (Fig. 6(b)). A total exposure of 1.5 L led
to the (2 · 1)-O layer being formed on the surface
(Fig. 6(c)), previously shown to correspond to an oxygen
coverage of 0.5 ML [11,38]. A total exposure of 3.0 L led
to the formation of the (3 · 1)-O missing row structure
(Fig. 6(d)), corresponding to a 0.67 ML oxygen coverage.



Fig. 6. (a) The (1 · 1) LEED pattern recorded from the clean Ni(110)
surface, along with (b) the (3 · 1)-O added row following an oxygen
exposure of 1.0 L, (c) the (2 · 1)-O structure observed following exposure
of 1.5 L and (d) the (3 · 1)-O missing row structure observed following a
total exposure of 3.0 L. The clean surface LEED pattern was recorded at
78 eV, whilst the remaining patterns were recorded at 92 eV.

Fig. 7. The Ni2p regions recorded from (a) the clean Ni(110) surface and
(b) following exposure of the surface to 1800 L of atomic oxygen.
Significant chemical shifts and no metallic Ni contributions were observed
after oxygen exposure, indicating the formation of a thick NiO film.
Indeed, (b) is identical to the spectrum generated from a NiO surface
presented by Chastain [27].

Table 2
A summary of the Ni2p and O1s binding energies recorded before and
after the exposure of the Ni(110) surface to 1800 L of atomic oxygen

XPS peak Ni2p1/2, eV Ni2p3/2, eV O1s, eV

Clean Ni(110) surface 852.3 869.8 n/a
NiO(110) surface 854.4 872.6 529.8
Energy shift +2.1 +2.8 n/a
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Further exposure, carried out using atomic oxygen to in-
crease the efficiency of oxidation, led to the increase in
the background intensity, obscuring any LEED spots.
The (9 · 5) pattern reported previously was not observed
in this investigation, most likely due to the use of atomic
rather than molecular oxygen.
3.3.2. XPS measurements

The Ni2p region of the XPS spectra collected following
a total atomic oxygen exposure of 1800 L, along with the
corresponding region collected from the clean Ni(110)
surface are shown in Fig. 7. The clean surface Ni2p1/2 and
2p3/2 peaks were observed at 852.3 and 869.8 eV respectively,
along with the 2p3/2 satellite peak at 858.7 eV, and corre-
spond well with previous data from clean Ni surfaces
[27]. Chemical shifts of 1.9–2.8 eV, due to the incorpora-
tion of highly electronegative O atoms into the Ni struc-
ture, were seen in the Ni2p peaks within XPS data
collected following oxidation (see Table 2). Such a spec-
trum is typical of a nickel oxide surface [27]. No contribu-
tion from metallic Ni was observed, suggesting that a
reasonably thick NiO film (in excess of 30 Å) had been
formed on the Ni surface, given the 45� take-off angle em-
ployed during this investigation.
3.3.3. CAICISS investigations

Following the exposure of the Ni(11 0) surface to 1800 L
of atomic oxygen, CAICISS data were taken in the h100i
azimuth. The Ni-backscattered intensity profile is shown
in Fig. 8. The first characteristic to note is that the peak
positions arising from the NiO(1 10) surface throughout
the polar angle range are very similar to those from the
Ni(110)–(3 · 1)-O surface. This observation is in contrast
with similar published experiments which have suggested
the formation of a NiO(1 00) film on top of the Ni(110)
substrate [9–11]. This is clearly not the case in our investi-
gation, as a shift from a (110) surface to a (10 0) surface
would produce large shifts in the peak positions observed
in the CAICISS spectrum (as shown in Fig. 8(c)) due to
the different scattering geometries within the fcc (100)
and (11 0) structures [35]. Instead, the surface peak (at
14�) appears to have been reduced in intensity as a conse-
quence of the disorder induced at the surface as a result
of oxidation. This difference with previous investigations
is again most likely due to the use of the more reactive
atomic oxygen during the oxidation process as opposed
to molecular oxygen.

Analysis of the Ni-backscattered profile using the FAN
software revealed a �6% expansion in both of the two out-



Fig. 8. The Ni-backscattered intensity profiles extracted from CAICISS
data recorded from (a) Ni(110)–(3 · 1)-O surface and (b) the surface
following exposure to 1800 L of atomic oxygen. Disorder at the surface is
observed by the reduction of the intensity of the surface peak, but the
overall structure remains largely unchanged during oxidation. A simula-
tion of a NiO(100) surface (structure taken from the report by Muñoz-
Márquez and co-workers [35]) is shown in (c), clearly demonstrating that
such a surface has not been formed in this investigation.

Fig. 9. (a) The Pt-backscattered intensity profile recorded with a 0.31 ML
coverage of Pt on the NiO(110) surface. (b) The corresponding data
following the deposition of 0.30 ML of Pt on the Ni(110)–(3 · 1)-O
surface, clearly showing a shift in the surface peak and the existence of
peaks at higher polar angles associated with the sub-surface Pt atoms.

Fig. 10. The Pt4f region recorded from three different samples. (a) The
data recorded from a clean Pt(111) surface [4]. (b) The data collected
following the oxidation of the Pt(111) surface, showing an additional
feature at 76.8 eV [4]. (c) The Pt4f region recorded following the
deposition of 0.31 ML of Pt on the NiO(110) surface.
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ermost interlayer spacings, D12 and D23. The bulk Ni(1 10)
structure was observed deeper into the crystal, despite O
atoms being found in substitutional sites throughout the
probing depth of the CAICISS experiment (�5 layers).
Whilst the formation of a thick NiO(1 10) film leaves the
structure of the lattice near the surface practically un-
changed when compared to the Ni(110)–(3 · 1)-O surface,
the structure again represents a shift away from that of the
clean Ni(110) surface [36,37].

3.4. Pt deposition on the NiO(1 10) film

Firstly, 0.31 ML of Pt was deposited on the NiO(110)
film at room temperature. The Pt-backscattered intensity
profile collected following the deposition is shown
in Fig. 9(a). The profile does not exhibit any of the
features at polar angles in excess of 25� which correspond
to sub-surface Pt atoms, as observed following sub-
monolayer Pt deposition on the Ni(110)–(3 · 1)-O surface
(Fig. 9(b)). Therefore, virtually all of the Pt atoms must be
located in the outermost layer (i.e., in a film on top of the
surface). In this case, the surface peak in the Pt profile was
observed to have shifted from 16� (Pt on the Ni(11 0)–
(3 · 1)-O surface) to 10� (Pt on NiO(11 0)). This indicates
a much larger average spacing between Pt atoms in the out-
ermost layer, again a feature which indicates the formation
of a Pt overlayer. The surface peak was also broadened in
the Pt/NiO(1 10) case, indicating a range of spacings be-
tween Pt atoms on the surface which would only be possi-
ble if the Pt atoms were not contained within the NiO(110)
film.
Further evidence for the formation of a thin Pt layer on
top of the NiO(1 10) film comes from the XPS data re-
corded following the deposition of Pt on the surface. The
data, presented in Fig. 10, shows a comparison of the
Pt4f regions recorded from a clean Pt(111) surface and
an oxidised Pt(111) surface from a previous investigation



Fig. 12. The Pt-backscattered intensity profile recorded in the h100i
azimuth following annealing of a sample containing a 0.80 ML Pt film on
top of a NiO(110) surface to 400 �C for 10 min. The presence of the sharp
peaks at polar angles in excess of �20� indicates a well-ordered structure
with a significant amount of Pt atoms which have penetrated into the near-
surface region during the annealing process.

3334 M. Walker et al. / Surface Science 600 (2006) 3327–3336
[4], with the data recorded from the Pt layer on top of the
NiO(1 10) film. The data collected from both the clean
Pt(111) surface and following Pt deposition on the
NiO(1 10) film exhibit just two peaks in the Pt 4f region,
corresponding to the peaks expected from a clean Pt sur-
face [27]. Data recorded from the Pt4f region following
the oxidation of a Pt(111) surface exhibits an additional
shoulder at 76.8 eV due to the formation of an oxide layer
at the surface. This feature was absent in the Pt 4f region
recorded following Pt deposition on the NiO(1 10) film,
indicating that there was very little interaction between
the Pt and O atoms within the sample and pointing to
the formation of a Pt overlayer on top of the NiO(1 10)
film.

A second Pt deposition was implemented, bringing the
total Pt coverage to 0.80 ML, in order to provide further
evidence for the formation of a Pt layer on the NiO(110)
film. The Pt-backscattered intensity profile, shown in
Fig. 11, again shows a very broad surface peak due to
the range of spacings between the Pt atoms in the adlayer.
However, no peaks of significant intensity are observed at
higher polar angles – peaks which would be present if only
a small amount of Pt atoms (�5% of a monolayer) had
penetrated into the NiO(110) structure. In this case, there
is only a slight suggestion of peaks at �40�, 54� and 78�,
most likely due to the start of the formation of a second
layer of Pt in small regions on the surface. The Pt surface
peak was found to be centered at 17�, a 5� shift to higher
angles compared to the data recorded following the
0.31 ML Pt deposition on the NiO(11 0) film. This shift
should be expected as it arises from the shortening of the
average spacing between Pt atoms in the h100i direction
Fig. 11. The Pt-backscattered intensity profile recorded in the h100i
azimuth following the deposition of 0.80 ML of Pt on the NiO(110)
surface at room temperature. The broad surface peaks arises from the
range of distances between Pt atoms in the adlayer, whilst the lack of
peaks at polar angles in excess of �30� suggests the layer-by-layer growth
of a purely Pt film.
which occurs as the Pt layer nears completion. These obser-
vations indicate that a purely Pt layer has been formed on
top of the NiO(110) film.

Following the acquisition of CAICISS data at a Pt cov-
erage of 0.80 ML, the sample was annealed to 400 �C for
10 min. A weak (1 · 1) LEED pattern was observed on
cooling to room temperature, indicating that the surface re-
gion had undergone some re-ordering during the anneal-
ing. The Pt-backscattered intensity profile extracted from
the CAICISS data recorded from this surface is shown in
Fig. 12. The surface peak, at 15�, corresponds well with
the angle of the surface peak observed following Pt deposi-
tion on the Ni(110)–(3 · 1)-O surface (16�, as shown in
Fig. 5). Therefore, it appears that the Pt atoms are now lo-
cated within the Ni(11 0) lattice. The peaks centered at 25�,
47�, 63� and 72� all indicate that the Pt atoms have pene-
trated well below the surface, to at least the fifth layer of
the structure. In addition, the annealing appears to have
removed a significant proportion of the O atoms and
disorder from the surface region, as evidenced by the
sharpness of all the peaks in the CAICISS profile. This
demonstrates that sub-surface Pt atoms can be clearly ob-
served using CAICISS and that before annealing, the Pt
atoms were residing in a purely Pt layer on top of the
NiO(1 10) film.

4. Conclusions

The deposition of Pt on the clean Ni(110) surface has
previously been shown to produce a substitutional alloy
at the surface [18]. In this paper, the effect on the growth
of Pt on Ni(110) surfaces by pre-exposing the Ni crystal
to varying amounts of atomic oxygen has been investigated
using CAICISS, LEED and XPS.

The surface was firstly exposed to 1.0 L of atomic oxy-
gen, after which LEED indicated that the Ni(110)–
(3 · 1)-O surface had been formed. Analysis of CAICISS
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data recorded in the h100i azimuth led to the conclusion
that this corresponded to the (3 · 1)-O added-row struc-
ture, as opposed to the (3 · 1)-O missing row structure,
with the added rows consisting of only O atoms along
the h110i direction. The CAICISS data also illustrated
the relaxations induced in the surface region as a result
of the adsorption of just 1/3 ML of atomic oxygen, with
the outermost interlayer spacing, D12, found to have ex-
panded by �7% with respect to the bulk Ni(110) structure.
D23 was also observed to have expanded to �4% more than
the bulk interlayer spacing, although this is in line with pre-
vious investigations of the structure of the clean Ni(1 10)
surface.

The deposition of 0.30 ML of Pt on the Ni(110)–(3 · 1)-
O surface led to the formation of a Ni–Pt alloy in the sur-
face region. Pt atoms were observed to have penetrated as
far as the third layer of the structure, although no changes
to the near-surface structure were observed. However, a
further Pt deposition which brought the total coverage to
0.88 ML resulted in the first two interlayer spacings
expanding to �12% larger than the bulk Ni(110) interlayer
spacing, along with a �4% expansion of D34 due to the
inclusion of Pt atoms in the fourth atomic layer. Increasing
the deposited Pt coverage to 1.88 ML led to an increase in
the Pt concentration in each of the outermost five layers of
the structure, but produced no discernable change in the
interlayer spacings in the near-surface region. The (3 · 1)-
O layer was observed to remain on top of the Ni–Pt surface
alloy throughout the investigation.

Following the re-preparation of a clean Ni(110) surface,
the sample was exposed to a series of short molecular
O2 exposures which allowed the (3 · 1)-O missing row,
(2 · 1)-O and (3 · 1)-O added-row structures to be ob-
served with LEED. All LEED spots were concealed by
the increasing background intensity as the surface was ex-
posed to further amounts of atomic oxygen.

After an extended exposure to atomic oxygen (1800 L),
XPS showed that a NiO film of at least 30 Å in thickness
had been formed on the surface, with no purely metallic
Ni observed within the sampling depth. CAICISS indicated
that a NiO(1 10) film had been produced during the oxygen
exposure, contrary to some previous reports which have
suggested that this film should take on a NiO(1 00) struc-
ture. This fundamental difference was most likely due to
the use of atomic oxygen during this investigation.

Pt was deposited up to a total coverage of 0.80 ML on
the NiO(110) film at room temperature. CAICISS and
XPS observations suggested that all of the Pt atoms were
located on top of the NiO(11 0) structure in a disordered,
but purely Pt layer, and hence the initial growth of Pt
deposited at room temperature was found to be different
when compared to the clean Ni(110) and Ni(11 0)–
(3 · 1)-O surfaces. This opens the possibility of the forma-
tion of Pt thin films on NiO(1 10) for application in fuel
cells, the production of specialist silicones, the formation
of nitric acid and other modern industries. Annealing of
the Pt/NiO(1 10) structure led to the formation of a Ni–
Pt alloy in the near-surface region and hence to the elimi-
nation of the Ni-oxide structure.
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