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Abstract: The reaction of the Ni/X interfaces (X = Si or Cr) with O,* ions at low energy (3 keV) was
studied using X-ray photoelectron spectroscopy (XPS) and factor analysis (FA). It was found that low
ion doses lead to the formation of a NiO thin film on the surface that was progressively transformed
into a Ni-O-X mixed oxide with increasing the ion dose. The degree of transformation of NiO into
Ni-O-X depended on the covalence of the X cation, indicating that the reaction was influenced by
chemical driving forces. For strong covalent cations (Si and Al), NiO was completely transformed
into Ni-O-X at ion doses above 1.8 x 1017 ions/cm?, whereas for ionic cations (Cr) the transformation
was incomplete. The ionicity of Ni atoms in the Ni-O-X mixed oxide increased with the increase in
the covalence of X cation, and the features of the Ni 2p core level, characteristic of bulk NiO which
were attributed to non-local screening, disappeared.

Keywords: metal oxides; thin films; synthesis; characterization; reactive ion beam mixing; photoelec-
tron spectroscopy

1. Introduction

In recent years, there has been an increasing demand of noble metals-free catalysts
based in earth-abundant raw materials. In this way, Ni-based mixed oxides are being
tested as promising candidates for substituting noble metal-based catalysts [1-19]. Ni-Co
mixed oxides have been proposed for the catalytic oxidation of benzene [1] and their
ability in O, activation during benzyl alcohol oxidation in air has also been addressed [2].
Ni-Cu mixed oxides have been tested for the catalytic hydrogen [3,4] and oxygen [4]
evolution reactions. In addition, their catalytic activity for CO oxidation [5] and conversion
of lignin in subcritical methanol [6] have been also studied. Ni-Al mixed oxides have
been proposed for the catalytic oxidative dehydrogenation of ethane to ethylene [7] and
as catalytic precursors in the hydrogenation process [8]. Ni-Mg mixed oxides catalysts
have been used for low temperature methane oxidation [9] and Ni-Mg-Al mixed oxides
catalysts have been tested for CO, methanation [10]. Likewise, Ni-Zr [11], Ni-Fe [12] and
NiO/Mn-doped NiCo,04 [13] mixed oxides have been tested as catalysts for the oxygen
evolution reaction [11,12], and Ni-Mn mixed oxides for ethanol oxidation [14]. Ni-In mixed
oxides have been studied in the electroreduction of CO, [15], and Ni-Ce mixed oxides for
the catalytic CO methanation reaction [16]. Likewise, Ni-Ge mixed oxides have been tested
for the electrochemical nitrogen reduction reaction [17] and Ni-Sn mixed oxides as catalysts
for carbonylation of amines by CO,. On the other hand, nickel silicates supported on
olivine have been addressed for tar removal from biomass gasification [19]. Other fields of
active Ni-based mixed oxides research were related to their magnetic [20] and gas-sensing
properties [21].

In the above-mentioned works [1-21], a great variety of physical and chemical methods
to grow Ni-based mixed oxides have been reported. In a previous work, the reactive ion
beam mixing (IBM) of Ni/ Al interfaces using low energy O,* ions has been explored and
the formation of Ni-Al mixed oxide thin films has been reported [22].
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The aim of the present work was to delve into the formation of Ni-based mixed oxides
by the reactive IBM of interfaces. To study the influence of X cation covalence in the
formation of Ni-O-X mixed oxides by reactive IBM of Ni/X interfaces, the Al cation, used
in a previous work [6], was replaced by Si or Cr, because the covalent character of Al-O
bonds is located between those of Si-O and Cr-O bonds. The binding energy value of the
O 1s core level was used to establish the covalent character of single oxides. The lower
the binding energy, the higher the charge in the oxygen atom, indicating a greater charge
transfer from the cation to the oxygen atom and, therefore, a less covalent bond. In this
way, Ni-O-5i and Ni-O-Cr mixed oxides were formed. However, the ratio between NiO
and Ni-O-X species depends on the X cation covalence, therefore suggesting the influence
of chemical driving forces in the composition of the thin films formed.

2. Materials and Methods

5i(100) single crystals (n-type, 3.5 (-cm) manufactured by Virginia Semiconductors
Inc. (Fredericksburg, VA, USA), and polycrystalline chromium sheets of 99.7% purity
manufactured by Goodfellow, were used as substrates throughout this work. They were
introduced into an ultrahigh vacuum system and sputter-cleaned “in situ” using a 3 keV
Ar* beam until no impurities were detected by X-ray photoelectron spectroscopy (XPS)
(SPECS, Berlin, Germany).

The Ni/Si and Ni/Cr interfaces were formed by evaporating 9 nm thick Ni layers
at room temperature on Si and Cr substrates, respectively, and subsequently they were
3 keV O,* ion beam mixed, as described elsewhere for the Ni/Al interface [22]. Nickel
deposition was carried out in a preparation chamber attached to the analysis chamber by
electron bombardment of a high purity Ni rod. The evaporation rate was determined by a
quartz microbalance that could be placed in the same position that Si and Cr substrates.
The pressure was always kept below 2 x 1077 Pa during evaporation. Mg K« radiation
at a constant power of 300 W was used to acquire XPS spectra with a hemispherical
analyzer (SPECS Phoibos 100 MCD-5). The binding energies were calibrated as described
elsewhere [22]. The pass energy of the analyzer was set to 9 eV, giving a constant resolution
of 0.9 eV.

3. Results and Discussion

Figure 1 shows the evolution of (a) Ni 2p, Si 2p and O 1s, and (b) Ni 2p, Cr 2p and O
1s core level spectra of Ni(9 nm)/Si and Ni(9 nm)/Cr interfaces, respectively, as a function
of the 3 keV O,* ion dose. The background of the spectra was subtracted using a modified
Shirley method [23]. The Ni 2p spectra shown in Figure 1 were scaled to constant area to
better observe the changes that took place with increasing the ion dose. The upper spectra,
labelled as 0 ions/cm?, are representative of metallic nickel. It should be pointed out that
the Kug 4 satellite of the Ni 3s band and a minor peak of the Ni LMM Auger transition
overlapped with the Si 2p and Cr 2p signals, respectively. These overlapping features
can be observed in the Si 2p and Cr 2p zero ion dose spectra, respectively. In addition,
the reference spectra for nickel (NiO), silicon (SiO;) and chromium (Cr,O3) oxides thin
films formed by 3 keV oxygen implantation up to saturation of high purity Ni, Si and
Cr substrates, respectively, are also shown for comparison. The binding energies of pure
nickel, Ni® 2p3 5 (852.7 eV), silicon, Si® 2p (99.4 eV) and chromium, Cr¥ 2p3,, (574.3 eV)
core levels, and of the double-peaked Ni 2p3/, main line (854, 855.5 eV), Si 2p (103.4 eV)
and Cr 2p3,, (576.3 eV) core levels of NiO, SiO, and Cr,O3 oxides, respectively, have been
indicated in Figure 1 by dashed lines. Likewise, the O 1s binding energies, observed for
NiO (529.3 eV), SiO; (532.7 eV) and CrpO3 (529.8 eV) oxides have also been indicated. The
NiO, SiO; and CryO; reference spectra shown in Figure 1 agreed with those reported in the
literature [22,24-27].
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Figure 1. (a) Ni 2p, Si 2p and O 1s, and (b) Ni 2p, Cr 2p and O 1s core level spectra of the Ni(9 nm)/Si
and Ni(9 nm)/Cr interfaces, respectively, as a function of the 3 keV O,* ion dose. Ni 2p spectra were
scaled to constant area to better observe the changes that took place with increasing the ion dose.

The changes observed in Figure 1, as the ion dose increased, were associated with
the formation of Ni-O and X-O (X = Si or Cr) bonds by oxygen implantation, sputtering
and intermixing of Ni and X at the interface. A fast oxidation of the deposited nickel film
was observed. For an ion dose of ~1.5 x 10' jons/cm?, the Ni 2p core level was similar
to that of NiO. Subsequently, for higher ion doses, the Ni 2p satellite structure changed
and the core level shifted to higher binding energies. For the Ni/Si interface, the Si 2p
core level shifted to higher binding energies as the reactive IBM proceeded, but its binding
energy was always lower than that of SiO,. Likewise, the O 1s binding energy shifted from
the value observed for NiO to higher binding energies, but it was always lower than that
observed for SiO,. On the other hand, for the Ni/Cr interface, the O 1s binding energy
shifted from the value observed for NiO to the value of Cr,O3, whereas the binding energy
and shape of the Cr 2p core level remained practically constant with the increasing the ion
dose, except for low ion doses when it was distorted by the overlapping with a minor peak
of the Ni LMM Auger transition. The shifts and shape changes of the core levels were more
pronounced for the Ni/Si than for the Ni/Cr interface. This fact could be related to the
different covalent character of Si-O and Cr-O bonds. In a simple picture, assuming that
final state effects may be ignored, the degree of covalence of single oxides can be related
to the O 1s binding energy. The higher the O 1s binding energy, the higher the covalent
character of the single oxide [28]. Therefore, SiO, can be considered as a strong covalent
oxide, whereas Cr,O3 should be considered as an ionic oxide. According to this simple
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picture, NiO would be a slightly more ionic oxide than Cr,O3, in such a way that in a
Ni-O-Cr mixed oxide, the Cr-O bond would be slightly more covalent than the Ni-O bond.

The above-mentioned evolution of the core levels with increasing the ion dose suggests
that Ni atoms were more ionic and Si or Cr atoms were more covalent than in single NiO
and SiO; or Cr,O3 oxides, respectively. Likewise, the oxygen bonding in the Ni-O-X mixed
oxides was in between the covalent character of SiO;, or Cr,O3, and the ionic character of
NiO [22]. According to the phenomenological rule of bonding given by Barr for mixed
oxides [28], this behavior points to the formation of a Ni-O-X mixed oxide (X = Si or Cr)
at higher ion doses, in good agreement with the reactive IBM of Ni/Al interfaces [22].
Moreover, the changes observed in the Ni 2p core level also support the formation of
a Ni-O-X mixed oxide. This core level shifted to higher binding energy because of Ni
cations increasing the ionicity in the Ni-O-X mixed oxide, as compared to that in NiO. In
addition, changes in the nonlocal screening contribution to the Ni 2p core level [22,29,30]
due to the presence of X cations in the oxide film were observed. The magnitude of the
above-mentioned changes was more pronounced for the Ni/Si and Ni/Al [22] interfaces
than for the Ni/Cr interface, therefore suggesting that they increased with the increase in
the covalence of the X cation with respect to that of Ni.

Due to the high sensitivity of the Ni 2p shape core level to the Ni local environment,
useful information about the evolution of the chemical composition of the thin films formed
by reactive ion beam mixing can be straightforwardly obtained by the application of factor
analysis (FA) to the evolution of the Ni 2p datasets of Figure 1. FA is a well-established
technique to analyze a set of spectroscopic data representing the evolution of a system with
respect to a parameter [22,31-34] and, in this case, with respect to the ion dose. The full
mathematical details are not repeated here. The aim of FA is to reproduce the experimental
dataset as a linear combination of spectra characteristic of the chemical species present
in the studied system weighted by their respective concentrations. However, the number
of relevant chemical species or principal factors must be determined; for example, by
using the indicator function (IND) criterion [31,32]. Three principal factors were found
for both interfaces, that can be attributed to Ni’, NiO and Ni-O-X mixed oxide species,
respectively, in good agreement with the behavior reported for the Ni/ Al interface [22].
After Target Testing (TT) transformation [22,31-34], using Ni® and NiO reference spectra,
and a Ni-O-X mixed oxide spectrum obtained by an iterative target testing transforma-
tion procedure [22,33,34], as target spectra, the pure component concentrations shown in
Figure 2 on the left were obtained for the reactive IBM of (a) Ni/Si and (b) Ni/Cr interfaces,
respectively. In addition, the target spectra used for Ni’, NiO and Ni-O-X species are shown
on the right by red dotted lines. Continuous line spectra on the right side of Figure 2a,b
show the reproduction of the target spectra (red dotted lines) after TT transformation. A
good agreement between the target spectra and their reproduction after TT transformation
can be observed in Figure 2. This supports the validity of the predicted pure component
spectra as being representative of the principal factors. A linear combination of the pure
component spectra weighted by their respective concentrations perfectly reproduced the
experimental data of Ni 2p in Figure 1 within the experimental error.

In good agreement with previous results for the reactive IBM of the Ni/Al inter-
face [22], a reactive IBM kinetics of two stages was also observed for the Ni/Si and Ni/Cr
interfaces. A first stage, up to ion doses of ~1.5 x 10'® ions/cm?, characterized by the
formation of NiO species, was followed by a second stage, in which the initially NiO thin
film formed transformed progressively into a Ni-O-X mixed oxide, as discussed in detail for
the reactive IBM of the Ni/Al interface [22]. As observed in the concentrations evolution
of Figure 2, the ratio between Ni-O-X and NiO species can be tailored by varying the ion
dose. It should be pointed out that the degree of transformation of NiO into Ni-O-X species
depends on the covalence of the X cation. For strong covalent X cations such as Si (Figure 2a)
or Al [22], NiO completely transformed into Ni-O-X species at higher ion doses, whereas
for ionic cations such as Cr, the transformation was incomplete. This behavior suggests
that the formation of a Ni-O-X mixed oxide is favored for X cations whose covalence is
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very much higher than that of Ni, therefore suggesting that it is influenced by chemical
driving forces.
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Figure 2. Ni 2p pure component concentrations, on the left, and Ni 2p target pure component spectra
(red dotted lines), on the right, obtained by FA for the reactive IBM of (a) Ni/Si and (b) Ni/Cr
interfaces, respectively. Continuous line spectra on the right side of (a) and (b) show the reproduction
of the target spectra (red dotted lines) after Target Testing transformation.

In Figure 3, the Ni 2p pure component spectra for several Ni-O-X mixed oxide species
are compared. It is worth mentioning that the single-peaked main line Ni 2p spectrum for
Ni-O-Al species was found to be in good agreement with those reported for NiAl,Oy4 [22].
Likewise, the spectrum found for Ni-O-Cr species was similar to those reported in the
literature for nickel chromite, NiCryOy, characterized by a broad Ni 2p3,, single-peaked
main line [35]. The spectrum for the Ni-O-5i species was similar to those reported for nickel
silicates, NiSiO3 and NiSiOy, characterized by a Ni 2p3 /, single-peaked main line [19,36,37].
The binding energy of the single-peaked Ni 2p3,, core level was ~855.7, 855.5 and 855.3 eV
for Ni-O-5i, Ni-O-Al and Ni-O-Cr species, respectively, therefore indicating that the degree
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of ionicity of Ni cations in the Ni-O-X mixed oxide increased with the increase in the
covalence of the X cation, in agreement with the rule of bonding proposed by Barr for
mixed oxides [12]. In addition, the characteristic double-peaked structure of the Ni 2p3,,
core level of bulk NiO disappeared in the Ni 2p spectrum of Ni-O-X species since the
incorporation of X cation suppress nonlocal screening features, therefore promoting the
local screening mechanism in the Ni 2p core level [22,29,30].

N(E)/E (arb. units)

885 880 875 870 865 860 855
Binding energy (eV)

Figure 3. Ni 2p pure component spectra for several Ni-O-X mixed oxide species obtained by applica-
tion of FA to the reactive IBM of Ni/X interfaces.

Information on the in-depth distribution of chemical species formed during the reac-
tive IBM of the studied interfaces could be obtained by depth profiling. However, depth
profiling of oxide films leads to preferential sputtering phenomena, in such a way that
changes in the oxide stoichiometry occur by oxygen preferential sputtering [38,39]. To over-
come this problem, the Ni 2p core level was measured as a function of the take-off angle, 6,
to obtain, in a non-destructive way, additional qualitative information about the in-depth
distribution of the different phases formed during the reactive IBM of Ni/Si and Ni/Cr
interfaces. The variation of the take-off angle allowed us to change the surface sensitivity of
XPS technique. From these data, the concentration of NiO and Ni-O-X species was obtained
by a least-squares fitting of the Ni 2p spectra, measured as a function of the take-off angle
for several ion doses, to a combination of the reproduced NiO and Ni-O-X target spectra
of Figure 2. The results obtained for (a) Ni/Si and (b) Ni/Cr interfaces, respectively, are
shown in Figure 4. The NiO and Ni-O-X species concentration evolution as a function of
the take-off angle indicates that the film surface was enriched in Ni-O-X mixed species.
This behavior was also found during the reactive IBM of Ni/Al interfaces [22]. SRIM
simulations [40] allowed us to calculate a sputtering yield of 2.52, 1.29 and 2.04 atoms/ion
for Ni, Si and Cr by 3 keV O,* ions at normal incidence, respectively. According to these
values, preferential sputtering of Ni took place, explaining the observed surface enrichment
in X-containing species.
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Figure 4. Concentrations of NiO and Ni-O-X species as a function of the take-off angle for (a) Ni/Si
and (b) Ni/Cr interfaces, respectively, at several ion doses.

4. Conclusions

The bombardment of Ni/(Si or Cr) interfaces with O,* ions at low energy (3 keV)
produced the formation of Ni-O-(Si or Cr) mixed oxides. Initially, for low ion doses, only
NiO was formed and that was progressively transformed into a Ni-O-(Si or Cr) mixed
oxide, the degree of transformation depending on the cation covalence. For strong covalent
cations (Si and Al), the transformation of Ni oxide into Ni-mixed oxide was complete
for high ion doses (above 1.8 x 10 ions/ cmz), whereas for ionic cations such as Cr, the
transformation was incomplete, therefore indicating that the reaction was governed by
chemical driving forces. It was observed not only that the ionicity of the Ni atoms in
the Ni-mixed oxide increased with the increase in the cation covalence but also that the

features appearing in the Ni 2p spectrum of bulk NiO, related to non-local screening effects,
disappeared.
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