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Oxidation of alloy often involves chemical partition and injection of vacancies. Chemical partition is the
consequence of selective oxidation, while injection of vacancies is associated with the differences of
diffusivity of cations and anions. It is far from clear as how the injected vacancies behave during oxidation of
metal. Using in-situ transmission electron microscopy, we captured unprecedented details on the collective
behavior of injected vacancies during oxidation of metal, featuring an initial multi-site oxide nucleation,
vacancy supersaturation, nucleation of a single cavity, sinking of vacancies into the cavity and accelerated
oxidation of the particle. High sensitive energy dispersive x-ray spectroscopy mapping reveals that Cr is
preferentially oxidized even at the initial oxidation, leading to a structure that Cr oxide is sandwiched near
the inner wall of the hollow particle. The work provides a general guidance on tailoring of nanostructured
materials involving multi-ion exchange such as core-shell structured composite nanoparticles.

xidation of metallic materials in either pure element or alloy form is familiar to all of us with significant

technological, environmental, safety and economic impact'~. Microscopically, oxidation involves the

reaction of oxygen with the very surface layer of metallic element to form a thin layer of oxide. Upon the
initial formation of oxidation layer on the metal surface, the subsequent oxidation progresses by a combination of
inward diffusion of oxygen and outward diffusion of metal ion through the oxide layer®”. The rate of oxidation
and the consequences of the microstructure of the oxidized product depend on the relative diffusivity of oxygen
and metallic ions through the growing oxide film. If the diffusivity of metallic ion in the oxide layer is larger than
oxygen, it would lead to the injection of vacancies into the system and consequently condensation of the vacancies
will lead to the formation of a cavity within the structure. Differences on the diffusivity of cation and anion across
the oxide layer (Kirkendall effect)® has been smartly used to, at nanoscale, tailor nanoparticles of unique topo-
graphical structure and spatial chemical characteristics, typically including hollow® ", core-shell', and compo-
sitionally graded nanoparticles'>'®. As compared with the pure element, the oxidation behavior of metallic alloy is
further influenced by the presence of multiple cations having different oxidation energies and rates of diffusion,
such as possibly involving selective oxidation of one component of the alloy. A selective oxidation, in essence, can
be disadvantage or advantage. Typically, oxidation resistance of superalloy is relied on preferential oxidation of Cr
to form a Cr, O3 layer, which prevents the oxidation of the underlying Ni*".

It has been generally realized that the oxidation of metal and the corresponding structural and chemical
evolution of the whole system is determined by the dynamic interaction of diffusing species and defects (such
as vacancies). Recent work, for example, suggests that vacancy injection during oxidation of material at a crack tip
may enhance stress corrosion cracking'®. Direct atomic level observation of interaction of diffusing species with
defects and defect clusters has not been established. We are particularly interested in understanding the impact of
alloy composition on vacancy injection. Measurements on nanoparticles provide a method of observing the
process in some detail. In this paper we report the direct dynamic observation of structural evolution of pure Ni
and Ni doped with 5 at% Cr upon oxidation. The oxidation experiment was carried out using aberration corrected
environmental TEM (ETEM), which allows establishing of up to 20 mbar pressure around the sample while in
imaging mode. These in-situ TEM oxidation experiments provide us the opportunity for direct visualization of
the dynamics structural evolution of the nanoparticle during high temperature oxidation'**. In combination
with sensitive energy dispersive x-ray analysis (EDS) and high spatial scanning TEM (STEM) electron energy loss
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spectroscopy (EELS) analysis, we have gained unprecedented
information regarding the chemistry and vacancy injection charac-
teristics during the oxidation process of Ni and Ni doped with 5
at% Cr.

Results

Oxidation behavior and microstructure of oxidized particle. The
detailed microstructural feature of the as-prepared Ni and Ni5Cr
nanoparticles has been analyzed using a combination of XRD,
electron diffraction, HRTEM imaging, XPS, and EELS, withthe
results reported previously®'. In this work, we focus on the high tem-
perature oxidation and the corresponding structural and chemical
evolution during the oxidation. The oxidation experiment was
uniquely designed such that we can monitor the microstructural
evolution of a specific particle with the progress of the oxidation.
Figure 1 shows the structural evolution of the particle oxidized at
200°C in air. For both Ni and Ni5Cr particles, the oxidation at 200°C
in air progresses in a core-shell fashion, with the thickness of the
oxide layer increase gradually with the oxidation time and this is
illustrated in the TEM images of Figure 1 (a) through (d). The
oxide shell thickness as a function oxidation time was drawn in
Figure 1 (e) for Ni and Ni5Cr particle. The oxide layer thickness as
a function of oxidation time at 200°C in air follows a parabolic
behavior. As evidenced from Figure 1(e), it can be noticed that
following the same time of oxidation, the shell thickness on the
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Figure 1| Microstructural feature and oxidation kinetics of Ni particles
oxidized at 200°C in air. (a) Ni particles before oxidation; (b) the particles
shown in (a) were oxidized for 11 hours. (¢) Ni5Cr particles before
oxidation; (d) the particles shown in (c) were oxidized for 11 hours. (e) The
oxide shell thickness as a function of oxidation time, revealing a parabolic
oxidation behavior. Note the small cavities trapped at the interface
between the metal and oxide layer as arrowed.

particle doped with Cr is slightly thicker than that of pure Ni. This
observation likely indicates that with the doping of Cr into Ni, the
oxidation rate increases. Carefully checking of the interface between
the oxide layer and the metal core, we noticed that there are small
cavities at the interface as indicated in Fig. 1(b) and (d). Formation of
cavity is the consequence of the vacancy injection due to the diffusion
of cation is faster than oxygen as described in detail in a previous
publication™.

The vacancy injection is further manifested by the oxidation of the
particle at 300°C in air as illustrated in Figure 2. We noticed that
following 1 hour oxidation in air at 300°C, the particles of both Ni
and Ni5Cr are fully oxidized. The microstructure of the fully oxidized
particle is featured by a cavity formation within the polycrystalline
oxide shell (Figure 2 (a) through (f)). As defined in the schematic
drawing of the Figure 2 (a) and (b), the size of the cavity as compared
with the initial particle size is a measure of vacancies injected during
the oxidation of the particle. The parameter R, defined as R = d3/d2,
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Figure 2 | Microstructural feature of Ni particles oxidized at 300°C in air
for 1 hour. (a) and (b) Schematic drawings showing oxidation leads to a
hollow structured particle. (c) Ni particles before oxidation; (d) the
particles shown in (c) were oxidized for 1 hour. (e) Ni5Cr particles before
oxidation; (f) the particles shown in (e) were oxidized for 1 hour. (e)
Dependence of R parameter on the initial particle size for Ni and Ni5Cr
particles.
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is a quantitative evaluation of the relative diffusivity of cation and
oxygen during the oxidation. The larger of the R value, the larger of
the difference in the diffusivity between cation and oxygen. For the
two extreme situations, if R = 1, this means that during the oxida-
tion, the cation only diffuses out without oxygen diffusion (mean a
high generation of vacancies). If R = 0, then the oxygen diffusivity
equals to the diffusivity of cation (lower amount of vacancy forma-
tion). The R value for both Ni and Ni5Cr particle is statistically
measured on the sample oxidized at 300°C in air and is plotted in
Figure 2(g) as a function of initial particle size. Figure 2(g) indicates
that the R value shows no significant dependence on the initial par-
ticle size. For Ni particle, the R values is scattered around an average
value of 0.47 * 0.08, while for Ni5Cr particle, R has an average value
0f 0.63 = 0.09. For both Ni and Ni5Cr, the R is less than 1, indicating
that during the oxidation, the cation is apparently diffusing faster
than oxygen. The R value for Ni5Cr is larger than that of Ni, suggest-
ing that following the doping of 5% Cr in Ni, the cation diffusivity is
increased, which consequently leads to the increasing of vacancy
injection rate. This appears to be consistent with the result of the
oxide layer thickness as a function of oxidation time shown in
Figure 1(e) for which the oxidation rate of Ni5Cr is slightly higher
than that of Ni.

Direct in-situ TEM observation of structural evolution during
high temperature oxidation. The detailed structural evolution of
the nanoparticle during the high temperature oxidation is revealed
by direct in-situ TEM observation. This is illustrated by the movies
shown in the Supporting Information (Movie-S1, Movie-S2, and
Movie-S3). As a representative case, Figure 3 shows the captured
video frames of structural evolution of a single particle with
respect to the progression of the oxidation. As shown in Figure 3
(b) and (c) and the Movie-S1 in the Supporting Materials, we noticed
that during the oxidation, the interface between the metal and oxide
becomes faceted. At the faceted interface, there are atomic ledges and
the oxidation happens through the sweeping of atomic ledges along
the interface. Similar oxidation mechanism has been also observed
for the case of oxidation of Cu®. The oxidation was initiated by
multi-site nucleation of oxides on the metal nanoparticle surface

(Figure 3(c)). Growth of the oxide nanoparticles on the metal
nanoparticles surface leads to the impingement of the oxides,
which yields the formation of an oxide layer and generation of
grain boundaries within the oxide layer (Figure 3(d)). Upon the
formation of the oxide layer, the injected vacancies cannot
effectively escape to the surface of the particle, which may lead to
the supersaturation of the vacancies during the continued oxidation
of the particle. Most dramatically, we found that the clustering of the
injected vacancies during the oxidation leads to the nucleation of
cavity as illustrated in Figure 3(e)). As soon as the cavity forms, it
becomes an effective sink for the vacancies injected with subse-
quently continued oxidation, therefore, leading to the growth of
the cavity. Although it is very hard to quantify the oxidation rate
during the in-situ experiment due to the impingement of the oxide
particle, we noticed that upon the nucleation of the cavity, the
oxidation appears to be accelerated. This feature is well supported
by the videos in the Supporting Information (Movie-S1, S2, S3).

Chemical partition associated with selective oxidation of Cr in the
Ni5Cr alloy. One of the key questions for the oxidation of bi-metallic
alloy is if the oxidation happens homogenously for all the com-
ponents or one element is preferentially oxidized than the other.
To explore if there is any selective oxidation for the case of Ni5Cr
alloy, we use high sensitive EDS in a STEM to map the spatial
distribution of Cr, O, and Ni in the particle before and after high
temperature oxidation. As representatively illustrated in Figure 4, the
EDS mapping reveals that the thin oxide layer formed during the air
exposure of the particle at room temperature (which is normally
termed as initial oxidation) is enriched with Cr and O. This
observation is further supported by the additional EDS maps in
the Supporting Information (Figure S1). The high concentration of
O at the surface of the particle is not a surprise. Based on XPS analysis
of Ni and Ni5Cr particle, we have found that the particle surface is
actually covered by hydroxyls as reported in a prior publication®.
The enrichment of Cr in the oxide layer formed during the initial
oxidation indicates that the Cr is preferentially oxidized even at room
temperature. Given the particle size is in the range of ~20 nm,
selective oxidation of Cr in the Ni5Cr nanoparticle suggests that

Figure 3 | Captured video frames of time series to illustrate the structural evolution of a single Ni5Cr particle during in-situ TEM oxidation at 375°C
with 1 mbar of gas mixture of 25% O, and 75% Ar. (a) 0 s; (b) 236 s, note the faceting of the interface between the oxide and metal core as well as the ledge
formation at the facet. (c) 450 s, note the multi-site nucleation of oxide and sweeping of the ledge at the faceted interface. (d) 573 s, growth and
impingement of the oxide leads to the formation a thick oxide layer. (e) Supersaturation of vacancies lead to the nucleation of a single cavity. (f) Sinking of
the injected vacancies leads to accelerated oxidation. These features were vividly revealed in the Movie-S1 in the supporting information.
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the Cr is rather mobile in the lattice of Ni even at room temperature
within a scale of ~10 nm (half of the particle size).

The Cr-rich layer formed during the initial oxidation can serve as a
mark for monitoring the high temperature oxidation behavior of the
particle. During the high temperature oxidation of the Ni5Cr par-
ticle, the Ni will diffuse out and O diffuse inward through this Cr-rich
layer. Therefore, for the fully oxidized particle, the spatial location of
the Cr-rich layer relative to the cavity within the particle is related to
the relative diffusivity of O and Ni in the Cr-rich layer. If the O
diffusivity can be neglected as compared with that of Ni, the Cr-rich
layer should be just located at the inner wall of the cavity. STEM
HAADF image and EDS maps shown in Figure 5 give a complete
picture regarding the spatial correlation of the Cr-rich layer and the
cavity. From Figure 5 and the additional EDS maps shown in the
Supporting Information (Figure S2), we can generally conclude that
the diameter of the Cr-rich layer is larger than the cavity. Therefore,
the Cr-rich layer is actually sandwiched within the nickel oxide layer.
This structural feature is illustrated by the schematic drawing in
Figure 5(h). Formation of Cr-rich oxide layer on the surface of the
particle will promote the diffusivity of cation as compare with that of
NiO. This explains the fact that the cavity in the Ni5Cr is larger than
that in Ni as shown in Figure 2(g).

Discussion

Our in-situ TEM observation and EDS mapping clearly indicates
that room temperature exposure of ~5 at% Cr-doped Ni nanopar-
ticle in air leads to the preferential oxidation of Cr. The nature of the
oxidized Cr is not known, such as if it is Cr,O; or it is a complex of

oxides of Cr and Ni. Identification of the true structural nature of the
Cr oxide is further complicated by the fact that it is embedded into
the NiO matrix following the complete oxidation of the nanoparticle.
STEM-EELS mapping indeed indicates that the Cr rich oxide is
spatially distributed as particle of ~1 nm. Overall, the observation
of preferential oxidation of Cr at dilute concentration is consistent
with the case of high temperature oxidation of Ni-Cr superalloy for
which the Cr is preferentially oxidized to form Cr,O3, subsequently
preventing further oxidation of Ni***. However, this type of super-
alloy normally contains about ~20 at% Cr, which is far more than
what has been incorporated in the nanoparticle in the present work.
Furthermore, it is known that for the high temperature oxidation of
Ni-Cr, the oxidation rate shows dependence on the Cr concentration.
Andreev et al* reported that for Ni-Cr alloy with 10 at% Cr, the high
temperature oxidation rate of the alloy is increased due to the high
self-diffusivity of NiO lattice. Collecting all these together, the struc-
tural and chemical evolution during the high temperature oxidation
of the Ni5Cr particle can is generally schematically shown in
Figure 6, featuring enrichment of Cr in the oxide layer during the
initial oxidation, subsequent multi-site oxide nucleation and growth
when oxidized at high temperature, vacancy supersaturation and
nucleation of cavity, fast sinking of vacancies into the cavity and
accelerated oxidation. It should be pointed out that it is well estab-
lished that there is a “critical” concentration of protective elements
(e.g. Cr) to form a slowly diffusion layer>"”. When below that thresh-
old the layers that form or try to form are not protective. We would
not expect the 5% Cr alloy to form a protective layer. We are inter-
ested in understanding how alloy composition alters the ratio of

Figure 4 | STEM-HAADF image and EDS elemental maps showing the spatial distribution of Ni, O, and Cr in Ni5Cr nanoparticle, which was exposed
to air at room temperature. (a) STEM-HAADF image revealing an oxide layer. (b) Cr map. (¢) O map. (d) Nimap. (e) Ni + Cr map. (f) O + Cr map. (g)
HRTEM image showing core-shell structure. (f) Schematic drawing of the core-shell morphology. The EDS mapping reveals that the surface oxide is rich

of Cr and O.
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Figure 5 | STEM-HAADF image and EDS elemental maps showing the spatial distribution of Ni, O, and Cr in Ni5Cr nanoparticle following the high
temperature oxidation. (a) STEM-HAADF image revealing an hollow structured oxide particle. (b) Cr map. (c) O map. (d) Nimap. (e) Ni + Cr map. (f)
O + Cr map. (g) HRTEM image showing hollow structure. (f) Schematic drawing of the hollow structure and the trapping of Cr-rich oxide layer.
Comparing the dimension of the cavity and the Cr-rich oxide layer, it is obvious that the Cr-rich oxide layer is embedded in the nickel oxide.

anion to cation diffusion. The addition of Cr at 5 at% to Ni increases
the rate of vacancy injection as compared with pure Ni. More work is
needed to systematically vary the alloy composition to determine
how various alloy additions alter vacancy injection.

We conclude that direct in-situ TEM imaging and high sensitive
EDS elemental mapping reveal unprecedented structural and chem-
ical information of Ni and Ni5Cr nanoparticle during high temper-
ature oxidation. The oxidation is featured by multi-site oxide
nucleation, followed by the formation of an oxide layer through
growth and impingement of the oxides. Supersaturation of injected
vacancies leads to the nucleation of a single cavity at the interface
between the oxide and the metal, which acts as an effective sink for
absorbing the vacancies injected during the subsequent oxidation.
Formation of cavity leads to an accelerated oxidation. For the case of
Ni5Cr alloy, the Cr is preferentially oxidized even during the initial
oxidation at room temperature, indicating a high mobility of Cr in
the Ni lattice. Due to the selective oxidation of Cr, the oxidized
nanoparticle shows unique chemical distribution with Cr rich oxide
embedded into the NiO. More generally, the nanoscale selective
oxidation can be used to tailor new materials with a spatially con-
trolled chemical distribution and functionality.

Methods

Both pure Ni and Cr-doped Ni nanoparticles were synthesized using the cluster
deposition method described in detail previously***°. Cr dopant concentration is 5
at%. For convenience, the pure Ni and Ni doped with 5 at% Cr samples were cor-
respondingly designated as Ni and Ni5Cr, respectively. The deposition process
was completed in a nanocluster deposition system, which combines a new kind of

sputtering-gas-aggregation cluster beam source with an atom beam from magnetron
sputtering. The dopant concentration is controlled by adjusting the relative sputter-
ing area of Ni and Cr on the target. The size of the nanoparticles depend on the He:Ar
ratio, pressure inside the aggregation chamber and the growth distance the clusters
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Cr-rich
oxide layer Oxide shell

Multi site Coalescence

nucleation of oxide particles

Initial
oxidation

Nucleation

vacancies
of cavity

Saturation of
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Figure 6 | Schematic drawing illustrates the structural and chemical
evolution of the Ni5Cr alloy particle during the initial room temperature
oxidation and followed by high temperature oxidation.
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travel inside the aggregation chamber. The deposition rate was variable up to 10 mg/
h, measured in situ with a rotatable quartz microbalance. The morphology of the
particles depends on the material and the average particle size. The general structural
features of Fe particles synthesized by this method have been reported in detail in
previous publications'®'**”. Particles were initially deposited in a deposition chamber.
After deposition they were exposed to ambient air, leading to the initial oxidation of
the nanoparticle and formation of a thin oxide layer on each nanoparticle. The
structural feature of this oxide layer has been studied in detail and previously
reported?'.

The oxidation behavior and structural evolution of Ni and Ni5Cr were carried out
by two methods. In the first method, the nanoparticles were loaded on the frame of Au
TEM grid. The oxidation was carried out using a tube furnace in air at 200°C and
300°C. For oxidation at 200°C, the oxidation time was stepwise increased and fol-
lowing each step of oxidation, the particle structure was analyzed by TEM imaging.
The oxide layer thickness as a function of accumulated oxidation time was drawn. In
the second method, the oxidation experiments were performed using a dedicated
field-emission environmental TEM (ETEM, FEI Titan 80-300). The ETEM is
equipped with an objective-lens spherical aberration corrector and controlled gas
pressure around the sample using a differential pumping system. To reduce the
electron knock on damage effect on the sample, all the oxidation experiments for in-
situ TEM were carried at 80 kV. The nanoparticle is loaded on an Au TEM mess and
heated to 375°C suing a resistant coil heating holder (Gatan, USA). A gas mixture of
25% O, and 75% Ar with a total pressure of 1 mbar was established around the sample
in the ETEM column. The structural evolution of the nanoparticle during oxidation is
continuously recorded at a speed of 2 frames/s.

The elemental distribution in the Ni5Cr particle before and after oxidation was
mapped using energy dispersive x-ray spectroscopy (EDS). The EDS analysis was
conducted using a Tecnai Osiris™ S/TEM microscope (FEI, USA) operated at 200 kV
and equipped with an FEI Super-X™ detector system, which combines four sym-
metrically positioned Si drift detectors (SDD) around the objective lens with a high-
brightness gun as detailed in a recent publication®®. This combination provides
enhanced generation of X-rays, together with high detector efficiency, results in a
faster mapping of larger areas in EDS spectrum images (SIs). The improvement in
signal is roughly a factor of 50 leading to minutes of acquisition for mapping instead
of hours previously. In this work, SIs are obtained by summing multiple frames where
each frame is obtained with very short dwell times (typically on the order of tens of
microseconds) per pixel. This helps to reduce specimen damage as the beam is not
parked on any specimen region for a long period of time. Each 1024 X 1024 pixel SI
was acquired with a total time of 14 minutes. The elemental distribution was also
mapped using STEM-EELS, which was carried out on Titan 80-300 (FEI, USA)
microscope fitted with a probe forming lens spherical aberration corrector and
postcolumn attached with Gatan Image Filter(GIF) (Quantum 965). An energy dis-
persion of 0.25 eV/channel was used and the energy resolution of the system is
~0.8 eV.
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