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Control of the Oxygen and Cobalt Atoms Diffusion through
Co Nanoparticles Differing by Their Crystalline Structure

and Size

Zhijie Yang, Nailiang Yang, Jianhui Yang, Johanna Bergstrom, and Marie-Paule Pileni*

The size-dependent Kirkendall effect is studied by using Co nanopatrticles.
The sizes of Co nanoparticles differing by their crystal structures called
nanocrystallinity, namely amorphous, polycrystalline fec, single crystalline
hep, and single crystalline € phase, are modulated from 4 to 10 nm. The nano-
particles self-assembled in 2D superlattices and differing by their nanocrys-
tallinities are subjected to oxygen at 200 °C for 10 min. With single-domain
nanocrystals differing by their crystalline structure (€ and hep phases),
marked changes in the final structures are observed: upon increasing the
nanocrystal size, the € phase favors formation of a hollow structure whereas
a transition from single-domain hollow to multidomain core/shell structures
takes place with the hcp phase. With polycrystalline fcc Co nanocrystals, a
transition from a hollow to a yolk/shell structure is observed, whereas with
amorphous cobalt, solid CoO nanoparticles are produced at the smaller size
and are converted to the core/shell structure at the larger one. These differ-
ences in size effect are attributed to the change in the control of the inward
flow of oxygen atoms and the outward flow of Co atoms with the crystalline
structure of cobalt nanoparticles. Such a diffusion process described here on
the Kirkendall effect can be studied for other metal nanocrystals.

partially oxidized Co nanoparticles show a
different magnetic phenomenon because
of the magnetic exchange coupling
between the ferromagnetic core and anti-
ferromagnetic shell,12-1 thus the study of
the oxidation process is needed in order to
precisely control the magnetic properties
of the heterostructured nanoparticles. The
nanoscale Kirkendall effect well explains
the oxidation process and void forma-
tion based on the diffusivity differences
through the interface, between the metal
nanoparticles and their oxides. When
the outward diffusion of metal cations
is much faster than the inward diffusion
of anions, vacancies will inward diffuse
concomitantly. Several small vacancies
will coalesce into a larger void, and then
a hollow nanoparticle forms.['1510 Also,
the size distribution shows a clear effect
on the physical properties.'” A former
study has found that besides the atomic

1. Introduction

Metallic nanomaterials and their oxides are considered as a kind
of promising candidates for application in modern science and
technology, especially, the porous solid materials have potential
uses in ion exchange, molecular separation, catalysis, microe-
lectronics, and energy storage, owing to their high surface area
and internal void morphology.l'™! Among them, cobalt and its
oxides are considered to be ideal materials for magnetic fluids,
spintronics, catalysis, and Li-ion batteries.> 'l Interestingly,
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diffusion, crystalline structure and other
aspects are also related to the Kirkendall
effect.'®2% Our recent study presented that the 2D ordering
and crystallinity can also affect the oxidation of cobalt.*-2!
Meanwhile, oxygen diffusion is different between 2D superla-
ttices and isolated particles, and the resulting different oxida-
tion processes.['l The stability of Co was remarkably improved
when the particles are self-assembled into a compact hex-
agonal network.'”! Meanwhile, various crystallinities also
showed different oxidation results among all the 2D-ordered
superlattices.?!l
Here, in this paper, we produce a series of cobalt nanoparti-
cles with differing crystalline structures (g, hep, fcc, and amor-
phous) and sizes. The critical size-dependent morphology tran-
sition on the oxides based on Kirkendall effect is studied.

2. Results and Discussion

Co nanoparticles, self-assembled in a 2D hexagonal network,
differing by their sizes and crystal structures are subjected to
an oxidation process. A careful characterization is performed
with each sample. As an example, we present here a typical
characterization performed on Co nanoparticles having 8 nm
as average diameter with a low size distribution and differing
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Figure 1. Structure characterization of 8 nm cobalt nanoparticles with
different crystal forms. (a—d) refer to the cobalt with ¢, hcp, fec, and an
amorphous phase, respectively and (a1, b1, c1, d1) represent the electron
diffraction (ED) patterns of corresponding cobalt crystal phase. Tint and
Text marked on the ED patterns in Figure (b1) refer to the internal triplet
rings [(100), (107), (002)] and external triplet rings [(110), (103), (112)],
respectively. The HRTEM images of cobalt polymorphism are shown in
Figure (a2, b2, c2, d2). The Cogpgjion and Coycp is single crystalline, while
the Copcc is polycrystalline.m‘zﬂ

by their nanocrystallinities (morphology characterizations of
other products were exhibited in Supporting Information).
Based on the TEM analysis of the nanoparticles before oxida-
tion (Figure 1a—d), their crystalline structure is assigned from
the selected area electron diffraction (SAED) rings (Figures al—
d1 in Figure 1) of the typical crystal facets of the nanoparticles.
The high-resolution TEM (HRTEM) images showed the well-
defined single-domain particles of Cogpgjion and Coycp, and the
multidomain Copcc.?'*I The corresponding interplanar lattice
fringes can also be attributed to the Co, respectively.

A similar study is performed after oxidizing the sample. It
is found that Co nanoparticles evolve to CoO (oxide) materials.
This is assigned through SAED and HRTEM measurements.
A specific feature of the SAED pattern with a ring at 2.46 A,
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Figure 2. Morphology characterization of Co, after oxidation. The solid
spheres were obtained from a) 4.9 nm Co and the core/shell structure
was obtained from c) 8.3 nm Co. 6.9 nm Co will form the mixture of solid
and core/shell products (b). d) HRTEM of (a), indicating that only a faint
crystal lattice was observed. e) HRTEM of (c), indicating that the CoO
shell was formed.

indicative of the (111) lattice spacing is observed (see below).
From HRTEM patterns, lattice fringes with interplanar spac-
ings at 2.11 and 2.46 A are seen that were indexed as (200) and
(111) reflections of the cubic CoO lattice.

Let us first consider the amorphous cobalt nanoparticles
(Cop) differing by their sizes. Before the oxidation process,
the average diameters and size distributions of Co, nano-
particles are 4.9 nm, 6.9 nm, 8.3 nm, 9.8%, 8.7%, and 9.3%,
respectively. After the oxidation they evolve to 6.8 nm, 8.1 nm,
10.6 nm, 7.9%, 8.3%, and 9.2%, respectively. Figure 2 shows
that for any nanoparticle size, solid nanoparticles are produced
after oxidation. With 4.9 nm Co, nanoparticles, the TEM image
(Figure 2a) shows a high homogeneous contrast. The HRTEM
image (Figure 2d) shows very weak crystal lattice fringes cor-
responding to CoO. On increasing Co, nanoparticles size to
6.9 nm, most of the nanoparticles present a homogeneous
contrast whereas some of them exhibit a core/shell structure
(Figure 2b). Considering the Co nanoparticles are amorphous,
in this case, the core/shell structures are induced by the larger
sized Co nanoparticles due to the 10% size distribution. A fur-
ther increase in the Co, nanoparticle size to 8.1 nm reveals that
the nanoparticles’ contrasts are no longer homogeneous and
exhibit a core/shell structure (Figure 2c) with a shell thickness
around 3.5 nm. Note that the shell is composed of a polycrys-
talline CoO layer. Moreover, the nanoparticles appear to have
a sixfold symmetry that is probably due to the 2D hexagonal
ordering of the Co nanoparticles, providing a steric confine-
ment during the oxidation inducing volume expansion. This
transition from a solid to a core/shell structure is due to the
fact that oxygen atoms are adsorbed on the oxide surface, and
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electrons can transport rapidly through
the oxide by tunneling to establish equilib-
rium diffusion between cobalt and adsorbed
oxygen. The resulting electric field in the
oxide layer facilitates the passage of cobalt
ions across the oxide layer. However, after a
certain thickness of oxide film formation, the
ion transport becomes difficult to take place.
Hence, without a stronger thermal driven
force, the oxide layer would increase quite
slowly and the core/shell structure is formed,
which is confirmed by the Cabrera—Mott
theory.1529)

Instead of Co, nanoparticles, let us con-
sider single-domain nanocrystals character-
ized with an € crystalline structure, Coepgilon-
The average diameters and size distributions
of Cogpsilon Nanocrystals before oxidation are:
5.5, 6.8, 8.7, 9.4 nm and 9.1%, 6.3%, 6.7%,
6.4% respectively. After oxidation they evolve
to 6.7, 8.1, 10.1, 10.4 nm and 9.1%, 7.4%,
8.0%, 6.4%, respectively. For any CoOepsilon
nanocrystal size, hollow nanoparticles are
produced with formation of multidomains of
CoO crystalline phase (Figure 3a-d). Mean-
while, the shell thickness of the oxide and the
cavity are enhanced with the increasing size
of Co nanoparticles (Table 1, Figure S6 (Sup-
porting Information)). Note that for 9.4 nm
nanoparticles (Figure 3d), a few yolk/shell
structures are observed. This clearly shows
that Co atoms have a higher mobility than
the oxygen ones, as a result of diffusing out
of Co atoms and the accompanying vacan-
cies were fluxed inward, concentrating at the
interface of CoO as already explained by the
nanoscale Kirkendall effect.[>2°]

At this point, we can ask if the major differences observed
between amorphous and epsilon phases of Co nanoparticles are
related to the nanocrystallinity or not. To answer this question,
let us consider the single-domain hcp Co nanocrystals (Coycp
nanocrystals). The average diameters and size distributions
of Coycp nanocrystals before oxidation are 4.7 nm, 6.8 nm,
8.4 nm, 13%, 9.7%, and 10%. After oxidation, they evolve to
6.1 nm, 8.0 nm, 9.4 nm, 12.4%, 10.4%, and 9.4%, respectively.
The smaller Coycp nanocrystals (4.7 and 6.8 nm) produce CoO
hollow nanocrystals (Figure 4a,b). The corresponding HRTEM
images show the formation of single-domain CoO nanocrys-
tals (Figure 4d) from 4.7 nm Coycp nanocrystals, whereas with
6.8 nm Copcp nanocrystals, the shell is a mixture of single-
(Figure 4e) and multidomain (Figure 4f) hollow CoO nanoparti-
cles. The cavity increases with increasing the Coycp nanocrystal
size. However, it can be observed that the percentage of the
cavity volume is slightly smaller for Copycp compared with
COepsilon Nanocrystals (Table 1). Furthermore, there is the CoO
shell crystalline transition from a single domain at a smaller
size to a polycrystalline structure at a larger size, which is not
observed with the Cogpgion Nanocrystals. This clearly indicates
a marked decrease in the relative Co and O atoms diffusion

polycrystals.[21]
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Figure 3. Morphology characterization of Coepiion Single-domain nanocrystals after oxida-
tion. a—c) The hollow spheres were obtained from Coyion With different sizes. d) For 9.4 nm
Co, quite a few yolk/shell structures were observed. e) HRTEM image and the ED pattern in
(f) confirmed that the oxidative products are CoO. g) The HRTEM indicated the products were

processes in Copcp nanocrystals compared with the Coepgiion
ones. Such a lower outward diffusion of Co atoms is confirmed
by increasing the Coycp nanocrystal size to 8.4 nm. Figure 4c
shows formation of core/shell nanocrystals. The corresponding
HRTEM image (Figure 4g) shows that the core remains a
single-domain Coycp nanocrystal, whereas the shell is the CoO
polycrystalline phase.

Both Cogpsjlon and Copycp are single-domain crystalline struc-
tures of nanocrystals, the major differences in the behavior are:

i) Anincrease in the volume of cavities with Cogpgjion Nanocrys-
tals compared with the corresponding Coycp ones;

ii) The formation of core/shell (Co/CoO) nanocrystals with
8.4 nm Coycp nanocrystals whereas hollow nanoparticles
with polycrystalline CoO are produced for Coepgjion With simi-
lar sizes (8.7 nm);

iii) The smaller Coycp nanocrystals size produces a single-do-
main CoO shell whereas CoO from Coepsjion Ones has a poly-
crystalline structure.

These differences are related to the atomic capacities of the
nanocrystals. The Coepgilon Nanocrystals are characterized by a
cubic crystalline structure less compact than the hexagonal
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Table 1. Summary of size effect on different crystal phase.
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Coa Dhefore®) [nm] 4.9
D, e [nm] 6.9
Tonet® [nm] Solid
Coepsilon Dpefore [nm] 5.5
Dt I 67
Tehen [1M] 25+03
Dczv\'tyd) [nm] 1.7
Volume percentage of cavities [%] 1.6
Copcp Dbefore [nm] 4.7
Dier [nm] 6.1
Tohent [1M] 25404
Deavity [nm] 1.1
Volume percentage of cavities [%] 0.6
Corcc Dbefore [nm] 5.1
Dfier [nmM] 6.3
Tsnell [NM] 24+04
Deavity [nm] 1.5
Volume percentage of cavities [%] 13

6.9 8.3
8.1 10.6
Mixture Core/Shell
6.8 8.7 9.4
8.1 10.1 10.4
29+0.4 3.2+0.5 3.2+0.5
2.3 3.7 4.0
2.3 4.9 5.7
6.8 8.4
8.0 9.4
3.2+05 Core/Shell
1.6
0.8
6.8 8.0 9.5
83 9.7 11.9
3.1+05 32+04 34+04
2.2 33 Yolk/Shell
1.9 3.9

A Dyefore is the diameter before oxidation; ®)D,g,, is the diameter after oxidation; 9Ty, is the thickness of shell after oxidation. Tyue = (Dafier — Deore) /2, Where Diqe, is the
outer diameter of the nanoparticles determined by edge-to-edge distance for anisotropic particles; d)Dcavity is the diameter of the cavity after oxidation.

structure of Coycp and consequently, the diffusions of Co
atoms are increased and consequently that of O atoms slow
down.

The differences in the data obtained between two single-
domain Co nanocrystals in the same size range could be related
to the different atoms’ packing in single-domain nanocrystals
(hep and epsilon phase). Unfortunately, it is impossible to pro-
duce single-domain fcc nanocrystals having a packing model
that is similar to hcp but different from epsilon. Here, we pro-
duce polycrystalline fcc nanocrystals (Copcc nanocrystals) with
rather large single domains (Figure 5). The interplanar spacing
distance observed from Figure 5 shows various HRTEM images
with the (111) lattice planes of fcc Co nanocrystals differing by
their sizes. In all the experimental conditions, polycrystalline
structures characterized by average sizes and distributions of:
5.1 nm, 6.8 nm, 8.0 nm, 9.5 nm, 9.7%, 8.8%, 8.8%, and 7.4%,
respectively are produced. At the end of the oxidation pro-
cesses, the corresponding average sizes and size distribution
are 6.3 nm, 8.3 nm, 9.7nm, 11.9 nm, 9.5%, 9.6%, 8.2%, and
7.6%, respectively.

After oxidation of 5.1 nm Cogcc nanoparticles, hollow nano-
particles (Figure 6a and inset) are produced. From HRTEM
images, the CoO shell is polycrystalline with a large domain
(Figure 6b,c). The shell thickness is similar for Copcc and
Coycp Whereas the cavity is larger for Cogpcc (Table 1). With
9.5 nm Cogcc, yolk/shell structures are produced (Figure 7a and
inset). The shell is composed of several crystallized domains
(Figure 7b). Figure 7c shows that the core remaining is a single-
domain Co even though before treatment the Cogcc nanocrys-
tals are polycrystalline. Note that with all the nanoparticle
studied when the core is present, it keeps the same crystalline

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

structure as it before oxidation. With 6.5 nm Cogcc nanopar-
ticles, the data remains similar to those obtained with 5.1 nm
with formation of hollow nanocrystals (Supporting Informa-
tion). With 8 nm Copcc nanoparticles, an intermediate situ-
ation between 5.1 and 9.5 nm CoO nanoparticles is obtained
with formation of both hollow and yolk/shell structures (Sup-
porting Information).

Table 1 and Figure S6 (Supporting Information) show that
the shell thickness of Copcc increases with the increasing of the
nanoparticle diameter as well as the cavity. Furthermore, the
size of the cavity compared with the initial size of the oxidized
nanoparticles are slightly larger compared with Coycp nanopar-
ticles and smaller than the Cogpgjion Ones. Because both hep and
fec are compact structures, we would expect to produce similar
cavity size with similar outward and inward diffusions of Co
and O atoms and consequently the same relative cavity sizes
for both crystalline structures. In fact, the values obtained with
Cogcc are in between those of Coycp and Cogpsilon Nanocrystals.
This can be easily explained by the fact that Copcc nanoparticles
are not single domain in structure, and the presence of defects
inside crystalline lattices yields a faster O diffusion rate through
Co lattices. Table 1 reveals that for the Co nanocrystals of any
form of crystalline structure, a critical CoO shell thickness for
the transition between hollow nanoparticles to either core/shell
or yolk/shell structure exists. This critical shell thickness is up
to 3.2 nm. Considered the larger nanoparticles, after the for-
mation of initial oxide layers, the migration velocity of Co and
O atoms was slowed down in its oxide, which suppressed the
further oxidation, leaving a core at the center. This agrees with
a previous report for Ni nanoparticles where nanocrystallinity
was not taken into account.B¥
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Figure 4. Morphology characterization of Coycp single-domain
nanocrystal after oxidation. a,b) The hollow spheres were obtained from
4.7 and 6.8 nm Coycp nanocrystals. ¢) While for 8.4 nm Cobalt, well-
defined core—shell structures were observed. d—g)The HRTEM images of
the products. d) The single-domain nanocrystals were observed for the
4.7 nm cobalt nanoparticles after oxidation. While a mixture of e) single
and f) poly crystals were observed for 6.8 nm nanoparticle after oxida-
tion. g) For the core—shell product from 8.4 nm crystals, the shell was a
polycrystal of CoO and the core was still cobalt.

The kinetic evolution during the oxidation process is of
particular interest.?'3?) Mathematical models for the compo-
nent diffusion, vacancy generation, and the accumulation of
the vacancies into single void have been developed for metal—
metal oxide systems incorporating growing boundaries.?3-3 A
sophisticated model based on time-dependent diffusion kinetics
and interdiffusion in a spherical object has been described as
during the interdiffusion process between the diffusion couple
with differing diffusivity, several small vacancies are generated,
and with the supersaturation of vacancies, they are condensed
into seveal large and eventually merged to a single void.l'®!
Here, at a given temperature, the above results reveal that the
atomic packing inside the Co nanoparticles can determine the
product after the oxidation process. The detailed analysis has
been mentioned in the preceding parts of the paper, and here
we want to clarify that the nanocrystallinity and crystal phase
markedly affect the atoms diffusion in the particles. The amor-
phous nanoparticles can be considered as full of defets, which
makes the atoms diffuse chaoticly and disorderedly, hence the

Adv. Funct. Mater. 2015, 25, 891-897
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Figure 5. Various HRTEM images of a) 5, b) 6, c) 7, and d) 8 nm Cogcc
nanocrystals with large crystal domains.

oxidation process is very difficult and the core/shell structure
forms. Contrarily, the perfect single crystals can make the
atoms diffused along the lattices, which makes the oxidation
easier. While for the polycrystals, besides the migration along
the lattices, the long-range dislocation performs as the highway
for atoms transporting, which let the diffusion fast. Herein, the

Figure 6. a) HRTEM image for the oxide from 5.1 nm Cogcc. Inset long
range TEM image. b,c) HRTEM images of oxidized nanocrystals with for-
mation of polycrystalline oxide with large domain.
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Figure 7. a) HRTEM image of yolk/shell nanocrystals produced from
9.5 nm Cogcc. Inset long range TEM image. b,c) HRTEM images of the
polycrystalline shell and single-domain fec core.

diffusion route is affected by the crystallinity. Further analysis
that comparing & with hep phase, although both single crystal,
the different oxidation process was brought by the different
atom packing. The closest packed hcp phase makes the atoms
migration difficult, and bring the core/shell structure in the
end. To further prove our understanding in the kinetic process,
shorter period annealing treatment is introduced in the oxida-
tion process (Supporting Information). Started from amor-
phous phase Co nanoparticles, although an initial oxide layer is
formed after 1 min oxidation process (Figure S7a, Supporting
Information), hollowing effect or a single void inside the nano-
particle cannot be observed after longer oxidation treatment.
Although the interdiffusion between Co and O takes place in
atomically disordered Co nanoparticles, and vacancies could be
generated to compensate the materials flux, the condensation
of the vacancies cannot be reached in the presence of plenty
of crystal defects. On the contrary, in the case of the atomically
orderd Co nanoparticles, a similar core/shell structure was
obtained at the early stage (Figure S7b, Supporting Informa-
tion), which can be defined as the mixture of Co and CoO, but
the condensation of the vacancy can take place after reaching
the supersaturation point. This experiment supported our
kinetic analysis that the crystallinity quite affect the Kirkendall
diffusion in the oxidation process.

3. Conclusion

In summary, different size-dependent oxygen diffusion processes
are observed for Co nanoparticles with various crystal structures,

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Size Effect

Scheme 1. Size dependence of Kirkendall effect with different
crystallinities.

including epsilon and hep single domain, focc polycrystal, and
amorphous cobalt. Based on the comparable size of different crys-
talline phases and the same experimental conditions, the result
is given in Scheme 1 and Table 1. For single-domain Cogpsion
nanocrystals, no significant difference with the nanocrystal size is
observed and consequently, polycrystalline CoO hollow nanoparti-
cles are produced after oxidation. While for single-domain Coycp
nanocrystals, a drastic size effect is observed: small-sized Coycp
nanocrystals would result in the single-domain CoO hollow
nanocrystals, whereas the large-sized Coycp nanocrystals lead to
the formation of Co/CoO core/shell nanoparticles. By comparison
between data obtained from compact crystalline structures (hep
and fcc), because of the presence of crystalline defects in Copcc
(where there are no defects in hcp ones), polycrystalline CoO
hollow or a yolk/shell structure can be produced with a faster dif-
fusion of cobalt than oxygen atoms. For large nanocrystals, the
thick oxide shell will also hamper further diffusion, forming a
yolk/shell structure at the large size. Among all the Co nanoparti-
cles investigated, only Co, can form a solid nanoparticle without
the observation of cavities. Here, we point out that the different
size effect was related to i) the crystallinity of nanoparticles (amor-
phous, polycrystalline, or single domain); ii) the crystal phase of
nanocrystals (epsilon or hep); and iii) the critical thickness of the
oxide layer. These data give a better understanding of the size
effect on the nanoscale Kirkendall effect and can be studied for
other metal materials, such as Ag, Ni, or Cu nanoparticles.':307]

4. Experimental Section

Synthesis of Co Nanoparticles Differing by their Nanocrystallinities:
As described previously,?>?3 by adjusting the temperature in the hot
injection method, single-domain nanocrystals with an & phase as a
crystalline structure (Cogpsijon) With various diameters are obtained.
The average sizes and size distributions are 5.5, 6.8, 8.7 and 9.4 nm
and 9.1%, 6.3%, 6.7%, 6.4%, respectively. By using reverse micelles as
reported by our group,?#2%l amorphous cobalt nanoparticles (Coa) are

Adv. Funct. Mater. 2015, 25, 891-897
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produced with average diameters of 4.9, 6.9, and 8.3 nm, and the size
distribution is 9.8%, 8.7%, 9.3%, respectively. As already described, a
crystallographic transition from amorphous to hcp structure takes place
by annealing Cop, nanoparticles at 250 °C under an inert atmosphere
for 60 min and single-domain hcp nanocrystals are produced. Hence
the Cop nanoparticles are transformed to a single-domain hcp structure
called Copcp. The annealing process does not significantly affect the
nanocrystal diameter and its size distribution. The average diameters
produced and size distributions are 4.7 nm, 6.8 nm, 8.4 nm and 13%,
9.7%, 10%, respectively. Note that the annealing treatment may cause
damages to the coating agent, but it will not affect the subsequent
oxidation progress as mentioned before.”] The fcc cobalt nanocrystals
(Cogcc) are obtained by thermal decomposition of the cobalt carbonyl
(Co,(CO)g) as previously described.*® By adjusting the ligand
concentration and decomposition temperature, the multidomain Cogcc
nanoparticles with 5.1, 6.8, 8.0, and 9.5 nm diameter are fabricated,
and the size distribution is 9.7%, 8.8%, 8.8%, and 7.4%, respectively
(Table 1). For any syntheses, the Co nanoparticles characterized by
a low size distribution self-assemble in a compact hexagonal network
(2D). The average diameters and size distributions were determined
by measuring more than 500 particles from TEM images. The detailed
synthetic procedures can be seen in Supporting Information.

Oxidation Process of Nanoparticles: During the oxidation process,
all of the samples (Cogpsilons Conce, Corcc, and Coy) are deposited on
the TEM grid covered with a layer of amorphous carbon, and then
simultaneously placed in a modified Schlenk line setup as reported (also
shown in Supporting Information Scheme S1)."%2% The heating setup
was preadjusted to 200 °C. Then the annealing process was undertaken
by subjecting the samples to pure oxygen. After 10 min, the heating
setup was removed and the oxygen flow was replaced by an argon flow
in order to stop the oxidation immediately. After cooling by an argon
flow to room temperature, the samples are characterized by TEM.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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