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he Kirkendall effect, a vacancy flux

and subsequent void formation re-

sulting from diffusivity differences at
inorganic interfaces, was first reported for
nanoparticles (NPs) in 2004," when solid
metal NPs were converted to hollow metal
oxide, sulfide, and selenide NPs. Such con-
versions through the Kirkendall effect are
known as the nanoscale Kirkendall effect
(NKE), in which the reduced dimension of
the material imposes boundary conditions
on the conversion process. Some examples
of hollow nanostructures formed through
the NKE include CoS,"? Co0,'* > CoSe,'¢
Fexoy’779 A|203I10,11 Cu20’9,10,12 Znol11,13
Ni,P,"#~17 Co,P,™ CoP,''6 CdS,"*?*® and
NiO.22! Typically, a unary metal NP is ex-
posed to oxygen, phosphorus, sulfur, or se-
lenium precursors under elevated tempera-
tures resulting in a diffusion couple. When
outward diffusion of the metal cations is
much faster than the inward diffusion of the
anions, an inward flux of vacancies accom-
panies the outward metal cation flux to bal-
ance the diffusivity difference. When the va-
cancies supersaturate, they coalesce into a
void (or in some cases, several small voids
that usually merge into a larger void);!2°2"22
the reaction products are hollow NPs with
binary compositions. Strain at the interface
may also aid void formation.?* Hollow
metal-oxide NPs have frequently been syn-
thesized by reactions in solution or oxida-
tion in air at elevated
temperatures.! ~6810-161821 Thegse hollow
NPs are attractive for their potential use in
catalysis,*** energy storage,>*?” and bio-
medical applications®?° owing to their high
surface area to volume ratio and internal
void morphology. Partially oxidized mag-
netic NPs are also of interest due to mag-
netic exchange coupling between the core
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ABSTRACT The transformation of Ni nanoparticles (NPs) of different sizes (average diameters of 9, 26, and

96 nm) during oxidation to hollow (single void) or porous (multiple voids) Ni0 through the nanoscale Kirkendall

effect was observed by transmission electron microscopy. Samples treated for 1—4 h at 200—500 °C show that the

structures of the completely oxidized NPs do not depend on the temperature, but oxidation proceeds more quickly

at elevated temperatures. For the Ni/Ni0 system, after formation of an initial NiO shell (of thickness ~3 nm),

single or multiple voids nucleate on the inner surface of the Ni0 shell, and the voids grow until conversion to Ni0

is complete. Differences in the void formation and growth processes cause size-dependent nanostructural

evolution: For 9 and 26 nm NPs, a single void forms beneath the NiO shell, and the void grows by moving across

the NP while conversion to NiO occurs opposite the site where the void initially formed. Because of the differences

in the Ni/NiO volume ratios for the 9 and 26 nm NPs when the void first forms, they have distinct nanostructures:

The 9 nm NPs form NiO shells that are nearly radially symmetric, while there is a pronounced asymmetry in the Ni0

shells for 26 nm NPs. By choosing an intermediate oxidation temperature and varying the reaction time, partially

oxidized Ni(core)/NiO(shell) NPs can be synthesized with good control. For 96 nm NPs, multiple voids form and

grow, which results in porous NiO NPs.

KEYWORDS: Kirkendall effect - nanoparticle - nickel - nickel oxide - hollow

nanoparticles - diffusion

and shell, which provides opportunities to
control the magnetic properties of hetero-
structured NPs.330-37

In the NKE, voids usually form at the in-
side of the core/shell interface and then
grow until conversion is complete.?? The
number of voids and the mechanism of void
growth depend on the relative rates of self-
diffusion in the core material versus cation
diffusion through the shell:?" if self-diffusion
is fast, then a single void may form and
grow until conversion is complete (e.g.,
NiO).2" Alternatively, if self-diffusion is sig-
nificantly slower than cation diffusion
through the shell, then several voids re-
main, and multiple bridges form that con-
nect the shrinking core to the shell as the
voids grow and finally combine into a sym-
metrical void®?? (e.g., CoO,'” Co,S,,"* and
Fe,0,)8

VOL. 4 = NO.4 = 1913-1920 = 2010 A@q%{g)

*Address correspondence to
jbtracy@ncsu.edu.

Received for review November 30, 2009
and accepted March 17, 2010.

Published online April 2, 2010.
10.1021/nn901736y

© 2010 American Chemical Society

1913



1914

ARTICLE

Figure 1. Ni nanoparticles after exposure to air at room temperature and

nm shell; (b) 23.4 nm core, 1.3 nm shell; (c) 88.2 nm core, 3.9 nm shell.

crystallize as NiO with the rocksalt structure. The NiO
shells have significantly crystallized for some samples
already at 300 °C (Figure 2f) and for all samples when
heated at 400 °C for longer than an hour. Outward dif-
fusion of Ni through NiO grains and grain boundaries
could provide additional driving force for crystallization,
but it is also plausible that crystallization of the NiO
shells could have a role in causing void formation.
ligand In principle, different intermediate and final structures

removal. The average dimensions for each nanoparticle are (a) 5.8 nm core, 1.6 might be accessible at different temperatures, because

the NKE is controlled by diffusion.? The relative rates of

Here, we report and discuss the mechanism of the self-diffusion of the core material compared to its diffu-

size-dependent NKE during the oxidation of Ni NPs
air to form hollow (single void) or porous (multiple

in sion through the shell could strongly depend on temper-
ature. For each size, the oxidized structures for all temper-

voids) partially or completely oxidized Ni/NiO NPs at dif-  atures are quite similar, however, which implies that the

ferent temperatures and times. There are
marked differences in the symmetric, asymmet-
ric, and porous nanostructures that are ob-
tained from different sizes of Ni NPs.

RESULTS AND DISCUSSION

Ligand-stabilized Ni NPs with average diam-
eters of 9, 26, and 96 nm were synthesized and
drop cast onto SiO support films on Cu grids for
transmission electron microscopy (TEM), for
which images are shown in Figure 1. SiO sup-
ports were chosen rather than amorphous car-
bon, because SiO is more durable and deforms
less during the heat treatments than carbon.
The 96 nm NPs were prone to agglomeration
due to their limited solubility and potentially at-
tractive interparticle magnetic interactions. The
ligands were removed by cleaning with ultravio-
let light and ozone (UVO)*®~%° as a precaution
to separate any possible effects of thermal
ligand desorption from the oxidation process.
Minimal oxidation occurs in air at room temper-
ature,*! and the NiO shell thicknesses were mea-
sured by TEM. Results for the oxidation of the
Ni NPs at 200—500 °C for 1—4 h are presented
in Figures 2—4. (For each sample, correspond-
ing electron diffraction is provided in the Sup-
porting Information, Figures S-1—4.) The in-
creased temperatures induce mobility of the
NPs on the substrate, which can lead to agglom-
eration. For most samples, agglomeration dur-
ing oxidation was not severe, and many isolated
NPs were still observed.

Role of Temperature. In our previous study,*
amorphous NiO shells were observed at 200 °C,
which is consistent with the smooth, thin NiO
shells observed here before void formation. At
higher temperatures after complete oxidation,
the appearance of the shells is lumpy rather
than smooth (Figures 2i, 3f, and 4f), and the cor-
responding SAED (Supporting Information, Fig-
ures S-2i, S-3f, and S-4f) shows that the shells
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conversion mechanism does not significantly depend on
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Figure 2. Top panel: TEM images of 9 nm oxidized Ni nanoparticles.
Columns from left to right: 1, 2, and 4 h; rows from top to bottom:
200, 300, and 400 °C. Bottom panel: plots of the average outer diam-
eters (diora) and shell thicknesses (tghe) for different temperatures
and times.
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Figure 3. Top panel: TEM images of 26 nm oxidized Ni nano-
particles. Columns from left to right: 1, 2, and 4 h; rows from
top to bottom: 300, 400, and 500 °C. Bottom panel: plots of
the average outer diameters (dy.) and average shell thick-
nesses (tshe) for different temperatures and times. Void for-
mation for temperatures greater than 200 °C introduced sig-
nificant asymmetry into the shell, and measurements of t;e
at its thickest and thinnest points are plotted separately. (TEM
images for samples treated at 200 °C are provided in the Sup-
porting Information, Figure S-5.)

temperature, even though the conversion rate strongly
depends on temperature. For this reason, whether the
ligands are removed prior to heat treatment or are left in-
tact is expected to have minimal effect on the products.
Ligand desorption or pyrolysis would occur below 500
°C;*~* higher oxidation temperatures (but not above 500
°C) might be required if the ligands were left intact, but the-
final structures would be the same as reported here.
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Nanoparticle Morphology. For the 9 and 26 nm Ni NPs,
a single large void usually forms at the core/shell inter-
face (Figures 2e,f, and 3b,c) and grows until the particles
are completely converted to NiO. The 9 nm NPs re-
main approximately symmetrical, while the 26 nm NPs
exhibit off-center spherical voids, nonuniform shell
thicknesses, and asymmetrical NP shapes. Results for
the process of void growth at 300 °C and graphical de-
pictions of the origins of asymmetry are presented in
Figure 5. (Corresponding electron diffraction and an ad-
ditional TEM image of partially oxidized NPs are pro-
vided in the Supporting Information, Figures S-7—8 and
S-9, respectively.) Analysis of HRTEM images (Figure 6
and Supporting Information, Figure S-10) confirms that
lattice spacings for Ni correspond to the core, while lat-
tice spacings for NiO are observed for the shells. (We
note that in TEM images, the shell can overlap with the
core, because TEM shows a two-dimensional projec-
tion of a three-dimensional object.) As described in the
Introduction, single voids are expected for the Ni/NiO
system because the rates of Ni self-diffusion and diffu-
sion in NiO are similar, which provides ample mobility
for vacancies to coalesce into a larger void before Ni
transport through the NiO layer is complete.?'#54¢

As the conversion of 9 and 26 nm NPs proceeds, the
NiO shell adjacent to the void (opposite to the Ni core)
grows only negligibly, which implies minimal lateral dif-
fusion of Ni within the NiO layer. Some images (Fig-
ures 2e,f and 3c—f) show that the Ni core assumes an
approximately spherical shape toward the end of the
oxidation process. For the 26 nm NPs, the Ni core ini-
tially diffuses quickly into the NiO shell where the Ni
core already has an interface with the NiO shell, which
leaves a ball of material that slowly diffuses through the
small remaining Ni/NiO interface. If the Ni/NiO inter-
face would fracture, a small solid Ni NP would remain in-
side of the hollow NiO NP, and outward Ni diffusion
would become less effective, due to the loss of the fixed
Ni/NiO interface. Such a phenomenon may occur for
Ni>P NPs, in which a loose solid or hollow spherical NP
is contained inside a hollow Ni,P NP.'?

As the Ni core converts to NiO, the NiO is deposited
opposite the void. After complete oxidation, the NiO
shell is thinnest adjacent to the point where the void
nucleated and remains the same thickness as when the
void was first formed. The NiO shell is thickest opposite to
the void, because the core Ni diffuses away from the
void as it is oxidized. Therefore, the asymmetry in the
shell is controlled by the ratio R = Vii/(Vii + Vnio), where
Vis the volume of each phase when the void first forms,
which is the time at which the NP first becomes asym-
metrical. Larger values of R correspond to greater rela-
tive proportions of reduced Ni and give greater asymme-
try. This ratio is much greater for the 26 nm NPs than for
the 9 nm NPs, as calculated from TEM measurements of
the core diameters, where both the cores and NPs are
treated as spheres, and then calculating the core and to-
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Figure 4. Top panel: TEM images of 96 nm oxidized Ni nano-
particles. Columns from left to right: 1, 2, and 4 h; rows from
top to bottom: 300, 400, and 500 °C. Bottom panel: plots of the
average outer diameters (diota)) and shell thicknesses (tshen)
for different temperatures and times. The shell thicknesses
could be measured only at 200 and 300 °C. (TEM images for
samples treated at 200 °C are provided in the Supporting In-
formation, Figure S-6.)

tal volumes, V = (4m/3)(d/2)*. For example, at 300 °C and
1 h, the average core/total diameters of the 9 nm NPs are
6.6 nm/11.6 nm and are 22.6 nm/26.0 nm for the 26 nm
NPs, which gives Ry ,,, = 0.19, and Ry nm = 0.66. After
complete oxidation, the void has a striking resemblance
to the Ni core after initial NiO shell growth but before void
formation, which is consistent with minimal inward diffu-
sion of oxygen and growth exclusively by core Ni atoms
diffusing through the existing Ni/NiO interface.

The structural changes when converting 96 nm Ni
NPs to NiO are substantially different, because Ni self-
diffusion over the larger NP size does not prevent for-
mation of multiple voids at the Ni/NiO interface (Figure
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4a—c). Self-diffusion of Ni is not fast enough to con-
dense all the vacancies into a single void. At the early
stages of oxidizing 96 nm NPs, the voids are shallow
and cover a large portion of the Ni/NiO interface (Fig-
ure 4b,c). The simultaneous growth of multiple voids re-
sults in a porous structure rather than a large, single
void. Crystallization of NiO grains for the 96 nm NPs is
particularly distinct. When the treatment temperature
and time are increased to 400 °C for 4 h or 500 °C for 2 h,
the average NiO grain size in the final oxidized struc-
ture increases to ~20 nm.

There have been reports of nanostructural transfor-
mations driven by the electron beam during TEM mea-
surements, which have included NP sintering*“® and
void formation.*>* In our experiments, TEM imaging
was performed using standard bright-field techniques,
and there was no evidence for electron beam-induced
effects. Rather, the oxidation temperature and time de-
termined the extent of conversion and the
nanostructure.

Critical Shell Thickness for Void Formation. Before perform-
ing oxidation reactions but after UVO treatment, the na-
tive NiO shell thickness (taive) for the 96 nm sample is
substantially greater than for the 9 and 26 nm samples
(Table 1). The origin of this difference is unclear, be-
cause differences in the synthetic procedures (specifi-
cally, the use of trioctylphosphine for the 9 and 26 nm
sizes but not for the 96 nm size) could cause differences
in the ligand stabilization that would influence the for-
mation of the native oxide prior to ligand removal. Our
prior results indicate that the native oxide forms while
the ligands are present,*! and we have not observed
further oxidation caused by UVO treatment at room
temperature.

During heating in air, the NiO shell first grows
thicker, until the critical shell thickness for void forma-
tion (tuitican) is reached (Table 1). Measurements of tyitical
do not depend on the oxidation temperature (varia-
tions for different temperatures are contained within
the error of the measurement of t,ica), Which is consis-
tent with our observation that the oxidation tempera-
ture affects only the reaction rate and not the reaction
mechanism. There is a clear trend that At = tqitical — tha-
tive decreases as the NP size increases. This trend is sup-
ported by two geometry effects, if growth of the na-
tive oxide is through inward diffusion of oxygen (with
minimal outward diffusion of Ni) at room temperature,
which is a reasonable assumption: (1) As the size in-
creases, the surface area of the core/shell interface per
NP increases, and a greater number of vacancies are
generated for a given increase in the shell thickness. Va-
cancies throughout the whole NP (or from regions of
the NP for the 96 nm NPs) coalesce into the void. If the
number of vacancies required to form the void is not
strongly size dependent, then a larger NP favors void
formation for smaller At. (2) As the NP size decreases,
the core/shell interface is no longer approximated by a
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Figure 5. TEM images of 26 nm nanoparticles after oxidation in air at 300 °C for (a) 90, (b) 120, (c) 150, (d) 180, and (e) 210 min. Corre-

sponding oxidation schemes and high-resolution TEM images are shown below (a—e). (g—j) (1) Nickel diffuses across the Ni/NiO inter-
face only and (2) vacancies are injected at the interface and diffuse to the void. (3) The void nucleates when vacancies supersaturate. (4)
The shell remains the same thickness where the void nucleated, because little lateral Ni diffusion occurs along the void/shell interface
or in the NiO shell. (5) Toward the end of oxidation, the core becomes a small ball whose oxidation might be slowed by the reduced Ni/
NiO interfacial area and the thick NiO layer through which Ni cations must diffuse.

planar interface, and the Ni must diffuse radially in all
outward directions, while oxygen diffuses inward from
all directions. Therefore, the smaller radius of curvature
for smaller NPs favors inward diffusion of oxygen and

Figure 6. HRTEM image of a 26 nm nanoparticle after oxida-
tion in air at 300 °C for 150 min. The overlaid color layers rep-
resent lattice spacings for (red) Ni {200}, (blue) NiO {111},
and (green) NiO {220}. The Ni {111} and NiO {200} planes
have approximately the same spacing and were not
analyzed.

|
TABLE 1. Average Native and Critical NiO Shell Thicknesses

sample trative (NM) taiticat (NM) At (nm)
9nm 1.6 =03 33208 1.7+09
26 nm 13+02 2607 1307
96 nm 39+12 46 +09 0.7 £15

www.acsnano.org

inhibits outward diffusion of Ni, and a larger At is ex-
pected for smaller sizes, because a thicker NiO shell
must be grown before enough vacancies are available
to form a void. Formation of multiple voids for 96 nm
NPs does not violate this trend.

Cu0 Nanowire Fragments and Reactions with Si0 Supports. In
some images, particularly for the 96 nm NPs, there ap-
pears to be a bimodal particle distribution. The smaller
NPs are actually fragments of CuO nanowires that grew
from the Cu TEM grid during heat treatments.®' (TEM
and electron diffraction are provided in the Supporting
Information, Figure S-11.) Grids treated at higher tem-
peratures or longer times also show coarsening of the
SiO film. No intermediate Ni,Si, or Ni,Si,O, compounds
are expected, because Ni,Si, compounds are not ob-
served in bulk ternary phase diagrams, and the only
known equilibrium ternary compound, Ni,SiO,, is much
less stable than phase-separated NiO and SiO,.>2 We fur-
ther note that no nickel silicide or nickel silicate pat-
terns were observed in the SAED measurements.

CONCLUSIONS

Distinct size-dependent behaviors for the NKE in
the Ni/NiO system were shown and chiefly originate
from two properties of the system: (1) Fast self-diffusion
of Ni compared with its rate of diffusion through the
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NiO shell results in single voids for the smaller sizes (9
and 26 nm), but multiple voids form in the 96 nm NPs,
because self-diffusion is not fast enough to cause the
voids to combine into a single void. (2) Prior to void for-
mation, a thin (~3 nm) NiO shell forms symmetrically
around the Ni core. For smaller sizes, formation of a
single void results in asymmetric nanostructures in
which the NiO shell is thickest opposite to the void, be-
cause core Ni atoms diffuse away from the void during
oxidation. The asymmetry is greater for the 26 nm size,
because it has a greater proportion of unoxidized core
Ni when the void first forms than the 9 nm NPs.

As expected, oxidation occurs most quickly at el-
evated temperatures. The conversion mechanism does
not appear to be sensitive to temperature, because the
final structures do not depend on the oxidation temper-
ature. By choosing an intermediate oxidation tempera-
ture and varying the reaction time, partially oxidized
Ni(core)/NiO(shell) NPs can be synthesized with good
control.

METHODS

Nanoparticle Synthesis. Ni NPs were synthesized using minor
modifications of previously reported methods,'*' which are
based on the method initially developed by the Hyeon group.>
For all samples, 0.200 g (0.778 mmol) of nickel acetylacetonate
(Ni(acac),, 98%, TCl), 2.0 mL (6.1 mmol) of oleylamine (97%, Pfaltz
& Bauer), and 5.0 g of trioctylphosphine oxide (TOPO, 99%,
Strem) or 5.0 mL of 1-octadecene (ODE, 90%, Sigma-Aldrich)
were combined and heated to 80 °C in a three-necked, round-
bottomed flask for 2 h under vacuum to remove oxygen before
backfilling with nitrogen. Varying amounts of trioctylphosphine
(TOP, 97%, Strem) were injected into the mixture before rapidly
heating the solution to 240 °C (~20 °C/min ramp rate) with vig-
orous stirring.

For 9 nm Ni NPs, the solvent was TOPO, and 0.35 mL (0.78
mmol) of TOP was used. For 26 nm Ni NPs, the solvent was ODE,
and 0.30 mL (0.67 mmol) of TOP was used. For 96 nm Ni NPs,
the solvent was TOPO, and no TOP was used.

After allowing the NP solution to cool to room temperature,
methanol was added to flocculate the NPs, followed by centrifu-
gation to separate the NPs from the solvent and excess ligands.
The NPs were repeatedly (one to three times) redispersed in hex-
anes, flocculated by adding methanol, and isolated by centrifu-
gation. The NPs were stored dispersed in hexanes.

Oxidation Procedure and Characterization. For each size of Ni NPs,
a solution in hexanes was sonicated for one minute to improve
their dispersion, and the mixture was drop cast onto SiO support
films on Cu grids for TEM. The ligands were removed to facili-
tate oxidation by placing the grids in an ultraviolet light with
ozone (UVO) cleaner for 4 min at room temperature. For each
heat treatment time and temperature, a different TEM grid was
used. Heat treatments were performed in air in a Protherm
PC442 tube furnace at 200—500 °C for durations of 1—4 h. (The
treatments at 500 °C were omitted for the 9 nm sample, because
oxidation was completed quickly at 400 °C. For some samples,
treatments at 600 °C were also performed, but the TEM sub-
strates became brittle and fractured upon handling.) Control
samples with their ligands removed but no furnace treatments
were also prepared.

Bright-field TEM images and selected-area electron diffrac-
tion were acquired using a JEOL 2000FX microscope. High-
resolution TEM was performed using a JEOL 2010F microscope.
The outer diameters and shell thicknesses of the NPs were mea-
sured using publicly available ImageJ software.>* NP diameters
were determined by manually measuring the diameter of each
particle twice, along orthogonal directions, and then taking the
average value for at least 40 NPs. Shell thicknesses were also

measured manually for at least 40 NPs. For asymmetric shells
on the 26 nm NPs, two sets of thickness measurements were per-
formed, one at the shell’s thinnest point, and another on the op-
posing side at the shell’s thickest point (Figure 3, bottom panel).
Values of t.iical Were obtained from measurements of the shell
thickness after void formation at its thinnest point, which is the
same as tqiica, Decause we have shown that the shell thickness at
the thinnest point remains constant after void formation. The fol-
lowing samples were used for measuring tuitica: 9 NmM (2 h at
300 °C, 1 h at 400 °C), 26 nm (1.5—2 h at 300 °C, 1 h at 400 °C,

1 h at 500 °C), 96 nm (1 h at 300 °C).

Each colored layer in the HRTEM images of Figure 6 and Fig-
ure S-10 in the Supporting Information was obtained from a fast
Fourier transform (FFT) of the original image. Symmetric, disk-
shaped masks, approximately 1.3 nm~" wide, were separately ap-
plied for distances corresponding to the plane spacings for Ni
and NiO. An inverse FFT of the masked area was calculated, while
discarding information from the unmasked area. The planes
were colorized and overlaid to create a color-coded composite.
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