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Abstract—Results from experiments on the annealing of icosahedral small particles (ISPs) of copper in dif
ferent gas media are presented. The growth of nanowhisker structures and nanopores on the surfaces of ISPs
is observed. The multilayer internal structure of annealed ISPs that incorporate a metallic core, cavities, and
copper oxide layers is revealed.
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INTRODUCTION
The morphology, structure, and properties of
icosahedral small particles (ISPs), including copper
ISPs, have been studied extensively. A great many
papers focused on synthesizing, annealing, and inves
tigating the properties of such particles have been pub
lished [1–9]. It was shown in [1–3] that icosahedral
particles contain highenergy disclination defects that
produce longrange stress fields within the particles.
The authors of [4–8] studied the effect annealing has
on the structural changes that occur within the parti
cles (specifically, the growth of CuO nanowhiskers
[3–6] and the emergence of nanopores on the surfaces
of ISPs [7, 8]).
The effect annealing in the presence of oxygen has
on the properties of ISPs was first studied in [9]. It was
found that internal cavities were formed. Probable
mechanisms of pore formation were proposed on the
basis of experimental data in [5, 8].
In this work, different regimes of the annealing of
icosahedral small copper particles were investigated
using a combination of physical methods: differential
scanning calorimetry (DSC) and scanning electron
microscopy (SEM). The formation of different phases
in the process of ISP annealing was analyzed, and the
emergence of large internal cavities within ISPs was
studied.
EXPERIMENTAL
Icosahedral small copper particles (Fig. 1a) and
coatings made from them were produced via metal
electrodeposition. A mesh made from 12Kh18N10

steel with a cell size of 40 μm was used as our substrate.
Copper was deposited from a sulfuric acid electrolyte
in the potentiostatic regime at an overvoltage of
⎯75 mV for 10–12 min using an Ellins poten
tiostat/galvanostat. The electrodeposition technique
was described in detail in [1, 2].
Differential scanning calorimetry analysis (X DSC
EXSTAR 7000) was performed in open crucibles at
temperatures ranging from 25 to 700°С. The samples
were heated at a rate of 10°C/min and were blown with
oxygen and/or nitrogen.
The samples were annealed in an atmosphere of air
in a PM700p laboratory muffle furnace. Annealing in
vacuum (Fig. 1b) was performed in a SShV1.2,5/25 I1
shaft vacuum furnace.
Carl Zeiss Sigma and JCM6000 Neo Scope SEMs
and a FEI Helios Nanolab 600 highresolution SEM
equipped with Xray microanalysis attachments and a
focused ion beam were used to study the surface mor
phology of the particles.
RESULTS AND DISCUSSION
Differential scanning calorimetry analysis revealed
peaks corresponding to the structural phase transfor
mations that occur in ISPs during annealing in differ
ent gas media. For example, the following average
temperatures of peak formation were determined in
DSC studies with oxygen blowing: 400, 520, and
620°С.
Our samples with icosahedral particles were then
annealed in the regimes established in accordance

1098

PHASE TRANSFORMATIONS IN ICOSAHEDRAL SMALL COPPER PARTICLES

1099

(a)

(a)

2 µm
(b)

20 µm

×700
(b)

2 µm
Fig. 1. Icosahedral small copper particle (a) after elec
trodeposition and (b) after annealing in vacuum at a tem
perature of 800°С for 2 h.

with the DSC technique. Figure 2 shows the results of
ISP annealing in the presence of oxygen.
It can be seen from Fig. 2a that a forest of CuO
nanowhiskers emerged during the annealing of icosa
hedral copper particles in the presence of oxygen at a
temperature of 400°С over 4 h. It follows from [10] that
the density of whiskers was around 109–1010 cm–2, their
diameters were 30–100 nm, and their average length
was in the micrometer range. These nanowhiskers also
had high mechanical properties (specifically, flexural
strength upon breaking σmax ≈ 6.6 ± 0.2 GPa [10]).
Particles with nanowhiskers and nanopores were
obtained during annealing at a temperature of 520°С
in the presence of oxygen. Materials with fairly well
developed nanoporous surfaces can be obtained by
varying the annealing time.
The annealing of a copper ISP at a temperature of
620°С produced a nanoporous surface and a cavity
(Fig. 3) within a particle either with or without an
inner core (Figs. 3a and 3b). Particles with whiskers,
whiskers and nanopores, and nanopores and an
internal cavity with an oxide shell can be produced
via annealing.

5 µm

×4000

Fig. 2. Copper ISPs after annealing in the presence of oxy
gen for 4 h at (a) 400°С and (b) 520°С.

Structural phase analysis of such particles in the
working chamber of a scanning electron microscope
revealed the presence of different phases: pure copper
(inner core), Cu2O copper oxide (middle layer), and
CuO copper oxide (surface layer).
The data presented above allow us to conclude that
the oxidation annealing atmosphere had a consider
able effect on icosahedral small particles: their surface
morphology was altered (faceting was lost), phase
transformations occurred (copper oxides formed),
nanopores were produced, and internal cavities
formed (with without metallic cores).
To determine the effect annealing in an inert atmo
sphere has on copper ISPs, the samples were analyzed
in the working chamber of a differential scanning cal
orimeter in nitrogen atmosphere at temperatures
ranging from 25 to 700°С. No peaks were observed on
the DSC curve. This suggests that no structural phase
transformations occurred in icosahedral copper parti
cles during annealing in an inert atmosphere. The
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an atmosphere in the production of nanowhiskers and
nanopores on a particle’s surface was analyzed in
[2, 5–7]. The mechanism behind the formation of
large internal cavities in ISPs remains unclear and
warrants further study.
CONCLUSIONS
Using differential scanning calorimetry combined
with scanning electron microscopy, we can choose the
optimum ISP annealing regime for a required particle
morphology. It was found that nanowhiskers and nan
opores with internal cavities within a layered shell of
copper oxides are formed during ISP annealing in the
presence of oxygen. The internal cavities can have a
metallic core. The mechanism of their formation
remains unclear and warrants further study.

4 µm
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Fig. 3. Icosahedral copper particles cut by an ion gun
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