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An analytical model of pore nucleation via grain-boundary diffusion of vacancies in pen-
tagonal crystals has been proposed. According to this model, the vacancy fluxes along
the twin boundaries make the major contribution to the void formation process. The void

evolution equation has been derived from the difference in chemical potentials at the inner
and outer surfaces determined within the energy approach, taking into account the surface
energy of free surfaces and twin boundaries as well as the strain energy of the disclination.
The model predicts the existence of critical and optimal void sizes and reveals the condi-
tions under which voids grow, stabilize, or shrink until complete dissolution. In addition,
we report on the stress-induced formation of a central pore in initially solid Cu pentagonal
particles as a promising way to fabricate hollow structures.
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1. INTRODUCTION

Pentagonal crystal (PC) structures such as pentago-
nal whiskers, decahedral and icosahedral particles are
widely employed in photonic, plasmonic and catalytic
technologies owing to their {111} faceting and cyclic
twinning [1-3]. However, the cyclic twinning gives rise
to inhomogeneous residual stress-strain state [4—6] that
strongly affects functional properties of PCs [7,8]. For
example, Huang et al. [7] showed that strained Pd ico-
sahedral nanoparticles exhibit higher catalytic activity
towards electrochemical CO, reduction than Pd octa-
hedrons of the same size. On the other hand, it is the
residual strain that is responsible for the sharp reduc-
tion of durability of such catalysts against operational
cycles. Zhao et al. [8] demonstrated that after 5000 cy-
cles the mass activity of icosahedral Pt nanocages drops
by ~40% in comparison to ~20% for cubic/octahedral
counterparts. Such deterioration of the functional perfor-
mance of icosahedral nanocages can be associated with

structural rearrangements due to relaxation of the residu-
al stress inherent to PCs.

Various stress relaxation channels in PCs including
dislocation generation [9—12], formation of the phase in-
homogeneities and the misfit layers [13—15] have been ex-
amined within disclination concept [16]. The phenomenon
of the stress-induced pore nucleation in the PCs [17] has
been elucidated in numerous studies as well [18-22]. All
these studies consider the pore evolution in PCs in terms
of bulk diffusion theory neglecting the fact that in multi-
ply twinned particles the vacancy migration proceeds pre-
dominantly along twin boundaries (TBs).

The present work aims at incorporating the effect of
grain-boundary diffusion of vacancies along TBs into the
analysis of pore evolution kinetics in PCs. In doing so, the
main principles of pore evolution in polycrystalline particles
given in Refs. [23,24] have been adapted to stress-induced
pore formation in multiply twinned particles. In addition,
experimental results on the spontaneous formation of pores
in Cu and CuO pentagonal particles are demonstrated.
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Fig. 1. SEM images of Cu pentagonal particles: (a) pentagonal particles on a steel grid; (b)—(d) spherical hollow particles after anneal-
ing. Yellow arrows indicate the particle fragments after mechanical splitting.

2. EXPERIMENT

The PCs were produced in two successive steps. First, Cu
pentagonal particles were grown by means of electroplat-
ing. Second, these Cu particles were subjected to thermal
oxidation in air, which converted them into spherical CuO
particles.

The electrolytic deposition was performed in a poten-
tiostatic regime using a P-45X potentiostat-galvanostat.
The working electrolyte contained 250 g/l of CuSO,-5H,0,
90 g/l of H,SO,, and distilled water. A pure Cu plate served
as the anode, and a pure Cu electrode was used as the ref-
erence. Prior to deposition, the Cu electrode was etched in
HNO,. A stainless steel grid was chosen as the substrate
for the growth of Cu pentagonal particles. Before use, this
substrate was rinsed with C;H,O and subsequently cleaned
in distilled water using an ultrasonic bath for 15 minutes.
The Cu particles were deposited at an overvoltage of
65 mV over a period of 15 minutes.

Upon completion of the deposition, the grids with the
grown Cu pentagonal particles were thoroughly rinsed
with distilled water and kept in air at room temperature
for 1 hour to dry. The dried samples were then annealed
in air inside a muffle furnace at 400 °C for 6 hours. As a

result of this heat treatment, the Cu pentagonal particles
were converted into spherical CuO particles. Pores in the
CuO particles became observable after the particles were
mechanically detached from the substrate grids using ad-
hesive tape and split apart.

The geometrical parameters of the microparticles were
examined with a MIRA3 TESCAN scanning electron mi-
croscope (SEM) operating at an accelerating voltage of
30 kV under high-vacuum conditions.

Figure la shows synthesized Cu pentagonal particles
on a steel grid. Annealing of particles led to an increase
in their size, a change in the shape and faceting, and the
appearance of pores (see Figs. 1b—d) in the particles. The
presence of flakes around the particles in Fig. 1b can be
explained by mechanical splitting required to separate
particles from the grid and study their internal structure.
Some particles stuck together (Fig. 1c and d), which could
occur due to the mechanical impact on the particles during
the grid splitting process.

3. MODEL

We consider an elastic cylindrical shell with inner and
outer radii a, and a as a model of a hollow pentagonal
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Fig. 2. Model of pore growth in a pentagonal particle due to
vacancy diffusion along TBs.

particle. The residual elastic strains in the particle are as-
sociated with fivefold twinning of the structure and can
be described within the disclination approach by intro-
ducing a negative wedge disclination with a strength of
o = 0.128. Let us assume that the evolution of the internal
pore in the particle is determined primarily by the vacancy
migration along TBs (see Fig. 2). Then, for the change in
the pore size, one can write

Ry ()

dt "
where ¢ is time, Q is the atomic volume, and j;, is the total
vacancy flux along TBs. The vacancy flux can be repre-
sented as

. 1 Dppviy 1y — 1y
- , 2
Jrs Q i a— a, ()

where D, is the TB diffusion coefficient, v,, is the num-
ber of mobile atoms at the TB, % is the Boltzmann con-
stant, and 7 is the absolute temperature; 1, and , are the
chemical potentials at the inner and outer surfaces of the
particle, respectively.

The chemical potentials p, and p, can be determined
within the framework of the energy approach [7]:
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where S is the cross-sectional area of the particles, £ is
the total energy of the system, defined as the sum of the
surface energy
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and the strain energy of the disclination
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here the following notations are used: y and vy,, are the
specific energies of the free surfaces and TBs, respective-
ly, G is the shear modulus, and v is the Poisson's ratio. The
expressions for the ratio of the variations take the form
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Substituting Egs. (2) and (3), with regard to Egs. (7)—
(10), into the expression for the change in the pore radius,
we finally obtain the following evolution equation

dp_35g A
dt 4n* p’ p

1+ p)2 A*

2

(1+p)Alnp. (11)
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Here the following dimensionless notations are introduced:

a
p=—, (12)
a
A=41-p*, (13)
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0
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Y
2
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where q, is the radius of initially solid particle.
4. RESULTS

The equilibrium conditions for stable pores can be ob-
tained from the evolution equation if the velocity of the
pore surface vanishes, i.e., the left part of Eq. (11) is equal
to zero: dp/dt=0. Figure 3 illustrates the correspond-
ing surface indicating the equilibrium parameters of stable
pore in PCs viz. ratio of pore to particle radii p [Eq. (12)],
ratio of TB energy to surface energies g [Eq. (15)] and di-
mensionless complex € demonstrating the ratio of volu-
metric (strain energy of wedge disclination) and surface
factors on diffusion process [Eq. (16)].
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The dependences &(p) determined from condition
dp/dt=0 [see Eq. (11)] for different values of the ratio
of the TB energy to the surface energy g are demonstrat-
ed in Fig. 4a. In the region above the curves, dp/dt> 0,
i.e., the pores in the particle will grow until they reach an
optimal size at dp / dt = 0. In the region below the curves,
dp/dt <0, i.e., the pores in the particle tend to shrink. Of
practical interest is €, corresponding to the minimum of
the curve g(p). If € <¢_, the nucleation of stable pores in
the particle fails. Conversely, for € > ¢_, a pore in the par-
ticle tends to assume an optimal size p,, (stable pores) if
the pore size is larger than a certain critical value, p > p_ .
If p <p,,, the pore will shrink until it dissolves completely.
In addition, it can be seen that as the contribution of the
boundary energy increases (g — 1.0), the region below
the curves reduces and ¢, decreases as well.

The dependences of the ratio of the particle radii p on
the dimensionless time t for different values of the pa-
rameters € and g are shown in Fig. 4b. It can be seen that
at relatively low values of the parameters (e = 100 and
g=0.1), the pore radius will decrease until the pore col-
lapses (at time t,~ 0.075). As the contribution of the TBs
increases (¢ = 100 and g = 0.5), an equilibrium position of
the pore becomes possible (p,,, = 0.15). Thus, within the
framework of the proposed model, the evolution of pores
proceeds through grain-boundary diffusion, which in turn
is determined by the internal characteristics of the pentag-
onal particles (the energy of free and TBs, elastic moduli,
particle volume, etc.).

5. CONCLUSIONS

In summary, stress-induced pore formation in Cu pentag-
onal particles has been reported in this study. To accel-
erate the pore formation, the initially solid Cu PCs were
annealed at 400 °C for 6 hours. As a result, the particles
were transformed into hollow spherical CuO particles.
The pores were observed by scanning electron micros-
copy after mechanical particles splitting. Evidently these
pores are nucleated due to both Kirkendall hollowing ac-
companied by oxidation and relaxation of residual stress.
The latter phenomenon seems to be more predominant to
explain the formation of pore nucleus at initial stage of
hollowing in pentagonal particles. To support this fact, we
proposed a new theoretical model of stress-induced nu-
cleation of pores in PCs focusing on the inward vacancy
fluxes along TBs. The model can predict the pore evolu-
tion scenarios in PCs (growing or shrinking) with respect
to the initial size of particles, material properties (elastic
moduli, surface and TB energies) and environment con-
ditions (temperature). In particular, it is demonstrated that
with an increasing contribution of TB energy, collapsing
pores can switch to a stable scenario. Thus, grain-bound-
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Fig. 3. Map of parameter ¢ in the space of pore to particle radii
ratio p and ratio of TB energies to surface energies g.
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Fig. 4. (a) Stability diagrams of pores in the pentagonal particle
as a function of the parameter € and the normalized pore radius p,
constructed for different contributions of the TB energy g = 0.04,
0.4, and 1.0. (b) Kinetic curves of pore evolution p(t), construct-
ed for different values of the parameter ¢ = 100, 150, 600, 1200
and different values of the ratio of the TB energy to the surface
energy g = 0.1 (solid curves) and g = 0.5 (dashed curves). The
initial ratio of the pentagonal particle radii is p, = 0.6.
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ary diffusion can be an effective mechanism of pore for-
mation under PC residual stress.
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3epHOrpaHnu4Hoi 1uddy3umn

C.A. Kpacuuuknii, b.A. IlleBuyenko, JI.A. Coxypa, A.M. CMmupHosB

Yuusepcurer UTMO, Kpousepkckuii mip., a. 49, nmut. A, Cankr-IlerepOypr, 197198, Poccus

AnHoTtamms. [IpeaoxeHa aHaIuTHYECKasi MOZIEIB 3apOKACHHS IOP 32 CYET 3epHOrPAHNYHOM M Py3UN BAKAHCHH B IEHTArOHAIBHBIX
kpuctamuiax. CoracHo 3TOH MOJIeNIH, OCHOBHOM BKJIAJ B IPOIECC 00pa30BaHMsl IIOP BHOCSAT IOTOKH BaKaHCHI BJIOJIb JJBOIHUKOBBIX
rpaHULl. YpaBHEHUE 3BOJIIOLMU MTOPB! BHIBEJCHO U3 PA3HOCTU XMMUYECKUX IOTEHIMAIOB Ha BHYTPEHHEH U BHEIIHEH IOBEPXHOCTIX
YaCTULIbI, ONPEAEIEHHON B paMKaX dHEPreTHYEeCKOro Moaxosa, ¢ y4éToM SHEPruM MOBEPXHOCTU YACTHUIIBI U SHEPIUU JBONHMKOBBIX
IpaHMUL, a TAKXKe YIPYTroi S3HEPruy AUCKIMHALMU. Mozenb IpeAcKa3blBaeT CyLIeCTBOBAHIE KPUTUUECKUX U ONTHMAJIBHBIX pa3MepoB
IOp W ONpPEJENIsIeT yCIOBHS, P KOTOPBIX MOPHI PACTyT, CTAOMIM3UPYIOTCS WIIM YMEHBIIAIOTCS BIUIOTH JIO HOJHOTO PAaCTBOPEHMSI.
[loka3aHo, yTO B W3HAYaJbHO CIUIOUIHBIX IEHTAroHaJbHbIX yacTumax Cu Hox AEHCTBUEM BHYTPEHHHMX HANpPsDKCHUH MOXET
00pa3oBBIBAThCS IIEHTPAJIbHAS TIOpa. DTO OTKPBIBACT MEPCIIEKTUBHBIN CIIOCO0 MOIYyYEHHS ITOJIBIX CTPYKTYD.

Kniouegvie cno6a: meHTaroHalbHbIE KPUCTAIIIBI; YACTHLIBI C MHOTOKPATHBIM [IUKJIMIECKUM IBOHHKOBAHHEM; [IOPA; AUCKIHHALINS;
3epHOrpanuyHas 1uddysus
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