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Abstract

Influence of the ultrasound on talc (Mg3Si4O10(OH)2) cathode material was experimentally investigated. The Gibbs' energy change of the
Liþ -intercalation process, the diffusion coefficient in LixMg3Si4O10(OH)2, the charge transfer resistance and the capacitance of the electric
double layer were studied in electrochemical cells, based on initial and ultrasonic treated talc. The obtained results were interpreted within the
nonlinear diffusion-deformation model, which involved formation of vacancy nanoclusters under ultrasonic influence at temperatures lower than a
critical value.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

Intercalation is the reversible insertion of molecule (or ion)
into guest position of compounds with layered structures.
Furthermore, intercalation provides a significant increase in
specific energy of power sources, because strongly correlated
bertollide phases are formed as a result of current generation
process. The technical implementation of such process causes
the appearance of lithium and lithium-ion batteries at the
market. Today searching of new cathode materials for these
applications is almost the most important task of material
science. Taking into account the urgent problems of high
prices of one Wh, ecological compatibility and resource base
formation for use in the foreseeable future, it is obvious to
focus on natural minerals. For this purpose they should have
a system of the guest positions and provide good lithium
diffusion and energy of lithium insertion, chemical and electro-
chemical stability, appropriate structure of the energy spectrum
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[1] conjugated with voltage range. We have proved that talc
could be this mineral [2]. However, generally, the combination
of all above listed characteristics in a certain mineral is
implemented rarely. Therefore target modification of talc takes
a lead place in improving efficiency of intercalation reaction. It
was shown [3] that doping of talc powders could change its
band structure in desired direction and as a result could
improve both the energy and the power characteristics of
lithium power sources. In this paper, we proposed ultrasonic treat-
ment [4–6], as a new method of modification, which belongs
to one of the most effective, cheap and environmentally safe
technologies.

2. Experimental

Monodispersed talc powders with average grain size of 1
and 0.5 mm were used in experiments. Ultrasonic treatment of
each talc fractions (0.2 g) was carried out in 2 ml of 1 M LiBF4
in γ-butyrolactone solution during 8 h at the frequency of
22 kHz.
Electrodes of 0.25 cm2 area on a nickel substrate were

formed for research. The cathode mixture consisted of active
Elsevier B.V. All rights reserved.
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Fig. 2. Nyquist diagrams of 1 μm (1, 3) and 0.5 μm talc fractions (2, 4), before
(1, 2) and after (3, 4) ultrasonic modification. The insets are equivalent electric
circuits.
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material (talc), conductive additive (acetylene soot), binding
agent in the ratio 85:10:5 wt%. Mass of active material did not
exceed 2.5 mg/electrode. Thermodynamic and kinetic para-
meters of lithium intercalation were investigated in three-
electrode electrochemical cell in 1 M LiBF4 in γ-butyrolactone
solution and a chlorine-silver reference electrode. Nyquist
diagrams were investigated in the frequency range from
10�3 to 106 Hz using impedance spectrometer “AUTOLAB“
(“ECO CHEMIE“, Netherlands), equipped with computer
applications FRA-2 and GPES. Computer modeling of the
obtained impedance data was carried out in the software
package ZView 2.3 (Scribner Associates). X-ray diffraction
(XRD) measurements were performed on a DRON-3 under
Co-Kα-radiation.
3. Results and discussion

Dependence of Gibbs' energy change (ΔG(x)) of Liþ -
intercalation process in talc fractions before and after ultra-
sonic treatment vs. the guest load degree x (x is a number of
inserted guest atoms per one structural unit of host material) is
shown in Fig. 1. First of all, one should pay attention to the
behavior of curves 1 and 2 in Fig. 1. Since reduction of initial
talc powders size from 1 mm to 0.5 mm leads to disappearance
of the Іst order phase transition in x range from 0 to 2.5 and
formation of strongly correlated single-phase states. The 1 mm
talc fraction has higher energy storage in the high lithiated
phases (x44.5). After ultrasonic treatment of talc fractions the
phase diagram of their intercalated phase has changed com-
pletely. The range of two-phase states of the 1 mm fraction is
divided into three intervals: with higher (0oxo0.8), lower
(0.8oxo1.5) and (1.5oxo4.5) energy storage. The range
of two-phase states of the 0.5 mm fraction changes both width
(0.8oxo3) and values of ΔG (3oxo5).

Kinetics of Liþ -intercalation processes in LixMg3-
Si4O10(OH)2 at room temperature both before and after
ultrasonic treatment (Fig. 2) cannot be described by the
Rendls–Ershler classical model [7] because the slope angle
of the low frequency branches of Nyquist plots to Re Z axis of
the complex impedance differes from 451. The most probable
Fig. 1. Gibbs' energy change of lithium intercalation process in talc
Mg3Si4O10(OH) powder of fractions: 1 μm (1, 3) and 0.5 μm (2, 4), before
(1, 2) and after (3, 4) ultrasonic treatment.
reason for this is that the lithium diffusion in the volume of talc
particles is not described by the ideal Fick's law. This in turn
provides application of finite Warburg impedance [7] as a
structural diffusion element in the impedance model. In the
proposed equivalent electrical scheme (inset a, Fig. 2) RE is
resistance of an electrolyte, the series of parallel units of R1||C1

and R2||C2 consecutively attached to the Rendls–Ershler
modified chain Ws||(R3-C3) simulates charge transfer through
the barriers between grains (and possibly passivation film)
and through the space charge region in the talc particle,
respectively.
Computer modeling of the obtained impedance data in the

software package ZView 2.3 determines the kinetic parameters
of the intercalation process for all values of х. Verification of
adequacy of the constructed model to the experimental data
shows that Kramers–Kroning's coefficient does not exceed
3� 10�5.
Nyquist plots indicate the diffusion-kinetic control of the

intercalation process. It means that limiting parameters of
power capability are the lithium diffusion D(х) in talc and the
charge transfer resistance R3(х) through the interface of talc
and electrolyte. As it is shown in Fig. 3 the kinetic parameters
essentially depend on the conditions of ultrasonic effect on
talc. At the same time ultrasonic treatment significantly
increases power capacity even at sufficiently deep discharge
levels (хE4). It is interesting to note that the Ist order phase
transitions (Fig. 1) are observed in the vicinity of this value of
x. Extraordinary is the fact that both D(х) and R3(х) oscillate
with concentration only after ultrasonic modification (insets,
Fig. 3). Hypothetically, such behavior can be explained by
changes in electronic energy topology caused by ultrasonic
effect on defective subsystem.
The XRD analysis of both samples before and after

intercalation confirms impact of ultrasound on defect subsys-
tem. First of all, aftereffect of ultrasonic treatment on the talc
structure depends on the particle size. Ultrasonic treatment of
the 1 mm fraction greatly reduces the width of the main peaks
at 2Θ¼11.00 and 33.391. Moreover treatment reformats the
intense doublet at 2Θ¼22.05 and 22.591 into one peak at
2Θ¼22.171. Ultrasonic treatment of the 0.5 mm fraction
reduces intensity of the indicated diffraction peaks and slightly



Fig. 3. Diffusion coefficient D (a) and charge transfer resistance R3 (b) vs guest load degree x in Mg3Si4O10(OH)2 fractions: 1 μm (1, 3) and 0.5 μm (2, 4),
before (1, 2) and after (3, 4) ultrasonic treatment.
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(by 0.071) shifts the diffraction peak at 2Θ¼33.391 to the
higher angles. Intensity of the amorphous halo reduces in the
range of 11.44C21.541 in both fractions after ultrasonic
treatment. The stronger effect of ultrasonic treatment is
observed for the structural changes caused by intercalation
(x¼7). Ultrasonic treatment of the 1 mm fraction suppresses
diffraction peaks, that appeared at 2Θ¼13.10 and 16.941 after
intercalation and reformats doublet at 2Θ¼33.321 into the one
peak. In addition, the doublet appears in the vicinity of
2Θ¼17.011 only in ultrasonic treated talc after intercalation.
Ultrasonic treatment of the 0.5 mm fraction suppresses peak at
2Θ¼22.021, shifted after intercalation to 2Θ¼22.781, and
leads to appearance of the peak at 2Θ¼17.141.

Appearance of middle frequency linear areas on Nyquist
diagrams, marked by arrows in Fig. 2 (curves 3, 4) is most
probably related to ultrasonic effect on the defective subsystem
of talc. Such areas are explained by spherical diffusion [8,9],
but in our case this interpretation is illegal, because the
lamellar form of initial talc has not changed after ultrasonic
treatment. That is why appearance of linear areas may be
caused by change in type of conductivity from ultimate to
complex [7]. Besides it can be explained by visualization of
decays of complexes, activated by ultrasonic treatment. In this
case the Gerisher impedance [7,10] is used in electric scheme.
The reason of linear areas appearance can be caused by
common contribution of both described conditions. Then the
equivalent electric scheme is presented in the inset b, Fig. 2.
In the last case both reactance and electro reactionary behavior
are explained by ultrasonic impact on the defect structure of
the talc powders.

It is known that the defect concentration, in particular the
vacancy concentration in a solid treated with ultrasound
depends nonlinearly on both temperature and intensity of
acoustic vibration [11,12]. Significant increase of defects in
the talc structure is observed in the certain ultrasonic and
temperature range. Equilibrium vacancy concentration can be
high even at low temperatures [11], while bulk deformation
exceeds some critical value. Self-organization of vacancies
into separate clusters and periodic structures is possible if their
concentration is high enough [13] and they interact one with
another and with the crystalline matrix through the deforma-
tion field. Formation of the periodic pore lattice in metal and
dielectric materials irradiated with high-energy neutron and
electron beams is observed in works [14,15].
In works [16–18] it was demonstrated that ultrasonic wave

could control the transport properties of semiconductors.
Besides it could change their structure due to the processes
of impurity atom diffusion, dissolution and formation of
complexes impurity atom clusters and intrinsic defects in
periodic deformation fields. Moreover the extrinsic heteroge-
neous deformation causes the change of chemical potential of
point defects, thus leading to the directional diffusion flows
appearance. In work [19] it was empirically determined that
ultrasonic treatment could stimulate Si diffusion at room
temperature. Significant increase of carbon diffusion coeffi-
cient in steel was observed at fixed temperature in a certain
range of acoustic vibration amplitude [20].
In this work, a nonlinear diffusion deformation theory of

vacancy cluster formation in a porous material treated with
ultrasound is carried out to specify ultrasonic influence on
Liþ -intercalation kinetic parameters.
4. Theory

4.1. The model

We model a porous medium by the system of spherical
particles (granules). The radius of particles is rg¼R0–r0, and
the radius of impurities is rd (Fig. 4a), where 2r0 is the space
between the granules, considered below as the pore diameter
(Fig. 4b). We select a cylindrical bulk element of porous
material (Fig. 4) with the radius R0 and the cylindrical pore
having the radius r0 (R0⪢r0). The average vacancy concentra-
tion of that system is Nd0.
Considering the nonlocal Hooke's law [21], the energy of

vacancy interaction with matrix atoms Uint
dа through the elastic



Fig. 4. Geometrical model of a porous medium with impurity.
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field can be determined as:

Uint
daðrÞ ¼ �

Z
λðjr0 �rjÞεð r0ÞΔΩd dr

0; ð1Þ

where λ is the elastic modulus operator [18]. Introducing the
variable τ¼ r0 �r and after Taylor series expansion of εð rþτÞ
by τ, we obtain:

Uint
daðrÞ ¼ �

Z
λðjτjÞεð rþτÞΔΩd dτ

¼ �
Z

λðτjÞ εð rÞþ ∂2εðrÞ
∂r2

τ2

2

� �
ΔΩd dτ

¼ �KεðrÞΔΩd�K
∂2εðrÞ
∂r2

r2daΔΩd; ð2Þ

where K ¼ R
λðjτjÞdτ is an elasticity coefficient [13];

2r2da ¼ ðR λðjτjÞτ2dτ= R λðjτjÞdτÞ is an average value of the
squared distance between the vacancy and matrix atoms;
ΔΩd is the change of crystalline volume by one defect; εðrÞ
is a radial component of strain tensor.

The elastic field of solid influences the vacancy by force:

F
!¼ �gradUint

da ¼Kgrad εðrÞΔΩdþ
∂2εðrÞ
∂r2

r2daΔΩd

� �
: ð3Þ
Under this force, the defects in the elastic field get the
velocity

υ!¼ μ F
!¼ DυK

kBT
grad εðrÞΔΩdþ

∂2εðrÞ
∂r2

r2daΔΩd

� �
; ð4Þ

where μ, and Dυ are the mobility and vacancy diffusion
coefficient; Т is the temperature; kB is the Boltzmann constant.
Here we use the Einstein relation to determine impurity
mobility.
As one can see from Eq. (4), the vacancy rate in the elastic

field is determined by deformation gradients and crystal
volume gain due to these defects. Thus, the defects that are
the compression centers (ΔΩdo0), in particular vacancies,
will move to the area of the relative compression.
Taking Eq. (4) into account, the stationary flow of vacancies

can be presented as:

j¼ �Dυ
∂Nd

∂r
þNd

DυK

kBT

∂ε
∂r

ΔΩdþ
∂3ε
∂r3

r2daΔΩd

� �
: ð5Þ

Taking into account the anharmonic components, potential
energy density of the elastic defects-free continuum can be
presented as:

Ua ¼ 1
2
Eε2ðrÞþ 1

3
Eαε3ðrÞþ 1

4
Eβε4ðrÞþEa20

∂2εðrÞ
∂r2

εðrÞ; ð6Þ

where Е is the modulus of elasticity; α and β are the elastic
enharmonicity constants; a0 is the characteristic distance of the
crystalline matrix atoms interaction that is roughly equal to the
matrix lattice parameter.
Then, taking into account Eqs. (2) and (6), free energy

density of the crystal with vacancies can be presented as:

Φ ¼ UaþNdU
int
dа�TS

¼ 1
2
Eε2 rð Þþ 1

3
Eαε3 rð Þþ 1

4
Eβε4 rð ÞþEa20

∂2ε rð Þ
∂r2

ε rð Þ�

�KNdðrÞεðrÞΔΩd�KNdðrÞ
∂2εðrÞ
∂r2

r2daΔΩd�TS; ð7Þ

where S is entropy density.
Applying the relation σ ¼ ∂Φ

∂ε , we obtain the mechanical
stress expression:

σ ¼ EεþEαε2þEβε3þEa20
∂2ε
∂r2

�KNdΔΩd: ð8Þ

The mechanical stress in the ultrasonic treated solid, subject
to the enharmonic components, is:

~σ ¼ σþEε0 cos ωtþEαðε0 cos ωtÞ2þEβðε0 cos ωtÞ3; ð9Þ
where ε0 is deformation amplitude, caused by ultrasound. Here
the wave length λ⪢R0. Averaging by the time, we obtain:

~σ ¼ EεþEαε2ð1þ ε20
2ε2

ÞþEβε3þEa20
∂2ε
∂r2

�KNdΔΩd ¼

EεþE ~αε2þEβε3þEa20
∂2ε
∂r2

�KNΔΩd; ð10Þ

where ~α ¼ αð1þ ε20
2ε2Þ.
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From the strained solid equilibrium condition ∂ ~σ
∂r ¼ 0 we

obtain the deformation equation:

E
∂ε
∂r

þE ~α
∂ðε2Þ
∂r

þEβ
∂ðε3Þ
∂r

þEa20
∂3ε
∂r3

�K
∂Nd

∂r
ΔΩd

¼ 0: ð11Þ

Taking into account Eq. (5), the diffusion steady-state
equation for vacancies can be written as:

div Dυ
∂Nd

∂r
�Nd

DυK

kBT

∂ε
∂r

ΔΩdþ ∂3ε
∂r3

r2daΔΩd

� �� �

þGd�
Nd

τd
¼ 0; ð12Þ

where Gd, and τd are the generation rate and vacancy lifetime,
respectively.

To find vacancy concentration distribution and deformation
in the investigated structure, the system of nonlinear differ-
ential Eqs. (11) and (12) should be solved.

Let us present vacancy concentration and deformation as:

NdðrÞ ¼ N1ðrÞþN0; ð13Þ

εðrÞ ¼ ε1ðrÞþN0ΔΩd ; ð14Þ
where N1ðrÞ, and ε1ðrÞ are the space inhomogeneous compo-
nents of vacancy concentration and deformation, respectively;
N1ðrÞ⪡N0.

Substituting Eqs. (13) and (14) into Eqs. (11) and (12), and
taking into account that N1(r) ⪡N0 and the conditions
ð∂N1=∂rÞ ¼ 0 and ð∂ε1=∂rÞ ¼ 0 at r-R0 must be kept, we
obtain that N0 ¼ Gdτd and the equations for N1(r) and ε1(r):

Dυ
∂N1

∂r
�N0

Dυθv
kBT

∂ε1
∂r

þ ∂3ε1
∂r3

r2da

� �
¼ 0; ð15Þ

Е
∂ε1
∂r

þЕ ~α
∂ðε21Þ
∂r

þЕβ
∂ðε31Þ
∂r

þЕa20
∂3ε1
∂r3

�θv
∂N1

∂r
¼ 0; ð16Þ

where θv ¼ KΔΩd is the vacancy deformation potential.
Integrating Eq. (15), we obtain:

N1 ¼
N0θv
kBT

ε1þ
∂2ε1
∂r2

r2da

� �
: ð17Þ

Substituting Eq. (17) into Eq. (16), we obtain the deforma-
tion equation that, after integration, can be written as

∂2ε1
∂r2

�aε1þ f ε21�cε31 ¼ 0; ð18Þ

where

a¼ 1�ðN0=NcÞ
r2daððN0=NcÞ�ða20=r2daÞÞ

; f ¼ j ~αj
r2daððN0=NcÞ�ða20=r2daÞÞ

;

c¼ β

r2daððN0=NcÞ�ða20=r2daÞÞ
; Nc ¼

EUkBT

θ2v
:

Here we have taken into account, that αo0, β40 [13].
4.2. Formation of vacancy nanoclusters and their periodic
structures

The solution of Eq. (18) is

r¼
Z

dε1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aε21�ð2f ε31=3Þþðcε41=2Þ

p þrc;

where rc is the constant of integration.
Replacing ε1 ¼ 1=z, one can present this integral as:

r�rc ¼ �
Z

dzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðz�ðf =3aÞÞ2þΔ

q ; ð19Þ

where

Δ¼ � f 2

9a
þ c

2
:

The integral (19) is expressed by the analytic functions
which type we determine by the sign of the coefficients a and
Δ.
If the following conditions are fulfilled:

N0

Nc
o a20

r2da
and

2 ~α2

9β
o1� N0

Nc
ðao0і Δo0Þ; ð20Þ

then ε1¼0, and NðrÞ ¼N0, namely self-organization processes
do not take place. Taking into account, that 2α2

9β ¼ 4
9 [13] and

ε2 � ε20
2
þ θv

K
N0

� �2

;

the conditions (20) can be written as

N0

Nc
o a20

r2da
and ε20o

ffiffiffi
2

p
kBТ
θv

� �2
N0

Nc

� �2

� 1

ð3=2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ðN0=NcÞ

p
�1

�1

 !�1

: ð21Þ

If average defect concentration exceeds the value of
N0 ¼ Ncða20=r2daÞ, independently from the ultrasonic wave
deformation amplitude, the spatially homogeneous solution
becomes unstable, and then a new spatially inhomogeneous
stationary state (formation of clusters or periodic vacancy
structures) appears. Besides, if the 2nd condition in (21) is not
fulfilled, vacancy clusters will always appear. If concentration
of clusters or periodic vacancy structures is constant, then their
formation conditions depend on the temperature. In particular,
the conditions (21) can be written as:

Tc

T
o a20

r2da
; ε20o

ffiffiffi
2

p
kБТс

θv

� �2
1

ð3=2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ðTc=TÞ

p
�1

�1

 !�1

;

ð22Þ
where

Tc ¼ θ2vN0

EUkB
:
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In other cases, depending on the values N0 (T) and ε0, the
solution of Eq. (18) will be:

a40 and Δ40 :

ε1ðrÞ ¼ � A

Bþshð� ffiffiffi
a

p ðr�r0ÞÞ
at

a20
r2da

o N0

Nc

o1� 2 ~α2

9β
: and

ε20o
ffiffiffi
2

p
kБТ
θv

� �2
N0

Nc

� �2 1

ð3=2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ðN0=NcÞ

p
�1

�1

 !�1

;

ð23Þ
a40 and Δo0 :

ε1ðrÞ ¼ � A

Bþchð ffiffiffi
a

p ðr�r0ÞÞ
at 1� 2 ~α2

9β
o N0

Nc
o1

and

ε20o
ffiffiffi
2

p
kБТ
θv

� �2
N0

Nc

� �2 1
3
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ðN0=NcÞ

p
�1

�1

 !�1

; ;

or at

a20
r2da

o N0

Nc
o1� 2 ~α2

9β
; ε204

ffiffiffi
2

p
kБТ
θv

� �2
N0

Nc

� �2

� 1

ð3=2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ðN0=NcÞ

p
�1

�1

 !�1

ð24Þ

ao0 and Δ40 :

ε1ðrÞ ¼ � A

Bþ sin ð ffiffiffiffiffiffijajp ðr�r0ÞÞ
at

N0

Nc
41 and

ε20o
ffiffiffi
2

p
kБТ
θv

� �2
N0

Nc

� �2 1

ð3=2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ðN0=NcÞ

p
�1

�1

 !�1

;

Fig. 5. Areas of possible vacancy cluster formation depending on the values of ε20 a
is the region, where the asymmetric vacancy cluster appears (Eq. (23)); D2 is the re
where the periodic vacancy lattice appears (Eq. (25)).
or at

ε204

ffiffiffi
2

p
kБТ
θv

� �2
N0

Nc

� �2 1

3
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� N0

Nc

q
�1

�1

0
B@

1
CA

�1

and
N0

Nc
o a20

r2da
ð25Þ

where

A¼ 3
ffiffiffi
2

p
jajðj9ca � 2f 2jÞ� 1=2;B¼

ffiffiffi
2

p
f ð9ca � 2f 2Þ�1=2:

The constant of integration rc is chosen because the
maximum vacancy clustering occurs at the pore surface, so
that the condition rc¼r0 is fulfilled.
Thus, vacancy clusters or their periodic structures are

formed at certain values of the defect concentration N0 (or
the temperature T) and ultrasonic wave amplitude ε0. In Fig. 5
the areas of possible formation of vacancy clusters depending
on the values ε20 and ðN0=NcÞ ðTc=TÞ are plotted. Calculations
are carried out for the following parameter values:
ða20=r2daÞ ¼ 0:01; ð

ffiffiffi
2

p
kБТ=θvÞ ¼ 0:01.

Substituting the formulas (23)–(25) into (17), we can find
the vacancy concentration. Fig. 6 shows the spatial vacancy
concentration distribution (when a symmetric cluster is
formed) in the vicinity of a pore with the radius r0.
The cluster radius depends on the defect concentration,

elastic constants, and temperature, and can be determined as:

rcluster ¼
1ffiffiffi
a

p ¼ rda

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN0=NcÞ�ða20=r2daÞ

1�ðN0=NcÞ

s
ð26Þ

or

rcluster ¼ 1ffiffiffi
a

p ¼ rda

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTc=TÞ�ða20=r2daÞ

1�ðTc=TÞ

s
: ð27Þ
nd ðN0=NcÞ ðTc=TÞ: D0 is the no vacancy self-organization processes occur; D1

gion, where the symmetric vacancy cluster appears (Eq. (24)); D3 is the region,



Fig. 6. Spatial vacancy concentration distribution in the vicinity of the pore.

Fig. 7. Dependence of the diffusion coefficient of Li impurities in
Mg3Si4O10(OH)2 structure on their relative concentration x: 2R0¼1 mm
(curves 1, 3) and 2R0¼0.5 mm (curves 2, 4); before (curves 1, 2) and after
(curves 3, 4) the ultrasonic treatment; – experimental points after the
ultrasonic treatment at 2R0¼1 mm and 2R0¼0.5 mm, respectively; –

experimental points before the ultrasonic treatment at 2R0¼1 mm and 2R0¼0.5
mm, respectively.
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The cluster radius has nano-range value and increases
monotonically with vacancy concentration increase (tempera-
ture decrease).
4.3. Diffusion coefficient

Vacancy clusters or their periodic structures are formed,
when the vacancy concentration exceeds a certain critical value
(at the temperature lower, than a certain critical value). Then it
can be considered, that the porosity of the structure will
increase due to the pore expansion and formation of new ones.
The pore size r0' at the surface of which a vacancy cluster is
formed can be determined in the following way (Fig. 6):

r
0
0 ¼ r0þrcluster: ð28Þ
D0US ¼
υ

3ð4
ffiffiffi
2

p
πr2dnðR3

0=R
3
0�ðR0�r0�rclusterÞ3Þþð3=4R3

0ÞðrdþR0�r0�rclusterÞ2Þ
: ð32Þ
Let us find the dependence of the impurities diffusion
coefficient D of the porous structure dependently from pores'
radius, within the kinetic theory.

Diffusion coefficient of gases:

D0 ¼
υ2

3z
; ð29Þ

where υ is the arithmetic average velocity of impurities; z is the
number of collisions of impurity with other impurities and
granules of porous structure per unit of time.

We define the number of collisions of impurity with other
impurities and granules of porous structure as the sum
separately of the collisions with impurities and the collisions
with granules. For this purpose we consider that the impurities
and the granules are the spheres with the radii rd and (R0 – r0),
respectively (Fig. 4). Taking into account, that other impurities
are moving as well and the granules are motionless, the full
number of the collisions can be presented as:

z¼ 4
ffiffiffi
2

p
πr2dn0υþπðrdþR0�r0Þ2ngυ; ð30Þ

where ng, and n0 are the granule and impurities concentration
in the granule-free bulk.
The impurity concentration in the granule-free bulk can be

calculated through the molecule concentration in the full bulk
of the structure n as n0 ¼ nðR3

0=R
3
0�ðR0�r0Þ3Þ. Then the

diffusion coefficient can be written as:

D0 ¼
υ

3 4
ffiffiffi
2

p
πr2dnðR3

0=R
3
0�ðR0�r0Þ3Þþ 3

4R3
0
ðrdþR0�r0Þ2

� � : ð31Þ

Taking into account Eq. (28), we obtain the diffusion
coefficient vs the vacancy cluster size:
Fig. 7 shows the theoretical calculation results and the
empirical data of the dependence of the diffusion coefficient D
of Liþ impurities in Mg3Si4O10(OH)2 structure vs relative
concentration of x. Calculations are carried out under the
following conditions: r0¼5 nm, r0¼5 nm, ðN0=NcÞ¼0.8,
rd¼0.106 nm, a0¼0.5 nm.
The increase of Liþ diffusion coefficient in ultrasonically

treated talc corresponds to the calculation results within
the proposed model. The theoretical results agree well with
the empirical results at low impurity concentrations, as far as
we have applied the kinetic theory of gases to calculate the
diffusion coefficient. Besides, inhomogeneous deforma-
tion fields, appearing in the vicinity of self-organized defect
clusters can retract or, contrary, eject the diffusing impurities
depending on the type of deformation gradient and the kind of
deformation generated by the impurity.



O.V. Balaban et al. / Progress in Natural Science: Materials International 24 (2014) 397–404404
5. Conclusion
1.
 Ultrasonic treatment of talc natural mineral in 1 M LiBF4 in γ-
butyrolactone solution during 8 h at the frequency of 22 kHz
is an effective modification method to increase power capacity
even at a sufficiently deep discharge level (хE4).
2.
 The aftereffect of ultrasonic treatment on the talc structure
and Gibbs' energy of Liþ -intercalation current formation
process depends on the particle size. The phase diagram of
the intercalated phase has completely changed after ultra-
sonic treatment.
3.
 Ultrasonic treatment of talc causes oscillations of diffusion
coefficient D(х) and stage charge transfer resistance R3(х) with
x, which is the result of changes in electronic energy topology
caused by ultrasonic effect on a defective subsystem.
4.
 Formation of vacancy nanoclusters and their periodic struc-
tures in a porous material, treated with ultrasound, is the base
of the nonlinear diffusion deformation model. This model
foresees significant diffusion coefficient increase. This result
coincides with the experimental one.
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