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Abstract: This paper present the results of research of behaviour of phonon sub-
system in ultrathin coatings that are applied on electrodes in Li-ion batteries and that incre-
ase the efficiency of ion transport. Using the method of Green functions it was demonstra-
ted that in ultrathin films, increased mechanical oscillating of crystalline lattice and forming
of standing waves occur, while, thermal capacitiveness and conduction of the overall coa-
ting decreases. With its increased oscillating, phonons release the ions captured on and wit-
hin electrodes, and influence the increase of efficiency of ion conductivity.
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1. INTRODUCTION

In this paper we analyze nanostructure materi-
als designed for energy conversion and energy sto-
ring. Li-ion batteries could fulfill very highly set go-
als having in mind their specific energy density [1]
in terms of volume (about 300 Wh/m’) and weight
(about 130 Wh/kg). This type of battery has a num-
ber of advantages over other battery types, including
high capacity, high energy density and operating
voltage. Conversely, the power density cannot provi-
de for all the demands of the users. Unfortunately,
this bigger surface does not necessarily lead to the
expected results. Namely, something that is equally
important or even more important is how to design a
microstructure of electrode composite available for
Li-ions.

In that sense, nanostructure materials play an
important role in Li-ion batteries as well. In some
cases, nanostructure materials, due to their special
morphology, demonstrate unexpected electric-che-
mical behaviour. Nonetheless, in most cases, when
nanostructure materials are used in Li-ion batteries,
a decrease of size of up to 10-20 nm only leads to
shorter diffusion length and bigger surface of Li in-
corporation in hard matrix. This problem can in prin-
ciple be solved by use of mezzo-porous and macro-
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porous active materials with thickness of walls of
about 10-20 nm [2]. These materials may solve ion
contact between active materials and electrolytes.
An equal deal of attention should be paid to achie-
ving good electronic conduction.

On the whole, in order for a Li-ion battery to
function, parallel conduction by electrons and ions is
necessary, whereas for high-power batteries such
conduction is even essential. We will propose a
number of nano-architectures of special design, with
each given material requiring a special design; such
a design cannot be expanded to other types of active
materials.

All battery technologies experience kinetic
problems related to solid-state diffusion of Li in
electrodes, and in some cases related to the conducti-
vity of electrolytes and the quality of interfaces. In
order to improve Kkinetics, architectures of nano-
structure electrodes are usually proposed, although
their design is not trivial [2]. They are made in the
form of ultrathin film layers, i.e. coatings.

The contact between electrodes should provi-
de mechanical cohesion during the operation of the
battery but can also influence the properties of elec-
trodes across the surface modification. Using atomic
force microscopy (ACM), surface structures were
studied in three binders: polyvinylidene fluoride
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(PVDF), carboxyl methyl cellulose (CMC) and gela-
tin. An attempt was to find a correlation between
the observed structures and determine electro-chemi-
cal charge-discharge characteristics. Bonding pro-
perties of gelatin, absorbed at various pH values we-
re measured. Although gelatin has the best properti-
es at pH of about 9, the smallest polarization is de-
termined at pH 12. Both properties are explained ba-
sed on the observed gelatin structuring as a function
of pH value. Gelatin is also used as surface agent
that determines the distribution of nanometer carbon
black particles around the micrometer-sized cathodic
active particles. It is believed that it is this drop in
resistance that significantly improves performances
of various cathode materials, such as LiMn,0O,4 and
LiCoO, [3].

Lithium-iron-phosphate (LiFePO,) is one of
the most promising cathode materials for Li-ion bat-
teries due to its high capacity, low price and ecologi-
cal nature. Improvement of inherent electronic con-
ductivity may be achieved through a number of met-
hods, including the method of carbon coating, ion
supervalent doping at the place of Li and nano-inter-
connection of electronically conductive materials.
By this method, an equally doped material with elec-
tronic conductivity as high as 4,8-107 S/cm can be
obtained. However, as it was expected, improved
electronic conductivity does not seem to have impro-
ved the performances of LiFePO,. Based on these
results, it seems that besides electro-conductivity, ot-

Pasitive Electrode

her properties of the material such as ion conducti-
vity and phase transformations may also have a
strong influence on the efficiency rate [4].

Li; «Co0O, is the most available cathode mate-
rial commercially. Unfortunately, practical applica-
tion of Li;,CoO, is limited by its instability. It fails
quickly at potentials higher than 4,2-4,3 V. With the
disintegration of cobalt, structural changes and oxi-
dative electrolyte decomposition, dramatic increase
in capacities fades at higher potentials. These insta-
bilities can be solved by a coating of LiCoO, powder
with metal oxide coatings from 10 to 100 nm thick...
The examples of metal oxides that were investigated
include: AlL,Os;, ZrO,, ZnO, SiO,, and TiO,. Metal
phosphates, e.g. AIPO4 and metal fluorides e.g. AlF;
have also been analyzed as coatings. Most coating
methods are based on techniques such as sol-gel
method. Additionally, wet chemical coating methods
require high quantities of solution and precursors.
Post thermal treatment is necessary even after sol-
gel coating. Conversely, the Atomic Layer Deposi-
tion Method (ALD) is a gas-phase method of thin
films with the use of sequential, self-limited surface
reactions.

ALD requires only a minimum quantity of
precursors and ALD coatings are compatible and
provide control of atomic thickness. ALD could be a
promising alternative manner for coating electrode
materials for LIBs [5].

Megative Electrode

Specialty Carbon

Figure 1. Structure of Li-ion battery
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In the most general case, the efficiency of
electrode may be brought in direct connection with
the passage of ions. In other words, the bigger passa-
ge of ions the bigger efficiency of electrode. A que-
stion is readily asked how is it that the increased ef-
ficiency of electrodes is a consequence of the pre-
sence of coating, because the coating essentially re-
presents an additional ,,barrier for the passage of
ions. We believe that the answer lies in mechanical
properties of coating. Namely, it is possible to draw
a full analogy of thin electrode coating with ultra-
thin films. After drawing the analogy, the only thing
that should be examined is a phonon sub-system of
ultrathin films, which was done further in the paper,
as this is the system responsible for mechanical pro-
perties.

2. ULTRATHIN LAYERS — COATINGS

Ultrathin films [6-9] are the structures with
disrupted symmetry in one direction. Such structures
can be analyzed via a single-particle wave function,
however such an approach is not self-contained, be-
cause statistical formulas have to be ,,borrowed* in
order to calculate the statistical mean values. The
only complete method is the method of Green’s fun-
ctions as it gives both dynamic and statistical cha-
racteristics of the system.

It should be noted that there are still many
unanswered questions considering the application of
Green's functions to the structures with disrupted
symmetry [10-13]. The reasons for this lie in the
fact that in the direction of symmetry disruption,
Green’s function does not depend on the difference
of spatial indices, but on each of them separately.
This problem is solved in some papers by examining
the Green’s function diagonally with space indices
in the direction of symmetry disruption, or it is assu-
med that the Green's function depends on the diffe-
rence of spatial coordinates in the direction of
symmetry disruption, and then the corrections are
made in its Fourier-image, which is impulse-depen-
dant, based on the fact that the impulse component is
not sustainable in the direction of symmetry.

None of the mentioned approaches reproduce
the basic characteristic of the system with disrupted
symmetry, or only reproduce it partly; this characte-
ristic is the dependence of physical characteristics of
the structure with disrupted symmetry upon the spa-
tial coordinates. The purpose of this paper is to for-
mulate the correct methodology of computation of
Green’s functions [14—-15] in the structures with dis-
rupted symmetry and to apply it to the analysis of
mechanical oscillations in ultrathin film.

3. GREEN’S FUNCTIONS FOR SMALL
PHONON MOVEMENTS

Hamiltonian of mechanical oscillations in the
film /taken/ in the approximation of closest neighbo-
urs while neglecting torsion effects has the following
form:

H =ﬁzﬁ:p§ +§Zn:[(un —u<_dx)z +

2
oy =y Py~ F)

whereby u — are moves, p — pulses, M — molecule
masses and C — Hooke’s spring constants.

; 2.1

Green’s function of double movement type
is given with:

\Pﬁ,rffz (t) = lP"x’”w”.-me Sy, (t) =

. (22)
=<<u, (txum (0)>>=6(r) < [uﬁ (t)u, (0)] >
and of double impulse type:
O._(t)=D =
n,m (Z) M, My S, (t) (23)

=< pj (txpm (0) >>= H(t) < [pﬁ (t): Pi (0)] >

When solving the equations for these Green
functions, it was assumed that the film in x and y di-
rections is translation-invariant. In the direction of
disruption of symmetry, the border conditions are
the following

u(n,=-1)=u(n =N.-1)=0;
p(nz = _1): p(nz = Nz _1): 0

Due to the border conditions, the equations for
determining ¥ and @ are disintegrated into a system
of three equations. Therefore, the components of
functions ¥ and @, dependent on the index of layer

n., had to be developed by standing waves of form
sin(N, +2)¢,, , whereby parameter ¢, was given

with:

2.4)

o

; (2.5)
N_+2

P, = u=12,..,N_+1.

It is a very important fact that in the formula
(2.5) number p could not assume the value 0 and
NA+2, because Green’s functions ¥ and ® would
then equal to zero.

For Kronecker symbol in z direction,
representation of the standing waves was used:
. (2.6)
N.+2

z

9 Nt mu
5, =— 1
MON_+2 ;sm(nz " )Nz +2
By the described method, the Green’s functions ¥
and ® were found, and their pole in E plane gave the
following value for phonon dispersion law in film:

-sin(m, +1)
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After this, spectral intensiveness of functions ¥ and
@ were determined based on a usual procedure, and
through them appropriate correlation functions

< umx,my,m: (O) unx,ny,n: (t) > and < pm‘.,m‘,,m_. (O) pn‘.,n‘.,n: (t) >
Mean values of movement square and impulse squa-
re were found with these correlation functions and
they were given with the formulae:
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It is evident from the results obtained that
unlike the ideal structure, the mean squares of

movement and impulse depend on space coordinate
n..

T

-sin’(n, +1) coth

3. RESULT ANALYSIS

Based on the expression for phonon energy
(2.7), minimum phonon energy is obtained for
k=k,~0 and p=1. This minimum value amounts to:

E,, =2hQsin’ (3.1

_
2(N. +2)

As it can be seen, the minimum phonon
energy in the film is not equal to zero like in the
ideal structure, and for a three-layer film (N, =2) it

amounts to 2hQsjn2§ which, for Debye’s tempe-

ratures of order 200 K gives the energy threshold for
phonons which is of order 100 kp. This fact is very
significant because it practically means that up to the
temperature of 100 K the film behaves like an ideal
structure on absolute zero, that is to say, it does not
show any resistance to movement of electrons. The-
refore, ultrathin metal films can be expected to be
high-temperature super-conductors.

With the mean square of movement in the
film, the following film density was determined

m (3.2)

P <ul )

u:

a3[1—3';J
a

because <u ’% > depends on 7., film density changes

from layer to layer, and its values for ultrathin film
are the highest in border layers, and lowest in the
middle layer. Due to this, density of the film as a
whole cannot be determined, therefore we introdu-
ced a convention that arithmetic mean of densities
by layers is treated as density of the film as a whole.

By way of correlation functions, internal
energy of the film was determined as a sum of mean
values of Hamiltonian of film by layers [16—18]. It
was possible to determine specific heat of the film
only for film layers, therefore, according to the con-
vention, the arithmetic mean of specific heats by
layers was treated as specific heat of the entire film.
By comparing specific heat of the film defined in
such a way, with the specific heat of ideal structure,
it was determined that at low temperatures specific
film heat is by several orders of magnitude lower
than the specific heat of ideal structure, that in the
interval (80, 97) K it is somewhat higher than the he-
at of the ideal structure, and that at temperatures hig-
her than 97 K it becomes lower again.

The film heat conductivity, given with the fol-
lowing formula, has a similar behaviour:

A=D-C,-p, (3.3)

whereby D is a diffusion ration. With regards to the
ideal structure, the heat transfer ratio behaves simi-
larly to specific heat, which means that at low tem-
peratures it is by a few orders of magnitude lower
than the heat ratio of the ideal structure, that in the
interval of temperatures (76,5 — 101,5) K is insigni-
ficantly higher and that at temperatures higher than
101,5 K it is lower again than the heat conductivity
ratio of ideal structure.

In figures 2 and 3 dependences of specific heat and
heat transfer ratio on temperature, respectively for
film and ideal structure, are presented.

A general conclusion derived from the compa-
rison of specific heat and heat transfer ratio for film
and the ideal structure is that the film has high ther-
mal-insulation properties.

We will finally determine diffusion tensor of
phonons which is, based on [19], determined by the
formula

<P (O)Pﬁ (t)> ]

2

D, =[lim, , [ dte™™ (3.4)
0

By using the correlation function derived from
Green’s function of double impulse type we find that
the diffusion tensor of phonon is diagonal and that
all of its diagonal elements are the same. The formu-
la obtained for the diffusion tensor is as follows:

D s s s (3.5)

n..n, n..m.m,m n..m n,.m n.,m
ol oMz My, S, 2M ol = Ty, T
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As it can be seen, the value of diagonal element in

(3.5 p= R , which represents the diffusion ration,
2M

1deal /
C, A

Figure 2. Specific heat

In phonon sub-system of ultrathin films, re-
sponsible for mechanical properties, the increased
oscillations and forming of stationary waves occur,
whereas thermal conductivity decreases. Due to an
increase in phonon influence, their positive effect on
the size of ion-phonon interaction can be expected,
having in mind that a considerable part of thermal
energy is spent for this increase. Based on that we
can conclude that a response with regards to the
mechanism of higher efficiency of ion transport co-
uld include positive influence of vibrations of crystal
lattice of electrode coatings. Those vibrations have a
sort of “reanimating” or “reviving” effect on ions,
thus creating conditions for their more frequent and
faster transfer. On the other hand, with their increa-
sed oscillating, phonons release the ions “captured”
within and on electrodes, which, without the presen-
ce of coatings could never again be able to take part
in transfer of electrical charge and energy between
electrodes within Li-ion batteries. In that way, this
system: electrodes with ultrathin coatings — has an
effect to increase the efficacy of Li-ion conduction.

It is noteworthy that the thinner the thickness
of coating, the bigger the influence of phonons!

5. CONCLUSION

The paper outlines the results of research of
behaviour of phonon sub-system in ultrathin coa-
tings that are laid on electrodes in Li-ion batteries
and increase the efficacy of ion transport. It has been
demonstrated that increased mechanical oscillating
of crystal lattice occurs in ultrathin films, as well as
the forming of standing waves, whereas the thermal
capacitivity and conduction of the overall coating
decreases. With their increased oscillating phonons

does not depend on temperature or on coordinates.

1deal
film

765 015 7

Figure 3. Heat transfer ratio

release the ions “captured” in and on electrodes,
which ions, without the presence of coatings would
not be able any more to take part in transfer of char-
ge and energy between the electrodes within Li-ion
batteries. In this way, this system: electrodes with
ultrathin coatings — influences an increase in effici-
ency of Li-ion conduction.
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TOR

YIJITPATAHKE ITIPEBJIAKE EJIEKTPOAA 1 ®@OHOHCKU YTULIAJ
HA TTOBERAKE ITPOBOAHOCTH KO/ Li-JOHCKUX BATEPHUJA

Caxerak: Y paly cy IpeICTaB/beHH Pe3yITaTH MCTPAXKUBama MOHAlIamba (OHOH-
CKOT' ITOJICUCTeMA y YJITpaTaHKUM IIpeBJlaKaMa KakBe ce HaHoce Ha enekrpone y Li-joH-
ckuM Oarepujama u mnoBehaBajy e(UKACHOCT jOHCKOT TpaHcmopra. Meromom ['puHOBHX
(yHKIM]a 1TOKa3aHo je Ja y yJATpaTaHKuM (UIMOBHMA JI0NIa3H JI0 TI0jaBe 10jayaHor Mexa-
HUYKOT OCIMJIOBaka KPUCTAIHE pPelieTke U popMupama ctojelinx Tajnaca, a CMambeHa Tep-
MHYKE KaMalUTUBHOCTH U MPOBOJJBUBOCTH IiHjelie npeiake. CBOjHM MOjadyaHUM OCLIHIIO-
BambeM (oHOHM ocnobal)ajy y ¥ Ha eleKTposama 3apo0JbeHe jOHE M Tako yTUdy Ha rnoseha-

e e(pUKaCHOCTH jJOHCKOT IpoBohema.

Kibyuyne pujeun: joHCKa mpoBOomHOCT, Li-joHCKe OaTepuje, ynTpaTaHKH (IIMOBH,

(I)OHOHI/I, TOIINIOTHA KaIlallUTUBHOCT.



