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ANALYSIS OF ACOUSTIC ATTENUATION SPECTRA

OF LIPON GLASSES

The acoustic attenuation spectra which reflect the basic features of the relaxation and transport processes of the mobile ions of investi-
gated phosphate and oxynitride phosphate glasses are analyzed. Suitable theoretical models and mathematical fit of acoustic spectra are used
for characterization of the ionic hopping motion, relaxation processes and transport mechanisms connected with the mobility of conductive
ions. Results from acoustic measurements are compared with results obtained from electrical conductivity measurements.

1. Introduction

One of the most important requirements of the electrolyte
materials in battery application is high ionic conductivity. Using
solid electrolytes in rechargeable batteries can provide numerous
advantages such as thermal and mechanical stability, high relia-
bility, longer active life, the possibility of miniaturization through
thin-film production.

Lithium-ion conductive glasses have been widely studied due
to their potential application as solid-state amorphous electrolytes
in secondary batteries [1]. Lithium metal can be used as the anode
material in lithium batteries and it allows higher energy and power
densities than when graphitized anodes are used as anode materi-
als. It was found that the amorphous character of the material and
the presence of nitrogen increase the conductivity with respect to
that of the crystalline compound. The increase in conductivity is
supposed to be related to the formation of P-N bonds, which
replace P-O ones leading to a more reticulated anionic network

12].

The optical and electrochemical properties of lithium phos-
phorous oxynitride (LiPON) thin films have been studied and suc-
cessfully applied in lithium microbatteries [3]. LiPON exhibits
a single, Li* -ion conducting phase with an average conductivity
of (2.3 = 0.7) X 107° S/cm at 25 °C and an average activation
energy of £, = (0.55 = 0.02) eV [3].

The acoustic attenuation measurement seems to be a useful
technique for nondestructive investigation of transport mechanisms
in conductive glasses and compared to the electrical ones it has
even some advantages as high sensitivity, the absence of contact
phenomena and so on [4, 5]. Acoustical measurements made over
a wide range of frequencies and temperatures can characterize dif-
ferent relaxation processes according to corresponding transport

* Peter Hockicko', Francisco Munoz?, Peter Bury', Peter Sidor'

mechanisms due to the strong acousto-ionic interaction. In glassy
electrolytes, the mobile ions encounter different kinds of site and
ionic hopping motion and relaxation processes connected with
charge mobility so that modified jump relaxation model [6, 7] can
be used for transport mechanisms description.

In this contribution we present first results from acoustic inves-
tigation of lithium phosphate and oxynitride phosphate glasses with
different Li/P ratios, first with compositions 57.5Li,0-42.5P,04
and second prepared through a thermal treatment under ammonia
atmosphere of the sample with initial composition 55Li,0-45P,0;.
A theoretical model is suggested for the description of experi-
mental results obtained from acoustic spectra of the glasses pre-
pared in the system Li, ;sPO;5 5 and Li, ,,PO, ¢oNy,, with the
purpose to study ion relaxation processes and transport mecha-
nisms.

2. Experiment
2.1. Characterisation of the glasses

Lithium phosphate glasses with composition xLi,O-(1—x) P,Os
(x = 55, 57.5 mol%), were obtained by conventional melt-quench-
ing technique. Stoichiometric amounts of reagent grade raw mate-
rials Li,CO; (Aldrich, 99 %) and (NH,),HPO, (Merck, 99 %) were
weighed and mixed. The batches were calcined in porcelain cru-
cibles held in an electric furnace up to 450 °C, and then melted in
a gas furnace (propane/air) during 1 h at temperatures ranging from
800 °C to 1000 °C depending on composition. The compositions
of the glasses are given by their molecular formula as Li; ,,PO5 ;,
and Li, ;5PO; 4 for Li,O contents of 55 and 57.5 mol%, respec-
tively [2].

Oxynitride lithium phosphate glasses were obtained through
ammonolysis of the base glasses in an Al,O; gas-tight tube furnace
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at temperatures from 600 °C to 750 °C and treatment times of
3 h. Base glasses were placed in graphite moulds acting as indi-
vidual “crucibles” of 2 c¢cm in diameter and 5 mm deep. The
furnace was heated up to the treatment temperature at a constant
heating rate of 10 K min~ ' under N, flow. In the present work only
two glass compositions of prepared set of samples [2] are studied
by acoustic spectroscopy: Li, 35PO; 15 (C) and Li, ,,PO, 30N »;
(BN).

Electrical conductivity measurements were performed by Elec-
trochemical Impedance Spectroscopy (EIS) in a Solartron SI1260
impedance analyzer, in the frequency range from 10 Hz to 10 MHz
at temperatures between 40 and 200 °C [2]. The samples were cut
into discs of 1-2 mm in thickness and 10 mm in diameter and
gold electrodes were sputtered on both faces as contacts for elec-
trical measurements.

2.2. Acoustic measurements

The longitudinal acoustic waves of frequency 13, 17 and 29
MHz were generated by Pulse Modulator and Receiver - MATEC
7700 and LiNbO; transducer acoustically bonded to the quartz
rod buffer. Acoustic measurements were realized at the tempera-
ture range of 290 - 530 K at a heating rate of 0.5 K/min on the
same samples that were used previously for electrical measurements.
The quartz buffer was used to separate the acoustic signal from
thin sample (Fig. 1). The samples for acoustical attenuation mea-
surements were cylindrical in shape (thickness =~ 1.8 mm and
8.7 mm in diameter) and end faces were polished to be flat and
parallel.

Attenuation
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‘ : & oo

Fig. 1 Experimental arrangement for acoustic
attenuation measurement
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3. Theoretical principles

In a dilute system containing a low concentration of mobile ions
the acoustic attenuation spectrum may be described as a Debye-like,
single relaxation time process in which the individual ion hops
occur independently of each other. In such cases, the attenuation
o for a wave of angular frequency w takes the form

w’T
a=A———7-=], 1
(l + 0)2'[2) M
where the parameter A is the relaxation strength and it determines
the magnitude of the attenuation peak [8].

The term in the equation (1) in the round brackets describes
a Debye peak. The acoustic attenuation will exhibit a maximum
when the condition wT is equal to 1 and

T = 1,exp(E/ky T,our) (2)

is the most probable relaxation time, 7 thermodynamic tempera-
ture and & the Boltzmann constant [9]. The relaxation processes,
described by the Arrhenius equation (2), are characterized by the
activation energy E, for jumps over the barrier between two
potential minima and typical relaxation frequency of ion hopping
/7o = 10 - 10" 57,

All the glasses we studied using acoustic spectroscopy exhibit
the Arrhenius - type relaxation between the temperature of the
peak maximum 7, and the applied frequency f of acoustic
waves

— _ E" 3
f=fewl =), 3)

where f; is the preexponential factor.

In fact all the investigated relaxation peaks are much broader
than Debye peak. It can be interpreted as arising from the existence
of a distribution of relaxation times due to random deviations in
the local arrangement of the system.

In solid electrolytes the mobile ion concentrations are large
and conduction mechanisms are thought to be cooperative. The
relaxation phenomena observed in a wide variety of materials
exhibit then a power-law type of frequency dependence. The rela-
tionship corresponding to the Debye behaviour is expressed in the
form [8]

1 (0"
RS . a— 4
a T(l + ((Dr)l+m+n) ( )

where m and 7 are power-law exponents, which take values between
Oand 1. When m = 1 and n = 0, equation (4) reduces to the equa-
tion for a single Debye-like process. One of the functions which
were mainly used to fit mechanical loss data is the double power
law (DPL) [10]

1
a(w,T) c —————. (%)
(©.7) (1) "+ (07"
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Using this function, we can fit also the acoustic attenuation
spectrum of the lithium phosphate glasses. Applying the method
of genetic algorithm [11] with binary representation of the theo-
retical attenuation DPL function of variables in connection with
the visual construction of the acoustic attenuation model we ana-
lyzed then the acoustic spectra obtained on copper phosphate
glasses.

4. Experimental results and discussion

The acoustic spectra are illustrated for investigated sample
BN and measured at various frequencies in Fig. 2. All acoustic
measurements indicate one broad attenuation peak at higher tem-
perature, however, for some dependences we can distinguish two
separated peaks.

28
26 -
24 | ——BN_13MHZ
22 -
20 | ——BN_29MHz

=16 ——BN_17MHz

%14-
12
10

8 -

O N B O
L

290 320 350 380 410 440 470 500 530
TIK]
Fig. 2 Comparison of the acoustic attenuation spectra of investigated
lithium phosphate glass sample Li, ,,PO, ¢oN, >; (BN) measured
at frequency f = 13, 17 and 29 MHz
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Fig. 3 The acoustic spectrum of the glass sample Li, ;5PO; ;5 (C)
(full blue line) measured at frequency f = 13 MHz and the DPL fits of
the two supposed relaxation processes (dashed line) including their
superposition (full red line)

Applying DPL function (5) we simulated acoustic attenuation
spectra at constant frequency as a superposition of individual peaks
(Figs. 3-5) and determined the values of activation energies (Tab.
1) of the individual relaxation processes connected with ion hopping.
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Fig. 4 The acoustic spectrum of the glass sample Li; ,,PO, 39N, »; (BN)
(full blue line) measured at frequency f = 13 MHz and the DPL fits of
the two supposed relaxation processes (dashed line) including their
superposition (full red line)
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Fig. 5 The acoustic spectrum of glass sample Li; ,,PO, ¢)N,, »; (BN)
(full blue line) measured at frequency f = 17 MHz and the DPL fits of
the three supposed relaxation processes (dashed line) including their
superposition (full red line)

Using the theoretical double power law (DPL) model we tried
to fit the whole acoustic attenuation spectra of investigated samples
measured at various frequencies as a superposition of two relaxation
processes, respectively. The whole temperature dependence of
acoustic attenuation cannot be fitted applying only one DPL func-
tion in any case. The whole temperature dependence of acoustic
attenuation was analyzed then assuming the existence of at least
two thermally activated relaxation processes of Li* ions in con-
nection with different kinds of sites.
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There are several categories of relaxation processes connected
with temperature peaks of individual processes. Comparing the
activation energies obtained from acoustic and electrical measure-
ments (Tab. 1), it seems that essentially the same microscopic
processes can be responsible for the electrical and one of the
acoustic relaxation processes (the same or very close values of £,
and E,,). However, the acoustic spectra are able to detect also
other processes compared with electrical spectroscopy.

Activation energies calculated from acoustic Table 1
and electrical measurements
Acoustic Measurements Electrical
measurements
Glass sample

f Eal Ea2 Ea} Eae

[MHz] | [eV] [eV] [eV] [eV]*

¢ 13 0.68 0.52 - 0.68

(Li; 35P03 1)

13 0.65 | 0.52
17 0.63 | 0.54 | 0.67 0.64

BN
(Li; 5,P0, 40No.21)

29 0.63 | 0.52

*Data were used from [2]

The results from FTIR spectra of the LiPO; glasses [1] show
characteristic peaks corresponding to the different vibration modes
of the PO, tetrahedra (v(PO,)* " symasym) as well as those of the
P-O-P bonds (v(P-O-P)gyp, asym and 3(P-O-P)) and the PO,
groups (V(PO,) ™ gy asym)- Using Nuclear Magnetic Resonance it
was found [12] that the oxide glass marked C (nitrogen-free) is
composed of PO, groups of Q? - type (metaphosphate composi-
tion with two bridging oxygen atoms bonded to neighbouring phos-
phorous atoms, cyclic anions of exact (PO; ),) and Q! structural
units (pyrophosphate composition with one bridging oxygen atom
bonded to neighbouring phosphorous atom, P2074_ groups). Fur-
thermore, oxynitride glass marked BN presents other groups: PO;N
and PO,N,, which are results of the nitrogen/oxygen substitution
[13]. The two activated processes found from modelling of acoustic
spectra might be related to different structural motifs: Lithium
jons bonded to non-bridging oxygen atoms present in Q? phos-
phate units or Q1 pyrophosphate ones. Apart from that, it would
be necessary to take into account that non-bridging oxygen atoms
belonging to PO;N and PO,N,, oxynitride tetrahedral units formed
during nitridation might also contribute with additional effects,
e.g. a third process.
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From acoustic measurements we found lower activation ener-
gies for the sample BN in comparison with the sample C. It was
found that nitrogen affected the electrical conductivity according
to the structural modifications of the glass network induced by
nitrogen [2]. Some authors [ 14] supposed that the decrease in the
electrostatic energy when P-O bonds are replaced by more cova-
lent P-N bonds may cause the decrease in the electrostatic acti-
vation energy and increase in ionic conductivity. The effect of
nitrogen on conductivity can be explained by higher cross-linking
density introduced by nitrogen atoms, which should facilitate the
lithium transfer between phosphate chains. The higher amount of
non-bridging oxygen atoms generated by nitridation could increase
the number of hopping positions for Li* ions creating conduction
paths with lower activation energy and the rising of the electrical
conductivity as a consequence of this [2].

5. Conclusion

The experimental investigation of the lithium phosphate and
oxynitride phosphate glasses proved that acoustical spectroscopy
can be a very useful technique for the study of relaxation and
transport mechanisms in ion conductive glasses. Using the theo-
retical model of Double Power Law function for the simulation of
acoustic spectra we can better determine and describe the relax-
ation processes and transport mechanism of mobile ions. Several
different kinds of sites responsible for ionic hopping motion were
discovered and described. The comparison of activation energies
obtained from acoustic and electrical measurements showed that
the same microscopic processes can be responsible for the acoustic
and electrical relaxation processes, however the acoustic spec-
troscopy can detect also some minor processes. It was found that
the activation energy connected with main attenuation peak
decreases with increasing content of nitrogen. Nitridation increases
the amount of non-bridging oxygen atoms and cross-linking density
which increases the electrical conductivity of the oxynitride phos-
phate glasses connected with decrease of the activation energy.
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