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ABSTRACT

The conductivity enhancement observed in the two glass systems, A: 40Li20-(60-x)P205-xGeO2
and B: 40Li20-10B203-(50-x)P205-xGeO2, as germanate content is increased from 0 to 25 mol%
confirms the positive mixed glass-former effect (MGFE) in these systems. In this study, we further
employ state-of-art NMR techniques along with Raman spectra to probe the local network
structures. We use the MIGRATION concept to model the experimental conductivity and
permittivity spectra obtained from impedance spectroscopy to understand scaling features of
spectra and to calculate the value of the spatial extent of the localized diffusion of the lithium ion.
As x increases from 0 to 25 mol%, for system A, a continuous increase of the POGe cross linkages
as well as a continuous and strong modification of the phosphate network is observed. In system
B, deeper analysis of the 3'P MAS-NMR experiments done using 2D ''B/!'B homo-nuclear and
'B/A1P hetero-nuclear NMR is used to determine the nature of the BOB linkages as well as that of
POB linkages. Modelling of the conductivity spectra shows that the shape parameter of the spectra
remains the same for both systems and for all compositions, a feature typical for MGFE. Further,
correlating the trends of the spatial extent of localized diffusion with that gleamed from the local
structures, we infer that as relative germanate content increases, in the ternary glass (system A) the
ease of mobility of the Li* ion is enhanced while in the quaternary glass (system B, x > 0) it is

somewhat hindered.

1. Introduction
The field of amorphous solid electrolytes has developed enormously in the last hundred years'?
and research on lithium based energy storage systems is focused on technological applications.??

In parallel, efforts are ongoing in understanding factors that influence ion transport in a glassy



matrix.®” One of the striking features of glassy ionic conductors is that both mobile ion
concentration and glass composition, as well as its structure majorly affect the resulting
conductivity.’10

In search for oxide-based materials that are both stable for solid-state device applications and
highly conductive, mixed-glass former (MGF) systems were discovered in 1985 when Magistris
et al. replaced B203 by P20s in a lithium borate glass.!! Studies on MGF systems with a high (40
to 50 mol%) but constant alkali oxide content showed that they exhibited few marked features
hitherto unobserved in single or mixed alkali ion conductors. Firstly, the glass transition
temperature, T, and the DC conductivity, obc, show similar trends as a function of relative former
content.!!*13 Secondly, structural studies using X-ray photoelectron (XPS) spectroscopy'* showed
that based on alkali content, the alkali (in these studies, the Li") ion was found associated with the
non-bridging oxygens (NBOs) of different structural groups. Thirdly, opc is enhanced as a function
of relative compositions of the network formers, and its magnitude at the maxima was higher than
those of the two binary systems. Since it was also higher than that for binary systems with higher
alkali content,'3-* the MGFE cannot be explained using the weak electrolyte model.

Recently, a renewal of interest in MGFE was triggered when sodium borophosphate glasses
(0.4Na20-0.6(xB203-(1-x)P205)), x varying from 0 to 1, were investigated in great detail by using
a combination of Raman, solid state nuclear magnetic resonance (NMR) and impedance
spectroscopy techniques.!>'¢ The trend of the increase of the B* tetrahedral, quantified as
percentages of the various structural units, showed perfect correlation with the trend of nearly two
orders of increase in the magnitude of the DC conductivity.'> Conductivity and permittivity spectra
from impedance spectroscopy were also analyzed and modelled'®!” to extract relevant length-

scales related to sodium ion transport. The trend displayed by the spatial extent of localized



diffusion of the sodium ions was same as the trend observed in DC conductivity and structure,
clearly demonstrating that MGFE is closely related to the microscopic aspects of ion-network
interaction.

Following this path-breaking work,'>!® a large body of work on structural and electrical
properties on MGF systems has ensued.!®-3> The main bulk of these studies has been on alkali

1829 and also some work on germanophosphate glasses.’%3 Additionally,

borophosphate glasses,
there has been some efforts in extracting relevant length scales (see Appendix A) by analyzing the
ionic conductivity and dielectric permittivity spectra in alkali ion based MGF systems,!7-36-38

The main findings on changes in structural units and bonds as a function of relative composition
of glass formers in borophosphate glasses containing Li2O or Na2O as network modifiers is that
hetero-atomic bonds such as P-O-B are preferred to homo-atomic bonds such as P-O-P and B-O-
B, for up to about 30 mol% borate content. This information was made possible by X-Ray

Diffraction (XRD) technique and XPS spectroscopy,?’

or by using Raman and magic-angle
spinning (MAS) NMR experiments.'>18-232527 Fyrther, it was shown that B* introduction induces
the formation of B(OP)4 structural units that increase the global glass network reticulation.

In recent years, an in-depth analysis of structural aspects have become possible due to the
development of high field spectrometer allowing for highly resolved "B NMR analysis and novel

39-40 _ gee also a latest and exhaustive review*! and references therein.

correlation NMR techniques
The local order of the borate species could be deeply analyzed and the NMR experiments allowed
for a clear distinction between the tri- and tetra-coordinated borate species but also clearly

discriminated between different B* units.?® 2D correlation NMR was also used to analyze the

medium range organization. Presence of BOB bonds was monitored through the edition of 2D



"'B/!"'B map with the double quantum - single quantum (DQ-SQ) NMR technique and POB* and
POB? linkages were highlighted by dipolar and scalar 2D "B/3!P correlation maps.?’

For germanophosphate systems although a similar analysis with novel techniques will be highly
informative, it is not possible to obtain direct information on Ge*/Ge® proportion. It is well known
that even in binary germanate glasses, there is a tendency for the germanium ion to form octahedral
coordination with oxygen in addition to the tetrahedral coordination and an increase of NBOs. This
is known as germanate anomaly.*> However, it is also known from literature that octahedral
coordination is not stable at more than 20 mol% alkali oxide content, while NBOs continue to
increase.* In pure MFG systems presence of octahedrally coordinated germanium has been
confirmed.**3* However, IR, Raman and 3'P MAS NMR investigations over wide range of
compositions and temperature in lithium germanophosphate glasses have shown evidence for the
formation of the [GeOs2]> only for those composition with low lithium content and high
germanate content.!

Recently, using high-energy X-Ray photons in diffraction (HEXRD) on a synchrotron and
neutron diffraction on a spallation source, Hoppe et al.* have detected six coordinated Ge in the
structure of Na2O-GeO2-P20s glasses with high P2Os contents and up to 24 mol% GeO: fraction.
Using thermal analysis, Raman, 3'P-MAS NMR and **Na NMR spectroscopy in the system
(M20)0.33[(Ge204)x(P205)1x]Jo.67 (M = Na, K) Behrends & Eckert® infer that at low Ge204 contents
(x = 0.2), the structure is dominated by pyrophosphate chains and unmodified Ge-O-Ge bonded
four-membered ring units. At higher germanate contents hetero-atomic P-O-Ge linkages dominate.
In general, it is found that the phosphate network is modified by the alkali ion preferentially,
resulting in partially clustered cation distributions. The authors conclude that their study provides

only an indirect confirmation of the germanate anomaly.



In the current work, we consider the following two MGF systems. System A: 40Li20-(60-
x)P205-xGeO2 glasses and system B: 40Li20-10B203-(50-x)P205-xGeO2 glasses, x = 0 to 25
mol%. It is evident that compositions of system B for x > 0 mol% are quaternary glasses, and are
more complex than the usually studied ternary MGF systems. Both systems offer us the possibility
to examine the role that cross linkages of the kind POGe or the Ge*/Ge® proportion play in ion
dynamics. The main motivation for this study is thus to examine the local network structures both
in the absence and presence of borate units and examine the influences they have on the localized
ion dynamics. This would enable us to explain the observed trends in DC conductivity in a simple
manner despite the inherent complexity of the MGF systems chosen. Toward this we put to use
the exciting combination of state-of-art NMR protocols and modelling of conductivity spectra as
follows:

a) By using 3'P NMR MAS studies on system A we provide a quantitative analysis of the
cross links between the phosphate and germanate chains in glasses with high mol%
lithium ion concentration. This helps in understanding the progressive changes in the
phosphate network as the germanate content is increased. We hope also to gain indirect
information on the coordinate states of germanium ion.

b) Detailed results of thermal, Raman and conductivity measurements for system B has
been published in Ref. 44. However, here by employing the new NMR techniques,*’
namely, combination of 1D/2D 3'P/'"'B solid state NMR performed at high magnetic field
(18.8 T) we provide a detailed analysis of both local and medium range orders.?%?° This
helps examine the cross linkages and the modification of structural units in the base
phosphate glass as 10 mol% of phosphate is replaced by borate. The changes in the

borophosphate network as germanate content is increased are then examined.



c) By using the model called the MIGRATION concept (an acronym for MIsmatch
Generated Relaxation for the Accommodation and Transport of the IONs), we construct
scaled representations of conductivity and permittivity spectra of experimental
isotherms.”* The spatial extent of localized diffusion of the mobile ion can then be
calculated within this model for each composition in both systems. This is typically a
material property, and the trend it displays'7#*%¢ as a function of relative germanate
content could help us understand how the changes in network structure can be correlated
to the local excursions of the ion; increase (decrease) in local excursions would imply
shallow (deep) potential wells, which in turn could facilitate (hinder) ion mobility.!”

The article is structured as follows. Section 2 deals with experimental methodology. Section 3
gives a brief overview of the model, the MIGRATION concept, and the extraction of the relevant
length scale. Section 4 is on results. These are presented concisely in the main text, while some
additional details are provided in Supplementary information (SI). In Section 5, we discuss at
length the various influences the local network structure has both on the localized diffusion and
on the ionic mobility, and present our inferences on their impact on the diffusive ion dynamics in
the two systems.

2. Experimental

2.1 Sample Preparation and Characterization

Glasses in the system 40Li20-(60-x)P205-xGeO2 (0 < x < 25 mol%) were prepared from
analytical grade Li2CO3, H3POs and GeO:2 in batches of 10 g using Pt crucible. First, the
homogenized starting mixtures were slowly heated up to 600°C for 2 hours to remove water and
then melted in covered Pt crucible at 1100-1200°C. After 15 minutes heating at this temperature,

the obtained melt was poured into pre-heated graphite molds to form suitable glass blocks.



Obtained glasses were annealed for 30 minutes at a temperature below their glass transition
temperature and then slowly cooled to room temperature to improve their mechanical properties.
The vitreous state was checked by XRD.

The glass density, p, was determined by the Archimedes method. The method relies on
comparing weights of bulk samples in the air and in an immersion liquid. As an immersion liquid
toluene is used. The molar volume, V'™, was calculated using the expression V'm =M/p, where M is
the molar weight of the glass. These are presented in Table 1. For system B, the procedure is
similar, and for details see Ref. 44.

The study of the thermal behavior of glasses was carried out for system A using the differential
thermal analysis (DTA) with the equipment DTA 404 PC (NETZSCH) operating in the DSC mode.
Measurements were carried out at the heating rate 10°C min™!' under a flowing atmosphere of N2
on powdered glasses (100 mg, dso~8—10 um) in an open Pt crucible. Details of dilatometric
measurements on the bulk samples in the temperature range of 150-250°C, and details of recording
the Raman spectra on bulk samples in the range 1400-200 cm! for system A is same as that done

for system B and is described in Ref. 44.



Table 1. Composition, density, p, and molar volume, V/m, of the 40Li20-(60-x)P205-xGeO2

glasses.
Li20 / mol% | P20s/ mol% | GeO2/ mol% | p+0.02 / g cm™ | Vm+0.5 / cm® mol!
40 60 0 2.31 42.0
40 55 5 2.40 39.7
40 50 10 2.52 37.1
40 45 15 2.64 34.7
40 40 20 2.77 324
40 35 25 2.87 30.6
2.2 NMR studies

The 3'P MAS-NMR experiments performed on system A (Li20-GeO2-P20s) were obtained at
162.9 MHz on a 9.4 T Bruker spectrometer. The experiments were acquired on a 4-mm probehead
operating at a spinning frequency (vrot) of 12.5 kHz with a 2.5 us pulse length (corresponding to a
n/4 flip angle), 16 accumulations and a recycle delay (rd) of 120 s. The 3'P and ''B MAS-NMR
experiments performed on system B (Li20-B203-GeO2-P20s) system were obtained at 324.0 and
256.8 MHz on a 18.8 T Bruker spectrometer using a prototype 3.2-mm 'B/3!P probe operating at
Vrot = 20 kHz. The 1D 3'P MAS-NMR experiments were obtained with a 2.5 us pulse length
(corresponding to a w/4 flip angle), 48-96 accumulations and a rd of 180 s. The ''B MAS-NMR
analyses were acquired with a 1 ps pulse length (corresponding to a /12 determined on a liquid),
2048 accumulations and a rd of 2 s. The spatial proximity between the phosphate and borate
species were analyzed with the 2D ''B(3'P) D-HMQC NMR sequence.*® A "B nt/2-t-n-t selective

spin-echo, recorded with a 18 ps length 7 pulse, is modulated by two 4 us length 7/2 pulses applied



on 3'P. The heteronuclear dipolar interaction is recoupled using a 1 ms length SR4?1 pulse scheme
on the 3'P channel. As demonstrated recently,? the short recoupling time used here allowed
discussing the spatial proximity observed in the 2D map in terms of chemical connectivity. The
1024 x 22 acquisitions points were recorded under rotor-synchronized conditions (vrot= 20 kHz)
with 256-512 accumulations and 2 s rd. The 2D "B/''B maps were edited with a DQ-SQ NMR
sequence specifically designed for quadrupolar nuclei.?® The 2048 x 70 acquisition points were
recorded at viot = 20 kHz, under rotor-synchronized conditions and the homonuclear dipolar
interaction was recoupled during 200 ps using a BR2'2 recoupling scheme composed of two R21?
pulse schemes followed by two R227!' pulse schemes. Each tl step was acquired with 256
accumulations and a rd of 2s. The ''B and 3!'P chemical shifts were referred to NaBHs and H3POs
as -42.06 and 0 ppm, respectively.
2.3 Electrical properties

Samples for electrical properties measurements were cut from annealed bars into ~1 mm thick
disks and polished. Gold electrodes, 7 mm in diameter, were sputtered onto both sides of the
samples using Sputter Coater SC7620. Samples were stored in a desiccator until measurements
were performed. Electrical and dielectric properties were obtained by measuring complex
impedance using an impedance analyzer (Novocontrol Alpha-AN Dielectric Spectrometer,
Novocontrol Technologies GmbH & Co. KG, Germany) over the frequency range from 0.01 Hz
to 1 MHz and in the temperature range from 183 K to 523 K. The temperature was controlled to
an accuracy of 0.2 K. Details of equivalent circuit modelling used to analyze the impedance
spectra are discussed in Ref. 44. The values of the resistance obtained from the fitting procedures,
R and electrode dimensions (d is sample thickness and A4 is electrode area) were used to calculate

the DC conductivity, obc = d/(RxA). In this work, as the focus is on examining the scaling features

10



of the conductivity and permittivity spectra of both systems A and B, no further equivalent circuit
analyses are presented.
3. Modeling Experimental Conductivity Spectra using the MIGRATION Concept

4748 which was

MIGRATION concept,”* belongs to the class of jump relaxation models
originally developed by K. Funke. It uses a simple but realistic physical picture to describe the
relaxation processes that ensue as a function of time in structurally disordered materials after an
ion hops from its site at t = 0 to a neighboring site (see, Leitmotif, Appendix B).

A time-correlation factor, W(t), that gives the probability that the hop is still successful, is
defined. This function helps describe relaxation along the single-particle route. Concurrently,
along the many-particle route, relaxation begins. This is governed by the decay of a mismatch
function, g(t). This mismatch function represents the normalized dipole-moment and is a measure
of the dipole field generated by the hop of the “central” ion. Neighboring mobile ions respond to
this field, and over time both its range and magnitude decays. The first rate equation ensues from
the condition that the rate of decay of W(t) needs to be proportional to the decay of the mismatch-
function, g(t). Two further equations are set up using the boundary conditions at t = 0 and as
t — oo. Since these are coupled equations, they can be solved to yield a solution for W(t), in a
scaled notation for W(ts). See, Formulation of the Model, Appendix B.

The model scaled conductivity spectra in the frequency domain (see, Connection to Conductivity

Spectra, Appendix B) is then constructed using the equations:

os(ws) = %wz) =1+ ws- fooo(ws(ts) —1) - sin(wsts) dts (1)
gs(ws) = S;C:CO - (e(wg) — () = fOOO(WS(tS) — 1) - cos(wsts) dt. ()

Note that the first equality in both Egs. (1) & (2) gives a procedure to scale the experimental

isotherms to yield a scaled spectrum. The next two equalities describe how each of these scaled
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spectra can be reproduced as model spectra. In Egs. (1) & (2), the quantity wg = w/wy, is the
scaled angular frequency and w, is the angular-frequency where the conductivity dispersion sets
in. Other quantities of the first equality in Eqs (1) & (2) are explained below using two model-free
approaches to scaling experimental conductivity spectra.

In the first approach, the real part of the conductivity 1is plotted
aslog[(c(V)T/(opc T)] vs log[v/(opcT)]. In glasses with sufficient concentration of mobile
ions, this typically yields a scaled spectrum. This scaling procedure due to Summerfield*® implies
time-temperature superposition. Thus, the only effect of temperature as it decreases (increases) is
to slow down (speed up) the mobility of ions without any change of the mechanism of ion transport.
Scaled permittivity spectra can be similarly generated by plotting [(e(v) — &(e0))] - T vs log[v/
(opcT)]. Here, €(o0) is the permittivity due to faster electronic relaxation processes and not related
to the slower relaxation processes connected with ionic hopping. This is another form of
Summerfield scaling since hopping part of conductivity and permittivity are related to each other
as: Opop = lWEE, where the hat over the two quantities represent that they are both complex
quantities.

However, when concentration of mobile ions in a glass is very low, the average hopping length
of the mobile cation can be large and can vary as a function of mobile ion concentration. In such
a case, Summerfield scaling may not work. The quantity, €, - Ae/opc was used by Sidebottom>°
in scaling conductivity and permittivity spectra. Here, Ae = €(0) — e() is the “dielectric
strength of relaxation” and the ratio as defined is called the Sidebottom time, zss, as it has the
dimension of time.

What is evident from Egs. (1) & (2) is that the model spectra generated by MIGRATION concept

contain both aspects of Summerfield and Sidebottom scaling features.
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It is now possible to make a direct connection between the scaled low-frequency plateau and the

localized displacement. From Eq. 2, one can write
£5(0) = wo - tsp = [ (Wi (t) — 1) dts. (3)
In terms of &5(0), the spatial extent of localized diffusion can be written as:

6kgopcT ¢€s(0)
<rlzoc(oo)> = % ' Z)_o (4)

See, Estimation of Spatial Extent of Localized Diffusion, Appendix B for details.

The experimental spectra are modelled and scaled as follows: Firstly, using model spectra with
various values of K, but arbitrary large value of B and with N (o) = 0, (see, Parameters of the
Model, Appendix B), the model spectrum is superimposed on an experimental conductivity
isotherm. The information needed for this is the DC conductivity, opc. Once a proper choice of
shape parameter K is made that reproduces the shape of any one experimental isotherm, the
parameter @ that marks the onset of conductivity dispersion is determined precisely for each
conductivity isotherm. Using @ and op, and using the first relation indicated in Egs. (1) & (2),
scaled conductivity and permittivity spectra are generated for each composition. The model
permittivity spectrum that reproduces the scaled experimental permittivity spectra is generated
using a suitable value of the parameter V(<o) yielding the value of the experimental £5(0) plateau,
the error being about 5% or less. The value of the spatial extent of localized diffusion of the mobile
ion is then calculated using Eq. (4).

4. Results and Discussion

The details of the thermal behavior of system A as a function of GeOz content is presented in SI
(see S1.1). The trend observed in the glass transition temperature, Tg, in system A (SI) and system
B* as a function of relative GeO2 content is taken up for discussion in the last section, in

comparison with trends observed from electrical conductivity studies.
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In this section, we first of all present the results on Raman spectra in a comparative manner for
both system A: (40Li20-(60-x)P205-xGeOz2) and system B: (40Li20-10B203-(50-x)P205-xGe02),
0 < x< 25 mol% and discuss them. This sets the tone for a detailed presentation and discussion
of insights on structural units and cross linkages obtained via NMR. These are followed by results
from analysis and modelling of conductivity and permittivity spectra to extract the spatial extent
of localized diffusion.
4.1 Raman spectra of systems A and B

The evolution of the Raman spectra of system B as a function of germanate units was presented
in Ref. 44. However, we present it alongside system A in Fig. 1, in order to clearly discern the
influence of the borate units in system B, thereby comparing the role of four coordinated and six
coordinated germanate units in the process of depolymerization of the phosphate network and find
out changes in network structure in the two systems. In both systems, the Raman bands are
assigned in accordance with literature data obtained for the previously studied germanophosphate

glasses.> -4
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Figure 1. Evolution of Raman Spectra: (a) system A — ternary lithium germanophosphate glass

and (b) system B — quaternary lithium boro-germano-phosphate glass**, as a function of germanate

content.

Comparing the x = 0 mol% for both systems, it is clear that the presence of 10 mol% borate,
already has influence on the glass structure in that a) it depolymerizes the phosphate network, as
is evidenced by the presence of symmetric stretching of pyrophosphate chains (Q' units) at around
703 and 1100 cm™! and b) the intensity of the various bands, symmetric stretching v5(POz2) of both
Q? and Q! are higher. Also, note that the values of peaks for system A & B do not exactly match.
This could be because of a great spectral overlap of the borate vibrational modes in system B.
However due to low borate content, this cannot be resolved, and the spectral intensity is dominated

by the phosphate structural units.!
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For x > 0 mol%, the evolution of the spectra in system A, in contrast to system B, shows a good
preservation of the peaks until x = 10 mol%. The main Raman band at 1172-1173 cm™! ascribed to
the symmetric stretching vibration of non-bridging oxygen atoms in Q2 units®* nearly does not
change its position in the concentration range of x =0 - 10 mol% GeO2, which corresponds to only
small changes in phosphate structural units. Further, the emergence of the Ge* units at around 571
cm! units is barely discernible at x = 5 mol%, but becomes broader and clearer beyond x = 10
mol%. Beyond this, the P-O-P linkage represented by the peak at 672 cm! is replaced by broad
shoulders and reduction of the peak, with broad bands between 550 and 650 cm!. This could imply
formation of Ge-O-P linkages right from x = 5 mol%, however with progressive replacement of
metaphosphate chains (Q? units) with pyrophosphate chains (Q! units). In a study on potassium

I can be attributed to

germanophosphate glasses,®> the authors recall that the signal at 531 cm-
presence of three-membered rings® as seen in alkali germanate glasses with low alkali contents,
and the signal at 650 cm™! to the presence of vibrations associated with Ge> or Ge® units> in binary
germanate glass. However, direct evidence from Raman spectra for this is weak.

In system B, already for x = 10 mol%, we see the signatures of bands corresponding to x = 25
mol% of system A. As mentioned earlier, the peaks are lightly different having been modified by
the constant but low borate content. Hence, for x between 15 to 25 mol%, we observe in Fig. 1b,
a significant increase in the broadness and intensity of the bands between 400 and 700 cm’!. Since
there is no way of resolving what exactly is responsible for this, at best we can conclude that cross
bond linkages of Ge-O-P increases, as also an increase of NBOs since orthophosphate units are
also present at x = 25 mol%. In short, in system B, the presence of low but constant borate content

causes a strong modification of the phosphate network and increases the cross linkages of

germanate units of both four- and higher coordination.
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4.2 NMR studies on systems A and B
To start with, we present results from the 3'P MAS-NMR experiments obtained on system A,
(40L120-xGeO2-(60-x)P20s glass series) in Fig. 2. Broad signals can be observed which are in
good agreement with previous analysis of mixed network phosphate glasses.!318-20.23-26:40-41° Ag
expected from the formulation, the binary composition (40Li20-60P20s) presents two components
(Fig. 2) at -40 and -26 ppm that can be assigned to Q3 and Q? sites, respectively. The relative

proportions deduced from the decomposition (Table 2) are in good agreement with the values

calculated from the O/P ratio, confirming our assignments.

Ge-10 Ge-25

Ge-5 Ge-20

Ge-0 Ge-15
0 -20 -40 -60 0 -20 -40 -60
31P chemical shift / ppm 31P chemical shift / ppm

Figure 2. 3'P MAS-NMR experiments performed on system A, the 40Li20-xGeO2-(60-x)P20s
glass system. The spectra are accompanied by the decompositions performed with the dmfit

software.2?
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Table 2. 3'P NMR parameters obtained with a Gaussian model. Chemical shifts (8iso), full width

at half maximum (fwhm) and relative proportions (rel. prop.) are given with errors of +/- 0.2 ppm,

0.2 ppm and 2%, respectively.

GeO2 Q" Siso /| fwhm /| rel. GeO2 /| Qv Siso /| fwhm /| rel.
/ mol% ppm ppm }))/f)’op. /| mol% ppm ppm Ezop. /

0 Q? -40.1 | 16.3 33.0 |15 Q? -39.3 | 16.5 3.0

Q? -26.2 | 10.1 67.0 Q? -23.4 1103 50.0

Q! -4.5 6.2 1.0

5 Q? -39.9 |16.3 14.0 Qe | -31.5 | 127 22.0

Q? -24.6 | 10.1 64.0 Q%Ge |-159 |97 24.0

Q%ge |-345 | 127 220 |20 Q? -39.2 | 16.5 1.5

Q? -23.1 | 10.5 36.5

10 Q? -39.2 | 16.5 7.0 Q! 4.4 7.3 3.5

Q? -23.4 110.2 63.0 Q%ge |-30.8 |12.9 15.0

Q! -4.5 6.2 0.5 Q%ce |-147 |9.8 43.5

Q%Ge |-32.0 |12.7 26.5 |25 Q? -21.9 |10.5 25.0

Q%ce |-14.6 |8.1 3.0 Q! -4.4 7.3 8.0

Q%*Ge |-29.1 |10.5 8.0

Q6. |-13.3 10.5 57.0

Q%ce | 0.8 9.18 2.0

When GeO:z is introduced into the formulation, this two components model does not permit an

efficient decomposition, indicating that the phosphate network has been significantly modified.

Suitable decompositions require the addition of a third component at -34.5 ppm that is thus

assigned to a P connected to Ge** ions. At x = 10, a fourth signal appears at -14 ppm that can also
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be assigned to a second phosphate site connected to Ge** ions. Finally, at high GeO2 contents, this
species becomes the dominant signal and two low intensity signals appear at -4 and 1 ppm. The
first site can be assigned to Q' species from previous investigations on the Li2O-P20s system and
the site at 1 ppm has to be attributed to a third phosphate species connected to Ge*" ions. These
results are visually reported in Fig. 3a by presenting evolution of relative proportion of each
phosphate species. At low GeO2 content (0 < x < 10), the Q? species are significantly consumed
to create the first mixed units (at -34.5 ppm). Therefore, it can be reasonable admitted that this site
is created through the reactivity between Q? and Ge*" according to the following mechanism:
2Q3+GeO2 2 2 QiGe

In the notation Q31Ge, the superscript 3 refers to the 3 bridging oxygens 1 of which links to Ge**
ion and (3-1) of which link to P>" ions. Note that the corresponding phosphate species is
metaphosphate. Thus, this mechanism shows that while the phosphate network depolymerizes, the
global glass network reticulation increases.

It 1s noteworthy that the chemical shift values of this site (-34.5 ppm) lie between the values of
Q3 (-40 ppm) and Q? (-26 ppm), which also supports our assignment. At higher GeO2 contents (10
< x < 20), the Q% and Q31Ge species decrease in favor of the second mixed species (-14 ppm). We
believe that this site is a Q3ce species created through the reactivity between one Ge*" ion and
Q31Ge but also from reactivity between two Ge*" ions and Q? sites. Only a slight modification of
the phosphate network can be observed at x = 25, with the appearance of a third mixed species

assigned to Q*3ce units accompanied by Q! moieties.
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Figure 3. (a) Evolution of the Q" relative proportions deduced from the 31P MAS-NMR
experiments decomposition; (b) Number of POGe deduced from the 31P NMR experiments (open

squares) and number of P connected to Ge ions.

Two structural parameters were calculated from the 3'P MAS-NMR spectra decomposition.
First, the total number of POGe linkages was obtained from the relative proportion of each
phosphate species and the number of Ge attached to each phosphate species (m in the Q"mGe
notation). The results are reported in Fig. 3b as open squares, which shows a continuous increase

of the POGe bonds with the GeO2 content. This results indicate that the glass network adopt a
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mixed character without any segregation between the phosphate and the germanate networks. The
second structural parameter that can be retrieved from the data of Tab. 2 is the number of P attached
to each Ge*" ions. These data are obtained for each glass by dividing the number of GeOP bonds
in the network (equal to the number of POGe bonds previously calculated) by the number of Ge**
ions in the formulation and are reported in Fig. 3b as full circles. This number, denoted as n in the
Ge(OP)n notation, is equal to 4.8 in the x = 5 glass and decreases with the GeO2 content down to
3.86 in the x = 25 sample. Moreover, if we were to assume that no direct GeOGe bonding occurs
in the investigated composition range and that Ge*' ions are present under Ge(OP)x configuration,
then n is directly related to the Ge coordination state. Therefore, Fig. 3b suggests that at low GeO2
amounts, germanate is present as a mixture of four- and six-fold coordinated species with almost
equivalent proportions or mainly under five-fold coordination state. This supports the findings
from O K-edge XANES studies on alkali germanate glasses.’> Evidence for the existence of five-
coordinated state has also been obtained using neutron scattering measurements in cesium
germanate glasses.’®7 In the 10 - 20 mol% range, the six-coordinated species tend to decrease
with the addition of GeOz to be replaced by Ge(OP)4 species. At high GeO:2 content (< 20 mol%),
the average number of P connected to Ge is lower than four, suggesting that Ge*" ions are four-
fold coordinated and that GeOGe bonds have been formed. Raman spectra for this system also
support the idea of POGe cross linkages and show a continuous depolymerization of the phosphate
network. However, more strong statements on the relative intensity of bands due to GeO4 and
GeOg units could not be made.

We now turn to results for system B. The 1D ''B and *!'P MAS-NMR experiments performed
on the 40Li20-10B203-(50-x)P20s5-xGeO2 composition line are presented in Figure 4,

accompanied with representative decomposition of the !'B NMR analyses (dotted lines). The ''B
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NMR experiments present well-separated regions for the B3 (15/5 ppm) and B* (0/-10 ppm) units
(Fig. 4a) allowing for a quick and efficient N* (= B4/(B*+ B?)) determination but also for a detailed
analysis of the borate speciation. The spectra show the presence of two tetra-coordinated species
at -3 and -1 ppm and one tri-coordinated unit at 16 ppm. All the NMR parameters deduced from

the decompositions are reported in Tab. 3.

N
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Figure 4. ''B and *'P MAS-NMR experiments performed on the 40Li20-xGeO2-10B203-(60-
x)P20s system. The "B NMR spectra are accompanied by representative decompositions showing

the different borate species (dotted lines).
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Table 3. ''B NMR parameters. B* and B? units were simulated using the Gaussian and quadrupolar
models, respectively. Chemical shifts (diso), full width at half maximum (fwhm), relative
proportions (rel. prop.), quadrupolar constant (Cq), and asymmetry parameter (nq) are given with

errors of +/- 0.2 ppm, 0.2 ppm, 1%, 0.1 MHz and 0.1, respectively.

x | B* | Siso / | fwhm /| rel. prop. /| B3 | &iso /| Co /| no | rel. prop. /
ppm ppm % ppm MHz %
0 |B*%|-39 2.1 100
5 | B4 |-3.7 2.2 95.0
B% | -1.8 2.1 5.0
10 | B4 | -3.5 2.1 81.0 B3 | 15.9 2.7 0.51]3.0
B4 | -1.2 2.4 16.0
15| B4 | -3.3 2.0 50.5 B3 | 15.7 2.8 0.5]55
B% | -1.1 2.3 44.0
20 | B4 | -3.1 2.0 29.0 B3 | 16.5 2.8 0.5]9.5
B% | -1.0 2.3 61.5
25| B4 | -2.9 2.1 18.0 B3 | 16.6 2.9 0.528.0
B [ -0.8 2.3 54.0

The evolutions of N* and of the relative proportions of the three borate species are sketched in
Fig. 5. As shown in Fig. 4a, insertion of GeO: tends to decrease the N* ratio by inducing the
formation of B? units from the tetra-coordinated species present in the base composition. The
obtained curves also show that the borate speciation is dominated at low GeO2 content (10 < x <
20) by the B* units, this latter decreasing at higher x at the benefit of the B* species. Above 20
mol% of GeOz, the borate speciation is modified by the replacement of the B*; units by the trigonal

B? species, although the borate network is always dominated by tetra-coordinated borate units. It
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appeared thus crucial to determine the structural characteristic of the two B4 units. In Li20-B20s3-
P20s systems, B* site was assigned to B* attached to 4 tetrahedral species (P or B*) whereas the
second site B*> was assigned to B* attached to at least one B? signal. Correlation NMR was applied
to our system to confirm this assignment or to determine the effect of the GeO: insertion on the

borate network organization.
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Figure 5. Evolution of the B*1, B% and B3 borate species and of the N* ratio in the 40Li20-xGeO»-

10B203-(60-x)P20s glass system.

Representative results about 'B/!'B homonuclear NMR are displayed in Figs. 6a and 6b. Fig.
6a represents the 1D filtered !'B spectra obtained with the ''B DQSQ NMR experiment. This
sequence was used to produce 1D ''B NMR spectra only showing the borate species spatially close
to other borate species, i.e. involved in BOB linkages. These !'B filtered NMR analyses (Fig. 6a)
for the x =0, 5, 20 and 25 samples) present a poor signal to noise ratio suggesting that the number
of borate involved in BOB linkage is low. At low GeOz2 content, low intensity signal showing

interaction between B*1 units can be observed in a good agreement with the B(OX)s (X = P, B%)
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assignment. At x = 20, the filtered spectrum shows that both B* and B3 participate in the formation
of BOB bonds. While the 1D spectra support the previous assignment of B%2 to B(OX)4-n(OB?)n,
the 2D map afford original insight. Indeed, while the 2D was supposed to confirm the presence of
B*-O-B? bonds through the appearance of off-diagonal signal between these two sites, only on-
diagonal signal involving B* and B? units can be observed. This unexpected result indicates that
no B*-O-B? bonds exist in the glass network and that the assignment determined for Li2O-B20s-
P20s system is not suitable in our compositions. Insertion of GeO: significantly alters the
borophosphate network by suppressing the B*-O-B? connectivity. We propose that the
environment of the second B* site is modified in this system by Ge** ions (and not B3 as in previous

system) leading to a B(OX*)4-n(OGe)n assignment.
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Figure 6. Correlation NMR results: (a-b) ''B/''B homo-nuclear correlation NMR: 1D filtered !'B
NMR spectrum (a), 2D "B/''B correlation map obtained on the x = 25 sample (b). (c-d) ''B/'P

hetero-nuclear correlation NMR: 2D "B/3'P maps obtained on the x = 5 (c¢) and 25 (d) samples.

Now we can turn our attention to the phosphate first analyzed by 1D NMR technique. The
spectra, reported in Fig. 4b, are composed by very broad and uninformative resonances, resulting
from the superimposition of several signals as already observed in various borophosphate
systems'>!3-20_ Only a global shift towards positive chemical shift values can be observed when

GeO: is introduced in the formulation, indicating an overall depolymerization of the phosphate
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network. Deeper analysis of the 3'P MAS-NMR experiments is permitted by the edition of 2D
'B/A1P correlation maps. The 2D maps recorded on the x = 5, and 25 are reported in Fig. 6¢ and
6d, and the other 2D maps are presented in SI (see S2). The 2D maps are accompanied by the ''B
and 3'P 2D projections in the horizontal and vertical axes, respectively, that represent the borate
and phosphate species involved in POB linkages. The 2D maps show a first type of POB bonds
involving the B* units at low GeOz2 content. This latter is then accompanied by a second linkage
between the B and phosphate units. It is noteworthy that the *'P projections displayed with the
2D maps gather the phosphate units connected to these two different borate species under a single
component in order to avoid any over-interpretation. A detailed analysis of the 1D *'P MAS-NMR
spectra using the 3'P projections of the 2D maps as input parameters is described and presented in
SI (see S2). The results show that the phosphate and borophosphate networks are strongly impacted
by the insertion of Ge atoms. Presence of phosphate species connected to borate only, to borate
and germanate and of phosphate connected to germanate atoms is determined. Altogether, the
network appears to be composed by at least six different phosphate species. While the results
confirm that the three former element mix together, attempt at a more complete description fails
due to the lack of information about the number of connected Ge*" ions, rendering thus the
description of the phosphate network only qualitative. However, unexpected results are provided
by our 2D NMR analysis. Indeed, no interaction between B3 and P is highlighted by our
experiments even at high GeO:2 content where the proportion of B3 reaches 30%. Here again, a
major difference is observed between our system and standard borophosphate network where B3
sites do mix with phosphate to create bonds. Insertion of GeO:2 does not allow for the creation of
these mixed linkages and since B? is only connected to other B? units (Fig. 6b), it turns out that the

global network presents a significant degree of inhomogeneity with the mixing together of B4, P

27



and Ge separated from tri-coordinated boron that are only attached to other B* units and probably
Ge atoms.
4.3 Conductivity spectra of systems A and B

Fig. 7a shows the frequency dependence of the ionic conductivity at different temperatures for
system A with 15% GeO: content. Typically, each isotherm in ionic glasses exhibits two features
of interest for understanding the ion dynamics: a plateau (DC conductivity) at lower frequencies
and dispersion at higher frequencies. The DC-conductivity is related to diffusive or translational
motion of the ions, and is hence activated, showing an Arrhenius behavior (cf. Fig. S3 in SI). The
dispersive behavior is attributed to correlated forward-backward ion hops and is more visible at
lower frequencies at lower temperatures, and shifts to higher frequencies at higher temperatures.
In addition, at higher temperatures, in the low-frequency side electrode polarization effects are
visible due to the accumulation of mobile ions near the blocking metallic electrodes. In system A,
it is seen from Fig. 7a that in the frequency range covered by impedance spectroscopy for the
isotherm at 213 K and below DC conductivity is not yet attained, while above 363 K there is no
dispersive behavior observed. The permittivity spectra are displayed in the Fig. 7b for the same
temperature range. We see that at higher frequencies, the real part of the permittivity tends to a
constant value, g(o0), which results from rapid polarization processes occurring in the glasses under
an applied field. With decreasing frequency, however, the real part of the permittivity increases
and approaches a limiting low-frequency plateau, &s, denoted as the low-frequency static value
which is associated with the polarization effects of the ions with respect to the immobile glass

matrix. It is not always easy to determine the dielectric strength of relaxation, Ae = g — €(0), in
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ionic glasses, due to the effect of electrode polarization effects, visible as a steep increase in the

permittivity values, which are indicated in Fig. 7.
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Figure 7. Conductivity (a) and permittivity spectra (b) as a function of temperature for the Ge-15
glass (system A) measured at different temperatures. See Ref. 44 for similar spectra for system B.

After removing the contributions of electrode polarization effects, the isotherms for the various
glass compositions can be scaled using the relations given in Egs. (1) & (2). Scaled conductivity
and permittivity spectra are shown for system B with 10 mol% GeO2 in Fig. 8. It is found that for
all glass compositions studied here, the model spectrum with shape parameter K = 2.0 reproduces
best the form and shape of the experimental conductivity isotherms as shown in Fig. 8a. This value
for the parameter KX is typical for many single-alkali ion conducting glasses**® with medium alkali
oxide content and containing oxides such as borate, germanate or phosphate. This result confirms
results of previous work on sodium borophosphate glasses.!” Further, it is found that the logarithm
of the frequency of onset of conductivity dispersion, log(vg) determined for each isotherm by
shifting the experimental conductivity isotherm, log(c(v)/opc) on to the model curve, lies on a

line of slope one.
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Figure 8. Scaled experimental conductivity (a) and permittivity (b) spectra superimposed on
corresponding model curves with B =25, K = 2. In the right hand panel, the €5(0) plateau values

are obtained by using N(«0) = 0.08 £ 0.01.

Fig. 8 also shows model curves for the scaled conductivity and permittivity spectra. Displayed
in the Fig. 8b are three model curves for different value of the parameter for the value of N(0) due
to the spread in the value of the experimental scaled permittivity plateau, €5(0). As shown in
Appendix B (left panel of Fig. A2 in Parameters of the Model), the value of N(0) affects the height
where the scaled permittivity plateau is reached. This helps in estimating the uncertainty in
accurate determination of the plateau. This error for all glass compositions in both systems studied
lies in the range of 4-7%.

Using the values for £5(0) for each isotherm, using Eq. 4 the value of < r? (o) > and its
square root is estimated, which as expected turns out to be a constant for each composition. The
error range of this value is about 2-4%, reflecting the error in £(0). As explained in Appendix A,
Sidebottom and co-workers®® calculated a characteristic length, L, as typical length-scale for

diffusive motion, using the simple Nernst-Einstein relation between DC-conductivity, opc, and
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6kp opcT

diffusion coefficient, D, from the equation: L2 = .
Nyq? (wo/2m)

See Appendix A for details. For

calculating either L or < r . (o0) >%°, the number density of mobile ions, Ny, is needed. This is
calculated for all compositions of system A using details on density and volume given in Table 1.
For system B, these details are available in Ref. 44. Note, however that the density of the glass
composition corresponding to 25 mol% GeOz content for system B is unavailable.

In order to understand the localized and diffusive ion dynamics as a function of germanate
content, various quantities of interest are plotted in four panels of Fig. 9 for both systems (see the
tables in S3 of SI). All quantities that are plotted are temperature-independent. The bottom panel

shows the variation of Ny, and the topmost panel the variation of the spatial extent of the localized

diffusion, < r (o) >%5. In the second panel from the bottom the factor ool ig plotted, which is

wo
proportional to the product Ny, - L2. Recall from Eq. (2) (cf. Sec. 3) that £g(0) plotted in the third
panel from bottom is a product of w,, * (gyAe/0opc), which is the scaled Sidebottom time, £sp,s.5! 74
Note that, since €g(0) is scaled by the angular frequency at the onset of conductivity dispersion, it
is proportional to Ag - T and is a temperature-independent material property for systems that obey

Summerfield scaling.*’
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Figure 9. Plots of various material-dependent properties as a function of the relative germanate
content for system A (lithium germanophosphate glass) and B (lithium boro-germanophosphate
glass). See text for details. Note: the units of Nv is cm™, that of < ocgT/w, > is Sem™'Ks and

< rf . (0) >%5 is A, while £6(0) is dimensionless.

First, we consider system A. We observe from Fig. 9 that Ny, shows a near linear increase; the
second panel which is equivalent to the product Ny - L? shows a linear increase until x = 15 mol%,
a levelling off at x = 20 mol%, and then again an increase for x = 25 mol%; the value of £5(0)
remains nearly a constant decreasing a little from that for the binary composition, and decreases
further for x = 25 mol%. Each of these three factors enter the calculation of < rf (o) >%5 (refer
to Eq. (4)) and one observes that the trend shown by it is similar to that exhibited by Ny - L? except

for x =25 mol%. Its value increase from about 0.9 to 1.2 A.
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Now moving on to system B, which is ternary for x = 0, and quaternary for x > 0, we observe
interesting features. A general point is that Ny is higher for these glasses in comparison to system
A. This could mean a more compact network, and could result in smaller values of < rf .(o0) >%5,
see Eq. (4), if all other factors were similar to that of system A. However, we observe from Fig. 9.
that Ny shows a near linear increase; the product Ny - L? remains nearly a constant increasing a
little until x = 15 mol%, a levelling off at x = 20 mol%. On the other hand, the value of €5(0)
varies alternately up and down for each increase of the germanate content between 3.0 and 4.0.
Here the trend shown by < r? (o) >%5 is found to be similar to that exhibited by &g(0),
modulated down in magnitude, varying between 1.2 and 1.3 A.

In Fig. 10. we plot the two length scales of ion dynamics, one pertaining to localized diffusion,

< rf.(e0) >%5, and Sidebottom length L, which is a characteristic length of diffusive motion.
Before we can interpret the results, following aspect is important to be borne in mind. Although
these are two different length scales, a detailed analysis has shown that in glassy materials where
polarizabilities do not play a major role, the two are proportional.'®!”>° On a perusal of Fig. 10,
where the two length scales are plotted versus charge carrier number density, following features
can be clearly discerned: (i) in system A, both < r (o) >%5 and L exhibit similar trends
although the magnitudes are different; (ii) in system B, the effect of low but constant borate content
results in a near constant value for L and a fairly constant but mildly fluctuating values of
< rf,.(20) >%5 indicating that increase of germanate content has less influence on diffusive ion

dynamics. These and other aspects will be considered in the next section.

33



—@— system A

184 —_a— system B L L
- L
< 16 A2t
S5 /
< 144 .
o /
P | e
8 1.24 ‘,;——?'.i—- L —® T,
8 A 17
Y] pd < "
1.0 /0
: ]
0.8 T g T g T
1.2x10% 1.4x10% 1.6x10%

N,lcm®

Figure 10. Comparison of spatial length of localized diffusion and Sidebottom length as a function
of number density of mobile ions for systems A & B. Note that increasing Nv corresponds to

increasing mol% of GeOz2 from 0 to 25.

5. Correlations between local structure and localized and diffusive ion dynamics

We now proceed to consider our results on length scales from insights gathered from local
structure. Here we start with system A, and by considering our results in relation with that obtained
in literature for other systems. It is seen from Fig. 9, that the value of < rf .(20) >%5 in the binary
system 40Li20-60P20s (x = 0 mol%, system A) is about 0.9 A. This value is larger than the value
of 0.73 A obtained in sodium borophosphate.!®!7 In their glass, as in our binary glass here,
structural studies show that metaphosphates to ultraphosphates is in ratio 2:1 (see Table 2, and
Ref. 15). However, at room temperature, opc of 40L120-60P20s is about five times larger than that
of 40Na20-60P205 at room temperature. While a larger value of < r . (o0) >%° can imply that
the potential wells for the mobile ions are shallower,!” possibly the smaller size of the cation plays
an additional role in aiding its mobility. Thus, given a similar network connectivity, a larger value

of rms of localized diffusion seems to be directly correlated with higher conductivity.
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Further, an increase in < rZ . (o0) >%° for our system A, i.e., 40Li20-(60-x)P20s -xGeO2 from
0.91 to 1.16 A already happens when x changes from 0 to 10, and increases to 1.23 A for x =25
mol%. A similar increase from 0.73 to about 1.0 A is seen in 40Na20-60[x(B203)-(1-x)(P20s)],'¢-!7
for the characteristic length-scale of hopping, as x increases from 0 to 0.4, implying B2O3 content
increases from 0 to 24 mol%.'® In borophosphate systems, with either sodium or lithium as the
mobile ion, the MGFE is caused by the increase in anionic B* units as a function of increasing
borate content,'® and also due to increase in cross linkages of the pyrophosphate with the B* units.?°

However, both from Raman spectra and 3'P MAS-NMR studies (Figs. 2, 3 and Table 2) we see
that the phosphate network breaks up and the cross-linkages POGe increases continuously. The
trend shown by open squares in Fig. 3b matches those shown by the second and fourth panel for
system A in Fig. 9, signaling that increased network connectivity provides shallower potential
wells!” and a steady increase in the spatial extent of localized diffusion. The trend shown by
decrease of n, that the number of Ge attached to each P ion decreases (blue triangles of Fig. 3b)
provides only an indirect evidence of Ge/Ge mixing, which is also similar to the trend displayed
by €5(0) for system A (the third panel from bottom in Fig. 9).

Another aspect that we observe from NMR results (Table 2, Fig 3), is that although the cross
linkages of P-O-Ge is modest (Q’1Ge) up to 10 mol% GeO: content, it produces a steeper increase
in DC conductivity, Tg and < rf () >%°. From 15 mol% GeO2 content, the growth of cross
linkages (Q*2Ge) increases strongly. However, this might also be the regime where GeOGe bonds
might start to compete with POGe linkages, resulting in a weaker increase in the three quantities.
At 25 mol% content, we have about 60% mixed species of Q%ge type, together with

inhomogeneous GeOGe linkages and hence isolated and non-homogeneous germanate units (also
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indicated in Fig. 1), which might also provide additional basins for the Li" ion, causing an
enhancement in the ease of ion transport - localized or diffusive.

Let us now consider Fig. 11. The similarity in the behavior of 7 and opc has been discussed and
is recognized as a typical signature of alkali containing MGF glasses.!>!72%23 In borophosphate
glasses, it has been attributed to depolymerization of phosphate network, accompanied by
increased network connectivity that facilitates ion transport due to formation of tetrahedrally
coordinated borate units.'>17-?° What is remarkable in system A is that the non-linear increase is
steeper in Tg and opc. For example as x goes from 0 to 20 mol%, system A shows an increase of
about 200 K in 7 and a four orders of magnitude increase in opc and a 30% increase in the value
of < 1 .(e0) >%°, In this same range of x, system B shows an increase of about 100 K in T and
about two orders of magnitude increase in opc, and a narrow range but fairly remarkable variation

in < rf () >%5.
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Figure 11. (a) variation of glass transition temperature, 7g; (b) variation of DC conductivity, opc
at 303 K and (c) variation of spatial extent of localized diffusion as a function of germanate content

for system A (red circles) and system B (blue triangles), same as in Fig. 9.

Using Fig. 11, and moving on to system B, we consider the ternary glass (0 mol% GeOz) and

make a comparison to similar composition in the Zielniok sodium borophosphate glass: 40Na20O-
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6B203-54P20.'%!7 Their values of opc at 298 K is about two orders of magnitude smaller

and < r . (o0) >%° is also smaller than that for our ternary composition of system B. These result
again point to the possibility that the smaller Li* ion is more loosely bound to its immediate
neighboring network former units, despite a more compact network, which makes its local
excursions larger and diffusion higher.

Further, when one considers the two glasses, 40Li20-10B203-50P20s5 and 40Li20-10GeO2-
50P20s one sees that at 303 K, opc of the borophosphate glass is 1.2x10? Scm™! and is comparable
to that of the ternary germanophosphate glass whose opc is 4.16x10 Scm™. Even the values of
£5(0) and that of < r? (o) >%° within the error margins are nearly identical! However, although
we see a same steep increase in the spatial extent of localized diffusion going from pure lithium
phosphate glasses to 10 mol% of either germanophosphate or borophosphate glasses, which may
be attributed to the depolymerization of the phosphate network, the actual structural influences are
somewhat different. What is common is that the phosphate network is depolymerized and either
B-0-P!62% or Ge-O-P cross linkages are formed (Fig. 3b and Table 2). For long-time dynamics,
the enhanced network connectivity seems more important than the actual structural units.

When we move onto quaternary system B and consider the effects as x increases, there are two
main changes in network connectivity inferred from the novel NMR techniques. Firstly, at x = 10
mol%, a new phosphate species appears (around -25 ppm) that is connected to B and also probably
to Ge (cf. Tab. 1 in SI). However, from x = 15 mol% B? units increases but these are not connected
to phosphate units. This implies that only B3/B? and B/Ge connectivity can occur. Further, because
all the polyhedral formed do not mix, one can infer that the network is not homogeneous. A decline
in network connectivity can then explain why for x > 10 mol%, both 7y and DC conductivity

increase rather slowly (see Fig. 11). Since the mobility or diffusive dynamics of the lithium ions
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decline, the value of es(0) and < r3 . (20) >%° mirror the local excursions which fluctuate due to
change in the structural units that act more like Coulomb traps rather than as doorway for the
diffusion of the cations. However, surprisingly, L remains a constant. Two effects are hard to
distinguish from NMR or from our calculation. While tetrahedral borate ions provide NBOs and
hence shallower potential wells for making ions linger around the dispersed negative charges, and
hence larger values of < rf (o) >%°, B3 units not bonded to P05 or GeO2 can provide a doorway
effect,!” allowing for faster ion diffusion. Thus, depending on where the mobile cation finds itself,
the two competing effects come into play. One sees from Fig. 11 that for system B and system A,
at x = 25 mol% obc increases. This may have very well to do with ion motion facilitated by such
doorway effects around a B3-O-Ge or B*-O-P linkages in system B and due to Ge/Ge mixing.
6. Conclusions

This study has addressed the changes to local structure in a ternary and quaternary mixed glass
former system where lithium ion is the mobile species. Main general inferences are a) continued
depolymerization of the phosphate network is one major tunable component for enhancing
conductivity in MGF systems; b) novel NMR techniques allow us to gleam into local structures
even in quaternary systems, and ¢) MIGRATION concept allows us to estimate local excursions
of ions and thereby understand the diffusive dynamics.

In the ternary lithium germano-phosphate glass, using the 3'P NMR MAS experiments, the
continuous modification of the network could be quantified over the entire range of glass
composition studied. Thus, starting from just the ultraphosphate and metaphosphate units at x =0,
we observe five species of phosphate units at x = 25 mol% - three of them with P-O-Ge linkages,
and notably, no ultraphosphate units survive. There is some indirect evidence of Ge/Ge mixing,

but no quantification was possible.
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For the quaternary system, the 1D ''"B MAS NMR provides a clear quantification of the borate
units as GeO: is incorporated into the system. The tetrahedral borate units are replaced by trigonal
units from x = 15 mol%, and at x = 25 mol% there are up to 30 % trigonal borate units. Further,
when this is probed with ''B/''B homonuclear NMR as well as by 2D correlation maps show that
a) B-O-B mixing is low: b) insertion of GeO: significantly alters the borophosphate network by
suppressing the B4-O-B? connectivity and ¢) P-O-B* dominates, and no P-O-B? linkages are visible
even for 25 mol% GeOz. These analysis help understand the 3'P MAS-NMR experiments, which
only showed very broad and uninformative resonances indicating an overall depolymerization of
the phosphate network. Thus, insertion of GeO2 in lithium borophosphate network results in at
least six different phosphate species, and only three of them mix. Thus it turns out that the global
network presents a significant degree of inhomogeneity with B4 P and Ge mixing together
separated from tri-coordinated boron that are only attached to other B* units and probably Ge
atoms.

Based on our model analysis of the conductivity and permittivity spectra, length scales for
localized diffusion are extracted and were examined as a function of germanate content and
number density of mobile ions. Another quantity, called the characteristic length, L, related to the
diffusive dynamics>® was also estimated for both systems. Correlating the information based on
local structure and estimates of the local excursions of the lithium ion, the main findings are that
in the ternary system (system A), the localized diffusion of the lithium ion is facilitated by the
continuous modification of the phosphate network and formation of mixed species between
phosphate and germanate. Thus, increased network connectivity provides shallower potential wells
and a steady increase in the spatial extent of localized diffusion. However, in the quaternary system

(system B), the presence of borate content as low as 10 mol% results in the depolymerization of
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the phosphate network with cross linkages to the B* units, and addition of GeO2 causes additional
structural units and cross-linkages, while network connectivity seems probably affected. Although
quantification of these is not possible, one can infer this from a slower increase of mobility and
conductivity. Thus, while in system A, the similarity in trend of the product Ny - L? to the trend
exhibited by conductivity implies that the local ion excursions are well correlated to change in
local structure resulting in a near constant value for the scaled permittivity plateau, £5(0), across
the range of variation in germanate content. Hence, the spatial extent of localized diffusion seems
to reflect the ease of the mobility of the Li* ions. In contrast for system B, model analysis shows
that the trend of the product Ny - L? is much flatter in comparison to system A, implying that the
local excursions are dominated by fluctuating values of £5(0) over the studied composition range.
This seems to imply that the Li* ion encounters more traps, which provides an explanation as to
why the increase in DC conductivity with increasing GeO2 content is slow, and also why it shows

a limited increase in comparison with system A.
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Appendix A A Note on Relevant Length Scales

Length scales of ion transport in oxide-based glasses if they reflected typical anion-anion
separation distance assuming that Coulomb interactions dominate could be of the order of 4 A.

Sidebottom’® defined L as a characteristic hopping length for the mobile ion which is a

. . K . ..
temperature-independent quantity: L? = o = 9oc”_ " This definition uses the well-known
Nyg? (wo/2m)

Nernst Einstein relation which links ionic conductivity to diffusion. It also assumes that the
experimental frequency corresponding to the onset of conductivity dispersion, i.e. Vo = wy/21
at 0 = 2opc 1s a good measure of DC hopping rate for the ion.

For various glasses with > 30 mol% alkali ion concentration, L was found to be typically of the
order of about 1 A, while this value increases to about 4 A for very low alkali ion concentration:
L = R/3 & R = Nv'!3, where R is anion-anion separation. Although this result was initially
surprising, given that P-O distance is 1.55 A, O-O distance is 2.51 A and NBO distance is about 4
A (from neutron scattering).

The authors argued’® that if one were to include contributions of the slower ions, the average
hopping rate could be set at vo/10, then L would be larger by a factor of 3.16, and is then more
comparable to length scales in the glass host. However, they inferred that “this small hopping
distance clearly indicates that the onset of DC conduction is established by even reasonably short-
ranged excursions of the cations”,>® and suppose that the barrier heights are small for large cation
concentrations.

Following the consensus that DC conductivity and dispersion are part of one and the same
process of ion hops, see reviews,®’ mean-square displacement of the mobile ions, < r?(t) >, has

been derived using a direct relation based on linear response theory®®®! that involves a sine
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transform of the derivative of the real-part of the experimental frequency-dependent conductivity
spectra.®>%3 If the Haven ratio is assumed to be unity, since this is a hard to determine quantity,
what this relation yields is < R?(t) >, the mean-square displacement of the center of charge of the
mobile ions. One thus constructs a plot of log(R?(t)) versus log(f), and can read off the value of
(R?(tp,)), where t, = 1/2mv,, corresponding to where vo marks the onset of conductivity-
dispersion. The square root of this quantity is the characteristic length which marks crossover from
sub-diffusive to diffusive motion of ions. A more general formula for determining
(R? (tp))l/ 2 using a simple power-law fitting of the conductivity spectra at low-frequencies has
been subsequently outlined in Ref. 6.

Another length scale which is relevant is the spatial extent of localized diffusion, and is
calculated as (r2 . (o0))'/?from scaling of the real part of the permittivity spectra’*>-*6 using the
MIGRATION concept; or in a model independent way from an analysis of the permittivity
spectra’®-38:62:63 a5 (R? (00))1/2. This length scale gives information on the nature of the localized
excursions that the ion makes, and hence is closely related to local structure. It is also a material-
specific temperature-independent property.

In contrast to the early findings of Sidebottom et al in 1997,%8 length scales in the other works
were found to be several Angstroms in magnitude.3¢-362.63 However, in MGFE systems studied by
Zielniok et al,'® as well as a re-analysis of their data by modelling the permittivity spectra Banhatti
et al,!” the values for spatial extent of localized hopping for sodium ion in borosphosphates similar

in magnitude to what Sidebottom et al obtained.>®
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Appendix B The MIGRATION concept - details

Leitmotif: The MIGRATION concept’# uses a simple but realistic physical picture to describe
the relaxation processes that ensue as a function of time in structurally disordered materials after
following an elementary displacement of a central mobile ion from its site at t = 0 to a neighboring
site. At t = 0 the ion was at its potential minimum, which is a superposition of single-particle

potentials giving a cage minimum for the central ion under consideration.

Following a jump at t = 0, a mismatch is created between the new . _
single-particle route

position of the ion and the momentary arrangement of its mobile | .

neighbors. Thus, in materials with structural disorder, the jump

relaxation at times t > 0 can be thus visualized along single- and

many-particle route

many-particle routes: the ion moves backward along the single- Figure Al: Schematic
representation of the physical

. . . . . icture behind the
particle route, while along the many-particle route its neighbors are yiGRATION concept.

rearranging. The schematic Fig. A1 shows the leitmotif of the model. Over time, this results in
correlated forward-backward motion of the central ion.

Formulation of the Model: The functions W(t) and g(t) were introduced in the main text, and

correspond to the functions that describe relaxations along the single- and many-particle routes
respectively. At t = 0,W(0) = g(0) = 1; however, at long times the mismatch function has to
decay, but a fraction of hops are successful: W () # 0, g(oo) = 0. To precisely describe the
decay of the mismatch function, a third function involving the number of mobile ions that respond

to the dipole-field, N(t), is needed, as it is time-dependent. However, N (o) # 0, since at no time
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the nearest neighbours to the “central” ion can be shielded from the shrinking dipole field. The

two rate equations and the third equation of the model are given by:

—w= -By —E= LWON®; N© - N(w) = [Bg(O)]*! (A2-1)

The proportionality constant of decay along the single-particle and many-particle routes is given
by the relation. B = —In(W(o0)). The parameter, o, is defined as the rate of elementary hops.
The parameter K describes the nature of response to the hop of the “central” ion. For example, if
the response of the neighborhood is collective, as in a melt or a liquid electrolytes, then, K'is closer
to 1 and N(t) is time-independent and equal to N(). However, for K > 1, the decay of N(t) is
proportional or faster than g(t), and is exactly equal to g(t) for K = 2.

It is advantageous to switch to a scaled notation as it yields a master curve, and this is correlated
to scaling features displayed by the experimental spectra. Thus, W (t;): = W(t;)/W (), tg:=
t wy &wg = w/wy. Here, wy is defined by wy = Ty - W (o) =TI, - exp(—B), and is defined as
the “rate of successful hops”. A numerical solution to the set of equations denoted as Eq. (A2-1)

is obtained on solving the equation:

_ dW(ts)

ae = WE(ts) - In(Ws(£6)) - {(In(Ws(£))) ™" + N(o0)} (A2-2)

Connection to Conductivity Spectra: Linear response theory provides a link between frequency-

dependent conductivities and correlation functions describing the ion dynamics.%! The
frequency-dependent conductivity is proportional to the Fourier transform of the time-dependent
auto-correlation function of the current density, < 1(0)-1(t)>. This autocorrelation function may
be written as:

<1(0)-u(t) >= V72XV q; q; < v;(0) - v (t) >. (A2-3)
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Here, V is the volume of the sample, N is the total number of ions in the sample, q and v denote
charge and velocities and summation is over both i & j. Eq. (A2-3) is considerably simplified, if
all mobile ions are of the same kind with charge q, and if we ignore the cross-correlation terms so
that a Fourier transform of it yields the complex conductivity spectra corresponding to the hopping
contribution, G4y (w):

Ng?
3VkgT

Ghop (@) = 2 < v(0) - v(t) >pop exp(—iwt) (A2-4)

Returning to the current density autocorrelation function, it can be shown that it has a sharp
positive peak at very short times where relaxations do not yet play a role, and is negative at later
times and decays to zero at long times. It has been shown in detail in Ref. 64 that the time-
derivative of our model function, W(t), when suitably normalised, is equivalent to the time-
derivative of the response function which is proportional to the current density autocorrelation
function in linear response theory. This implies that when cross terms are ignored in Eq. (A2-3),
W(t) becomes the normalized integral of the velocity auto-correlation function and thus, at the
same time, the normalized time derivative of the mean square displacement of the mobile ions.
Using the definition of W(t) as a normalised integral of velocity autocorrelation function, Eq. (A2-
4) can be combined with the solution of (A2-2), to yield scaled model conductivity- and
permittivity-spectrum using the Fourier transform Egs. (1) & (2) of main text.

Estimation of the Spatial Extent of Localized Diffusion: Using the definition that W(t) is the

normalized time derivative of the mean square displacement of the mobile ions, we write!743-46
t . . (r2(v))
(r’()s = [;°[Ws (ts)]- dt’s = wg ~ep (A2-5)

Here D is the self-diffusion coefficient. At long times the mean-square displacement of the ions
becomes diffusive, giving (r?())s = ts. Eq. (A2-5) can be used to define the spatial extent of

localized motion of ions as:
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(r2(t))—6Dt

(rBe(O))s = [FWi(t's) = 1) dt's = wp (A2-6)

Relating Eq.(A2-6) to Eq. (3), and using analogy to Eq. (A2-5), it can be shown that!”
(rBe(00)) = 6D =2 (A2-7)
o

Equation (A2-7) can be further written as a temperature-independent and a material property

using Nernst-Einstein relation as:

6k T (0)
(rfpc(e0)) = =3 == (A2-8)

This is also given as Eq. 4 in main text.

Parameters of the model: To construct a model conductivity spectrum, we need to specify two

parameters, B and K while solving Eq. (A2-2). The parameter K describes the shape of the
conductivity spectra at the onset of conductivity dispersion. The parameter B is a measure of the
height of conductivity dispersion. From model, we know that W(c0) = exp(—B). On Fourier
transformation, we find that W(o) = opc/oyr, Where our is the conductivity plateau that can be
measured at very short times (high frequencies) of all elementary hops, if not swamped by
vibrational components.” For modelling the experimental conductivity spectra obtained from
impedance spectroscopy B can be arbitrarily chosen since the frequency range is much below
where onr can be observed. Further, such an arbitrary choice of B is justified by the fact that the

value of B does not influence the shape of the spectrum — see right panel of Fig. A2.
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The third parameter, N (o) is

6T T T T 12 L \
crucial for modelling the scaled " Bo N 00! Casnmo0t | ]
— B=25,N_inf=0.04 - | — B=12 N_inf=0.04 -

B=12, N_inf=0.04 B=25, N_inf=0.04 /

permittivity spectrum, as the value

— B=25, N_inf=0.08
--- B=12, N_inf=0.08

of Ws(ts) — 1 as giveninEgs. (1) o By /
> g /
& (2) of main text is small around 2 5 & 7
the onset of conductivity
. . . 07 0 T
dispersion. If at all, it can affect P PR B S NP I B B B S
4. =9 0 2 4 6 8 -4 0 4 8 12 16
log(t,) log(®,)

the value below the onset region,
Figure A2: The effect of variation of the values of parameters B and N() for a
given value of K on the model permittivity (left) and conductivity spectra (right).
See text for details.

but this effect is marginal. While in
Eq. (1), the sine term is also small at this regime, in Eq. (2), the cosine term is equal to 1, so that a
suitable value of N(0) in Eq. (A2-2) is needed to determine the height of the scaled permittivity
plateaux. There is no direct relation from the model between the value of N (o0) and g(0), except
the observed reverse correlation that £¢(0) increases as N (o) decreases. Moreover, the value of
B affects this height but very marginally, and this variation is well within the error bars when used
in determining the plateau of experimental permittivity spectra. All these above described features
of the model parameters are illustrated in the left panel of Fig. A2, where conductivity and
permittivity model spectra have been constructed for K = 2, using for B, the values 12 and 25;

similarly, different values of N(o0) has been used.
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