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ABSTRACT

The conductivity enhancement observed in the two glass system8Li2O-(60-x)P.0s-xGeQ

andB: 40Li20-10B203-(50-x)P20s-xGe, as germanate content is increased from 0 to 25 mol%
confirms the positive mixed glassrmer effect (MGFE) in these systems. In this study, we further
employ stateof-art NMR techniques along with Raman spectra to probe the local network
structures. We se 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 time ikithi

As x increases from 0 to 25 mol%, for system A, a continuous increase of the POGe cross linkages
aswell as a continuouand strong modification of thehosphate network is observed. In system

B, deeper analysis of téP MAS-NMR experiments donaesing 2DB/*'B homanuclear and

1B/31P heterenuclear 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 baglgystems 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 tasgm(gygitem A) the

ease of mobility of the Liion 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 enmignim the last hundred yeéars
and reseh on lithium baseénergy storage systems is foedn technological applicatiaf’

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



matrix®’ One of the striking features of glassy ionic conductershiat both mobile ion
concentration and glass compositicas well as its structure majorly affect the resulting
conductivity810

In search for oxiddased materials that are both stable for sstide device applications and
highly conductive, mixedjlass former (MGF) systems were discodere 1985 when Magistris
et al.replaced BOz by P:Os 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 conductéisstly, the glass transition
temperature]g, and the D@&onductivity,soc, show similar trends as a function of relative former
content'13 Secondlystructural studies using-¥ay photoeletton (XPS) spectroscopyshowed
thatbased on alkali content, the alkali (in these studies, theddo was found associated with the
nonbridging oxygens (NBOSs) of different structural groufisirdly, soc is enhanced as a function
of relative compositns of the network formerand itsmagnitudeat the maxima was higher than
those of the two binary systenfinceit was alsahigher than that for binary systemath higher
alkali content®'4the MGFE cannot be explained using the weak electrolyte node

Recently, a renewal of interest MGFE was triggered when sodium borophosphate glasses
(0.4Na0-0.6(xB03-(1-x)P205)), x varying from O to 1, were investigated in great detail by using
a combination of Raman, solid state nuclear magnetic resondd®) and impedance
spectroscopy techniqués!® The trend of the increase of thB* tetrahedral, quantifiechs
percenages of the various structural unitshowed perfect cori&ion with the trend ofiearly two
orders of increase in the magnitude & BC conductivity> Conductivity and permittivity spectra
from impedance spectroscopy wexlso analy2d and modelleéd!’ to extract relevant length

scales related to sodium ion transport. The trend displhayetthe spatial extent of locaéd



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 aspectsnatwork
interaction.

Following this patkbreaking work'>6 a large body of work ontmictural and electrical
propeties on MGF systems has ensd&#.The main bulk of these studiesshaeen on alkali
borophosphate glass€s®and also some worén germanophosphate glassé® Additionally,
there has beesome efforts in extracting relevant length scales (see Appendix @&)dying the
ionic conductivity and dielectric permittivity spectra in alkali ion based MGF systes

Themainfindings on changes in structural units and bondsfaaction ofrelative composition
of glass formers ithorophosphate glassesntaining LtO or NaO as network modifiers is that
hetereatomic bonds such as®B are preferred to homatomic bonds such as®P and BO-

B, for up to about 30 mol% borate content. Tmfimation was made possible byRay

Diffraction (XRD) technique and XPS spectroscgpyr by using Raman and magiogle

spinning (MAS) NMR experiment$:1823.2527 Fyrther, it was shown that*Bhtroduction induces
the formation of B(OR)structuralunits that increase the global glass network reticulation

In recent years, an 4depth analysis of structural aspects have become possible due to the
development of high field spectrometer allowing for highly resoWBANMR analysis and novel
correlation NMR technique®“°i see alsa latest and exhaustive reviwand references therein.
The local order of the bomaspecies could be deeply anagzand the NMR experiments allowed
for a clear distinction between the-tand tetracoordinated boratepgcies but also clearly
discriminated between different*Binits?® 2D correldion NMR was also used to analyze the

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



1B/1B map with the double quantunsinglequantum (DQSQ) NMR technique and PGBRNd
POR? linkages were highlighted by dipolar and scalar'Z®3'P correlation map¥®

For germanophosphate systems although a similar analysis with novel techniques will be highly
informative, it is not possible tabtain direct information on Gkse€P 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 increaB®sf This
is known as germanate anomélyHowever, 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 éoated germanium has been
confirmed®°3® However, IR, Raman an#éfP MAS NMR investigations over wide range of
compositions and temperature in lithium germanophosphate glasses have shown evidence for the
formation of the [Ge®@2]% only for those composiin with low lithium content and high
germanate conteft

Recently, using higlenergy XRay photons in diffraction (HEXRD) on a synchrotron and
neutron diffraction on apallation source, Hoppe et®4lhave detected six coordinated Ge in the
structure of NgO-Ge-P20s glasses with high4®s contents and up to 24 mol% Gefaction.
Using thermal analysis, Rama#tP-MAS NMR and?*Na NMR spectroscopy in the system
(M20)0.3d(Ge204)x(P20s)1x]0.67(M = Na, K) Behrends & Eckeitinfer that at low GgO4 contents
(x = 0.2), the structure is dominated by pyrophosphate chains and unmodifl@edsédonded
four-membered ring units. At higher germanate contents haternic RO-Ge linkages dominate.
In generaljt is found thatthe 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>@Q60-
X)P205-xGe(Q» glasses and system B: 400t10B203-(50-x)P20s-xGeQ glasses, x = 0 to 25
mol%. It is evident that compositions of system B for x > 0 mol% are quaternargglassl 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 tH&&@roportion play in ion
dynamics.The main motivatioffor this study is thugo examine the local network structures both
in the absence and presence of borate units and examine the influences they have orzdite locali
ion dynamics. This would enable us to explain the observed trends in DC conductivity in a simple
manner despitéhe inherent complexity of the MGF systems chosen. Toward this we put to use
the exciting combination of statd-art NMR protocols and modelling of conductivity spectra as
follows:

a) By using®'P NMR MAS studies on system A we provide a quantitative aisabfthe
cross links between the phosphate and germanate chains in glasses with high mol%
lithium ion concentrationThis helps in understding the progressivehangesn the
phosphate network as the germanate content is increased. We hope alsondirgain i
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 techffiques
namely, combination of 1D/2BPA'B solid state NMR performed at high magnetic field
(18.8 T) we provide a detailed analysis of both local and medium range.&rddrkis
helps examine the cross linkages and the modification of structural units in the base
phosphate glass as 10 #fobf 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 Mlsmatch
Generated Relaxation for the Accommodation anadpart of the IONS), we construct
scaled representations of conductivity and permittivity spectra of experimental
isotherms’#° The spatial extent of locakz diffusion of the mobile ion can then be
calculated within this model for each composition ithbsystems. This is typically a
material property, and the trend it displey’$4¢ 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; increasecfease) 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 theodel, 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 a
length the various influences the local netwdrkicture has both on the locad diffusion and
onthe ionic mobility, and present our inferences on their impact on the diffusive ion dynamics in
the two systems.

2. Experimental

2.1Sample Preparation andharacteriation

Glasses in the system 400-H(60-x)P.0s-xGeQ ( 0 @ 2% mol%) were prepared from
analytical grade LCOsz, HsPOQw and GeQ in batches of 10 g using Pt crucible. First, the
homogeni zed starting mixtur e $ouns®removswatemahdy h e a
then melted in covered Pt crucible at 11ADCC. After 15 minutes heating at this temperature,

the obtained melt was poured into freated graphitenolds to form suitable glass blocks.



Obtained glasses were annealed for 30 tesat 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 densitymy was determined by the Archimedes method. The odetHies on
comparing weights of bulk samples in the air and in an immersion liquid. As an immersion liquid
toluene isused. The molar volum®&pm, was calculated using the expressian=M/r, whereM is
the molar weight of the glass. These are presemtédble 1. For system B, the procedure is
similar, and for details see Ref. 44.

The study of the thermal behawiof glasses was carried out for system A using the differential
thermal analysis (DTA) with the equipment DTA 404 PC (NETZSCH) operating DEC mode.
Measurements were carri ed uuaerafloming atmbsphere@bt i n g
on powdered glasses (100 mgp @i 10 Gn) in an open Pt crucible. Details of dilatometric
measurements on the bulk samples in the temperature rangedf3LB0A Cdetaila of ecording
the Raman spectra on bulk samples in the range-280@m’ for system A is same as that done

for system B and is described in Ref. 44.



Table 1. Composiiton, density,7, and molar volume\wm, of the 40L2O-(60-X)P20s5-xGeO»

glasses.
Li2O/ mol% | P20s/ mol% | GeQ/ mol% | rND.02/ g cm? | VuN O / ¢&® 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 32.4
40 35 25 2.87 30.6

2.2NMR studies

The 3P MAS-NMR experiments performeoin system Al(i-O-GeQ-P-0s) were obtained at
162.9 MHz on a 9.4 T Bruker spectrometer. The experiments were acquireeham prbbehead
operating at a spinning frequenayof) of 12.5 kHzwith a 2.5ns pulse length (corresponding to a
p/4 flip angle), 16 accumulations and a recycle delay (rd) of 120 s*'Prend''B MAS-NMR
experiments performed @ystem B I(i20-B203-GeQ-P205) system were obtained at 324.0 and
256.8 MHz on a 18.8 T Brigk spectrometer using a prototype-héh 'B/3'P probe operating at
nrot = 20 kHz. The 1D*'P MAS-NMR experiments were obtained with a 26 pulse length
(corresponding to g/4 flip angle), 4896 accumulations and a rd of 180 s. TH& MAS-NMR
analyses were acquired with ad pulse length (corresponding tp/d2 determined on a liquid),
2048 accumulations and a rd of 2 s. The spatial proximity between the pleogpidaborate
species were analgd with the 20'B(3P) D-HMQC NMR segience’® A 11B p/2-t-p-t selective

spin-echo, recorded with a 18 lengthp pulse, is modulated by two lengthp/2 pulses applied



on3P. The heteronuclear dipolar interaction is recoupled using a 1 ms lengihp8Ré scheme
on the3P channel. Aglemonstrated 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 werecorded under rotesynchronied conditions o= 20 kHz)
with 256:512 accumulations and 2 s rd. The 2B/*'B maps were edited with a DQ NMR
sequence specifically designed for quadrupolar ndtlEhe 2048 x 70 acquisition points were
recorded atrot = 20 kHz, under rotesynchronized conditions andetthomonuclear dipolar
interaction was recoupled during 288 using a BR2 recoupling scheme composed of twoiR2
pulse schemes followed by two R2pulse schemes. Each t1 step was acquired with 256
accumulations and a rd of 2s. THB and3'P chemical shifts were referred to NaBihd HPO:
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 diametere 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 analy@dovocontrol AlphaAN 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 accur acy Isbf eduidale@circkit. modeléng ased to analgzthe impedance
spectra are discussed in Ref. #He values of the resistance obtained from the fitting procedures,
R and electrode dimensionsig sample thickness afdis electrode area) were used ttcotate

theDC conductivity,soc = d/(RI A). In this work, as the focus is on examining the scaling features

1C



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

MIGRATION concept/#°® belongs to the class of jump relaxation motiéfswhich was
originally developed by K. Funke. It uses a simple but realistic physical picture to describe the
relaxation processes themsue as a function of time in structurally disordered materials after an
ion hops from its site at t = 0 to a neighboring ssex(Leitmotif, AppendixB).

A time-correlation factor7 o hthat gives the probability that the hop is still successful, is
defined. This function helps describe relaxation along the spagkicle route. Concurrently,
along the mamyarticle route, relaxation begins. This is governed by the decay of a mismatch
function,C 0 8This mismatch function represents the normaliipdlemoment and is a measure
of the dipole field generated by the hop of
this field, and over time both its range and magnitude decays. The first rate equation ensues from
the condition that the ratd decay of7f 0 needs to be proportional to the decay of the mismatch
function,C 0. Two further equations are set up using the boundary conditians atand as
00 H8Since these are coupled equations, they can be solved to yield a solufforofbrin a
scaled notation for 0 8See,Formulation of the Modek\ppendixB.

Themodel scaled conductivity spectra in the frequency domain@eegection to Conductivity

Spectra AppendixB) is then constructed using the equations:
A1 — p 1 2 7 0 p 00FTO A (1)
R ] —OR] R 7 0 p OA1100 Ao. (2)

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

isotherms to yield a scaled spectrum. The next two equalities describealsbof thesescaled
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specta can be reproduceds model spectt In Egs. (1) & (2), the quantity 1 j1 his the
scaled angulairequency and is the angulafrequency where the conductivity dispersion sets
in. Other quantities of the first equality in Egs (1) & (2) are explained below twetngodelfree
approaches to scaling experimental conductivity spectra.

In the first @gproach, the real part of the conductivity is plotted
asl T €' Y £ "Y uil I’@AK "Y 8In glasses with sufficient concentration of mobile
ions, this typically yields a scaled spectrum. This scaling procedure due to Sumffénfiglie:s
timetemperature 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 generatedibgipg R RrRH  JIYO il 1@
K "Y .HereR Hb is the permittivity due to faster electronic relaxation processes and not related
to the slower relaxation processes connected with ionic hoppimg. is another form of
Summerfield scaling since hoppingrpof conductivity and permittivity are related to each other
as: A Q- rh where the hat over the two quantities represent that they are both complex
guantities.

However, when concentration of mobile ions in a glass is very low, the averagegigmgth
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 quamit@yrR £ was used by Sidebottéfh
in scaling conductivity and permittivity spectra. Hee8 RT RHb i s t he nAdiele
strength of relaxationodo and the wpaasitlasthes def i
dimension of time.

What is evident from Egs. (1) & (2) is that the model spegmnerated 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 scaldtelpuency plateau and the
localized displacement. From Eq. 2, one can write

RT 1 ®» _ 7 06 p A8 (3)

In terms ofR 11, the spatial extent of localized diffusion can be written as:

O B0 —3— (4)

See Estimation of Spatial Extent of Localized Diffusiéppendix B for details.

The xperimental spectra are modelled and scaled as follows: Firstly, using model spectra with
various values oK, but arbitrary large value ¢&f AT AE O Bb  mh(see,Parameters of the
Model, Appendix B),the model spectrum is superimposed on an experimentaluctivity
isotherm.The information needed for this is the DC conductivity, . Once a proper choice of
shape parametek is made that reproduces the shape of any one experimental isotherm, the
parametenv that marks the onset of conductivity dispersisrdetermined precisely for each
conductivity isothermUsingw AT A hand using the first relation indicated in Egs. (1) & (2),
scaled conductivity and permittivity spectra are generated for each cdiompo3ihe model
permittivity spectrum that reproduces the scaled experimental permittivity spectra is generated
using a suitable value of the paraméNér ) yielding the value of the experimental 1 plateau,
the error being about 5% or less. The valithe spatial extent of localized diffusion of the mobile
ion is then calculated using Eq. (4).

4. Results and Discussion

Thedetails of the thermal behaviof system A as a function of Ge€ontent is presented in SI
(see S1.1) The trendbbserved in the gks transition temperatui®, in systemA (SI) andsystem
B4 as a function of relative GeQrontentis taken up for discussion in the last section,

comparsonwith trends observed from electriaanductivitystudies
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In this section, we first odll present the results on Raman spectra in a comparative manner for
both system A: (40LD-(60-x)P20s-xGe) and system B: (40bO-10B203-(50-x)P205-xGey),
0 O x O 25 mol % and discuss them. This sets
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 thel spaéat
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 comparingoteeof four coordinated and six
coordinated germanate tsin the process of depolymeation 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 literautata obtained for the previously studied germanophosphate

glassest>*

14
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Figure 1. Evolution of Raman Spectréa) system Ai ternary lithium germanophosphate glass

and(b) system B quaternary lithium borgermanephosphate glags as a functiorof 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 glassisture in that a) it depolymess the phosphate network, as
is evidenced by the presence of symmetrietshing of pyrophosphate chains! (@its) at around
703 and 1100 crhand b) the intensity of the various bands, symmetric streteg{REg») of both
Q? and @ are higher. Also, note that the values of peaks for system A & B do not exactly match.
This oould 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 urfits
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For x>0 mol%, the evolutio of the spectran system A in contrast to system B, shows a good
preservation of the peaks untikxt0 mol%. The main Raman band at 14473 cm' ascribed to
the symmetric stretching vibration of nbnidging oxygen atoms in Qunits* nearly does not
change its positioim the concentration range 050 - 10 mol% GeQ, which corresponds to only
small changes in phosphate structural units. Further, the emergence of timit&at around 571
cmrt units is barely discernible at=x5 mol%, butbecomes broader and clearer beyond 20=
mol%. Beyond this, the-P-P linkage represented by the peak at 672 @replaced by broad
shoulders and reduction of the peak, with broad bands between 550 and63bismould imply
formation d Ge-O-P linkages right from » 5 mol%, however with progressive replacement of
metaphosphate chains{@nits) with pyrophosphate chains(@nits). In a study on potassium
germanophosphate glasgeshe authors recall that the signal at 531'ctan be attributedo
presence of thremembered rings as seen in alkali germanate glasses with low alkali contents,
and the signal at 650 chto the presence of vibrations associated with@ &€ units®in binary
germanate glass. Howeveirectevidence from Ramarpsctra for this is weak.

In system B already for x= 10 mol%, we see the signhads of bands corresponding te=25
mol% of system A. As mentioned earlier, the peaks are lightly different having been mbdlified
the constant but low borate content. Hence, for x between 15 to 25 mol%, we observelin Fig. 1
a significant increase in the broadness and intensity of the bands between 400 and. Bifcem
there is no way of resolving what exactly is responddai¢his, at best we can conclude that cross
bond linkages of G©-P increases, as also an increase of NBOs since orthoptesphts are
also present atx 25 mol% In short, in system B, the presence of low but constant borate content
causes astrong modification of the phosphate network and increases the cross linkages of

germanate units of both fouand higher coordination.
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4.2NMR studies on systems A and B
To start with, we present results from fie MAS-NMR experiments obtainesh system A
(40Li20-xGe-(60-x)P20s glass serigsin Fig. 2. Broad signals can be observed which are in
good agreement with previous analysis of mixetwork phosphate glassgg820.25264041 Ag
expected from the formulation, the binary composition (40t60P:0s) presents two components
(Fig. 2) at-40 and-26 ppm that can be assigned t® d&dd @ 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 @ssignments.

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. 3P MAS-NMR experiments performed on system A, the 40exGeQ-(60-x)P20s
glass system. The spectra are accompanied by the decompositimsn@eérwith the dmfit

software?°
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Table 2.3'P NMR parameters obtained with a Gaussmtel. Chemical shiftsdo), full width
at half maximum (fwhm) and relative proportions (rel. prop.) are given with errors @2+pm,

0.2 ppm and 2%, respectively.

GeQ Q" dso /| fwhm /| rel. GeQ /|Q dso /| fwhm /| rel
 mol% ppm | ppm (E}(r)op./ mol% ppm | ppm (;))/(:op./

0 Q3 -40.1 | 16.3 33.0 |15 Q? -39.3 | 16.5 3.0

Q& -26.2 |10.1 67.0 Q? -23.4 | 10.3 50.0

Q! -4.5 6.2 1.0

5 Q3 -39.9 |16.3 14.0 Q%cee |-315 [12.7 22.0

Q& -24.6 |10.1 64.0 Q%ce |-159 |9.7 24.0

Q%ce |-345 |127 22.0 |20 Q3 -39.2 | 16.5 15

Q? -23.1 | 105 36.5

10 Q3 -39.2 | 16.5 7.0 Q! -4.4 7.3 3.5

Q& -23.4 |10.2 63.0 Q%ce |-30.8 |12.9 15.0

Q! -4.5 6.2 0.5 Q%ce |-14.7 |9.8 43.5

Q%ce |-32.0 |12.7 26.5 |25 Q? -21.9 105 25.0

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

Q%ce |-29.1 |10.5 8.0

Q%ce |-13.3 |10.5 57.0

Q3%ce | 0.8 9.18 2.0

When GeQis introduced ito 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 componer®84d& ppm that is thus

assigned to a P connected to Gns. At x= 10, a fourth signal appears-a4 ppm that can also
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be assigned to a second phosphate site connected*tio@e Finally, at high Gefxontents, this
species becomes the dominant signal and two low intensitglsigppear a# and 1 ppm. The
first site can be assigned té §pecis from previous investigations on the2O-P-0s system and
the site at 1 ppm has to be attributed to a third phosphate species connectéddosG&hese
results are visually repad in Fig. 3a by presenting evolution of relative proportion of each
phosphate species. At low Getbntent (0< x < 10), the Q species are significantly consumed
to create the first mixed units @4.5 ppm). Therefore, it can be reasonable admittedHhisssite
is created through the reactivity betweeha@d Gé* according to the following mechanism:

2P +GeQA 2Q%ce

In the notation @ce the supescript 3 refers to thd bridging oxygen4 of whichlinks to Ge**
ion and (3-1) of which link to P°* ions Note that the corresponding phosphate species is
metaphosphaté hus, thismechanisnshowsthat while the phosphate netwodepolymerzes,the
global glass network reticulationcreases

It is noteworthy that the chemical shift values ostkite (34.5 ppm) lie between the values of
Q3 (-40 ppm) and &(-26 ppm), which also supports our assignment. At higher-Ge@ents (10
< X < 20), the G andQ®1ce Species decrease in favaf the second mixed specied4 ppm). We
believe that this site is @%ce species created through the reactivity between orté iGe and
Q31ee but also from reactivity between two Géons and @ sites. Only a slight modification of
the phosphate nsbrk can be observed at=x25, with the appearance afthird mixed species

assigned t@°sce Units accompanied by@noieties
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Figure 3. (a) Evolution of the @ relative proportions deduced from ti3dP MASNMR
experiments decomposition; (b) Number of POGe deduced froB1EhBIMR experiments (open

squares) and number of P connected to Ge ions.

Two structural parameters were calculated from3fe MAS-NMR spectra decomposition.
First, the total numbeof POGe linkages was obtained from the relative proportion of each
phosphate species and the number of Ge attached to each phosphate species (i the Q
notation). The results are reported in Fig.a3lopersquares, whickhows a continuous increase

of the POGe bonds with the Ge@ontent. 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 @i$ahe number of P attached
to each G& 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 numbr of Ge
ions in the formulation and areported in Fig. 3lasfull circles. This number, denoted as n in the
Ge(OP)n notation, is equal to 4.8 in the & glass and decreases with the Ge@ntent down to
3.86 in the x= 25 sample. Moreover, if we were to assume that no direct GeOGe bondurg oc
in the investigated composition range and th&lt @as are present under Ge(@B9nfiguration,
then n is directly related to the Ge coordination stateerefore, Fig. 3b suggests that at low GeO
amounts, germanate is present as a mixture of &t sixfold coordinated species with almost
equivalent proportions or mainly under fif@d coordinationstate This supports the findings
from O K-edge XANES studies on alkali germanate glagsEsidence for the existence of five
coordinated stateds also been obtained using neutron scattering measurements in cesium
germanate glassé%®’ In the 10- 20 mol% range, the sigoordinated species tend to decrease
with the addition of Geg&Xo be replaced by Ge(Ofpecies. At high Gefxontent (< 20mol%),
the average number of P connected to Ge is lower than four, suggesting“hian&arefour-
fold coordinated and that GeOGe bonds have been formed. Raman spectra for this system also
support the idea ?#fOGecross linkages ahshow a continuousegolymeriation of the phosphate
network. However, more strong statements on the relative intensity of bands duestar@eO
GeOs units could not be made.

We now turn to resultfor system B The 1D''B and3*'P MAS-NMR experiments performed
on the 40Li0-10B:0s-(50-x)P20s-xGeCG: composition line are presented in Figure 4,

accompanied with representative decomposition otBé&NMR analyses (dotted lines). TH&
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NMR experiments present wedeparated regions for thé @5/5 ppm) and 8(0/-10 ppm) units
(Fig. 4a) allowing for a quick and efficient' K& B#/(B*+ B2)) determination but also for a detailed
analysis of the borate speciation. The spectra show the presence of tveodetiaated species
at-3 and-1 ppm and one ttoordinated unit at 16 ppm. All the NMR parameters deduced from

the decompositions are reported in Tab. 3.

N
i:&
e N
A

T T T T I I I I | | |
20 10 0 -10 0 -20 -40
1B chemical shift / ppm 31p chemical shift / ppm

Figure 4. 1B and 3P MASNMR experiments performed on the 48DixGeQ-10B20z-(60-
X)P20s system. Thé'B NMR spectra araccompanied by representative decompositions showing

the different borate species (dotted lines).
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Table 3.11B NMR parameters. Band B units were simulated using taussiamnd quadrupolar
models, respectively. Chemical shiftdisd), full width at half maximum (fwhm), relative
proportions (rel. prop.), quadrupolar constang)(@nd asymmetry parametérg) are given with

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

X | B* | diso / | fwhm rel. prop. /| B® | diso /| Cq ho | rel. prop. /
ppm | ppm % ppm MHz %

0 [B%|-3.9 2.1 100

5 | B4 |-3.7 2.2 95.0
B% | -1.8 2.1 5.0

10| B% | -3.5 2.1 81.0 B3 | 15.9 2.7 0.5(3.0
B% | -1.2 2.4 16.0

15| B% | -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 0.5/95
B4 | -1.0 2.3 61.5

25| B% | -2.9 2.1 18.0 B3 | 16.6 2.9 0.5|28.0
B | -0.8 2.3 54.0

The evolutions of Rland of the relative proportions of the three borate species are sketched in
Fig. 5. As shown in Fig. a insertion ofGeQ tends to decrease thée* Katio by inducing the
formation of B units from the tetr@oordinated species present in the base composition. The
obtained curves also show that the borate speciation is dominated at lowdbéght (10< x <
20) by the B: units, this latter decreasing at higher x at the benefit of thefdgcies. Above 20
mol% of GeQ, the borate speciation is modified by the replacement oftheniés by the trigonal

B2 species, although the borate network is always dominated byctetrdinated borate units. It
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appeared thus crucial to determine the structural characteristic of the timit$ In LeO-B20s3-
P20s systems, B site was assigned to*Bttached to 4 tetrahedral species (P Ynihereas the
second site 8 was assigneatB* attached to at least oné Signal. Correlation NMR was applied
to our system to confirm this assignment or to determine the effect of theiGe@on on the

borate netwrk organization.
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Figure 5. Evolution of the By, B* and B borate species and of thé itio in the 40LiO-xGeQ-

10B20s-(60-x)P20s glass system.

Representative results abdtB/'B homonuclear NMR are displayed in Eiga andeb. Fig.
6a represents the 1D filterééB spectra obtained with thHéB DQSQ NMR expriment. This
sequence was used to produce I ONMR spectra only showing the borate species spatially close
to other borate species, i.e. involved in BOB linkages. TH&s#ltered NMR analyses (Fig. $a
for the x=0, 5, 20 and 25 samples) presenbargsignal to noise ratio suggesting that the number
of borate involved in BOB linkage is low. At low Ge®©ontent, low intensity signal showing

interaction between 4 units can be observed in a good agreement with the B(QXF P, BY)
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assignment. At x 20, the filtered spectrum shows that both&hd B participate in the formation

of BOB bonds. While the 1D spectra support the previous assignmefy tof B(OX)sn(OB3)n,

the 2D map afford original insight. Indeed, while the 2D was supposed toncdhérpresence of
B4-O-B2 bonds through the appearance otditfgonal signal between these two sites, only on
diagonal signal involving 8and B units can be observed. This unexpected result indicates that
no B*-O-B2 bonds exist in the glass network ahdt the assignment determined fosQ@-iB20s-

P20Os system is not suitable in our compositions. Insertion of G&@nificantly alters the
borophosphate network by suppressing th&OH® connectivity. We propose that the
environment of the second Bite ismodified in this system by Geions (and not Bas in previous

system) leading to a B(3)n(OGe) assignment.
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Figure 6. Correlation NMR results: ¢a) 1'B/*'B homonuclear correlation NMR: 1D filteredB
NMR spectrum (a), 2B'B/*'B correlation mp obtained on the x 25 sample (b). (d) 1'B/21P

heterenuclear correlation NMR: 2B'B/*'P maps obtained on the=s (c) and 25 (d) samples.

Now we can turn our atteoth to the phosphate first anadgk 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
system&820, Only a global shift towals positive chemical shift values can be observed when

GeQ is introduced in the formulation, indicatiragn overalldepolymerization of th@hosphate
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network Deeper analysis of th8P MAS-NMR experiments is permitted by the edition of 2D
11B/31p correlaibn maps. The 2D maps recorded on the5 and 25 are reported in Figc &nd

6d,and the other 2D maps are presented is& S2)The 2D maps are accompanied by

and3'P 2D projections in the horizontal and vertical axes, respectively, hrasemnt the borate

and phosphate species involved in POB linkages. The 2D maps show a first type of POB bonds
involving the B'1 units at low Ge@content. This latter is then accompanied by a second linkage
between the B8 and phosphate units. It is notenthty 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 ovaterpretation. A detailed analysis of the ¥ MAS-NMR

spectra usinghe 3P projections of the 2D maps as input parameters is described and presented in
Sl(see S2)The results show that the phosphate and borophosphate networks are strongly impacted
by the insertion of Ge atoms. Presence of phosphate species conndxissteénly, to borate

and germanate and of phosphate connected to germanate asodesermined. Altogether, the
network appears to be compoday 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 tmember ofconnected G¥ ions, rendering thus the
desciption of the phosphate network only qualitative. However, unexpected results are provided
by our 2D NMR analysis. Indeed, no interaction betweénaid P is highlighted by our
experiments even at high Ge€ontent where the proportion of Beaches 30%ere again, a

major difference is observed between our system and standard borophosphate network where B
sites do mix with phosphate to create bonds. Insertion ot @@€3 not allow for the creation of
these mixed linkages and sinc&i8only connectetb other B units (Fig. 6b)it turns out that the

global network presents a significant degree of inhomogeneity with the mixing togetterrof B
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and Ge separated from-trbordinated boron that are only attached to otfemits and probably
Ge atoms.
4.3 Conductivity spectra of systems A and B

Fig. 7ashows the frequency dependence of the ionic conductivity at different temperatures for
system A with 15%5eQ content. Typically, each isotherm in ionic glasses exhibits two features
of interest for understang the ion dynamics: a plateau (DC conductivity) at lower frequencies
and dispersion at higher frequencies. The-d@@ductivity is related to diffusive or translational
motion of the ions, and is hence activhtehowing an Arrhenius behavi@f. Fig. 3in Sl). The
dispersive behavras attributed to correlated forwatzhckward 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 {saquency 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 Fig7a that in the frequency range covered by impedance spectroscopy for the
isotherm a13 K and below DC conductivity is not yet attained, while above 3@k is no
dispersive behavicobserved. The permittivity spectra are displayed inRige7b for the same
temperature range. We see that at higher frequencies, the real part efmtiigyity tends to a
constant valueg(= ), 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 lefrequency plateaues, denoted as the lefvequency static value
which is associated with the polarizatioheets of the ions with respect to the immobile glass

matrix. It is not always easy to determine the dielectric strength of relaxéionr R Hb hin
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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 kig. 7.
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Figure 7. Conductivity(a) and permittivity spectréb) as a function of temperature for the-Ge

glass (system A) measured at different temperatures. See Ref. 44 for similar spectra for system B.
After removing the cotributions of electrode polaasion effects, the isotherms for the various

glass compositions can be scaled using the relations giviegs. {) & (2). Scaled conductivity

and permittivity spectra are shown for system B with 10 mol%BeBig. 8. It is found that for

all glass compositions studied here, the model spectrum with shape patam&@&reproduces

best the form and shapéthe experimental conductivity isotherms as shown in8&agrhis value

for the parametef is typical for many singlalkal ion conducting glass&s*with medium alkali

oxide content and containing oxides such as borate, germanate or phosphate. This result confirms

results of previous work on sodium borophosphate glaésesther, it is found that the logarithm

of the frequency of onset of conductividispersion] T A& determined for each isotherm by

shifting the experimental conductivity isotherim] sCn Ts on to the model curve, lies on a

line of slope one.
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Figure 8. Scaled experimental conductivif@) and permittivity (b) spectra superingsed on
corresponding model curves wih= 25,K = 2. In the right hand panel, tire 1 plateau values

are obtained by usimge) = 0. 08 N 0. 01.

Fig. 8 also shows model curves for the scaled conductivity and permittivity spectra. Displayed
in theFig. 8b are three model curves for different value of the parameter for the vallfe odue
to the spread in the value of the experimental scaled permittivity plateau, As shown in
Appendix B (left pankeof Fig. A2 in Parameters of the Modelhe value oN(2) 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-%.

Using thevalues forr T for each isotherm, using E4.the value of 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 about2b, reflecting the error iR 1T . As expained in Appendix A,
Sidebottom and cworker$® calculated a characteristic length, L, as typical lewsgtie for

diffusive motion, using the simple NerrSinstein relation between D&nductivity,spc, and
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diffusion coefficient, D, from the equationt LE,';IG“T# 8See Appendix A for details. For

calculating either Lor O = 8 hthe number density of mobile iorldy, is needed. This is
calculated for all compositions of system A using details on density and volume giverdariTab
For system B, these details are available in Ref. 44. Note, however that the density of the glass
composition corresponding to 25 mol% Gegontent for system B is unavailable.

In order to understand the loca and diffusive ion dynamics as a ¢tion of germanate
content, various quantities of interest are plotted in four panels 03 Figboth systemgésee the
tables in S3 of SI)All quantities that are plotted are temperatimgependent. The bottom panel

shows the variation af and thetcopmost panel the variation dfe spatial extent of the locadid

diffusion, O =& 8 8n the second panel from the bottom the factdt- is plotted, which is

proportional to the product 3 8Recallfrom Eq.(2) (cf. Sec. 3thatr 1 plotted in the third
panel from bottom is a productiof DR YR A  hwhichisthescaledSidebottom timetsg,s817:4
Note that, ;icer Tt is scaled by the angular frequency at the onset of conductivity dispersion, it
is proportional t&/r JYand is aémperaturéndependent material property for systems thuty

Summerfield scaling®
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Figure 9. Plots of various materiaependent properties as a function of the relative germanate
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Now moving on tesystem B which is ternary for x 0, and quaternary for x &, we observe
interesting feature#\ general point is thal is higher for these glasses in comparison to system
A. This could mean a more compact network, and could result in smaller valu€3 ofz 8,
see Eq(4), if all other factors were similar to that of system A. Howewer observe from Fid.
tha 0 shows a near linear increase; the produc) remains nearly a cot@t increasing a
little until x = 15 mol%, a levelling off at x 20 mol% On the other hand, the value f 1t
varies alternately up and down for each increase of the germamadmtcbetween 3.0 and 4.0.

Here the trend shown by O 2 8 is found to be similar to that exhibited &y T,
modul ated down in magnitude, varying between

In Fig. 10. we plot the two length scales of ion dynamics, onegpertg to bcalized diffusion,

O = 8hand 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 scalesletailed analysis has shown that in glassy materials where
polarizabilities do not play a major role, the two are proporti&dl® On a perusal of FidLO0,
where the two length scales are plotted versus charge carrier number density, followieg featur
can be clearly discerned: (i) in system A, bothO 2 28 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 fairlystamt but mildly fluctuating values of

O = 8 indicating that increase of germanate content has less influerdiéfusive ion

dynamics. These and other aspects will be considered in the next section.
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Figure 10. Comparson of spatial length ddcalized diffusion and Sidebottom length as a function
of number density of mobile ions for systems A &NBote that increasinglv correspond to

increasing mol% of Gegirom 0 to 25.

5. Correlations beteen local structure and locaid and diffusive iomlynamics

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 Bjghat the value of O = 8 in the binary
system 40LO-60PROs(x= 0 mol %, system A) is about 0.9 j
of 0.73 j obtained .1%n tisein dldss) as inbowirr bmgnh glassphbre, t e
structural stdies show that metaphosphates to ultraphosphates is in ratio 2:1 (see Table 2, and
Ref. 15).However,at room temperaturepc of 40Li2O-60P:0s is about five times larger than that
of 40Na20-60P.0s at room temperatur&Vhile alarger value of O & 8 canimply that
the potential well$or the mobile ios are shallowet! possibly the smaller size of the cation plays
an additional role iiding its mobility. Thus, given a similar network connectivity, a larger value

of rms of localzed diffusiorseems to be directly correlated with higher conductivity.
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Further, an increase in O & 8 for our system A, i.e., 40bO-(60-x)P20s -xGeQ from
0.91 to 1.16 | already happens when x changes
mol%.Asi mi | ar increase from GO-GOXKBDOH(1L-8)EH], "1 . 0
for the characteristic lengtcale of hopping, as x increases from 0 to 0.4, implyut@sBontent
increases from 0 to 24 mol%.In borophosphateystems, with either sodium or lithium as the
mobile ion, the MGE is caused byhe increase in anioniB* units as a function of increasing
borate content$and also due to increase in cross linkages of the pyrophosphate vthuthies 2°

However,both from Raman spectra adP MAS-NMR studies (Figs. 2, 3 and Tal®) we see
that thephosphate networkreaks upandthe crosdinkages POGe increases continuously. The
trendshown by open squares in Fig. 3b matches those shown by the second anobfoelrtor
system A in Fig9, signaling that increased network connectivity provides shallower potential
wells!” and a steady increase the spatial extent of locakd diffusion.The trend shown by
decrease of n, thathe number ofce attached to each ion decreases (blue triangles of Fig. 3b)
provides onlyan indirect evidence of Ge/Ge mixinghich is alsosimilar to thetrend displayed
byr T for system A(the third panel from bottom in Fi§).

Another aspect that we observe from NMR results i@ 2b Fig 3), is that although the cross
linkages of PO-Ge is modest@3ice up to 10 mol% Gegcontent, it produces a steeper increase
in DC conductivity,Tqand O H  88From 15 mol% Ge@content, the growth of cross
linkages Q%2c¢) 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%ixed species 0fQ%ce type, together wih

inhomogeneous GeOGe linkages and hence isolated aftbnumgeneous germanate units (also
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indicated in Fig.1), which might also provide additional basins for thé ibn, causing an
enhancement in thease of ion transportiocalized or diffusive.

Let us now consider Fid.1. The similarity in the behavi@f Tg andsoc has been discussed and
is recognized as a typical signatureatiali containing MGF glassé%!/2%23n borophosphate
glasses, it ha been attributed to depolymextion of phospate network, accompanied by
increased network connectivity that facilitates ion transport due to formation of tetrahedrally
coordinaed borate unit$>.2°What is remarkable in system A is thhé nonlinear increase is
steeper iffg andsopc. For example as x goes from 0 to 20 mol%, system A shows an increase of
about 200 K inTg and a four orders of magnitude increasson and a 30% increase in the value
of O H  28In this same range of x, system B shows an increase of aboutih0Q Knd
about two orders of magnitude increass g, and a narrow range but fairly remarkable variation

in O Hb 8.

Figure 11. (a) variation of glass transition temperatufg, (b) variation of DC conductivitysoc
at 303 K andc) variaion of spatial extent of locaked diffusion as a function of germanate content

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

Using Fig.11, and moving on to system B, we considertdraary glass (0 mol% Geg) and

make acomparison to similar composition in the Zielk sodium borophosphate glag®NaO-
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