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ABSTRACT
As alternative energy sources continue to increase their production, there becomes
a higher demand for cost-effective, safe, and energy efficient grid storage. Solid-state
batteries are becoming of increased attention due to the demands for grid storage of
alternative energy production, especially on days when these sources are under
producing. As these solid-state batteries are being developed, many aspects of these
batteries are being researched to optimize safety, cost-effectiveness and energy density.
Current lithium-ion batteries have been scrutinized due to their safety concerns utilizing a
flammable, liquid electrolyte. These concerns may be limited by replacing these organic,
liquid electrolytes with an inorganic solid-state electrolyte. Of particular interest are
glassy electrolytes. Glassy solid-state electrolytes prove to be an advantageous
competitor due to the relatively low manufacturing costs and increased safety. In
addition, properties of these electrolytes (i.e ionic conductivity, density, glass transition
temperature, etc.) can be modified due to the mixed glass former effect (MGFE) which
occurs when varying the ratio of glass formers from one binary system to the other
through a ternary system. Physical and electrochemical properties vary in a non-linear,
non-additive trend as the composition, and subsequently the structure, is changed. The
structure and physical properties of three glass systems, 0.2Na2O + 0.8[xBO3/2 + (1x)GeO2], 0.6Na2S + 0.4[xBS3/2 + (1-x)GeS2], and 0.6Na2S + 0.4[xBS3/2 + (1-x)SiS2], have
been examined in an attempt to understand the MGFE. By examining an oxide and a
sulfide system, it will be seen how substituting one anion for another affects the structure
and the physical properties of these glassy solid-state electrolytes. The glass structure was
examined through Raman, infrared and NMR spectroscopies. Glass transition
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temperature was obtained through differential scanning calorimetry. Ionic conductivities
were obtained using impedance spectroscopy. Densities were obtained using the
Archimedes method.
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CHAPTER 1.

INTRODUCTION

1.1 Dissertation Organization
This dissertation is organized into 7 chapters. Chapter 1 discusses the background
information into the Mixed Glass Former Effect, experimental procedures, and proposed
research.
The second chapter discusses the short-range order (SRO) of the sodium
borogermanate glasses, 0.2Na2O + 0.8[xBO3/2 + (1-x)GeO2]. The structure of these
glasses are explored using Raman, infrared (IR) and 11B magic angle spinning solid
nuclear magnetic resonance (MASS-NMR). The sodium borate binary, 0.2Na2O +
0.8BO3/2, corresponds to the Na3B3O6 isolated six-membered ring. The sodium
germanate binary corresponds to the enneagermanate structure consisting of a mixture of
GeO4 and GeO6 units which are all bridging units. Upon mixing of these two systems in
varying ratios, keeping the modifier content constant, the units react to form B 3, B4, with
a small contribution of B2, Ge3, Ge4, and Ge6.
The third chapter will examine the analogous glass system to the sodium
borogermanates, the sodium thioborogermanates. It will include the glass formability of
0.2Na2S + 0.8[xBS3/2 + (1-x)GeS2], 0.5Na2S + 0.5[xBS3/2 + (1-x)GeS2], 0.64Na2S +
0.36[xBS3/2 + (1-x)GeS2]. The focus will be on the 0.64Na2S + 0.36[xBS3/2 + (1-x)GeS2]
due to its stronger glass formability.
The fourth chapter will explore the structure of a sodium thioborosilicate system.
A structural model for this system is developed from the infrared (IR), Raman, 11B Magic
Angle Spinning Solid Nuclear Magnetic Resonance (MASS-NMR), and 29Si MASSNMR spectroscopies and will be discussed in further detail.

2
Chapter five will examine the MGFE with respect to the ionic conductivity.
Further investigation into the structural effects on the ionic conductivity are discussed.
The Christensen Martin Anderson Stuart Model is employed to model this system and is
seen to be in good agreement with experimental activation energies.
The sixth chapter will detail the glass transition temperatures and densities of the
sodium thioborosilicate system. The mixed glass former effect will be examined in both
of these properties along with the molar volumes calculated from the densities. An
explanation for the trend is given.
The seventh and final chapter will summarize this dissertation with general
conclusions and focus on possible future work expanding upon the MGFE. This chapter
also includes an acknowledgements section for this dissertation work.
1.2 Dissertation Introduction
In 2015, a global pact known as the Paris Agreement was reached amongst 195
countries including the United States. It plans to limit global warming below 2oC in the
coming years call for the decrease use of fossil fuels, which are unsustainable, and move
to more green energy sources.1 Milestones have already been reached in using green
energy such as wind energy which now accounts for 28% of the electricity generated in
Iowa in 2014.2 In addition, research is being conducted to improve the ability to store the
energy generated to further increase the impact of green energies. A key aspect of energy
storage lies in improving battery technology to meet the demand of energy storage. In
developing new energy storage systems, specifically batteries, all-solid state batteries are
proven to be an advantageous and an obtainable possibility.
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1.2.1 Solid State Batteries
Currently, the highest energy density battery is the lithium ion battery, while
lowest cost is still the traditional lead-acid battery. Lithium ion batteries are especially
used in many portable devices such as computers, mobile phones, and electric cars. The
high gravimetric energy density of these batteries is, in part, due to the light weight of
lithium. However, lithium ion batteries utilize a graphitic anode which lowers the energy
density of the battery due to the lithium stored per carbon atom of Li1C6. As a result, the
theorectical capacity of a lithium ion battery is utilizing a graphitic anode about 370
Ah/kg of graphite.3 In a battery that uses a graphitic anode, lithium ions are intercalated
in between the layers of the graphite. These graphitic layers add volume to the anode and
thereby decrease the energy density of the anode material. In practice, the ideal anode for
a lithium ion battery would be lithium metal. However, battery operation and safety
concerns arise when lithium ion batteries utilize a lithium metal as the anode material.
Dendritic lithium formation at the anode presents safety concerns if lithium dendrite
reaches the cathode and short circuits the battery. If the battery does short then rapid
heating may occur and ignite the flammable, liquid electrolyte that lithium ion batteries
use.4
All-solid state batteries are a viable alternative to lithium ion batteries which
would allow the use of lithium metal as the anode material. All-solid state batteries
utilizing a solid electrolyte could suppress the formation of lithium dendrites thereby
eliminate the safety concerns.5 Futhermore, by using a solid state electrolyte, the energy
density could drastically increase having a theoretical capacity of 3860 Ah/kg which is 25
times higher than the typical lithium ion battery. 5
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While lithium batteries are particularly useful for mobile devices, the cost of
manufacturing such batteries can be quite expensive since lithium is limited in supply
with an average mass fraction of about 20 ppm in the Earth’s crust. 6 Due to the rarity of
lithium, the price of lithium is rather expensive. On the other hand, sodium is rather
abundant in the Earth’s crust and provides an inexpensive alternative to lithium. 7
However, sodium is comparatively heavier which is disadvantageous for portable devices
such as cell phones and electric cars. But the weight of sodium batteries would not be an
issue for stationary energy storage systems such as wind turbines. These types of batteries
would prove very beneficial in storing wind energy, possibly increasing the amount of
wind energy that can be used.
1.2.2 Benefits of Glassy Electrolytes
While different solid-state materials are being examined, of particular interest are
glassy solid-state electrolytes. Glasses do not exhibit long range order or periodic
arrangement of atoms, creating an amorphous solid.8 The amorphous, open structure,
which would be conducive for ionic conductivity over a crystalline material. However, to
achieve high ionic conductivity there must be a high concentration of mobile ions, or
sodium ions in this instance. Unfortunately, using too much modifier, a component that
does not network with the structure but modifies its properties,8 would diminish the glass
formability of the samples. Therefore, a good balance of modifier and glass former, a
component that serves as the primary sources of the structure, 8 is necessary to optimize
the glass formability and ionic conductivity. The ions also need to be bound weakly to the
network to encourage conduction. These weakly bound ions would decrease the chemical
durability of the glass itself. To achieve high ionic conductivities, some compromises of
the glass formation, chemical durability, and the ionic conductivity must be made.
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1.2.3 Mixed Glass Former Effect
The current organic liquid electrolytes present some compromising characteristics
since they are very good ionic conductors but present safety concerns due to fires and
battery performance issues due to electrolyte decomposition. Typical liquid electrolytes
have ionic conductivities of ~10-3 (Ω*cm)-1.9-11 Glassy solid state materials are of
particular interest due to their ability to improve energy density while limiting safety
issues. Oxide-based glassy electrolytes have been widely studied like the sodium
germanates.12-14 For binary sodium ionic conducting glasses, typical room temperature
ionic conductivities are around 10-9 to 10-12 (Ω*cm)-1.12,13,15,16 However, an interesting
phenomenon occurs when mixing the glass formers while maintaining a constant
modifier content called the mixed glass former effect, or MGFE.12,17-19 This phenomenon
proves to be a solution that may optimize the glass formation, chemical durability, and
the ionic conductivity for their use as glassy electrolytes.
The mixed glass former effect occurs when the physical properties of the glass have a
non-linear dependence on composition upon mixing the glass formers. To get a better
understanding, fig. 1 illustrates the mixed glass former effect in the sodium
borophosphate system.12 When x=0.0, the ionic conductivity for the sodium phosphate
binary is around 3x10-11 (cm)-1 while the conductivity for the sodium borate binary at
x=1.0 is around 5x10-10 (cm)-1.12 Upon mixing the glass formers, the borate and
phosphate, into a ternary glass, it can be seen that the conductivity increases until
reaching a maximum at x=0.5 and then decreases. This non-linear trend in the ionic
conductivity exhibits a positive mixed glass former effect, or a positive deviation from
linearity with a maximum in ionic conductivity. On the other hand, the activation energy
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for ionic conduction exhibits a negative mixed glass former effect, or a negative deviation
from linearity with a minimum in the activation energy.

From this study of the mixed glass former effect, it can be seen that upon mixing
the glass formers the physical properties of the glass vary in a nonlinear trend. This
suggests that glassy electrolytes may be engineered in a way to optimized its physical
properties, not only the ionic conductivity but the density, glass transition temperature,
etc., based on the glass structure after mixing. It was also shown that the structure of the
glass reacted in such a way to form different units upon mixing where a P2 and B3 unit
react to create a B4 and P3.20 By creating more B4 units which delocalizes the charge on
boron to the oxygens, the sodium boron interaction is weakened allowing the sodium ion
to more freedom to diffuse through the glass.
1.2.4 Sulfide-based Glassy Solid State Electrolytes
Oxide-based glasses are very chemically durable making them easier to handle.
However, the oxide glasses are known to exhibit low ionic conductivities undesirable for
use as solid state electrolytes. For example, fig. 3 compares the ionic conductivity of an
oxide-based glassy electrolyte to that of the sulfide-based analog. It can be seen that the
ionic conductivity increases by 10-2 to 10-3 (cm)-1 when substituting sulfur for oxygen.
Figure 4 demonstrates the theory behind increase in ionic conductivity in sulfidebased glassy solid state electrolytes.20 There are two energy barriers the must be
overcome in order for ion conduction to occur contributing to the overall activation in
eq.1:
𝛥𝐸𝑎𝑐𝑡= 𝛥𝐸𝑐 + 𝛥𝐸𝑠

(1)
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The first is the coloumbic charge attraction, ΔE c, which takes into account the size of the
cation and the anion. If both the cation and the anion are small, then there will be a large
attraction creating a large coulombic energy barrier. If for instance the anion is larger,
like replacing oxygen with sulfur, then this attraction potential decreases, consequently
lowering the coulombic energy barriers.20
The other energy barrier is the volumetric strain energy, ΔE s, which is contributed
to the volume of the mobile cation. For the mobile cation to overcome the volumetric
strain energy barrier, the size of the cation must be relatively small or the “doorway”
radius must enlarge to accommodate the mobile cation. Equation 2 describes the strain
energy as proposed by McElfresh et al. which describes the enlargement of a cavity
through which a mobile cation is migrating:
𝜆

𝐸𝑆 = 𝜋𝐺 2 (𝑟 − 𝑟𝑑 )2

(2)

where G is the shear modulus, r is the radius of the mobile cation, and r d is the doorway
radius.21 The small cation size counteracts the ability to overcome the coulombic energy
barrier. However, the higher polarizability of sulfur, when compared to oxygen, allows
for a larger doorway radius, decreasing the volumetric strain energy. Altogether the larger
anion size of sulfur and its high polarizability would suggest that the ionic conductivity in
the sulfide-based glasses should be higher than that of the oxide-based glasses.
1.2 Goals of Research

The goal of this research is to comparatively study the mixed glass former effect in
both an oxide and sulfide glass system, specifically looking at a sodium borogermanate
system and a sodium thioborogermanate system. Borate and germanate are good glass
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formers so are the sulfide counterparts, boron sulfide and germanium sulfide. Extensive
research has been done on the sodium borate, sodium germanate, sodium thioborate and
sodium thiogermanate in order to understand the binaries of these systems. 13,22-27 The
literature of the binary compositions suggests that these systems have potential as
prospective sodium-ion glassy solid state electrolytes. However, since the sodium
thioborogermanates were found to be poor glass formers under the desired conditions (as
will be further discussed), focus was turned to the sodium thioborosilicates.
This project aims to gain comprehensive insight of the structural units as it
changes with composition in both the oxide and sulfide systems while more focus is put
on the sulfide systems due to their increased ionic conductivity. Furthermore, the physical
properties (i.e. density, Tg, ionic conductivity, etc.) of the system will be examined to
understand how the mixed glass former effect is exhibited in these systems either positive
with a maximum of the property, or negative with a minimum of the property.
Researching an oxide and a sulfide ternary system will further the understanding of the
differences in physical properties through a structural standpoint. By examining the
mixed glass former effect in these systems, it will be possible to engineer glassy solidstate electrolytes based on their structure for their intended properties.
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Figure 1.1. The mixed glass former effect in a sodium borophosphate system,
specifically the ionic conductivity and the activation energy for conduction. 12
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Figure 1.3. Composition plot comparing oxide-based to sulfide-based glassy
electrolyte.20
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Figure 1.4. Schematic of ionic diffusion in sulfide-based glass.20
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CHAPTER 2. COMPOSITION DEPENDENCE OF THE SHORT RANGE
ORDER STRUCTURES IN 0.2Na2O + 0.8[xBO3/2 + (1-x)GeO2] MIXED GLASS
FORMERS
Modified from a paper submitted to the Journal of Non-Crystalline Solids
Brittany Curtis1, David Hynek2, Sydney Kaizer2, Steve Feller2, and Steve Martin1
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Department of Materials Science & Engineering
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2.1 Abstract
The atomic level structures of ternary 0.2Na2O + 0.8[xBO3/2 + (1-x)GeO2] glasses
have been carefully examined for the first time using a combination of Raman, infrared
(IR) and 11B magic angle spinning nuclear magnetic resonance (MAS-NMR)
spectroscopies. It was found that, like in other mixed glass former (MGF) systems, there
is an unequal sharing of the sodium oxide between the two glass formers, B and Ge,
across this series 0 < x <1. It is found that for all x > 0, the Na2O preferentially reacts
with boron to create a larger number of tetrahedral boron, BO4/2-1  B4, units than would
be found for a binary sodium borate glass of the same mole fraction, 0.20, of Na 2O. In
addition to this higher than expected fraction of B4 units as determined by the 11B MASNMR measurements, the Raman spectra further suggest the presence of high
concentrations of octahedrally coordinated GeO6/2-2, Ge6, units in the GeO2 rich end of
this compositional series, x ≤ 0.2. Across this series, it is found that there are at most five
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short range order (SRO) structural units present in these glasses, BO 3/2 (B3), B4, GeO6/2-2
(Ge6), GeO3/2O-1 (Ge3), and GeO4/2 (Ge4), where the superscript gives the number of
bridging oxygens (BOs) bonded to the central atom. The composition, x, dependence of
all of these SRO structural units were determined by combining the results all of these
spectral techniques and requiring that the total sum of all the negatively charged SRO
units balance the positive (+0.4) charges from the Na+ ions and that the total amount of B
balance to 0.8x, the total amount of Ge balance to 0.8*(1-x), and the total amount of
oxygen balance to1.8-0.4x as required by the stoichiometry of this compositional series.
2.2 Introduction
Safer, lower cost, and more energy dense portable and stationary electrical energy
storage systems are increasing in demand with the rapid increase in the number of and
pervasive use of portable electronic devices, the rapid increase in the number of electric
vehicles, and the rapid increase in the viability of renewable, but temporal, energy
systems such as wind and solar.1 While liquid electrolyte-based Li-ion systems have
significantly advanced the performance of batteries in all of these applications, critical
problems of safety, cost, and energy density are now pushing the search for newer and
improved systems. One particularly attractive approach is all solid-state batteries
(ASSBs) that can utilize the high energy density of pure metal anodes, such as Li and Na.
However, to achieve the energy density advantages of pure metal anodes, these ASSBs
require chemically and electrochemically stable and high Li + or Na+ ion conductivity
solid electrolytes. High conductivity single or polycrystalline solid electrolytes are well
known, but so far are finding little use in ASSBs due to their high fabrication costs.2, 3 In
this respect, glassy solid electrolytes (GSEs) are attractive alternatives due to their low
processing costs, continuous compositional variation which can be used to continuously
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vary and improve their properties, especially their ionic conductivities, and their lack of
impedance-generating grain boundaries.4, 5
Sodium batteries (SBs) provide an appealing substitute for lithium batteris (LBs)
in stationary applications, where gravimetric energy density is less important than
volumetric energy density, by decreasing the cost of secondary ASSBs.6-8 Sodium is
approximately 1,200 times more abundant than lithium in the Earth’s crust.9, 10 However,
sodium is much heavier than lithium which would be disadvantageous for portable
devices. Therefore, the use of sodium ASSBs would be intended for stationary devices
such as wind turbines and other large-scale energy storage systems.
As the performance of lithium-ion batteries (LIBs) are being pushed to their
theoretical limits, they are now presenting safety concerns since, among other problems,
dendritic lithium formation can occur causing thermal runaway.11-14 This leads to the
possibility of igniting the flammable, liquid electrolyte (LE) found in lithium ion
batteries.12, 15, 16 The use of a solid-state electrolyte (SSE) could prove advantageous by
suppressing dendritic formation further preventing the battery from short-circuiting
which can have severe safety implications. So far, SSEs such as glasses, ceramics, and
glass-ceramics are among the most promising possibilities.17, 18 GSEs are advantageous
due, in part, to their amorphous long-range structure, which lacks grain boundaries that
have been shown to promote growth of dendrites along the boundaries causing shortcircuiting.19, 20
While most studies of GSEs have examined the alkali oxide or alkali sulfide
dependence of the conductivity in a single glass former (SGF) system, such as Na 2O +
B2O3, new studies in our research group have expanded the compositional search for
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higher conductivity and higher performance.21 In this work, we have recently begun to
study so-called mixed glass former (MGF) glasses that consist of two or more glass
formers, such as B2O3 and GeO2 considered.22-24 In these studies, we and others have
discovered the phenomenon known as the mixed glass former effect (MGFE) which is a
non-linear and non-additive trend in the physical properties arising from the mixing of
glass formers in varying ratios.22, 25, 26 In our research on these MGF systems, we have
discovered both positive and negative MGFE systems.23, 25 In the former systems, the
ionic conductivity exhibits a positive maximum in the ionic conductivity between the
conductivities of the two end member binary glasses. In the latter systems, they exhibit a
negative minimum in the ionic conductivity between the conductivities of the two end
member binary glasses.
We have had a particular interest in examining boron-based MGF systems
because one of the very first systems we studied, Na 2O + B2O3 + P2O5 (NBPO), exhibited
one of the strongest ever reported positive MGFEs in the Na + ion conductivity.23, 27-29
Accompanying this positive MGFE in the conductivity were also positive MGFEs in the
glass transition temperature (Tg), the density, and the mechanical modulus, and a
negative MGFE in the thermal expansion coefficient. In this way, the co-mixing of
sodium boron and sodium phosphate glass structures improved nearly every physical
property of the glass. The positive MGFE in the Na+ ion conductivity in the NBPO
system was attributed to the formation of charge delocalizing tetrahedral boron, BO4/2-1 
B4 units that were found to decrease the coulombic binding energy between the mobile
Na+ ions and negatively charged compensating short range order (SRO) structural units
making up the network structure of the glass. The formation of these B4 units was also
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found to be responsible for the positive MGFE in the Tg and the mechanical modulii of
the glasses, as well as the negative MGFE in the thermal expansion coefficient. 23, 27, 29
For these reasons, we have begun other studies of other boron-based oxide and
sulfide MGF systems to determine whether similar positive MGFEs in the ionic
conductivity (and other physical properties) are observed. Our study of the most familiar
of the boron based MGF systems, the sodium borosilicate (NBSO) glass system, has
shown that it in fact has a weak negative MGFE in the Na+ ion conductivity, even while it
behaves structurally similar to the NBPO glass system. 28 In the NBSO system, there is a
similar disproportional sharing of the Na2O towards the boron units in the glass leading to
a larger than expected fraction of B4 units. This over-abundance of B4 units causes
similar positive MGFEs in the Tg and all of the mechanical modulii. It appears in this
system, however, that the charge delocalization effect caused by the formation of large
fractions on B4 units is not sufficient, as it apparently is in the NPBO system, to
overcome the positive MGFEs in the density which reduces the overall free-volume
available for Na+ ion conduction and in the mechanical modulii which increase the energy
necessary to dilate the glass structure to accommodate mobile ion conduction.
Therefore, we have begun an iso-compositional study of the corresponding Na2O
+ B2O3 + GeO2 (NBGO) system to further explore and characterize the unique role that
B4 units appear to play in governing the physical and electrochemical properties of MGF
glass systems containing boron. In this report, we have examined, in more detail, the
SRO structures of these glasses to quantify the exact composition dependence of the B 4
units in these glasses and to characterize the compositional dependence of all SRO
structural units. Preliminary reports on these glasses have already been published. 30, 31
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Future contributions in this series will report on the B4 and other SRO structural unit
dependence of the physical properties, especially the Na + ion conductivity. As we have
done in our other studies of MGF glasses, we have purposefully prepared and
characterized this system such that there is a one to one replacement of the glass formers,
B and Ge. For these reasons, our study is along the compositional line 0.2Na2O +
0.8[xBO3/2 + (1-x)GeO2].
Some studies of the lithium analog of this system exist, but little is understood
about their MGF behavior.32-34 Although some physical properties have been studied, no
characterization of these glasses have been done to understand the composition
dependence of their SRO structures. Even though these glasses are expected to be poor
ionic conductors, knowing their structure-property relationships will help better
understand more complex systems that may proceed from this work.
2.3 Background
2.3.1 Notation of Structural Units
As briefly described above, a simple notation will be used to summarize the SRO
units present in these NBGO glasses in a concise manner. Figure (1) shows the expected
units with their corresponding notation. For example, Ge3 and B4 describe germanium
and boron centers with three and four BOs, respectively. Note that B exists in both three
and four fold coordination, and Ge exists in both four and six fold coordination. For the
latter coordinations of B and Ge, all of the bonded oxygens are BOs.
2.3.2 Charge Compensation
Given the low Na2O concentration in these glasses of yNa2O = 0.20, the numbers of
the various SRO units that are observed in this series of glasses are quite limited. For B,
they include only the charged B4 (1-) and the neutral B3 units for all glasses with 0 < x <
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1. For the pure sodium borate glasses at y = 0.2, we have previously shown that a very
small fraction of charged B2 units must be present to account for the less than
stoichiometric amount (0.5) B4 units formed (~0.45).35 For the binary 0.2Na2O +
0.8GeO2 glasses, the Ge SRO units are equally limited and it is found that only the
neutral Ge4, the singly charged Ge3, and a very small amount of doubly charged Ge6 SRO
units are required to meet charge neutrality requirements and still be consistent with the
IR, Raman, and 11B MAS NMR spectra. Finally, it is important to point out that for this
particular glass system, the NMR spectra are limited to 11B MAS NMR since capabilities
of 73Ge NMR are quite limited. The NMR active nucleus for germanium,73Ge, is low in
abundance ~7%, has a large spin (9/2), and a low gyromagnetic ratio and for these
reasons very few solid-state 73Ge NMR data exist.36, 37 Due to the lack of 73Ge NMR data,
the identity and composition dependence of the Ge SRO units were determined by
combining the results of the IR and Raman spectra of these glasses with the required
charge compensation as determined from the balance of charge not residing on the B
SRO units as quantitatively determined by the 11B MAS-NMR spectra.
In the composition range where no Ge6 units are present, x > 0.2, all of the charge
on the Ge SRO units resides on the Ge3 units. Hence, the fraction of Ge3 SRO units can
be calculated by knowing the number of sodium ions in the glass composition and the
fraction of B4 units calculated from the quantitative 11B NMR spectra. For x > 0.2:
[Na+] = [B4] + [Ge3]

Eq. (1)

However, when the Ge concentration is sufficiently large, x < 0.2, the IR and Raman
spectra (see below) show the presence of small amounts of Ge6 units. In this composition
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region, the Ge6 SRO units must be must be included in the charge compensation
equation:
[Na+] = [B4] + [Ge3] + 2[Ge6]

Eq. (2)

This work will utilize charge balance, Eqs. (1) and (2) to make initial predictions of the
SRO especially regarding germanium units.
2.3.3 Brief Review of the SRO Structures the Binary Systems
Sodium germanate (NG) and sodium borate (NB) binary glass systems have been
thoroughly studied. The NG binary has a large glass forming range where Kiczenski et al.
report glass formation out to 75 mol % Na2O.38 In the low Na2O compositional range of 0
to 0.2 Na2O, the structural evolution of yNa2O + (1-y)GeO2 glasses is for the added
Na2O to convert the normal tetrahedral Ge4 (with 4 BOs/Ge) units to octahedral GeO6/2 2units according to reaction Eq. (3):
Na2O + GeO2  Na2GeO6/2

Eq. (3)

The fraction of Ge6, f(Ge6), units has been shown to follow Eq. (4) up to y ~ 0.2,
where f(Ge6) reaches about 0.25 and thereafter it decreases to ~0 at y ~ 0.3. 39, 40

 y 
f (Ge6 )  

 1 y 

Eq. (4)

The structure of the binary Ge endmember glass of the system studied here,
0.2Na2O + 0.8GeO2, has been shown to consist in part of the tetrasodium
enneagermanate, Na4Ge9O20 (yNa2O = 2/9 ~ 0.18), structure and corresponds to a mixing
of Ge6 and Ge4 units, which possess only BOs, in the ratio of about 1 to 3.40-42 Equation
(4) predicts a slightly lower ratio of 1 to 4. At higher levels of modifier y > 0.2, (but not
studied here), like the sodium silicate (NS) glasses, Na 2O + SiO2, the further addition of
Na2O causes the conversion of Ge6 and Ge4 SRO units to Ge3 SRO units each possessing
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one non-bridging oxygen (NBO). The creation of NBOs in the glass structure decreases
the average network connectivity and in doing so decreases the viscosity at the liquidus
temperature and therefore reduces glass formability (increasing the critical cooling rate to
avoid crystallization events).
In the NG, and other binary alkali germanate (AG) glasses, the initial formation of
Ge6 SRO units causes a unique composition dependence in the physical properties of the
glasses and has been called the germanium anomaly. A particularly good example of this
is seen in the composition (y) dependence of the density. 38, 43, 44 As the modifier content,
sodium oxide, is increased from y = 0, there is an initial increase in density until ~ 20 mol
% and thereafter the density begins to decrease.38 Combined computational, IR and
Raman spectroscopy studies of these glasses have been done to fully understand the
enneagermanate structure and its formation in binary AG glasses.37, 39-42, 45-50
The glass forming range of the binary NB glass, yNa2O + (1-y)B2O3 system (here
we use the traditional formula for B2O3 to be consistent with the literature) is
significantly larger than that of the binary NG system and lies between 0 to 75 mol %.51
There is a small non-glass forming region between 45 to 55 mol % that is caused by the
formation of the high melting point compound sodium metaborate, NaBO 2.51, 52 This
compound is totally depolymerized in that it consists of molecular units of six membered
rings, Na3B3O6, see Fig. (1). Feller et al. has examined this system in great detail and
observed that this gap in glass formation cannot be closed even with the most rapid roller
quenching techniques.53
As has been examined and reported in detail over many years and a full review is
not given here, the addition of one formula unit of Na2O to B2O3 converts two borons

24
from three-fold coordination to four-fold coordination according to the reaction equation
given in Eq. (5).54-56
Na2O + B2O3  2 NaBO4/2

Eq. (5)

This conversion reaction has been shown to quantitatively follow Eq. (6) up to y ~
0.33 (the composition of the binary glass studied here), where Eq. (6) shows that 50% of
the B would be converted to B4 units. Note that Eq. (4) and Eq. (6) have the same form
because one Na2O formula converts two borons to the B4 SRO, but there are 2 B in each
B2O3 formula unit.

 2y   y 
f (B4 )  


 2(1  y )   1  y 

Eq. (6)

This maximum of ~ 0.5 in the fraction of B4 units is thought to occur because the
charged B4 SRO units would necessarily have to bond to one another at higher fractions
of B4 units and this has been termed the boron avoidance principle. 57, 58 Beyond this
maximum, the B4 fraction decreases to zero at the limit of the glass forming range, y =
0.75 using normal quenching techniques. In this compositional range, 0.33 < y < 0.75, the
added Na2O creates trigonal boron SRO units with progressively decreasing numbers of
BOs, B2, B1 and B0. It is believed that the wide range of glass formation in these NB
glasses arises from the buildup of BOs through the creation of B4 units from 1.5 BO/B at
y = 0 to ~1.75 BO/B at the B4 maximum, y ~ 0.33. Beyond this maximum, while NBOs
are created, there is still a non-zero fraction of B4 units which in turn creates some level
of glass network connectivity that is absent in the NG and NS systems at such high levels
of Na2O. All of the boron SRO units in this system are given in Fig. (1).
The NB binary glass corresponding to the system studied here is 0.33Na2O +
0.67B2O3 and as described above consists primarily of B3 and B4 units in approximately
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equal fractions. However, upon closely examining this composition, both as shown by us
and others, it does not reach the full 50% conversion fraction of B4 units.35, 59 As such, it
is necessary to include a small fraction of B2 units, ~ 0.05, to account for the charge
balance for the small fraction of Na2O not incorporated into B4 units.
Finally, it must be recognized that the approach used here is that we are
determining and characterizing only the SRO structural units present in the glasses. The
formation of intermediate range order (IRO) super-structural units, as they are called, are
well known in NB glasses.56, 60, 61 We restrict our focus to only those SRO units formed
in these glasses, those shown in Fig. (1), because we can directly and quantitatively
determine the B SRO units from the 11B MAS-NMR and the Ge SRO units from charge
and composition balance criterion. We will examine, characterize, and report on the
structure of these glasses on longer length scales in future publications. It is noted again,
that in this and other studies of MGF systems we have completed, we have purposefully
selected the compositional series along the 0.2Na 2O + 0.8[xBO3/2 + (1-x)GeO2] so that
there is a one-to-one substitution of Ge by B.22, 26, 27, 62
2.4 Experimental

2.4.1 Sample Preparation
Reagent grade sodium carbonate Na2CO3 (Sigma Aldrich 99.97%), boric acid
H3BO3 (Sigma Aldrich 99.5%) and germanium oxide GeO2 (Sigma Aldrich 99.99%)
were thoroughly mixed in stoichiometric amounts in a platinum crucible. The mixture
was then melted at 1,000 to 1,200 oC, depending on composition, higher temperatures
were used for the GeO2 rich compositions, for 5 minutes and air quenched to room
temperature. Weight loss measurements were used to ensure the appropriate amount of
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carbon dioxide and water, and no more, were removed from the sample. The composition
was remelted at the same temperature for another five minutes and glass samples were
quenched in a brass mold held at 50 oC below the glass transition temperature (Tg), held
for one hour to fully anneal the glass, then cooled at 5 oC/min to room temperature. The
samples were slightly hygroscopic and were stored in a nitrogen glovebox in between
experiments. It is noted that in our lab using our facilities, we could not melt nor cast the
pure 0.2Na2O + 0.8GeO2 x = 0 sample. New attempts are being made on this composition
and will be reported on in the future.
2.4.2 Raman Spectroscopy
The Raman spectra were obtained using a Renishaw inVia spectrometer with a
488 nm laser. An internal Si reference was used to calibrate the instrument. The Si
reference mode appeared at 520 cm-1 ± 1 cm-1 for each calibration run. Due to the
hygroscopic nature of these samples, the glass disc samples were polished to remove
surface impurities prior to measurement. Samples were placed directly on the stage under
a 5x objective. Spectra were obtained from 150 to 1700 cm -1, co-adding 5 to 10
accumulations with acquisition times of 10 to 60 seconds to achieve comparable signalto-noise ratios.
2.4.3 Infrared Spectroscopy
A Bruker IFS 66 v/s infrared (IR) spectrometer was used to obtain the mid-IR
spectra from 4000 to 400 cm-1 using a KBr beam splitter. CsI pellets were prepared inside
a nitrogen glovebox using ~2-3 wt % of crushed glass sample diluted and hand milled
into about 200 mg. of CsI. For each spectra, 32 scans were collected at a resolution of 4
cm-1. Samples were loaded into the IR spectrometer through a nitrogen atmosphere miniglovebox attached to the spectrometer and spectra were collected under vacuum.
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2.4.4 Solid State MAS-NMR
The 11B MAS-NMR spectra were collected using a Bruker Avance II 600 MHz
solid state NMR at room temperature. The samples were packed into 4 mm zirconia
rotors. Samples were spun at 12 kHz to reduce the chemical shift anisotropy (CSA) and
to spin out the spinning side bands sufficiently away from the central lines. It was seen
that the baseline was broadened from interaction with dilute boron species in the NMR
probe itself. Therefore, a spin-echo sequence was used to reduce this interference and
provide more accurate spectra. A pulse width of 2.5 µs and a delay time of 3 sec for 512
scans was used for each spectrum. All spectra were indirectly referenced using the
IUPAC convention by establishing a relative reference frequency using
tetramethylsilane.63
Finally, the 11B NMR spectra were analyzed using the DMFit software package
using combined Gaussian and Lorentzian line shapes to fit the spectral envelope for the
tetrahedral boron SRO units and Quad MAS ½ software package was used to fit the
quadrupolar broadened line shapes of the trigonal boron units.64 Due to the low signal
quality of the of 73Ge nuclei (as described above), no germanium NMR spectra were
obtained for this experiment.
2.5 Results

2.5.1 Raman Spectra of the Glasses
The Raman spectra for the NBGO glass series are given in Fig. (2). The pure NB
glass, at x = 1.0, contains a prominent peak at 765 cm-1 arising from a six-membered ring
with two B4 SRO units and two B3 SRO units known as the diborate, Na2O•2B2O3,
structure.60, 61, 65 A very weak peak is observed at ~465 cm-1 and corresponds to the
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triborate, Na2O•3B2O3, structure which is a mixture of one B3 and two B4 SRO units.60, 61
While the intensity of the peak at 465 cm-1 is weak at x = 1.0, it grows in intensity as the
borate concentration decreases, x  0. This peak becomes difficult to resolve from the
increasing intensity of the peak at 540 cm-1, which is associated with Ge SRO units (see
below) at lower x-values. Isolated diborate units, 2Na2O•2B2O3, that consist of two B2
SRO units with one NBO each that replace the B3 groups of the normal diborate group
and the two original B4 SRO units have a vibrational mode at 575 cm-1 in the
compositional range of x = 0.6 to 1.0. However, these are also difficult to resolve from
the adjacent peak of the BO on Ge SRO units. Finally, the peak at 1,430 cm-1 is due to
stretching of NBOs on B2 units, =B-O-, units within large borate units suggesting that an
NBO exists on boron SRO units, further supporting the existence of the isolated diborate
groups described above.60 This peak is the most intense when x = 1.0 and decreases in
intensity to ~ 0 at x ~ 0.6.
The Raman spectrum of the pure NG glass, at x = 0.0, contains a peak located at
860 cm-1 corresponding to the Ge-O- mode of Ge3 SRO unit.40-42 This mode gradually
shifts to ~840 cm-1 as borate is added to the glass composition. The peak reaches a
maximum intensity at x = 0.6 and decreases to zero intensity at x = 1.0, the pure NB
glass. A second intense peak appears at 557 cm-1 and is assigned to the Ge-O-Ge BO
mode in the pure NG glass and this mode shifts to ~580 cm-1 as x increases.40, 41, 46 This
shift in peak positions to higher wavenumbers suggests a change in the Ge environments
as the second coordination sphere begins to add B with increasing x. A weak shoulder at
600 cm-1 is seen at the x = 0.1 composition. This shoulder has been seen in previous
studies by Ivanova et. al. 31 and Verweij33 at similar modifier contents for NG glasses.
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These authors have associated this mode at 600 cm-1 with the symmetrical stretch of a
small amount of GeO6 octahedra.40, 41 Indeed, many studies have found that at low
modifier content the structure of NG glasses consists of GeO4 tetrahedra connected by
GeO6/2 octahedra, the enneagermanate unit, with all BOs.40, 41, 47 However, Sharma and
Matson have studied sodium aluminogermanate (NAG) glasses and found that there was
no evidence in the Raman spectra to support the existence of GeO 6 in this glassy
system.66 A likely reason for this is that Al preferentially reacts with the added Na 2O, as
it does in low alkali sodium aluminosilicate (NAS) glasses, to form AlO 4-1 units67-69.
Another peak seen in the germanate rich glasses, x < 0.5, appears in the low wavenumber
shift region at 330 cm-1 and has been assigned to Ge motions involving mode admixture
with BO motions.42, 48, 66, 70 This peak is rather weak in intensity compared to the other
peaks in the Raman spectra of the pure germanium glass at x = 0.0 where it is most
intense and slowly decreases in intensity until at x = 1.0 where none exists.
2.5.2 IR Spectra of the Glasses
The IR spectra of the NBGO glasses in this series are shown in Fig. (3). An
intense, broad peak occurs between 1,200 to 1,450 cm-1 and is assigned to the boronoxygen stretching mode of the B3 SRO units.60 The intensity of this peak is greatest at x
= 1 and decreases until it vanishes at x = 0.0, where no borate is present, indicating that it
is a pure borate vibration. A second broad peak centered between 785 to 1,220 cm-1 is
assigned to the boron-oxygen stretch in a B4 SRO unit.54 It is the most intense at x = 1.0
and decreases with decreasing borate concentration, x  0. At lower borate
concentrations, this peak appears as a shoulder to an adjacent peak assigned (see below)
to a vibrational mode of a Ge SRO unit. A low intensity peak located at lower
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frequencies at ~720 cm-1 is attributed to the B-O-B BO bending mode in the network.55,
71, 72

This peak is only seen in the boron-rich compositional range, x = 0.8 to 1.0. At

lower concentrations, an intense peak assigned to a Ge mode (see below) grows in
intensity, overtaking this peak.
For the other binary member glass where x = 0, the pure NG glass, the first main
spectral feature in the IR spectra is seen as a broad peak centered around 800 cm -1 and is
assigned to the asymmetric stretching of the GeO4 tetrahedra.45, 46 The intensity of this
peak decreases with the increase of the borate concentration. The peak seen around 400
to 600 cm-1 is assigned to Ge-O-Ge BO mode.46 This peak is most intense at x = 0.0
and decreases in intensity until x = 0.7 and is not seen thereafter in the IR spectra.
2.5.3
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B MAS-NMR Spectra
The 11B MAS NMR spectra are shown in Fig. (4). No data were obtained for x =

0 glass, of course, since no boron exists in the pure NG glass. Starting with the boron rich
end, x = 1.0, the first spectral feature is a centrally symmetric peak centered at ~1 ppm.
This peak is assigned to the B4 SRO units.27, 73 The presence of this peak can be seen
throughout the series of compositions. A quadrupolar broaden peak can be seen centered
~12 ppm and is assigned to the B3 units with both BOs and NBOs.74 This peak is of very
weak intensity at lower borate concentrations where most the spectral intensity is
associated to the B4 SRO unit, but it does emerge around x = 0.6 and continues to grow in
intensity with increasing borate concentration, x  1. As described above, the binary NB
glass is found to have approximately equal proporitons of B3 and B4 SRO units with a
minor concentration of B2 required for charge neutrality when the B4 fraction does not
exactly increase to 0.5 as predicted by Eq. (6) above.
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From the 11B MAS-NMR spectra, the chemical shift of the B4 SRO unit decreases
from higher ppm (~1.1 ppm) to lower ppm (~0.22 ppm) with addition of borate. This is
explained by the systematic replacement of germanium by boron within the second
coordination sphere, B-O-Ge to B-O-B=. When x is just greater then 0, e.g., x = 0.1,
most of the atoms in the second coordination sphere of the B4 SRO unit are Ge atoms,
such as B4Ge. With the addition of borate, boron starts to replace the germanium causing
the central boron atom to be more shielded shifting the 11B resonance downfield. In
between the two binary systems, 0 < x < 1, there should be a mixture of B and Ge atoms
in the second coordination sphere creating a series of species of the form B4(1-x)Ge + 4xB,
where there are 4(1-x) Ge and 4xB atoms in the second coordination sphere around the B
center. The continuous shifting of this peak to downfield frequencies (in contrast to an
obvious stepwise shift at intermediate compositions) of the B4 peak suggests that there is
a uniform and continuous replacement of Ge atoms for B atoms in the second
coordination sphere and suggests a simple linear compositional depenndence. This
behavior appears to be unlike that in the analogous NBSO system 0.2Na2O + 0.8[xBO3/2
+ (1-x)SiO2] where a discontinuous change in the chemical shift is seen from ~-3.5 to ~1.5 at x ~ 0.4 for the B4 units.75
The deconvolution of the 11B MAS-NMR spectra was performed to quantify the
fraction of B in the various SRO units, predominantly, B4, B3 for the mixed x  0 and 1
glasses and a very small fraction of B2 only for the pure sodium borate glass at x = 1. An
example of the deconvolution of a spectrum is given in Fig. (5). Since the bonding
environment of B4 SRO units is symmetric, the asymmetry parameter, η, describing the
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magnitude of the quadrupolar broadening of the B resonance peak, is very small 76, 77.
Consequently, the B4 peaks were fit using a single Gaussian (non-broadened) curve. For
the broad peak centered at ~12 ppm assigned to the trigonal B SRO units in the glass,
two quadrupolar peaks were used to fit the trigonal boron sites. One is assigned to the
asymmetric B2 SRO unit having one NBO and the other for the symmetric B3 SRO unit
with no NBOs.74, 78 The fitting parameters of the asymmetric B2 and B3 symmetric site
were determined to be Cq = 2.9 ± 0.2 MHz and η = 0.16 ± 0.03, and Cq = 2.5 ± 0.1 MHz
and η = 0.34 ± 0.03, respectively.
2.6 Discussion
The composition dependence of all of the B and Ge SRO units in these glasses
has been determined by combining the processes of identifying and confirming the
various SRO units in the IR and Raman spectra with the process of deconvoluting the 11B
MAS NMR spectra to determine the factions of the various B SRO units in the glass. The
corresponding fractions of the various Ge SRO units identified through the IR and Raman
spectra were quantified using the charge compensation requirements defined above.
From this analysis, the overall dominant SRO structural change in these glasses as
x changes from x = 0 to x =1 is the formation of a large fraction of B4 units through the
Lewis acid (B3 SRO unit) reaction with the Lewis base Ge3 (1-) NBO SRO unit and the
Ge6(-2) NBO unit given below in Eqs. (7) and (8).
Ge3 + B3  Ge4 + B4

Eq. (7)

Ge6 + B3  Ge3 + B4

Eq. (8)

We have seen and characterized this same behavior, Eq. (7) only since Si 6 SRO
units do not exist in NBS glasses at ambient pressures, in analogous and iso-
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compositional 0.2Na2O + 0.8[xBO3/2 + (1-x)SiO2] glasses, where the added NB
eliminates NBOs on the Si3 groups to form B4 groups and Si4 as described by Eq. (7).75
The fraction of B4 SRO units in the ternary MGF glasses reaches a fraction, 0.66,
higher than the boron-avoidance principle limit of 0.5 in the binary NB glasses79, see Fig.
(6), because the overall fraction of the B glass former is only equal to 1 for the x = 1
composition. Therefore, because the formation reaction of Eq. (7) shows that the B4 units
at low x values will primarily have uncharged Ge 4 units in their second coordination
spheres, this decreases the number and probability of the charged B4 SRO units bonding
to other charged B4 SRO units and therefore pushes the B4 to B4 bonding avoidance
criterion to higher overall B4 fractions.
At the borate rich end of the series, x  1, we see that B3 and B4 SRO units are
the primary B SRO units with the existence of a small amount of B2 units present, as
described above, to maintain charge neutrality in the presence of a less than
stoichiometric amount (0.5) B4 units. This is consistent with the Raman and 11B MAS
NMR spectra which shows the existence of isolated diborate B2 groups and an
asymmetric quadrupolar broadened peak, respectively. The quantification of B2 units
from 11B NMR (~0.05) is consistent with literature where B2 fractions are reported to be
~0.05 for this same faction of Na2O.59
As expected, moving to the smaller x, germanate-rich, glasses, the fraction of B2
units become much less until x ~ 0.5, disappearing entirely. Moving further to the
germanate-rich glass, the presence of Ge3 and Ge4 SRO units dominate. As described
above, there is a small fraction of Ge6 units for the MGF glasses with 0 < x < 0.2.
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2.6.1 Quantification of the fractions of the SRO units
From the deconvolution of the quantitative 11B MAS-NMR spectra, charge
neutrality, and atom fraction requirements (0.8x is the total amount of B, 0.8(1-x) is the
total amount of Ge, and 1.8-0.4x is the total amount of O), the fractions of all of the SRO
units in these glasses were determined and are shown in Fig. (6). In Fig. (6), the sum of
all of the fractions of varous SRO units at any one composition is equal to 1. The number
moles of any B SRO unit in the glass is the fraction of that specific SRO unit times 0.8*x.
Likewise, the amount of moles of any Ge SRO unit in the glass is the fraction of that
specific SRO unit times 0.8*(1-x).
First, it can be seen that Ge6 units formed in the binary NG glasses, as described
above, decrease in a sharp linear fashion until x = 0.3 following Eq. (8), where the
fraction reaches zero in correspondence with the disappearance in the Raman mode at
600 cm-1 in the Raman spectra of these glasses. The composition dependence of the
fraction of Ge3 units has three different compositional regions. First, at small x < 0.3,
there is a rapid increase up to a maximum at x = 0.3 as predicted by Eq. (8). For 0.3 < x <
0.6, the fraction of Ge3 SRO units decrease less quickly than they do in the third
compositional range of behavior, 0.6 < x < 1.0. In the intermediate range of x, the
competition between forming Ge3 units from Ge6 units in Eq. (7) and the Ge3 units being
consumed in Eq. (8) is approximately balanced. Finally, the fraction of the Ge 4 units also
have three corresponding compositional behaviors in the same compositional ranges. In
the first range, x < 0.3, the fraction of Ge4 decreases simply as expected from the
composition with a slope of -1. This suggests that all of the compositional changes in this
region involving Ge are restricted to equal molar exchanges between the Ge 6 and the Ge3
units according to Eq. (6). In the intermediate compositional range, 0.3 < x < 0.6, there is
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a slowing in the decrease of the fraction of the Ge 4 units as the fraction of Ge6 units
decrease to zero, and Eq. (7) becomes the dominant compositional change. Finally, in the
compositional range 0.6 < x the rate of decrease in the fraction of Ge 4 units returns to -1
again reflecting simply that total Ge content in the glasses is decreasing to zero at this
rate. This behavior is consistent with reaction Eq. (8) similar to Eq. (7) but where one B3
SRO group reacts with the doubly negatively charged Ge 6 to form a singly charged Ge3
and B4 units.
Once all of the Ge6 units are consumed, at x = 0.3, then the fraction of Ge3 SRO
units would commence to decrease as they are converted to Ge4 SRO units by B3 SRO
units according to reaction Eq. (6). This would explain the slowing in the rate of decrease
of the fraction of Ge4 SRO units in the compositional region 0.3 < x < 0.6 as they are
formed by the conversion of Ge3 SRO units to Ge4 SRO units. Beyond x = 0.6, nearly all
of the Ge3 SRO units have been converted to Ge4 SRO units and as such the fraction of
Ge4 SRO units begins to once again decrease with a slope of -1 indicative of a simple
depletion of the total amount of Ge in the glass as 1-x. A dashed line has been added to
Fig. (6) of slope of -1 to show the expected maximum rate of Ge depletion in the glass
series as x  1.
The compositional trends of the B SRO units are interrelated with the
compositional changes described above of the Ge SRO units. So, as Ge6 SRO units are
converted to Ge3 units, so a B3 unit is converted to a B4 unit. This reaction, Eq. (8),
appears to be preferred over reaction Eq. (7) in the Ge rich compositional region since the
fraction of Ge3 actually increases rather than decreases as expected by reaction Eq. (7).
This conversion reaction causes the B4 units to increase strongly in concentration
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compared to the B3 SRO units. Once all of the Ge6 units are converted to Ge3 units, the
Ge3 units are then converted to Ge4 units according to reaction Eq. (7) generating more
B4 units. Finally, once nearly all of the Ge3 SRO units are converted to Ge4 units, the rate
of formation of B4 units must necessarily decrease. Indeed, beyond x = 0.6, the fraction
of B3 must necessarily increase while the B4 fraction must decrease and the two
compositional curves cross over at x ~ 0.5. At x = 1.0, the fractions of the B4 and B3
converge to values of 0.45 and 0.50, respectively, observed by others for the binary
sodium borate glass.35, 59 At this x =1 composition, the 0.45 fraction of B4 requires a
fraction of 0.05 of singly charged B2 units, as seen in Fig. (6), for charge neutrality. In
addition, the fraction of the remaining Ge 3 and Ge4 units must by compositional necessity
vanish to zero at x = 1.
There is a significant crossover in the structural conversion in these glasses at x ~
0.6. At this crossover point, B becomes the dominant glass former and Ge becomes the
minority glass former. Assuming the expression B4(1-x)Ge + 4xB, see above, applies to the
compositions here, the species in the second coordination sphere is random, for glasses
with x > 0.5, this expression shows that 2 or more of the second coordination sphere glass
formers will be B. Returning to Fig. (7), the B4 fraction at 0.5 is ~ 0.35 and the fraction of
B3 units is ~ 0.15. Hence, 4*0.35 = 1.4 (less than 50%) of the next nearest glass formers
will be boron. Below this fraction, more than 50% of the next nearest glass formers will
on average be Ge. This fraction of next nearest neighbor borons will increase up to just
under 2 at the pure NB end of the compositional series.
It is significant to note that the relatively large amount of Ge 6 SRO units in the
pure binary NG glass cannot be ignored even though they exist only over a narrow
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compositional range from x = 0 to 0.2 in the ternary MGF glasses. In the pure NG glass,
the fraction (0.2) of the Ge6 SRO units is twice the fraction (0.1) of Ge3, but because of
their -2 charge, this same fraction of Ge6 SRO units possess four times the amount of Na+
ions. The fraction of 0.2 reported here agrees with the studies from Verweij and Du.39, 40
Finally, as discussed above, the initial increase in the fraction of the Ge 3 SRO
units must come from the conversion of Ge6 SRO units into Ge3 SRO units. However, as
the dashed line added to Fig. (6) shows, the rate of decrease of the fraction of the Ge6
SRO units is not a linear one to one with the addition of added B, x. However, the
fraction of Ge4 SRO units do exhibit a linear decrease with x indicating that the only
chemical reactions in the 0 < x <0.3 region is the conversation reaction Eq. (8). The
fraction of Ge4 SRO units must go down linearly with x as there is a conservation of Ge
in the reaction Eq. (8). The conversion of Ge6 SRO units to Ge3 units therefore does not
have unit slope with x because as Fig. (6) shows, the fraction of neutral B3 SRO units is
not zero. There is a non-zero amount of B remaining after reaction Eq. (8) completes. The
ratio between the fraction of B4 and B3 groups is higher than that in binary sodium borate
glasses because as describe above, the boron avoidance principle can be active to higher
total fraction of B since there are fewer B centers available in these ternary glasses to be
present in the second coordination sphere of these glasses. However, the conversion of B3
to B4 units is not complete and the equilibrium constant governing this reaction is
therefore large, but not infinite.
Finally, unlike the binary NG glasses that can support a high fraction of Ge 6 units
in the presence of charged Ge3 units, the ternary NBGO glasses appear to not to support a
high fraction of charged Ge6 units in the presence of charged B4 units.
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2.7 Conclusions
NBGE glasses in the 0.2Na2O + 0.8[xBO3/2 + (1-x)GeO2] series were
characterized by Raman, Infrared, and 11B MAS-NMR spectroscopies. It was shown that
upon mixing of the NG (sodium enneagermanate) and the NB (sodium diborate) glasses,
that an unequal sharing of sodium ions occurs with preference being for the two systems
to react to form high fractions of B4 SRO units. A SRO structure model was proposed
based on the spectroscopic evidence which incorporated Ge 6 units seen for glasses with x
≤ 0.2. The Ge6 units appear to be stronger Lewis base than the Ge 3 units as the added
Lewis acid B3 preferentially reacts with Ge6 units. Only after all of the Ge6 units have
been consumed do the added B3 units then react with the remaining Ge 3 units in a manner
similar to that observed in NBS glasses.
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Figure 2.1. Structural units and corresponding notation for units found in NBGO series
0.2Na2O + 0.8[xBO3/2 + (1-x)GeO2].
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Figure 2.2. Raman spectra of the 0.2Na2O + 0.8[xBO3/2 + (1-x)GeO2] glasses.
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Figure 2.3. Infrared spectroscopy of 0.2Na2O + 0.8[xBO3/2 + (1-x)GeO2] glasses.
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Figure 2.4. The 11B MAS-NMR spectra of the 0.2Na2O + 0.8[xBO3/2 + (1-x)GeO2]
glasses.
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Figure 2.5. Example of deconvolution of 11B MAS NMR spectra for the 0.2Na2O +
0.8[xBO3/2 + (1-x)GeO2] x = 0.9 glass.
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Figure 2.6. The fraction of SRO throughout the 0.2Na2O + 0.8[xBO3/2 + (1-x)GeO2]
compositional series.
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3.1 Abstract
Sulfide-based glasses are being explored as possibly solid-state electrolytes. Their
increased ionic conductivity over oxide-based glasses make them more appealing. The
potential suppression of dendritic formation due to amorphous structure of these
materials make them promising competitors to those that facilitate dendritic growth
causing thermal runaway. Contrastingly, the sulfide glasses are not as strong of glass
formers as their oxide counterparts making it difficult to synthesize a fully, uniform glass
sample where in some cases a glass-ceramic may form. This study examines three
sodium thioborogermanate systems, 0.2Na2S + 0.8[xBS3/2 + (1-x)GeS2], 0.5Na2S +
0.5[xBS3/2 + (1-x)GeS2], and 0.6Na2S + 0.4[xBS3/2 + (1-x)GeS2] to discover which
system will create a uniform glass that can be annealed into a glass disk for use as a solidstate electrolyte in an all solid state battery. It was found that the lower modified series,
0.2Na2S + 0.8[xBS3/2 + (1-x)GeS2] and 0.5Na2S + 0.5[xBS3/2 + (1-x)GeS2], created phase
separated glasses which cannot be used to study the mixed glass former effect. The
highly modified series, 0.6Na2S + 0.4[xBS3/2 + (1-x)GeS2], created glass samples through
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plate quenching methods. However, the working range of these glasses were insufficient
for easily annealing glass disks needed for ionic conductivity measurements.
3.2 Introduction
Ionically conductive glasses are becoming of particular interest in the field of
battery research. Their use as all solid-state electrolytes provide a promising alternative to
liquid, organic electrolytes, which present safety concerns due to thermal runaway. 1-3 By
replacing the liquid electrolyte with a solid, may prevent dendritic formation, which
causes short-circuiting.4, 5 Glasses are even more attractive than their polycrystalline
counter parts, which contain grain boundaries that can facilitate dendritic growth leading
to thermal runaway.
Many glass systems have been explored as solid electrolytes although the most
promising is the sulfide-based glasses over oxide-based. Sulfide-based glasses have
increased ionic conductivities by six orders of magnitude over their oxide analogs making
them even more competitive as solid-state electrolytes. Binary sulfide systems have been
well explored for both lithium and sodium systems.6-10 While lithium is most widely
used, it is much more expensive due to the limited availability. Sodium is much more
abundant in the earth’s crust allowing for cheaper manufacturing costs. 11, 12 The only
downfall for sodium is that it is considerably heavier than lithium making it an unlikely
candidate as a battery in portable devices. These sodium batteries would be ideal for
stationary grid storage devices such as wind turbines.
Improving upon the initial ionic conductivities of binary systems, the mixed glass
former effect is a phenomenon that may help increase the ionic conductivities even
further.13-15 The mixed glass former effect occurs when two glass formers are mixed in
variable ratios, keeping the modifier constant, and observing a non-linear, non-additive
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trend in the corresponding physical properties (i.e. ionic conductivity, glass transition
temperature, density, etc.). Such systems as the sodium borophosphates studied by
Christensen et al. observed a positive mixed glass former effect with respect to the ionic
conductivity.13 Ultimately, on mixing sodium borate and sodium phosphate, the
optimized ionic conductivity reach three magnitudes higher. The focus of this study aims
to explore the mixed glass former effect of the sodium thioborogermanates, a sulfides
system, and determine the glass formability and glass working ranges.
3.3 Background
Glasses are typically synthesized by supercooling a liquid consequently
surpassing the crystallization creating an amporphous material and giving rise to a glass
transition Tg.16 The glass transition is a thermodynamic process which can be detected
through differential scanning calorimetry as an endothermic process. The glass transition
is an initial indication to determine if a material is glassy. However, other materials such
as polymers exhibit a glass transition temperature requiring more characterization
techniques to be implored to fully define the material. For the purposes of this study, the
glass transition temperature along with the crystallization temperature is determined. The
difference of these values is of particular interest when producing annealed, stress-free
glass disks to be utilized as solid-state electrolytes. This difference in these values
determines the working range, and essentially gives an idea of how easily the glass will
form. If the working range is small, the melt will need to be cooled rapidly to achieve a
glass. However, if the working range is large then slower quenching rates will be
sufficient.
The working range is essential for creating stress-free glassy disks that can be
used as electrolytes. In order to make stress-free glasses, these samples need to produce
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uniform glassy disks through a slower quenching process that plate quenching to room
temperature. Typically, when annealing, the glasses are quench to 30 to 50 degrees below
their Tg and held at this temperature for while then allowed to slowly cool to room
temperature.
3.3.1 Sodium Thioborate Binary yNa2S + (1-y)B2S3
The glass forming range of the sodium thioborates has been reported by Bloyer et
al. to be in two ranges. The lower modified region ranges from 0 ≤ y ≤ 0.33 while the
higher modified range is 0.55 ≤ y ≤ 0.80.9, 17 The glass transition temperatures for these
glasses can be seen in table 3.1. As the modifier increases, the glass transition is
decreases due the “loose” network of the glass.
3.3.2 Sodium Thiogermanate Binary yNa2S + (1-y)GeS2
Ribes et al. report a glass forming range from 0 ≤ y ≤ 0.60 while Bischoff
reported a slightly larger glass forming range of 0 ≤ y ≤ 0.67.6, 18 The glass transition
temperatures can be seen in table 3.2. A similar trend is seen in the glass transition
temperature as the sodium thioborates where the Tg decreases with increasing modifier
content, Na2S.
3.4 Experimental
3.4.1 Synthesis of Raw Materials: Sodium Sulfide, Boron Sulfide, and Germanium
(IV) Sulfide
Boron sulfide was synthesized through the methods used by Bloyer et al.19
Stoichiometric amounts of boron (NOAH Technologies, crystalline, 99.5%) and sulfur
(Acros Organic, 99.999%) were massed inside a nitrogen glovebox. The powders were
then loaded into a carbon coated ampule and sealed with a rubber tube and clamped. The
ampule was then sealed using a torch outside of the glovebox and the ampule loaded into
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a furnace. The sample was slowly heated to 850 C and held for 4 hours and then allowed
to free fall to room temperature producing a vitreous boron sulfide boule which is then
milled into a powder.
Germanium sulfide is synthesized in a similar manner using germanium (Acros
Organic, 99.999%) and sulfur powders. The powders are massed in stoichiometric
amounts and loaded into a bare silica ampule that is then sealed with a rubber tube and
clamp. The ampule is sealed with a torch outside of the glovebox and the ampule is
loaded into a furnace and allowed to slowly reach 900 C and held at this temperature for
7 hours. Once the hold is complete the reacted sample is cooled to room temperature.
Sodium sulfide nonahydrate (Acros Organics, 98%) is packed into a sealable
chamber. The chamber is placed into a furnace, as well as connected to a vacuum system
with a cold trap. The sample chamber is heated to 250 C and the sodium sulfide
nonahydrate is dehydrated over the course of 45 hours.
3.4.2 Synthesis of Glasses
Each sodium thioborogermante system was prepared through similar methods.
Glasses were prepared with stoichiometric amounts of sodium sulfide, boron sulfide
and/or germanium sulfide in an inert, nitrogen glovebox. The unreacted powders were
placed in a vitreous carbon crucible and melted for 5 minutes at temperatures ranging
from 550 and 840 C depending on composition. The higher modified glasses melted at
lower tempertures. A weight loss was obtained after the first melt to ensure no more than
2 wt % was lost. The sample is then melted for a second time and plate quenched
between two brass plates at room temperature.
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3.4.3 Determining Glass Transition Temperature
The onset of the glass transition temperature was determined by differential
scanning calorimetry using the Pyris software. Samples were hermetically sealed in
aluminum pans inside the nitrogen glovebox. Each glass forming sample was initially
scanned from 50 to 350 C or until a crystallization event occurred. Care was taken to
prevent alloying of the sample with the hermetically sealed aluminum pan to further
prevent damage to the DSC platinum pans. Once the glass transition and crystallization
temperatures were determined, a second pan was remade with a fresh sample and cycled
through the glass transition temperature multiple times. The working range of these
glasses were obtained by calculating the different between the crystallization and glass
transition temperatures. In cases where the crystallization was not observed, the upper
limit of the scan was taken as the minimum working range.
3.5 Results
3.5.1 0.2Na2S + 0.8[xBS3/2 + (1-x)GeS2]
Glasses were obtained for the series 0.2Na2S + 0.8[xBS3/2 + (1-x)GeS2] through
plate quenching methods at room temperature. The glass transition temperatures are can
be seen in Fig. (3.1). Phase separation occurred in two glasses, x=0.3 and 0.5, indicated
by the two glass transition temperatures. The working ranges of these glasses varied from
around 35 to 120 degrees C and can be seen in table 3.3. The phases separated glasses,
x=0.3 and x=0.5, do not have a clear working range and was not reported.
3.5.2 0.5Na2S + 0.5[xBS3/2 + (1-x)GeS2]
However, for the glass series 0.5Na2S + 0.5[xBS3/2 + (1-x)GeS2], the boron rich
samples, x ≥ 0.5, glasses were obtained and their glass transition temperatures can been
seen in Fig. (3.2). Evidence for phase separated glasses is evident from the two glass
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transition temperatures obtained for multiple samples. Due to a large amount of these
glasses being phase separated the working range is not reported.
3.5.3 0.6Na2S + 0.4[xBS3/2 + (1-x)GeS2]
The highest modified glass series, 0.6Na2S + 0.4[xBS3/2 + (1-x)GeS2], produced
uniform glasses across the entire series. Only one T g was observed in the DSC scan. The
working ranges are reported in table 3.2. It is important to point out for the majority of
the glasses, x ≥ 0.8, a crystallization process was not seen before the upper limit of the
scan was reached. The values with a greater than sign indicate that the crystallization was
not observed and therefore the value reported is the difference between the upper limit to
the scan and Tg.
3.6 Discussion and Conclusion
As with the two series, 0.2Na2S + 0.8[xBS3/2 + (1-x)GeS2] and 0.5Na2S +
0.5[xBS3/2 + (1-x)GeS2], glasses were made through plate quenching techniques.
However, upon annealing, the working ranges of these glasses made it impossible to
make uniform glass samples and instead made glassy-ceramics. It was also seen that
some of the glasses synthesized were phase separated. Phase separation makes studying
the MGFE in these glasses virtually impossible and making these series incomplete for a
complete MGFE analysis.
The boron-rich glasses, x ≥ 0.4, of the 0.5Na2S + 0.5[xBS3/2 + (1-x)GeS2] series
created phase separated glasses indicated by the existence of two T gs. The working range
of these glasses is difficult since the instrument was only ran to 300 C to prevent damage
to the DSC instrument. However, the presence of phase separation makes studying the
MGFE of this series impossible.
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However, the 0.6Na2S + 0.4[xBS3/2 + (1-x)GeS2] series did not produce any phase
separated glasses through plate quenching methods. Upon annealing, most of the glasses
formed uniformed glass disks. Unfortunately, x=0.2 and 0.3 are difficult to make due to
the limited working range where it can be seen that the glass transition temperature is
immediately adjacent to the crystallization temperature. This series provides an almost
complete glass forming range, allowing for better insight into the MGFE for this sulfide
system.
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Figure 3.1. Glass transition temperatures of the 0.2Na 2S + 0.8[xBS3/2 + (1-x)GeS2]
series.
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Figure 3.2. Glass transition temperatures of the 0.5Na2S + 0.5[xBS3/2 + (1-x)GeS2] series
including the second glass transition temperature of the phase separated glasses.
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Figure 3.3. The composition plot of the glass transition temperature for the sodium
thioborogermanates.
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Table 3.1. The glass transition temperatures of the binary system yNa 2S + (1-y)B2S3.17

Mole % of Na2S

Tg ( C)

30

300

33

365

55

180

60

173

65

162

70

155

75

157

80

163
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Table 3.3. Working range for the glass series, 0.2Na2S + 0.8[xBS3/2 + (1-x)GeS2]. Since
x=0.3 and 0.5 are phase separated no working range was calculated.

Composition
0

Tx-Tg
120

0.1

97

0.2

120

0.3
0.4

118

0.5
0.6

107

0.7

80

0.8

53

0.9

36

1

45

67
Table 3.4. Working ranges of the glass series 0.6Na2S + 0.4[xBS3/2 + (1-x)GeS2].
Composition
0

Tx-Tg
40

0.1

64

0.2

33

0.3

43

0.4

85

0.5

128

0.6

123

0.7

152

0.8

153

0.9

112

1

70
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THIOBOROSILICATE MIXED GLASS FORMER SYSTEM 0.6Na2S + 0.4[xBS3/2
+ (1-x)SiS2]
A paper to be submitted the Journal of Non-Crystalline Solids
Brittany Curtis, Carter Francis and Steve Martin
Department of Materials Science & Engineering
Iowa State University of Science and Technology
Ames, IA
4.1 Abstract
With an increased demand in renewable energy sources, comes a need for storing
energy in circumstances where such renewable energy sources are under-producing. All
solid-state batteries are a promising solution to the fast growing and demanding field of
energy storage. One challenge with manufacturing a cheap, safe and energy dense solidstate battery is finding the appropriate solid-state electrolyte material. Sulfide-based, glassy
solid-state electrolytes are of particular interest due to the room temperature ionic
conductivities of binary systems, ~10-5 S*cm-1. However, the phenomenon known has the
mixed glass former effect (MGFE) has proven to optimized properties when two glass
formers are mixed in varying ratios causing a non-linear, non-additive change in the
physical properties such as the ionic conductivity. This phenomenon has been observed for
other

glass

systems

such

as

the

sodium

borophosphate,

and

the

sodium

thiophosphogermanates. This study aims to look at the sodium thioborosilicate system,
0.6Na2S + 0.4[xBS3/2 + (1-x)SiS2] which is the first detailed examination of this mixed
glass former system. Infrared, Raman and nuclear magnetic spectroscopies were used to
gain insight into the short-range order (SRO) of these glasses. Little networking of the SRO
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units is seen due to the main structures being Si 1 and B0 which contain one bridging sulfur,
and no bridging sulfurs, respectively. Further addition of thioborate produces a multitude
of SRO units (B1, B2, and B4) in small fractions suggesting a competition of reactions are
taking place. Upon investigation into the quantitative analysis of the NMR spectra and due
to charge compensation, a small amount of free, unreacted sodium sulfide, less than 10 mol
% of the total sodium sulfide in the system, is present and increases with increasing
thioborate content.
4.2 Introduction
Renewable energy sources are becoming more prevalent today with as much as 36.6%
energy generated by wind power in the state of Iowa in 2016.1 While the renewable energy
sources are high in demand, a more efficient, safer, and cost-effective means of energy
storage is necessary to keep up with energy demands in today’s society. Solid-state
batteries are of great interest as prospective energy storage solutions. Their energy density
can surpass that of traditional secondary, lithium batteries while providing a safer
alternative by replacing a flammable, liquid, organic electrolyte with a non-flammable,
solid-state electrolyte. Much research has been done in the realm of electrolyte materials
ranging from polymer-gels, ceramics, and of particular interest, glasses. 2-5 Glasses provide
the advantage of amorphous and isotropic characteristics that may be conducive for ionic
conduction.
Much is known about oxide glasses from their glass transition temperatures,
mechanical properties, the structure, etc. The ionic conductivity of oxide glasses has also
been studied in lithium and sodium systems. Many alkali binary systems show ionic
conductivities around 10-11 to 10-12 (Ωcm)-1.6-8 Interestingly, the study of the phenomenon
known as the mixed glass former effect (MGFE) has shown to, not only improve the ionic
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conductivity, but other physical properties as well. This has been seen in systems such as
the lithium thiosilicates, sodum borosilicates, sodium borophosphates, sodium
thiophosphogermanates etc.7,9-11 This phenomenon occurs when mixing two glass formers
into a ternary glass while holding the modifier content constant. Consequently upon
mixing, there is a non-linear and non-additive trend that results in an optimization of the
physical property (i.e. ionic conductivity, density, Tg, etc).
Although oxide glasses have great stability, they exhibit poor ionic conductivities and
therefore make poor electrolyte materials for use as solid-state electrolytes. In searching
for a better ionic conductor, sulfide glasses prove to be more promising. The higher
polarizability of sulfur reduces the activation energy associated with the doorway radius
along with the coulombic activation energy.12 This allows sodium ions to be freed up easier
while allowing them to migrate through the structure of the glass easier as well. Binary
systems have been studied, and show initial ionic conductivities of sulfide glasses to be
around 10-6 (Ωcm)-1 for sodium ionic conductivity and 10 -5 (Ωcm)-1 for lithium.13,14 The
potential for optimization of these ionic conductivities could be achieved through the study
of the mixed glass former effect in sulfide glasses.
Some ternary sulfide systems have been studied including sodium borophosphates,
sodium borosilicates, sodium thiophosphogermanates, etc. which exhibit a mixed glass
former effect in certain properties.6,7,15,16
4.3 Background
4.3.1 Notation of SRO Units
A shorthand notation will be used in this paper to concisely describe the SRO
structures examined in the sodium thioborosilicate system. The SRO structures and their
corresponding notation can be seen in Fig. (1). For a boron unit with 3 bridging sulfurs the
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notation will be B3 where B indicates the central atom as given by the periodic table and 3
indicates the number of bridging sulfurs.

Note that boron can be trigonally and

tetrahedrally coordinated but this notation is not explicit in the coordination.
4.3.2 yNa2S + (1-y)B2S3 Binary System
Cho et al. have studied the glass formability of the binary system yNa 2S + (1-y)B2S3
and showed that there are two glass forming regions. The lower modified regions ranges
from 0 ≤ y ≤ 0.33 and a higher modified region of 0.55 ≤ y ≤0.80.17
The glass system studied here falls in the high-modified region. However, note that
instead of y=0.6 in terms of BS3/2, the modifier content translates to y=0.75 in terms of
B2S3. At this composition the theoretical structure unit is a metathioborate (B 0) in which
there are no bridging sulfurs (BS).18,19 While there’s essentially no networking in this glass,
it is a decent glass former as demonstrated by the thermal stability range, the difference in
crystallization temperature T x and glass transition temperature T g of ~70 C. While this
seems rather low for oxide glasses, this is somewhat typical for the sulfide glasses.
Although oxide systems have the advantage of chemical stability, the sulfide systems
initially prove to be much better ionic conductors. Typical room temperature, sodium ionic
conductivities of oxide glasses are around 10 -11 to 10-12 (Ω*cm)-1.7,8,20 However, sulfide
glass systems have sodium ionic conductivities of 10 -6 (Ω*cm)-1. For this binary system,
the room temperature, sodium ionic conductivity as reported by Patel is 8.3 x 10 -6 (Ω*cm)1 13

.

4.3.3 yNa2S + (1-y)SiS2 Binary System
Current studies suggest a wide glass forming range from y=0.0 to 0.7 for the sodium
thiosilicates.21,22 The modifier content of this system is in the higher range of glass
formability with y=0.6. This will help potentially increase the ionic conductivity since it
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incorporates more charge carriers. Structural studies of the sodium thiosilicates have
indicated that the binary structure of the 0.6Na 2S + 0.4SiS2 composition is nominally the
Si1 unit. Although small fractions of ESi2 and Si0 do exist at this composition. This
composition contains a majority of NBS with a small amount of BS. While one might
expect that a NBS terminated by a sodium ion would have a lower conductivity, the ionic
conductivity of this composition at room temperature is 4.17x10-5 (Ω*cm)-1. Even though
this composition is comprised of a majority of NBS, the ionic conductivity is promising
for an electrolyte material.
4.3.4 Mixed Glass Former System 0.6Na2S + 0.4[xBS3/2 + (1-x)SiS2]
The sodium thioborates and sodium thiosilicates have exhibited superior ionic
conductivities over that of the oxide binary systems, yet cannot compete with the ionic
conductivities of electrolyte materials used today which possess room temperature ionic
conductivities of ~10-3 (Ω*cm)-1. It has been seen in oxide mixed glass former effect
systems that ionic conductivity has the potential to increase by two orders of magnitude.
The mixed glass former effect occurs when mixing the ratio of glass formers (i.e. thioborate
and thiosilicate) while keeping the modifier content constant and observing a non-linear
and non-additive trend with respect to its physical properties. For instance, the sodium
borophosphate glasses studied by Christensen et al. varies the ratio of boron oxide to
phosphorus oxide while the sodium oxide content remains at 35 mol %. 8 In this system,
the sodium phosphate binary has an ionic conductivity of 7.63 x 10-12 (Ω*cm)-1 while the
sodium borate binary has an ionic conductivity of 2.93 x 10 -10 (Ω*cm)-1. Upon the addition
of boron oxide to phosphorus oxide the ionic conductivity begins to increase until it reaches
a maxium of 2.34 x 10-9 (Ω*cm)-1.8 This mixed glass former system exhibits a positive
mixed glass former effect with respect to the ionic conductivity where the ionic
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conductivity goes through a maximum. The mixed glass former system of the lithium
thiosilicogermanates also exhibits a positive mixed glass former effect with respect to the
ionic conductivity.23 However, in the sodium thiophosphogermanate system, a negative
mixed glass former effect was observed in the ionic conductivity. 15 To further understand
the role of structure, and more specifically the role of the SRO structure in these mixed
glass former systems, more systems need to be studied to strategically pinpoint the unique
characteristics of this phenomenon.
4.4 Experiment
4.4.1 Preparation of Precursors
Sodium sulfide was dehydrated from sodium sulfide nonahydrate (Acros
Oraganics, 98%) under vacuum at 250 C. Silicon sulfide was synthesized by combining
stoichiometric amounts of silicon powder (Alfa Aesar, crystalline, 99.999%) and sulfur
(Acros Organic, 99.999%) in an evacuated, sealed silica ampoule. The ampoule was
allowed to slowly reach 900 C in a tube furnace and then held at temperature for 11 hours.
Boron sulfide was synthesized in a similar matter but in a carbon coated silica ampoule as
proposed by Bloyer et. al.24 Stoichiometric amounts of boron (NOAH Technologies,
crystalline, 99.5%) and sulfur. Again, the evacuated ampoule was placed into a tube
furnace and slowly heated to 860 C where it was held at temperature for four hours. All
reacted ampoules were transferred to a nitrogen glovebox where the reaction chambers
were opened, milled, and further analysis done to ensure purity.
4.4.2 Preparation of Glass Samples
Samples were made from stoichiometric amounts of precursors described above.
The powders were milled for 20 minutes in a steel millpot in a SpexMill. Once milled,
samples were transferred to a carbon crucible and reacted in a nitrogen atmosphere in a
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tube furnace for 5 minutes at 550 to 720 C depending on composition. All samples were
subjected to no more than 2 % mass loss to ensure compositional accuracy. The sample
melts were then quenched between two brass plates and characterized.
4.4.3 Raman Spectroscopy
Samples were packed in a sealed sample holder inside the nitrogen glovebox.
Raman spectra were obtained for each glass using a Horiba LabRam Evolution High
Resolution confocal Raman Microscope spectrometer equipped with a 532 nm laser.
Spectra were obtained using 2 to 5 accumulations and ranging from 6 to 30 sec acquisition
under a 10x objective lens. Only 25 to 50% power was used to prevent samples from
crystallizing when exposed to the lazer.
4.4.4 Infrared Spectroscopy
Samples were prepared for infrared analysis in a nitrogen glovebox by diluting 2-3
wt % of sample in 200 mg of cesium iodide CsI and milled in a mortar and pestle. The
mixture was then placed into a sample die and Specac press, and pressed under 2 tons of
pressure. The infrared spectra were obtained using a Bruker IFS 66 v/s infrared
spectrometer with an attach nitrogen antechamber. The samples were scanned from 4000
to 400 cm-1 over 32 scans with 4 cm-1 resolution.
4.4.5 11B MASS-NMR
The samples were milled and packed into a 4 mm zirconia rotor in a nitrogen
glovebox. They were placed in a Bruker Avance II 600 MHz solid state NMR at room
temperature. The samples were spun at 14 kHz to reduce chemical shift anisotropy and
further resolve spinning sidebands from the central lines. A spin-echo experiment was done
to reduce the additional signal from the probe. A pulse width of 2.5 microseconds and a
delay time of 3 seconds was used for 512 scans. All spectra were indirectly referend using
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the IUPAC convention by establishing a relative reference frequency using
tetramethylsilane.25 The spectra were analyzed using DMFit software.26
4.4.6 29Si MASS-NMR
The 29Si NMR was obtained using Bruker Avance II 600 MHz solid state NMR at
room temperature. Samples were packed in a 4 mm zirconia rotor inside a nitrogen
glovebox. The samples were spun at 12kHz with a pulse width of 4.5 microseconds and a
recycle delay time of 30 seconds. The number of scans acquired were 4096.
4.5 Results
4.5.1 Raman Spectroscopy
The Raman spectra of the sodium thioborosilicate glasses can be seen in Fig. (2).
The pure binary sodium thiosilicate, x=0.0, shows two distinct features. At 370 cm -1 is
assigned to the Si1 structure and is most intense at x=0.0.21 With the addition of boron
sulfide, increasing x, this peak quickly decreases until x=0.6 where there is no evidence of
this peak. The next most intense silicon peak at x=0.0 corresponds to the Si 0 unit at 405
cm-1.21 This peak becomes more intense with increase in x value reaching a max at x=0.4
and decreasing to zero at x=1.0 where no silicon exists. As x increases with more addition
of boron sulfide, peaks emerge at 440 and 490cm-1.27 This unit corresponds to the B2 unit
and is seen between x=0.3 and x=1.0. These two, have relatively the same
intensity,however, at x=0.9 and 1.0, the intensities of these peaks are not the same ratio
with the peak at 440 cm-1 being larger than 490 cm-1 suggesting that a different structural
feature may be growing in superimposed. The possible unit would be B0 which is in
agreement with what is seen with the infrared spectra that is reported later. Royle et al.
have a similar orthothioborate peak present around 480 cm-1 suggesting some overlap
between modes.
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4.5.2 Infrared Spectroscopy
The infrared spectroscopy can be seen in figure 2. When x=0.0, the sodium
thiosilicate binary, the main peaks are located at 435 cm -1 and 560 cm-1 corresponding to
the ESi2 and Si1, respectively.21,28 The ESi2 unit follows a similar trend as seen in the
Raman spectroscopy. It is most intense at x=0.0 and decreases with intensity has x-value
increases until x=1.0 where no silicon is present. The Si 1 unit is most intense at x=0.0 and
seems to decrease in intensity until x=0.3. Around x=0.4 line shape begins to change and
the peak starts to shift to lower wavenumbers. Around 500 cm-1, the Si0 unit becomes more
prevalent over the Si1 until x=1.0 where not silicon is present. The infrared gives a better
understanding of boron SRO starting to emerge. At low x-value is the B0 SRO unit located
at 800 cm-1. This unit grows in intensity with increasing x-value and can be seen in the
sodium thioborate binary, x=1.0. The next boron unit that appears is the B2 unit located at
922 cm-1.18 This peak is seen around x=0.3 and begins to grow in intensity and then fade
out until x=0.9. The pure sodium thioborate does not show evidence of B 2 in this region.
At around x=0.4, a faint peak appears around 1015 cm-1 and grows in intensity until x=1.0
and is attributed to the B1 unit.
4.5.3 11B MASS-NMR
Figure 4.4 shows the

11

B MASS-NMR spectra. The MASS-NMR revealed that

there was a fair amount of oxide and oxy-sulfide units within these glasses. However, all
oxide contamination from oxide and oxy-sulfide modes were calculated from peak areas
to be less than 10 %. The first peak is attributed a four coordinated oxy-sulfide boron
species BOS3- located at ~1 ppm. The trigonal oxide and oxy-sulfides BO3, BO2S, BOS2
exist at 16, 31, and 46 ppm, respectively. These mixed oxy-sulfide trigonal units were fit
with quadrupolar peaks and the fitting parameters are discussed next. The BO3 has a Cq
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value of 2.7 ± 0.1 MHz and an η of 0.20 ± 0.05. The BO2S has a Cq value of 2.6 ± 0.1 MHz
and an η of 0.4 ± 0.01 while the BOS2 has a Cq of 2.5 ± 0.1 MHz and an η of 0.4 ± 0.01.
The pure thioborate trigonal units lie between 58 to 65 ppm. 19,29 The first pure sulfide
quadrupolar peak is located at 62 ppm and corresponds to the trigonal B1 unit. Larink et al.
did not distinguish this peak from a B1 or B2 unit; however, they assigned it to a mixture
of the asymmetric trigonal sites.30 This glass system deals with a higher modifier content
and B1 is solely designated to this peak due to the amount of sodium that would be expected
to terminate the sulfurs. The Cq value of this peak is 2.4 ± 0.1 MHz and an η of 0.4 ± 0.01.
Another peak that is overlapping with this peak is assigned to the trigonal B 0 unit at 66
ppm. This symmetric trigonal unit is shifted higher and is easier to distinguish from the
asymmetric units.
4.5.4 29Si MASS-NMR
Figure 4.5 shows the

29

Si MASS-NMR spectra for the series. No spectrum is

collected for x=1.0 since this is the pure sodium thioborate and no silicon exist. The spectra
show a broad peak centered around 5.3 ppm for x=0.0 and gradually shifting downfield
through the series to 6.5 ppm for x=0.9. Watson et al. contributes this peak to be either a
Si1 or an Si0 unit.21 These SRO units are difficult to resolve especially for broad spectrum
obtained from amorphous materials. The chemical shifts are similar ranging from 6 to 8
ppm. The Si1 unit is expected to be located at lower ppm shift due to shielding while the
Si0 is expected to be seen at higher chemical shift. A faint peak at -11.5 ppm is seen in the
x=0.0 spectrum which is contributed to the edge sharing ESi 1 SRO unit. Progressing
through the series with increasing boron content, this peak quickly diminishes with little
NMR spectral evidence past x=0.2.
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4.6 Discussion
A SRO model determined from the quantitative analysis of the 11B and 29Si MASSNMR is shown below. From the SRO model, it can be seen that, beginning at x=0.0, the
sodium thiosilicate binary, the fraction of Si1 SRO units is not 1 as theoretically expected.
However, the fraction of Si1 is ~0.75. The existence of ESi2 units ensures, for charge
balance, the existence of equal numbers of Si 0 which is supported by the quantitative
analysis of the

29

Si NMR and agrees with the literature. Moving towards the thioborate

binary, there is an initial decrease of the fraction of Si 1 followed by an increase. From x=0.2
onward, the general trend is a continuous decrease until x=1.0 where no fraction of Si1
exists. As mentioned, the existence of ESi 2 is present but in low abundance compared to
the Si1 SRO unit. The ESi2 is only seen for the x=0.0 and 0.1. This does not agree with the
vibrational spectroscopies. It may be possible that the NMR resolution is the issue since
the signal-to-noise ratio of 29Si NMR for samples similar to these is poor causing for the
ESi2 peak to essentially go unnoticed. The vibrational spectroscopies instead suggest that
the ESi2 unit persists throughout a majority of the series until about x=0.7 as seen in the
infrared spectra. The Si0 unit has a similar trend to the ESi 2 which corroborates the
dissociation of Si1 into ESi2 and Si0. However, the model does have small amounts of Si 0
throughout the entire series until x=1.0 unlike that of ESi2. This is in fair agreement with
the vibrational spectra which shows Si 1 most intensely at the sodium thiosilicate rich end
but diminish with increasing thioborate concentration.
As the thioborate concentrate increases, the B0 unit begins to emerge as the
dominant SRO species. It grows in rapidly and continues to increase in nearly a linear
fashion. Again, the fraction of B0 at the pure sodium thioborate binary is not 1 as
theoretically expected. However, a small fraction of B4 units and other oxysulfides. The
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fraction of B4, at the sodium thioborate binary, is in fair agreement with past NMR
experiments of sodium thioborate binary studies.19,31 The B1 units initially emerge at a
similar rate to B0. However, at x ≥ 0.3, the rate begins to slow and becomes somewhat
constant through the rest of the series to x=1. The B4 SRO unit emerges slowly with a
small fraction starting at x=0.1 and remains fairly constant throughout the entire series.
Upon further inspection of Fig. (5), the total fractions for compositions x ≥ 0.2 do
not add up to 1. In other sulfide systems, polysulfides have been observed in the Raman
spectroscopy which would be indicated by a peak at ~470 cm -1.

21,32

The lack of this

structural peak in this systems suggests that sodium sulfide is most likely free Na 2S and
not Na2Sn polysulfide compounds where n is either 2 or 4. The polysulfide compounds
suggest that sulfur is being taken up from the network creating a sulfur deficient network.
Further analysis into the thermal properties does not show any signs of phase separation
that is indicated by multiple glass transitions. Examination through x-ray diffraction
showed no degree of crystallinity that may arise from unreacted sodium sulfide.
The amount of free sodium sulfide was calculated based on the quantitative NMR
results and charge compensation. Fig. (6) shows the moles of free sodium sulfide for the
different compositions in this sodium thioborosilicate series. The amount of free sodium
sulfide is less than 10 mol % of the total sodium sulfide throughout the series and no free,
unreacted sodium sulfide exists in the silicon-rich glasses. This small amount of free
sodium sulfide may explain the lack of crystallinity undetected in the x-ray diffraction
pattern. It is also seen that with the increase in the thioborate content is an increase in free
sodium sulfide. While it is not immediately evident why the silicon-rich glasses favor full
reaction with sodium sulfide over boron-rich glasses, creating more free sodium sulfide, a
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possible explanation may lie in electronegativies. The electronegativity of silicon and
boron is 1.90 and 2.04, respectively, while the electronegativity of sulfur is 2.58.33 The
largest electronegativity difference is silicon and sulfur with a difference of 0.68 while
boron and sulfur have an electronegativity difference of 0.54. Silicon and sulfur exhibit a
stronger, more ionic bond than that of boron and sulfur meaning silicon’s affinity for sulfur
is stronger than that of boron’s. This may explain the general increase in free sodium sulfide
with increasing thioborate concentration and more incorporation of sodium sulfide in the
silicon-rich glasses.
Further investigation into binary sodium thioborate suggests that the reaction is
entropy driven, giving rise to the many different SRO species that are present. The expected
SRO unit would be the B0, however, while there is a large fraction of B0 this is not the sole
SRO unit present. The many reactants visible in the different spectroscopic techniques are
evidence of multiple competing reactions taking place to produce either B 0, B1, B4 and
even mixed oxy-sulfide versions of these SRO units due to the small oxygen
contamination. Boron’s affinity for oxygen over sulfur, even in small amounts, may be
increasing the amount of possible reaction pathways for these SRO units to form.
4.7 Conclusion
The SRO structures of the sodium thioborosilicate, 0.6Na2S + 0.4[xBS3/2 + (1x)SiS2], system was examined through infrared, Raman, 11B MASS-NMR and 29Si
MASS-NMR spectroscopies. It was seen that as the glass becomes boron rich the
networking of the glass breaks down as seen in the SRO transition of primary Si1 units to
primary B0. The quantitative NMR results and charge compensation suggest the existence
of free, unreacted sodium sulfide which increased with increasing thioborate content. The
sodium sulfide is present in very low concentrations that it is difficult to detect through
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the means used here. The existence of many boron SRO units, however in small
quantities, suggests that there are multiple competing reactions occurring to produce such
units.
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Figure 4.1. The SRO structures and their corresponding notion.
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Figure 4.2. The mid- and far-infrared spectra of the sodium thioborosilicates.
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Figure 4.3. The Raman spectra of the sodium thioborosilicates.
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Figure 4.4. The 29Si MASS-NMR of the sodium thioborosilicates.
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Figure 4.5. The 11B MASS-NMR of the sodium thioborosilicates.
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CHAPTER 5. IONIC CONDUCTIVITIES OF THE SODIUM
THIOBOROSILICATE MIXED GLASS FORMER SYSTEM 0.6Na2S + 0.4[xBS3/2
+ (1-x)SiS2]

A paper to be submitted the Journal of Non-Crystalline Solids
Brittany Curtis, Carter Francis and Steve Martin
Department of Materials Science & Engineering
Iowa State University of Science and Technology
Ames, IA
5.1 Abstract
Solid-state electrolytes are becoming of increasing interest during the
development of all solid-state batteries. Sulfide-based, glassy solid-state electrolytes are
an attractive alternative over the liquid, organic electrolytes. The amorphous structure of
these materials may prove to be superior ionic conductors over materials that produce
grain boundaries. This study examined the mixed glass former effect with respect to the
ionic conductivity of a sodium thioborosilicate system, 0.6Na2S + 0.4[xBS3/2 + (1x)SiS2]. The ionic conductivities were determined using electrochemical impedance
spectroscopy. It was seen that there was a general negative mixed glass former effect in
the ionic conductivities. However, with respect to the activation energy of ionic
conduction, the mixed glass former effect exhibited a positive trend in the silicon-rich
samples, and a negative trend in the boron-rich samples. The negative MGFE of the ionic
conductivities in these glasses may be attributed to the decreasing molar volume that was
calculated from experimental density measurements. Free sodium sulfide may be playing
a role as well since the amount of free, unreacted sodium sulfide increases with the
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increasing thioborate concentration. Further analysis into the activation energy,
specifically the Christensen Martin Anderson Stuart model of ionic conduction suggests
that the strain energy is minimal and that the binding energy portion of the total
activation energy is the largest contributing factor.
5.2 Introduction
All solid-state batteries are of increasing interest to meet demands as new
alternative energy sources are being developed. Currently, lithium-ion batteries are the
more popular and well-known secondary battery. However, while these batteries have
widespread use lending to their popularity and versatility, there have been many safety
concerns arising from battery failure of these types of batteries.1,2 In many cases, it is
caused by dendritic formation leading to thermal runaway, which in turn causes the
flammable inorganic electrolyte to ignite. 3-5 Due to these potentially catastrophic events,
the focus has turned to the development of an all solid-state battery (ASSB) as a safer,
and a more energy dense alternative to lithium-ion batteries. While lithium-ion batteries
are more widely used, the low abundance of lithium tends to drive up the costs meaning
that lithium metal batteries could potentially be rather expensive to manufacture. Sodium
metal batteries could prove to be an inexpensive substitute in the battery market. There
are some major differences between the two alkali metals. As already referenced is the
natural abundance. Lithium metal is about 20 ppm in the Earth’s crust whereas sodium is
much higher with 23,600 ppm in the Earth’s crust.6,7 Sodium is also heavier than lithium
meaning that it ultimately would not be a viable alternative for portable devices. Sodium
is a little over 3 times heavier than that of lithium. Consequently, the larger size of
sodium may impede its ability, as a solid-state electrolyte, to conduct as well as lithium
making it difficult to reach the target ionic conductivity of 10 -3 S/cm.8
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More research into the field of solid-state electrolytes may be able to produce the
competitive ionic conductivities needed. Many materials have been studied including
polymer gel, ceramic, glass ceramic, and, of particular interest to this study, pure glassy
materials.4,9-13 While oxide glasses are known to be very poor ionic conductors (10 -12 to
10-10 S/cm), their sulfide analogs show much improvement by roughly 6 orders of
magnitude larger ionic conductivities (10-6 to 10-5 S/cm).14-17 While the binary sulfide
glasses still have insufficient ionic conductivities for their use in all solid-state batteries,
it has been seen that these properties have been optimized through the mixed glass former
effect which is explained in more detail in the background section of this paper. This
paper aims to study the ionic conductivity of the glass system sodium thioborosilicate,
0.6Na2S + 0.4[xBS3/2 + (1-x)SiS2] as it relates to the mixed glass former effect and better
understand the structural roles affecting the ionic conductivity.
5.3 Background
5.3.1 Mixed Glass Former Effect
As previously mentioned, this paper will explore the phenomenon of the mixed
glass former effect with particular interest giving to the ionic conductivity. Our research
group and others have done many studies of the mixed glass former effect on various
systems.15,17-20 The mixed glass former effect is a phenomenon which observes a nonlinear and non-additive trend in physical properties upon mixing two glass formers in
varying ratio from one binary system to the next through a ternary system of both glass
formers. The glass formers of interest in this study are boron sulfide (BS3/2) and silicon
sulfide (SiS2) while the modifier, sodium sulfide (Na2S) is held constant. A positive
mixed glass former effect is a positive deviation from linearity with a maximum in the
physical property as is the case for the ionic conductivity of the sodium borophosphates. 15

95
A negative mixed glass former effect can also occur as indicated by the ionic
conductivity in the mixed glass former system of the sodium thiogermanophosphates. 18
This is similar to the positive mixed glass former effect, however, instead of a positive
deviation there is a negative deviation from linearity with a minimum in the physical
property.
5.4 Experimental Procedures
5.4.1 Preparation of Precursors
In order to prepare the glasses, the base materials needed to be synthesized as
well. Sodium sulfide is available commercially, however, to increase the purity of sodium
sulfide sodium sulfide nonahydrate (Acros Oraganics, 98%) was dehydrated under
vacuum at 250 C. Silicon sulfide and boron sulfide are not available commercially at the
purities needed to ensure good glass formation. Therefore, silicon sulfide was synthesized
by combining stoichiometric amounts of silicon powder (Alfa Aesar, crystalline,
99.999%) and sulfur (Acros Organic, 99.999%) in an evacuated, sealed silica ampoule
inside a nitrogen glovebox. The ampoule was then removed and loaded into a mullite,
tube furnace and allowed to slowly reach 900 C in a tube furnace and then held at
temperature for 11 hours. Boron sulfide was synthesized in a similar matter but in a
carbon coated silica ampoule as proposed by Bloyer et. al.21 Stoichiometric amounts of
boron (NOAH Technologies, crystalline, 99.5%) and sulfur. Again, the evacuated
ampoule was placed into a tube furnace and slowly heated to 860 C where it was held at
temperature for four hours. All reacted ampoules were transferred to a nitrogen glovebox
where the reaction chambers were opened, milled, and further analysis done to ensure
purity.
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5.4.2 Preparation of Glass Samples
Samples were made from stoichiometric amounts of precursors described above.
The powders were milled for 20 minutes in a steel millpot in a SpexMill. Once milled,
samples were transferred to a carbon crucible and reacted in a nitrogen atmosphere in a
tube furnace for 5 minutes at 550 to 720 C depending on composition. All samples were
subjected to no more than 2 % mass loss to ensure compositional accuracy. The sample
melts were then quenched between two brass plates and characterized.
5.4.3 Impedance Spectroscopy
The ionic conductivities were obtained using a Novocontrol Broadband Dielectric
Spectrometer using an Alpha A series analyzer. Annealed, glass disk samples that were
~15 mm in diameter and 1 to 2 mm in thickness were painted with conductive silver
paint. They were loaded into a puck-like, sealed sample holder with a known capacitance.
The sample was loaded into the sample cell of the instrument, ran from room temperature
to 50 degrees below the glass transition temperature, and scanned from 10 7 to 10-1 Hz.
The data was fit using WinFit software. An example fitting of a complex impedance plot
can be seen in Fig. 5.1.
5.5 Results
The direct current (DC) ionic conductivities were determined at different
temperatures ranging from room temperature to 50 C below the glass transition which
varied based on the composition. The DC ionic conductivities were determined using the
equation below:
𝜎𝐷.𝐶. =

1 𝑡
∙
𝑅 𝐴

where 𝜎𝐷.𝐶. is the DC conductivity, R is the resistance, t is the thickness of the sample,
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and A is the area of the sample. The resistance of the sample is found through an
alternating current experiment where the real and imaginary parts of the impedance were
plotted to construct a Nyquist plot. This plot was then fit with an equivalent RC circuit
model where the magnitude of the impedance is described by the expression below:
|𝑍 | =

𝑅
1+(𝜔𝑅𝐶)2

𝜔𝑅2 𝐶

− 𝑗 (1+(𝜔𝑅𝐶)2 )

(2)

where ω is the angular frequency, C is the constant phase element, j is the imaginary
component √−1. The first part of the expression describes the real part of the impedance
and the second portion describes the imaginary part of the impedance. When the angular
frequency is essentially zero, indicative of direct current, then the impedance goes to R
and this value is used in eq. (1) to calculated the DC ionic conductivity at the various
temperatures. Fig. 5.2 shows the Arrhenius plot of the conductivities. As the thioborate
concentration increases (increasing x-value), the ionic conductivities decrease. To get a
better idea of the mixed glass former effect with respect to the ionic conductivity, the
ionic conductivities at 30, 90, and 130 C were plotted against the composition x-value
(Fig. 5.3). From this compositional plot, we can see there is a negative deviation from
linearity from x=0.1 to x=0.3 where after there is a positive deviation with a local
maximum iat x=0.4.
To determine the activation energy of ionic conduction, the Arrhenius equation
for conductivity was used and is shown in eq. (3).
𝜎𝐷.𝐶. =

𝜎0
𝑇

𝑒𝑥𝑝 [−

∆𝐸𝐴𝑐𝑡
𝑅𝑇

]

The pre-exponential factor is indicated by 𝜎0 , T is the temperature, R is Boltzmann’s
constant, and ∆𝐸𝐴𝑐𝑡 is the activation energy for ionic conductivity. The activation
energies were determined by rearranging the above equation into eq. (4).

(3)
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𝑙𝑛(𝜎𝐷.𝐶. ∗ 𝑇) =

𝛥𝐸𝑎𝑐𝑡
𝑅𝑇

+ 𝑙𝑛(𝜎𝑜 )

(4)

The activation energies were determined from the generated Arrhenius plots and can be
seen in Fig. 5.4 for each composition. The Arrhenius plot exhibits a positive deviation
from linearity in the silicon-rich portion while around x=0.5 where is begins to exhibit a
negative deviation from linearity. The activation energy of the boron-rich samples is
relatively unchanged until the pure sodium thioborate sample where a large increase in
the activation energy is seen.

5.6 Discussion
As briefly, mention in the results section, the ionic conductivity shows a negative
deviation from linearity, which is indicative of a negative mixed glass former effect. The
ionic conductivity of the sodium thiobosilicate is 4.17x10 -5 (Ω*cm)-1 while the sodium
thioborate has a lower ionic conductivity of 2.94x10-6 (Ω*cm)-1. As seen in the Arrhenius
plot, the ionic conductivity decreases with increasing boron content. The decreasing ionic
conductivity may be due to a few different reasons including molar volume, the amount
of free sodium sulfide, and the interactions of sulfur with silicon and boron on an atomic
level.
Fig. 5.5 shows the calculated molar volume for each composition. As seen, the
molar volume decreases with increasing x-value. The smaller the molar volume, the less
amount of space for sodium atoms to migrate through the glass structure. In this case the
sodium thioborosilicate has a smaller molar volume which may indicate a higher
activation energy barrier for sodium to conduct. A more in-depth discussion of the molar
volume and densities of these glasses can be seen in the paper by Curtis et al.22

99
As previously published, Curtis et al.23 also study the structure of these glasses. It was
seen the small amounts of free, unreacted sodium sulfide exists in small quantities (less
than 10 mol% at the most). While only a small amount, this can be a contributing factor
to the diminishing ionic conductivity with increased thioborate content. The ionic
conductivity can be expressed by the equation below:
𝜎 = nZeμ

(5)

where n is the number of mobile ions per unit volume, Z is the charge of the mobile ion,
and e is the electric charge, and µ is the mobility of the ions. The number of mobile ions
per unit volume decreases when more free, unreacted sodium sulfide is generated. Since
n decreases with increasing free sodium sulfide, it can easily be seen that the ionic
conductivity decreases as well.
Little is understood about why the boron-rich glasses are not accepting as much
sodium sulfide into the structure as the silicon-rich ones. One explanation may lie in the
strength of the bonds. Investigating the electronegativity differences, the silicon sulfur
bond has the largest difference proving to be more ionic and stronger than that of the
boron sulfur bond. The stronger interaction that silicon has on a terminating sulfur means
a weakening of the interaction between sodium and the corresponding sodium. This not
only explains why the silicon may uptake more sodium sulfide since it has a stronger
attraction to sulfur but why the ionic conductivity is higher in the sodium thiosilicate
binary.
5.6.1 Christensen Martin Anderson Stuart Model
The Anderson-Stuart model for ionic conduction is one of the most well accepted
models for this type of application. It consists of two main portions to the overall
activation energy of ionic conduction: the strain energy and the binding energy. 24 Both
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portions describe the activation energy for ionic conduction. Table 5.2 shows the fitting
parameters used for both the strain energy and the binding energy. The strain energy can
be defined by:
𝜆

𝐸𝑆 = 𝜋𝐺 2 (𝑟 − 𝑟𝑑 )2

(6)

where Es is the strain energy, G is the shear modulus rd is the doorway radius and rNa is
the radius of the sodium ion. Little is reported on the shear modulus of these sulfide
glasses but the glass transition temperature can give insight into the general trend of the
shear modulus.25,26 The glass transition temperatures for each composition are shown in
Fig. 5.7. Overall, the glass transition temperature decreases from the sodium thiosilicates
to the sodium thioborates in a nearly linear fashion. Therefore, the shear modulus portion
of the activation energy will have a similar trend due to the direct relationship between
the strain energy and the shear modulus. As seen, the Tg indicates a decrease in strain
energy. However, upon comparison to the experimental activation energy, it is seen that
the sodium thiosilicate has a lower activation energy than that of the sodium thioborate.
Therefore, the strain energy is barely effecting the overall trend of the activation energy.
This may inform that the binding energy has more influence on the total activation energy
than the strain energy. In Fig. 5.8, shows the calculated strain energy using an
approximation of the shear modulus of a similar sodium sulfide glass system studied by
Bischoff et al based on the trend in the glass transition temperature .27 The composition
dependence of the strain energy is fairly constant and has a small contribution to the
overall activation energy.
The binding energy was determined using the equation below:
𝐸𝑏 =

𝑀𝑁𝑎 𝑍𝑁𝑎 𝑍𝑆 𝑒 2
4𝜋𝜀0 𝜀∞

(𝑟

1

𝑁𝑎 + 𝑟𝑆

−𝑟

1

𝑁𝑎 + 𝑟𝑆 + 𝜆/2

)

(7)
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where Eb is the binding energy, ZNa is the valence of the sodium (1), ZS is the valence on
sulfur (2), e is the electric charge, ε0 is the permittivity of free space, 𝜀∞ is the high
frequency permittivity of each sample, rNa is the radius of sodium, rs is the radius of
sulfur, and λ is the jump distance. The binding energy was calculated for each
composition and the results can be seen in Fig 5.9. It should be noted that the binding
energy matches the trend of the experimental activation energy well. This is due to how
the Madelung’s constant (Md) was determined. It is difficult to determine Madelung’s
constant for these glasses due to the lack of long range order and periodicity. Therefore,
Md was back calculated by setting the binding energy and the strain energy equal to the
experimental activation energy and solving for Md. The values for the Madelung’s
constants are shown in Table 5.2. This calculation is also secondary check to how reliable
is the Christensen Martin Anderson Stuart model. While there is much variation in the
values from composition to composition, they are within reason to other glass systems. 18
From the binding energy calculation, it is seen that the Coulombic binding energy has a
larger effect on the overall activation energy.
5.7 Conclusion
The D.C. ionic conductivity of the sodium thioborosilcate glass system, 0.6Na 2S
+ 0.4[xBS3/2 + (1-x)SiS2], was determined by electrochemical impedance spectroscopy. It
was seen that there is a negative mixed glass former effect with respect to the ionic
conductivity with the ionic conductivity being much less in the sodium thioborate binary
than the sodium thiosilicate. It was proposed that this may be due to increase amounts of
free, unreacted sodium sulfide and a decrease in molar volume. The activation energy of
ionic conduction was modeled with the Christensen Martin Anderson Stuart model and
found fair agreement between experimental and modeled behavior.
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Table 5.1. The mol% of free sodium sulfide of the available sodium sulfide determined
through 11B NMR, 29Si NMR and charge compensation.

Percent of Free
Composition Na2S
0
0
0.1
0
0.2
1.5
0.3
0.9
0.4
2.0
0.5
2.4
0.6
6.6
0.7
2.8
0.8
5.6
0.9
8.0
1
7.5
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Table 5.2. Values for the corresponding parameters used in determining strain and
Coulombic binding energies of the Christensen Martin Anderson Stuart Model.

Composition (x)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1

G (Pa)
1.67E+10
1.65E+10
1.60E+10
1.56E+10
1.52E+10
1.48E+10
1.43E+10
1.39E+10
1.36E+10
1.31E+10

rNa (m)
9.70E-11
9.70E-11
9.70E-11
9.70E-11
9.70E-11
9.70E-11
9.70E-11
9.70E-11
9.70E-11
9.70E-11

rD (m)
εhf (pF)
6.50E-11
10.37
6.50E-11
12.20
6.50E-11
10.16
6.50E-11
9.18
6.50E-11
8.82
6.50E-11
8.65
6.50E-11
9.24
6.50E-11
11.03
6.50E-11
9.82
6.50E-11
11.72

Md
1.38
1.99
1.36
1.61
1.72
1.62
1.59
1.38
1.49
1.59

λ cation
(m)
3.89E-10
3.88E-10
3.87E-10
3.85E-10
3.81E-10
3.81E-10
3.79E-10
3.78E-10
3.77E-10
3.74E-10
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Figure 5.1. Example fitting of a complex impedance plots for sample x=0.4 at 30 C.
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0.6Na2S + 0.4[xBS3/2 + (1-x)SiS2]
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Figure 5.2. The Arrhenius plots of the D.C. conductivity for the sodium thioborosilicate
system. Only every other sample is shown for ease of visibility.
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0.6Na2S + 0.4[xBS3/2 + (1-x)SiS2]
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Figure 5.3. The D.C. ionic conductivity at for each composition in the sodium
thioborosilicate system reported at 30, 90 and 130 C.
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Figure 5.4. The experimental activation energy determined from the slope of the
Arrhenius plot for each composition.
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Figure 5.5. The pre-exponential factor for each composition of glass in the sodium
thioborosilicate system.
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Figure 5.6. The experimental molar volume determined for each glass composition in the
system.
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Figure 5.7. The comparison of the ionic conductivity and the free, unreacted sodium
sulfide for each composition.
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Figure 5.8. The glass transition temperature plotted against composition.
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High Frequency Relative Permittivity
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Figure 5.9. High frequency relative permittivity determined at -80 C for the sodium
thioborosilicate glasses.
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Figure 5.10. The calculated strain, binding and activation energy along with the
experimentally determined activation energy for the sodium thioborosilicates.
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CHAPTER 6. GLASS TRANSITION TEMPERATURES AND DENSITY OF
THE SODIUM THIOBOROSILICATE MIXED GLASS FORMER SYSTEM
0.6Na2S + 0.4[xBS3/2 + (1-x)SiS2]

A paper to be submitted the Journal of Non-Crystalline Solids
Brittany Curtis, Carter Francis and Steve Martin
Department of Materials Science & Engineering
Iowa State University of Science and Technology
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6.1 Abstract
Solid-state batteries are proving to be a good alternative to lithium-ion batteries
which have been known to have safety concerns. By replacing the liquid, organic
electrolytes with a glassy, solid-state electrolyte, these safety concerns could possibly be
prevented. An interesting phenomenon occurs in ternary glasses where there is a nonadditive, non-linear trend in the physical properties upon mixing two glass formers in
varying ratios. This is known as the mixed glass former effect (MGFE). The MGFE was
examined in the sodium thioborosilicate system, 0.6Na2S + 0.4[xBS3/2 + (1-x)SiS2], in
both the glass transition temperature (Tg) and density. The glass transition temperature
was found to overall decrease from sodium thiosilicate to sodium thioborate with a slight
negative deviation from linearity of the ternary systems. The density also decreased but
showed a more significant negative deviation in the silicon-rich samples then returned to
linear behavior. The molar volume had an inverse relationship to the density where there
was a positive deviation in the silicon-rich samples.
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6.2 Introduction
All solid-state batteries are becoming of increasing interest as a safer alternative
to lithium-ion batteries. Replacing the organic, liquid electrolyte with a solid electrolyte
may prevent dendritic formation that is known to occur in lithium-ion batteries.1 The lack
of dendritic formation will prevent short-circuiting which can lead to thermal runaway
causing the organic electrolyte to ignite.2-5 Many solid-state alternatives are being
explored such as polymer, polymer gels, ceramic, glasses and glass ceramics. 6-8 Glasses
are of particular interest due to their amorphous behavior. The grain boundary lacking
structure prevents a pathway for dendritic growth that is facilitated in crystalline
materials.
Currently, the most widely used secondary battery is the lithium-ion battery.
Apart from the safety concerns of these batteries, they are also quite costly due to the
rarity of lithium. Sodium has a similar chemistry to lithium and may prove to be a
cheaper replacement. Sodium is over a thousand times more abundant in the Earth’s crust
than lithium.9,10 However, sodium is larger than lithium making it less attractive for
portable devices. These sodium metal batteries would be great for grid-scale energy
storage devices such as storage for wind turbines.
While oxide glasses are chemically durable and strong, their ionic conductivities
are not high enough to be used as an electrolyte material for a solid-state battery. Sulfidebased glasses have proven to have increased ionic conductivities of 5 to 6 orders of
magnitude over the oxides. However, the ionic conductivities of the binary sodium
sulfide glasses are not competitive with the conductivities necessary for solid-state
batteries. Nevertheless, upon mixing two glass formers in varying ratios, from one binary
to the next through a ternary system, it has been seen that a non-linear, non-additive trend
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in physical properties is seen. This phenomenon is known as the mixed glass former
effect (MGFE) and has been studied for multiple glass systems of both oxide and sulfide
based glasses.11-14
6.2.1 Notation of SRO Units
A shorthand notation will be used in this paper to concisely describe the SRO
structures examined in the sodium thioborosilicate system. For a boron unit with 3 bridging
sulfurs the notation will be B3 where B indicates the central atom as given by the periodic
table and 3 indicates the number of bridging sulfurs. Note that boron can be trigonally and
tetrahedrally coordinated but this notation is not explicit in the coordination.
6.3 Experimental
6.3.1 Sodium Sulfide
Sodium sulfide was prepared by dehydrating sodium sulfide nonahydrate (Acros
Organics, 98%) at 250 C for 50 hours under vacuum. Once dehydrated, the sample was
sealed under vacuum and transferred to the nitrogen glovebox.
6.3.2 Silicon Sulfide
Silion sulfide was prepared from stoichiometric amounts of elemental powders.
Silicon (Alfa Aesar, crystalline, 99.999% ) and sulfur (Acros Organic, 99.999%) were
massed out inside a nitrogen glovebox and packed into a silica ampoule. The ampoule
was sealed with a hose and hose-clamp, removed from the glovebox and flame-sealed
under vacuum. It was then loaded into a mullite tube furnace, slowly ramped to 900 C
and held for 11 hours and then allowed to freely cool to room temperature. The reacted
ampoule was then introduced into the glovebox where the contents was removed and
milled into a powder. Further characterization of the silicon sulfide was done to ensure
purity.
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6.3.3 Boron Sulfide
Boron sulfide was synthesized using a similar method described by Bloyer et al.15
Boron (NOAH Technologies, crystalline, 99.5%) and sulfur were combined in
stoichiometric amounts and packed into a carbon-coated ampoule. It was sealed with a
hose and hose-clamp, removed from the glovebox and flame-sealed under vacuum. Once
sealed, it was loaded into a furnace, slowly ramped to 850 C and held for 4 to 5 hours. It
was then slowly cooled to room temperature and placed into the glovebox. It was then
removed from the ampoule, milled to a powder in a SpexMill and characterized to ensure
purity.
6.3.4 Preparation of Glass Samples
All samples were prepared in a nitrogen glovebox and made from stoichiometric
amounts of the precursors. These samples were milled for 20 minutes using a Spex mill
to pre-react the powders and reduce excess vaporization when melting. The samples were
then melting in a mullite tube furnace attached to the glovebox for 5 min at 550 to 720 C
depending on composition. A mass loss was obtained once the first melt has cooled in the
vitreous carbon crucible to ensure the mass lost did not exceed 2 wt %. Once this is
obtained, the sample is melted a second time and annealed at 30 to 50 degrees below the
Tg for 40 min then allowed to cool to room temperature at 2 C per min.
6.3.5 Glass Transition Temperatures
Glass transition temperatures (Tg) for glassy samples were determined through
differential scanning calorimetry (DSC). A Perkin Elmer Diamond DSC with
water/alcohol external chiller was used to measure the samples. Sample sizes varied from
5-10 mg and all samples were hermetically sealed into aluminum pans inside of a
nitrogen glove box. Additionally, a purge gas of nitrogen at a flow rate of 20 ml/min was
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used to further control the environment. A survey scan was conducted first to determine
estimates of glass transition and crystallization temperatures. A secondary sample then
was run in range of 50 to30 degrees above Tg. These samples were cycled three times
reduce stress build up and establish a known thermal history. As such the samples were
heated and cooled at 20 degrees Celsius per minute. From these tests the glass transition
temperatures reported are based on the average of the T gs from the heating of the second
and third cycles. All Tg’s, after cycling, were reproducible in the range of ±2 degrees
when the same sample was run multiple times. The onset of the transition temperature
was determined using the Perkin Elmer software and is based on drawing tangent lines to
the baseline before the transition occurs and during the transition. A sample of the
determination of onset can be seen in Fig. 6.1
6.3.6 Density
Samples tested for density were prepared from bulk annealed samples and
measured by the Archimedes method using mineral oil (density of 0.838 g/cc) as the
immersive fluid. Masses of 0.5 to 2 grams were used. Care was taken to remove any
surface bubbles to prevent inconsistencies in measurements. All measurements occurred
in a nitrogen glove box with contamination levels of oxygen and water < 5ppm.
All measurements were preformed using a Metler Toldeo balance (model: XS105
Duel Range) with a complimentary density apparatus. The balance was calibrated with a
calibration weight and found to agree within ± 0.0001 g. The atmospheric mass was
obtained in the nitrogen atmosphere and the submerged mass was determined from the
sample in mineral oil. Multiple measurements were preformed to determine average
value and experimental error.
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6.4 Results
6.4.1 Glass Transition Temperature
The reported glass transition temperatures can be seen in Fig. 6.2. With increasing
boron content, a large, fairly linear decrease in transition temperature can be seen. The
highest values associated with the pure sodium thiosilicate (T g = 305 C) and the lowest
associated with the pure sodium thioborate glass (Tg= 180 C). Cho reported the glass
transition temperature of this sodium sulfide boron sulfide to be 157 C which is about 20
C.16 According to Cho, the glasses were melted at temps about 200 C higher than the
procedure listed here. This could account for the small discrepancies in the glass
transition temperature of the sodium thioborate. Upon adding more boron, a slight
positive deviation from linearity occurs in the high silicate region and the glass transition
temperatures then proceeds to drop quickly. In the region of x=0.3 to x=1.0 (the pure
thioborate sample) a slight negative deviation from linearity can be further observed.
Although seemingly small, because of the large change in glass transition temperatures
between the end members it should be noted that the deviation is around 10 degrees
Celsius at the x=0.7 borate end.
6.4.2 Density and Molar Volume
The densities of the sample can be seen in Fig. 6.3. They show a downward
sloping trend as silicon is replaced by boron in the glass. There are minor deviations
from linearity. There may be slight negative deviation in linearity in the silicon-rich
glasses. Additionally, the x=0.4 glass appears to show a large deviation from the other
points measured. Even over multiple batches and samples, the x=0.4 glass appears to
have an uncharacteristically high density. At the higher borate end a minimum can be
seen at the x=0.8 compositional value. The error also increases in the high borate end.
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The calculated molar volumes follows from the densities reported above and can
be seen in Fig. 6.4. The molar volume was calculated through dividing the molar mass of
one mole of glass by the density of the glass.

𝑉𝑚 =

𝑀𝑚
𝜌

(1)

The density is given by ρ and Mm is the molar mass of a formula unit. As such the molar
volume reported describes the average volume occupied by each atom. A downward
trend is seen, with an anomalous point at x=0.4. Similarly, there is a peak around x=0.8
and x=0.9 on the high borate end, however the x=1.0 seems to follow closely the linear
downward trend.
6.5 Discussion
6.5.1 Glass Transition Temperature
The glass transition temperatures of the sodium thioborosilicate system are
experiencing very slight deviations from linearity suggesting that the mixing of glass
formers has little influence on creating a mixed glass former effect with respect to the Tg.
A small negative deviation from linearity as x-value increases can be seen, however, it is
faint. The overall trend decreases from sodium thiosilicate to sodium thioborate. Upon
further investigation of the bonding, Fig. 6.5, shows the number of bridging sulfurs (BS)
and the non-bridging sulfurs (NBS). As shown, the bridging sulfurs decreases in a similar
fashion to the glass transition temperature, this suggests that as the networking of these
glass decreases, the glass is inherently less thermally stable lending to the observed trend
in Tg.
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6.5.2 Density and Molar Volume
The mixed glass former effect with respect to the density has a slight region of
negative deviation in the silicon rich end followed by a positive deviation tending
towards the boron-rich glasses. The overall decrease in density from x=0.0 to x=1.0 is
due to the replacement of silicon with boron. Silicon is more massive than boron but this
must also suggest that little volume change is occurring when interchanging species.
Therefore, the decrease in mass from silicon to boron must be accounting for a larger
effect to the density than volume changes occur. The molar volume may offer more
insight into this phenomenon. The sodium thiosilicate has a molar volume of 42.5
cm3/mol and a molar mass of 83.7 g/mol. For the sodium thioborate, the molar volume
was calculated to be 37.66 cm3/mol and has a molar mass of 70.4 g/mol. From sodium
thiosilicate to sodium thioborate the molar volume decreases slightly while there’s a
larger decrease in the molar mass of 13.3 g/mol. This supports that the molar mass of the
interchanging species has a larger effect on the density while having little effect on the
molar volume.
6.7 Conclusion
The glass transition temperatures and densities along with the corresponding
molar volumes have been reported for the sodium thioborosilicate sytem, 0.6Na2S +
0.4[xBS3/2 + (1-x)SiS2]. The glass transition temperatures were obtained through DSC
while the density was found using the Archimedes method for determining density. It was
seen that the Tg of the series was fairly linear with a decrease from the sodium
thiosilicate ot the sodium thioborate. The density and molar volume show similar linear
trends with some small deviations in the silicon-rich glasses.
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Figure 6.1. Example of the calculated onset from the DSC scan of a sodium
thioborosilicate glass sample (x=0.3).
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Figure 6.2. The glass transition temperatures for each composition in the series 0.6Na 2S
+ 0.4[xBS3/2 + (1-x)SiS2].
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Figure 6.3. Experimentally obtained densities reported for each composition of the
sodium thioborosilicate series obtained using the Archimedes method.
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Figure 6.4. Molar volumes calculated from experimental densities for each composition.
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Figure 6.5. The number of non-bridging sulfurs (NBS) and bridging sulfurs (BS)
calculated for each composition of the sodium thioborosilicate system.
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CHAPTER 7.

CONCLUSIONS

7.1 General Conclusions
The mixed glass former effect of many sodium based glass systems were
investigated for their use as solid-state electrolytes for all solid-state batteries. The
sodium borogermanates structure was examined to fully understand the role of boron in
the system. However, upon initial studies of the sulfide-analogous systems, uniform glass
that did not phase separate were difficult to obtain. Among the glasses that did form
homogenous glasses, their working range made it difficult to produce annealed disks
needed for ionic conductivity measurements. The most successful sulfide-based system
was the sodium thioborosilicates, which made uniform glasses with large working ranges.
In turn, these glasses formed annealed glass disks rather well.
The structural investigation into the sodium thioborosilicate system, 0.6Na2S +
0.4[xBS3/2 + (1-x)SiS2], was done by infrared, Raman and NMR spectroscopies and
showed that the with the addition of boron into the system, the silicon Si 1 dimers become
depolymerized while producing B0 units as the dominant structural species. From
quantitative results of the 11B and 29Si MASS-NMR along with charge compensation, the
existence of free, unreacted sodium sulfide emerged with the increasing boron content.
The ionic conductivities of this system were examined by electrochemical
impedance spectroscopy. A negative mixed glass former effect was observed in the ionic
conductivity while a positive mixed glass former effect is observed in the activation
energy in the silicon-rich side while transferring to a negative mixed glass former effect
in the boron-rich end. The Christensen Martin Anderson Stuart Model was used to model
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the activation energy of these glasses. It was found that the model agreed well with the
experimentally determined activation energies.
The glass transitions and densities of these glasses were determined through DSC
and the Archimedes method for density, respectively. The glass transition temperature
had a downward sloping trend that was fairly linear with small, negative deviations from
linearity. The density obtained had an initial negative mixed glass former effect in the
silicon-rich samples that returned to a linear trend in the boron-rich samples. The molar
volume, consequently, had an inverse relationship of the density where a positive
deviation from linearity occurred in the silicon-rich samples and returning to a linear
trend in the boron-rich samples.
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