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Abstract
Three novel forms of liquid metal batteries were conceived, studied, and operated,
and their suitability for grid-scale energy storage applications was evaluated. A
ZnlITe ambipolar electrolysis cell comprising ZnTe dissolved in molten ZnCl 2 at
500 0C was first investigated by two- and three-electrode electrochemical analysis
techniques. The electrochemical behavior of the melt, thermodynamic properties,
and kinetic properties were evaluated. A single cell battery was constructed,
demonstrating for the first time the simultaneous extraction of two different liquid
metals onto electrodes of opposite polarity. Although a low open circuit voltage
and high material costs make this approach unsuitable for the intended
application, it was found that this electrochemical phenomenon could be utilized in
a new recycling process for bimetallic semiconductors. A second type of liquid
metal battery was investigated that utilized the potential difference generated by
metal alloys of different compositions. MgjlSb cells of this nature were operated at
700 *C, demonstrating that liquid Sb can serve as a positive electrode. Ca,Mg||Bi
cells also of this nature were studied and a Ca,Mg liquid alloy was successfully used
as the negative electrode, permitting the use of Ca as the electroactive species.
Thermodynamic and battery performance results suggest that Ca,Mg||Sb cells have
the potential to achieve a sufficient cell voltage, utilize earth abundant materials,
and meet the demanding cost and cycle-life requirements for use in grid-scale
energy storage applications.
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"The storage battery is, in my opinion, a catchpenny, a sensation, a mechanism for
swindling the public by stock companies. The storage battery is one of those peculiar
things which appeals to the imagination, and no more perfect thing could be desired by
stock swindlers than that very selfsame thing... Just as soon as a man gets working on the
secondary battery it brings out his latent capacity for lying... Scientifically, storage is all
right, but, commercially, as absolute a failure as one can imagine."

-Thomas Edison

[24]

CHAPTER 1:
INTRODUCTION
The electrical power grid is poised for a revolution. Massive levels of wind and solar
installations, an aging infrastructure, and a wide range of new technologies will change the
way we generate, transmit, and use electrical energy. Large-scale energy storage is seen as
a key player to address the looming challenges presented by this transition. [1-3] Over the
past decade there have been great advances in the energy and power density of modern
batteries, ushering in a modern age of portable power electronics and are on the brink of
enabling mass adoption of electric vehicles.[4] However, grid-scale storage technologies
must be evaluated on different metrics. An attractive system will have a lifespan of at
least 10 years, be capable of 3,000 deep cycles, and cost less than $ 150

/kWh,[1] which is

well beyond the capability of existing battery technologies. A radical departure from
conventional approaches may be required. This thesis proposes two new classes of hightemperature batteries that utilize self-segregating liquid components and investigates their
technical capabilities.

1.1 Stationary energy storage
The electrical power grid operates on a real-time basis. Power consumed from the grid
is being supplied at that very instant by a power plant somewhere else on the grid. As the

[25]

Chapter 1: Introduction

demand for electricity shifts, power providers must constantly adjust their output to meet
demand. When supply and demand deviate outside a narrow margin, the result can be
catastrophic, leading to short term power losses, rolling brownouts, or even sustained
blackouts, such as the one experienced in the northeast region of the USA and Canada in
August 2003, affecting an estimated 50 million people.[5]
The deployment of large-scale energy storage systems could support the grid,
smoothing out fluctuations by injecting or accepting power. This is particularly important
for use with energy generated by intermittent renewables, such as wind and solar. For
instance, it is illuminating to compare the normalized electricity demand with the
theoretical supply from wind and solar generators (Figure 1.1). Demand is high during the
day and low at night. In contrast, electricity from wind or solar power generators is
sporadic and inconsistent. At low levels of deployment, the fluctuating supply can be
managed by conventional grid operations; however, beyond 30 % of installed grid capacity
the fluctuations become intolerable.[6] Therefore, mass adoption of wind and solar requires
a new approach. Large-scale storage is a promising solution, capable of smoothing out
these curves by consuming electricity (charging) during periods of excess supply and
returning it (discharging) when demand exceeds supply.

[26]
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Figure 1.1 | Electricity demand and supply from intermittent renewables.
Power from wind and solar is intermittent and does not align with the
required demand. The scales for the wind and solar data are arbitrary and
represent potential supply values based on measured environmental
conditions. Data are from a one week period in New England in August
2001 from actual regional electricity demand[7] and theoretical electricity
production from locally measured solar[8] and wind[7] resources.
There are many other ways that energy storage can optimize grid efficiency,[2] such as
energy arbitrage,[9] transmission line and distribution system upgrade deferral,[10] peak
shifting,[11] frequency regulation,[12] and spinning reserve[13]. Discussed in the following
section are various storage technologies being considered for these applications.

1.1.1 State-of-the-art
Technologies proposed for grid-scale storage include sodium-sulfur (NaS) batteries,[1417] flywheels,[14, 18, 19] flow cells,[20] lead-acid (Pb-acid) batteries,[21] lithium-ion
(Li-ion) batteries,[22] and pumped hydro.[23] Storage technologies are often compared in
terms of their specific energy and power densities, on what is known as a Ragone plot
(Figure 1.2a).[24, 25]
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hydro is clearly the dominant form of grid-scale storage, due to a lower cost
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in Appendix A.
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While the data in Figure 1.2a are useful for comparing technologies for portable
applications, they fail to address criteria crucial for stationary systems; namely, cost and
lifespan. By contrast, comparing cost per unit of energy storage capacity ($/kWh) versus
installed capacity (kWh) correctly identifies pumped-hydro as a superior technology for
grid-scale storage (Figure 1.2b).
Despite it having the most installed capacity of any energy storage technology,
pumped hydro is not always the ideal solution. Significant geographic constraints exist[26,
27] and many of the preferential locations are already in use. An appealing alternative is a
storage technology that could be deployed anywhere while achieving the same cost and
lifespan. Batteries may be the solution, having the requisite energy and power density,
without geographic constraints. Unfortunately, current battery technologies are either too
expensive or have insufficient lifespan.

[28]

1.1 Stationary energy storage

1.1.2 System requirements
Earlier work by Bradwell et al.[1] demonstrated that grid-scale energy storage devices
require the following performance characteristics:
*

capital cost < $ 150 /kWh

e

cycle life > 3,000
lifespan > 10 yr

e
*
*

charge/discharge time > 8 h
energy efficiency > 80 %

These performance requirements were based on an economic model that evaluated the
potential revenue for a storage device used in an energy arbitrage application. Energy
arbitrage involves buying electricity from the grid during the night (when the price is low),
and selling it back to the grid during the peak hours of the day (when the price is high).
The electricity price data was collected from the New England electricity market in
2005.[28] These capital cost, lifespan, and charge/discharge time requirements are similar
to the stated benefits as determined for a variety of grid-scale applications in a more
report by the Sandia National Laboratory.[3]
There are other applications for grid-scale energy storage with less stringent price
requirements, such as back-up power supply, peak-shaving, and transmission substation
upgrade deferral.[29] Furthermore, the stated requirements were based on one electricity
market. There are other electricity markets in the US and in other countries that have
larger price fluctuations and/or alternative incentive structure which would improve the
economics of grid-scale storage. Also, more installed wind or solar power generators will
further increase the value of storage to the grid.
To this point, energy storage technologies that exceed the stated cost requirement
(such as NaS batteries, which costs -$ 500 /kWh[30]) are being deployed on the MW scale
for applications other than energy arbitrage, suggesting that there are some regions or
applications that receive increased benefit from storage. Thus, there appear to be
opportunities where storage can be deployed at a capital cost greater than $ 150 /kWh.
[29]
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However, the performance requirements for broadly-utilized energy arbitrage, such as
would be required for smoothing out the power from wind and solar on a national level are
still beyond the capability of current technologies. Thus, the stated requirements should
not be viewed as absolute requirements, but do provide approximate values for the
required metrics and will be used as the basis of analysis in this thesis. While most of these
specifications can be met individually, no existing technology can meet them all. The most
challenging requirements remain cost and lifespan. In order for a battery to be economical
in today's market, it must be comprised of low-cost raw materials, be easy to assemble,
and last longer than what current batteries achieve. By contrast, power and energy density
are less important.

Motion sensitivity and operating temperature are also not

as

restrictive. With these constraints in mind, one can investigate novel approaches to gridscale storage. One approach is to consider energy intensive industrial processes to
determine if they, or variants of such processes, are capable of operating in both a forward
and reverse manner, and are thus able -to consume, store, and return massive amounts of
electrical energy.

1.2 Industrial electrochemical processes
Electrochemical processes use electrical energy to drive chemical reactions. Such
processes are exploited on an industrial scale for the production of chemicals such as
chlorides and fluorides, for water electrolysis, heavy water manufacturing, electrowinning
of metals, and electrorefining of metals.[31]
Aqueous electrolytes are inexpensive, stable at room temperature, and can exhibit
impressive electrical conductivity (0.54 S/cm for a saturated KOH aqueous solution [32]).
They are

used in

numerous

processes,

including

electrorefining

of copper

(Cu),

electroplating of zinc (Zn) and nickel (Ni), and water electrolysis. Unfortunately, water
reacts with many electropositive metals such as sodium (Na), magnesium (Mg), calcium
(Ca), and aluminum (Al), and has a voltage window limited to only 1.2 V. Ionic liquids
[30]
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(salts that are liquid at or near room temperature) overcome these limitations. They are
stable in contact with many reactive metals, allowing for electrodeposition of metals such
as Al,[33] have a wide electrochemical window (up to 7 V [32]), are liquid at or near room
temperature, but fail to exhibit the same high level of electrical conductivity (0.0001 S/cm
to 0.018 S/cm [32]). By contrast, molten salts are stable with reactive metals and exhibit
high electrical conductivities (0.1 S/cm to 3 S/cm [34]), but their melting point is well
above room temperature. Molten salt electrolytes are widely used in a variety of industrial
electrochemical processes such as the production of Al and Mg, and the electrorefining of
Al, titanium

(Ti), and lead (Pb).[31] Two of these molten salt electrochemical processes

are discussed in the following sections.

1.2.1 Electrolysis
The world's supply of Al is produced via the Hall-Heroult process.[35] It is so
successful that Al, previously more expensive than gold (Au),[36] is now produced at a
staggering 39,000,000 metric tons per year, making it the most widely produced nonferrous metal.[37] In the Hall-H6roult process, aluminum oxide (A12 0 3 ) is dissolved into a
molten salt bath and subsequently electrolyzed at 960 *C (Figure 1.3). The simplified
dissolution

reaction is A12 03(s) -> 2A13* +

302~

, although

it actually involves

the

formation of complexed ions in the melt. The important thing to recognize is that the Al"
and

02-

species have positive and negative formal charges, and must accept or give off

electrons in order for neutral Al metal to be extracted from the melt. For the purpose of
this discussion, the simplified reaction equation illustrates the type of processes that occur.
The molten salt is contained inside a cell sidewall and thermal gradients produce a
frozen electrolyte shell. This frozen shell is important because it acts as a protective barrier
against the corrosive properties of the cryolite electrolyte. During electrolysis, electrons
pass

through

the

graphite

cell

floor

(cathode)

and

liquid

Al

deposits

(2A13+ + 6e~ -> 2Alq) into the liquid metal pool below the electrolyte. With a density of
[31]
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2.3 g/ml,[38]

molten Al is denser than the electrolyte (2.1 g/ml [38])

and collects

underneath. Due to their immiscibility and density difference the molten salt and liquid Al
'self segregate' into their respective layers. To maintain charge neutrality, a compensating
reaction must occur at a second electrode. Here, electrons are extracted from the graphite
anode, where electrochemically-assisted carbothermic oxidation of
carbon dioxide, according to,

Y2C

+ 302-

02-

occurs, generating

> YCO2(g)+ 6e-. Thus, the graphite electrode

is consumed and must be replaced periodically. The two half-reactions result in the net
reaction,

%C + 302-

+ 2A13 .+ > Y CO 2(g)+ 2 Al(iq)-

current feed

+I
gaheC02

(anoe)

dkAf

"aay

C + 30 ~

C02(,) + 60-

contains Af*, 0

sidewall

alumr deposion
gA?+ + 6e 4 2Afl)

Figure 1.3 | The Hall-Horoult Al smelting process. A cross-section of half of
a Hall-Heroult cell is shown. The molten salt bath contains dissolved A12 0 3.
Electrons pass up through the graphite cathode cell floor, A120 3 is
electrolyzed, Altasq is produced at the cathode, and CO2(g) is generated at
the anode. The whole process operates at 960 *C. Arrows indicate the flow
of Al3+ in the electrolyte to the electrode surface. Image is not to scale.
The electrolyte employed in the Hall-Heroult process is a molten salt known as
'cryolite' (3NaF-AlF 3, with excess AlF 3) and is the only liquid capable of significant A1 0
2 3
dissolution in the temperature range of 900 *C to 1000 *C (2 mol% to 4 mol% [38]).
Unfortunately, the salt is extremely corrosive and the only practical way of containing it is
through careful thermal management and the formation of a sidewall of frozen electrolyte.
The center of the cell remains molten via joule-heating caused by the resistance of the
[32]

1.2 Industrial electrochemical processes

electrolyte to the passage of current (see Section 1.4.2.2).[39] By this method, the cell is
kept molten without the use of external heating.
The Hall-Heroult

cell operates

at very

high current

densities, approximately

700 mA/cm 2 at 4 V and 95 % coulombic efficiency.[38] A typical cell (potline) comprises of
a pool of liquid that is 4 m wide, 12 m in length, and 1 m high, massive by battery
standards. More than a dozen graphite anodes are simultaneously lowered into the same
bath, passing upwards of 250 kA at 4 V, thus consuming nearly one MW of power per
potline.[40] A single plant can have hundreds of potlines and they operate 24 h per day,
consuming GWh of electrical energy on a daily basis.
The by-product of the process is CO 2 gas which is exhausted to the atmosphere,
rendering the process irreversible. If, however, a variant of the electrolysis cell could be
constructed whereby the gaseous components were replaced with a third liquid layer, it
might then be possible for the cell to operate in reverse, and thus act as an energy storage
device. This is the basis for one of the proposed energy storage devices and will be
discussed in Chapter 2.

1.2.2 Electrorefining
The Hoopes process is another molten salt electrochemical process involving liquid Al
and a molten salt electrolyte, [31] and is used to produce high-purity Al (Figure 1.4).[41,
42] The electrolyte is a modified Hall-Heroult bath devoid of A12 0 3 and contains BaF 2
which increases the density to a value exceeding pure molten Al. Commercially pure Al is
added to a feed trough (not shown) where it melts and dissolves into an Al,Cu liquid
metal pool. The metal pool is covered by a layer of molten salt which electrochemically
dissolves Al as electrons are removed, according to,

Alutii)

-+

Al 3

+ 3e-. An electrode

contacting the top of the molten salt supplies electrons and high purity liquid Al is
deposited, according to, A13+ + 3e~ -+ Alijq . Thus, Al is selectively extracted from the
impure Al,Cu alloy and deposited as high-purity Al, Alcufiq)

-+

Alliq.

[33]
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negative current collector
graphite electrodes
Al deposition
Al'* + 3e~ -+ Algq)

alumina frozen
from electrolyte
steel jacket

molten salt electrolyte
(contains Al3 )
Al extraction
3
Alcu(iq) -+ A1 + + 3e~

Figure 1.4 | The Hoopes Al refining cell. The cross-section of half of a
Hoopes cell is shown. As current passes through the cell, Al is extracted
from the Al,Cu liquid alloy (bottom), dissolves in the electrolyte as Al3,
and is deposited as pure Al on top of the electrolyte. Arrows in the
electrolyte indicate the movement direction of Al". Image was developed
with using Kuhn et al. as a reference[31] and is not to scale.
As with the Hall-Heroult process, the bottom electrode (Al,Cu alloy) is denser than
the electrolyte. However, the top electrode (pure Al) is less dense than the electrolyte,
creating a three liquid layer cell where all three liquid layers self-segregate, giving it the
name, 'three-layer' process.[31]
Unlike the Hall-Heroult process, both electrodes consist of liquid metals, thereby
permitting the reverse reaction. Unfortunately, the difference in activity between Al in its
pure liquid state and Al in the Al,Cu alloy is small, resulting in a relatively small open
circuit voltage (estimated at < 0.08 V[43]). However, a metal-metal couple that provides a
higher voltage would permit the cell to operate in reverse and allow for the delivery of
power to an external circuit. Utilizing the potential difference between a pure metal and a
metal alloy is the basis for the second storage technology investigated in this thesis, also
discussed in Chapter 2.

[34]
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1.2.3 Summary
Two molten salt-based industrial processes for Al are widely-employed: the HallHeroult process for electrowinning of Al [31, 35] and the Hoopes process for Al refining[31,
41]. In both cases, the systems consume large amounts of electrical energy; however, the
production of a gas (Hall-Heroult process), and a low open circuit voltage (Hoopes process)
prevent the processes from being viable energy storage technologies. If adjustments were
made to each of these processes, it may be possible to operate them as electrical energy
storage devices.
Both of the described processes involve liquid Al; however, many other metals are
produced or refined by similar methods.[31] Part of this thesis work will investigate other
metal couples suitable for reversible variants of these methods. Use of a liquid electrode is
also important in order to achieve a battery with a long lifespan. Analogous deposition of a
solid metal often results in dendritic or uneven film growth,[31] which, if used in a
rechargeable battery, could extend across the electrolyte, create a short with the opposite
electrode, and result in cell failure. By contrast, surface tension causes liquids to minimize
surface area, avoiding such growth.

1.3 Molten salt electrolyte batteries
The first molten salt batteries, known as thermally activated or 'thermal' batteries,
were used by the Germans in World War II as the power supply for V2 rockets. Similar
batteries are still used today in a variety of applications (mostly military) owing to their
high energy and power density.[44, 45] In most cases, thermal batteries are 'primary'
batteries (single use), heated using a chemical fuse and discharged over seconds or hours.
Some chemistries were reversible, such as the Li-alloy/iron sulfide (FeS) cells;[46] however,
they lack the cycle life necessary for grid-scale applications. [47]
In the 1960s and 1970s, researchers at the Argonne National Laboratory (ANL)
studied rechargeable molten salt batteries.[48]

Their research focused primarily on
[35]
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thermally regenerative galvanic and bimetallic galvanic cells. Many involved three liquid
components, in a configuration similar to that of a Hoopes cell and were the first liquid
metal batteries. Demonstrated chemistries included NaljBi (sodium||bismuth) and LilTe
(lithium||tellurium),
2

(13 A/cm [49]).

with

impressive

lifespan

(17 months[48])

and

current

density

Despite these performance characteristics, the batteries were never

commercialized, possibly due to high material costs or a lack of commercial interest in
stationary energy storage.

1.4 Battery fundamentals
Understanding how a battery operates requires an appreciation of the physical,
thermodynamic, and kinetic governing equations that relate fundamental parameters, such
as material properties, to the performance of a device.
A battery supplies electrical power and energy by means of voltage and current. The
voltage is generated by electrochemical reactions at the positive and negative electrodes.
This creates a potential difference (voltage) between the two terminals of a battery. When
it is neither charging nor discharging (i.e. no current is flowing between the terminals), the
dynamic equilibrium of these reactions produces an open circuit voltage (OCV or Vocv).
Upon connection to an external load, the voltage drives electrons from the negative
electrode, through the load, and into the positive electrode. This flow of electrons is the
current supplied by a battery.
The power, P, supplied (or consumed) by a battery is a product of the cell voltage,
Ven,

and the current, 1

(P =

VellI). Related, the energy, U, supplied (or consumed) by a

battery is the time integral of power

(U =

JPdt). Both the energy and the power of the

battery depend on voltage. During charge or discharge of the battery, the flow of current
generates overpotentials which shift Vi away from Vocv. In order to operate a battery at

[36]
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an acceptable level of efficiency, overpotentials must be small compared to Vocy. Thus, a
large Vocv and small overpotentials are desirable.

1.4.1 Electrochemical conventions
This thesis uses conventions to describe common electrochemical reactions and
systems, such as faradaic reactions, electrochemical cells, and dissolution reactions. These
conventions are discussed in this section.
As a battery supplies or accepts current, faradaic reactions at each electrode accept or
provide electrons. A faradaic reaction is defined as a heterogeneous charge-transfer reaction
that

involves

the

transfer

of

charge

across

a

phase

boundary,

such

as

an

2
electrode/electrolyte interface. For example, consider a faradaic reaction involving A + in

an electrolyte and an electrode in contact with the electrolyte. If the electrode is brought
to a sufficiently negative potential, A2 + may accept two electrons and form a neutral
species, A, according to A2 + + 2e- -> A. This faradaic reaction can be expressed as,

1.1

AIA 2 .

The vertical line, 1, indicates a phase boundary, such as an electrode/electrolyte interface.
Consider an electrochemical cell comprising an electrolyte with species A2+ dissolved
in the electrolyte, species A as one electrode, and species B as a second electrode. Also
consider

that

the

two

faradaic

(or

'half-cell')

reactions

are A ++ A2+ + 2e-

and

A2* + 2e- + B +-> AB, with a net reaction, A + B ++ AB. An electrochemical cell utilizing

these two faradaic reactions can be referred to as,

A A2+, A24 B.

1.2

If the two electrodes interact with the electrolyte with a common ion (i.e. A2+), the cell
can be referred to as,

[37]
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A A2+ B.

1.3

For brevity, this can be further simplified to,
A|1B.

1.4

Lastly, alloys can be indicated by using a comma

(,). For example, a cell with an A,C alloy

negative electrode, a B positive liquid electrode, and a molten salt electrolyte can be
represented as,
A,C||B.

1.5

When discussing measured electrical potential under zero current flow, two separate
terms are used: open circuit potential (OCP), and open circuit voltage (OCV). OCP is
used when studying a single electrode or a single faradaic reaction, as is used in threeelectrode electrochemical studies (Section 3.5.1.1). Here, the potential of one electrode is
defined with respect to a specified but arbitrary reference potential, so the absolute
magnitude of the potential is not important, as long as the reference potential is stable.
OCV measurements are used when studying the potential difference between two faradaic
reactions of interest, such as between the two terminals of a battery. Here, the
performance of the device will depend on the magnitude of Veii, so the absolute value of
the voltage is important.
There are two other electrochemical conventions that should be defined. Firstly,
elements of a compound (such as AB) might dissolve into a solvent electrolyte (i.e. KCl)
as monatomic ions (i.e. A 2+ and B2-). Alternatively, the charged species might form a
species that is a complex ion (polyatomic molecules with a net charge, such as [ACl 4 ]2-. See
Section 2.1.1); however, the exact speciation of an ion in solution is often unknown. To
indicate solvation

without

specifying

surrounded by curly brackets, such as,

[38]

speciation, the

dissolved compound

(AB)

is
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AB)

1.6

-+ {AB}.

Secondly, if a neutral species (i.e.

A(liq)),

dissolves into a neutral phase (i.e.

the

B(iq),

dissolution reaction is expressed by underlining the dissolved species. For example, A
dissolving in B is represented as,

1.7

A - AB
or, more simply,

1.8

A -> A.
These conventions are used in electrochemical literature and throughout this thesis.

1.4.2 Cell voltage and thermodynamics
The theoretical voltage of a battery can be calculated from thermodynamic properties.
For instance, the potential of a faradaic reaction will be affected by the activity, a, of the
electroactive species. A pure substance has a = 1 and a is less than unity for alloys and
mixtures. a is related to concentration by the activity coefficient, y, according to,
a. = 7 Xj

1.9

,

where the subscript,

j,

signifies the species, and X is the mole fraction of species j.

Consider a faradaic reaction for which a species, R, is oxidized (sheds n electron(s)) and
becomes 0, (R

->

0 + ne). The potential of the reaction will shift due to the activity of

the oxidized state (0), ao, and the activity of the reduced state (R), aR, based on the
Nernst equation,
E = E

T
R--I

nF

)

1.10

ao)

where E' is an arbitrary reference potential, usually at standard state (indicated by

)

R

is the gas constant (8.314 J mol 1 K-1 ), T is temperature (in K), n is the number of
electrons involved in the faradaic reaction, and Fis the Faraday constant (96,485 C/mol).

[39]
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Now consider an electrochemical cell with one electrode of species A, the other
electrode of species B and an electrolyte containing A2 +. Also consider that A can react
and dissolve into B, forming an alloy, AB. In such a cell, the two faradaic reactions are
AIA 2 * and A2 * AB , and the complete electrochemical cell is A A2+
of the first reaction, AIA

El = E

-

2

RT In
nF

AB.

The potential, E,

, is defined by the Nernst equation (Equation 1.10),

'A
aA2

1.11

Similarly, the potential, F, of the second half-cell reaction, A2+ ABI is,

E2 =

E

-

RT

A2+
a

nF

aAB

-In

1.12

Vocv is the difference between the potentials of the two half-cell reactions,

Vocv = AE = RT

nF

Since

aAB

A1.13
aA

will change based on the amount of A dissolved in B, Vocv will change based on

the state of charge of the system. While discharging, Vocv will decrease, and during
charging, Vocv will increase. This affect of activity is one reason why the voltage of a
battery decreases as it discharges.
Equation 1.10 through Equation 1.13 can be generalized to any faradaic reactions
involving any number of reactants/products where the activities of the products appear in
the numerator and the activities of the reactants appear in the denominator. [50]
Alternatively,

Vocv can be calculated for an electrochemical cell involving the

formation of a compound (i.e. A + B -+ AB). Vocv is simply related to the Gibbs free
energy of the chemical reaction, ArG, according to,

[40]
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Vocv = AE =

Ar

1.14

.

nF

Ultimately, the factors involved in establishing the potential of faradaic reactions,
and hence, the Vocv of a battery, include the free energy of the reaction and/or the
activity of the active species. In the next section, factors that shift the operating cell
voltage away from Vocv as the cell charges and discharges will be discussed.

1.4.3 Voltage efficiency
As current passes through an electrochemical cell, kinetic limitations produce
overpotentials, )'s, which represent parasitic voltage losses, dissipate energy as heat, and
lower the energy efficiency of the cell. Thus, an efficient battery must have small
overpotentials relative to the magnitude of Vocv. There are distinct mechanisms that lead
to three separate sources of overpotential; mass transport,
ohmic,

qohm-

The cell voltage, Vcel,

Vel = Vocv + 7' mt +

is the sum of Vocv and

qmt,

charge transfer,

ct

and

q's, as shown below,

7
lct + 7ohm

7

1.15

Mass transport
ilmt is a result of non-equilibrium

concentration of electroactive species at the

electrode/electrolyte interfaces. As a cell charges or discharges, species accumulate or are
depleted at these interfaces, thus affecting their activity and shifting the cell potential
according to the Nernst equation (Equation 1.10). The Nernst-Planck equation describes
the total flux, J1

J-D

V--

, of

JJ = -Dj VCJ

species

-

j, (in moles/cm2 ), as shown below, [51]

z1 F
-DJC;V#+ C v
J
RT

11
1.16

where C is the concentration (in mol/cm'), D is the diffusion coefficient (in cm 2 /s), z is
the charge of the species,
cm/s), and

# is the

electric potential (in V), v is the velocity of the fluid (in

V is the gradient operator. Bold characters with overhead arrows are vector

quantities, while non-bold characters are scalar quantities. The first term in Equation 1.16

[41]
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describes conduction (diffusive flux) of species

j due to a concentration gradient, the

second term describes the migration of a charged species (ion) within an electrical
potential gradient, and the third term is the flux due to convection (flow) of a fluid, if
applicable.
Another mass transport governing equation is based on mass conservation,

C.

-

at

=t -1.17

This equation is referred to as Fick's First Law. Combining the Nernst-Planck equation
(Equation 1.16) and Fick's First Law (Equation 1.17) yields,

at

= v - (DVC

+

RT

V-t (DC V#) - v - VC.

1.18

The solution of this equation can provide the concentration of the electroactive species at
the electrode/electrolyte interfaces. Provided that y is known for these species, the Nernst
equation can be used to determine the overpotential. However, solving Equation 1.18 can
be a significant challenge.
In some instances Equation 1.18 can be simplified by neglecting the migration and
convection terms. Unfortunately, this is often not possible in molten salt systems and may
require coupling this equation with other equations, such as the Navier-Stokes equation for
fluid flow. Deriving a solution for Y7m,
will likely require complex computer simulations that
must be solved numerically. However, an appreciation for the relevant governing equations
is important for understanding the factors that affect

qmt.

For other electrochemical

systems, such as fuel cells, an empirical formula has been determined (Equation B.8). An
analogous empirical formula may be suitable for the batteries investigated in this thesis,
though this was outside the scope of the present study.

[42]
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Charge transfer
occur at electrode/electrolyte interfaces. Faradaic processes at these interfaces

ct 's

establish Vocv and can facilitate current flow. However, to drive the faradaic reactions in
forward or reverse, 'extra' voltage is required

for the electron-transfer step. This

overpotential can be modeled using the Butler-Volmer equation,[51, 52]
1 =

where

i

e-""'t - e(1a)f7ct ).

1.19

i is the current density (in mA/cm 2 ), i, is the exchange current density

(in mA/cm 2 ), f= F/RT, and a is the transfer coefficient (a value between 0 and 1, but is
usually close to 0.5).
At sufficiently large overpotentials, the Butler-Volmer equation simplifies to,[52]

77ct =

T In( anF jn

1.20

Ohmic
qohm

is a result of electrical resistance through the electrolyte (to a lesser degree, the

resistance through electrical leads and current collectors can also contribute to this
As electrical charges (i.e. ions) flow through an ionically conductive

overpotential).

medium, there is resistance, analogous to the resistance experienced by electrons flowing
through a wire. The resulting overpotential can be determined using Ohm's law,
1

lohm =

where R

V

IR

1.21

is the electrical (combined ionic and electronic) resistance of the melt. For a

planar cell geometry with a linear current path, the overpotential is,
1.22

qohm

Kel

where 1 is length (in cm), and icr is electrical (combined ionic and electronic) conductivity.

[43]
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Cell voltage
mt,

7ct, and

7

7ohm

overpotentials will all decrease

Vei during discharge

( Velldis)

according to,

Vcell,dis

oCV - 1mtI - I

anF

I

Similarly, the overpotentials will increase

Kcell,ch

= VOCV

+

mt +

1.23

i0
Vei

Kei

during charge ( Vl,ch) according to,

RT- nr--~~ +
anF
ii

1.24

Kei

The voltage efficiency, Effy can be calculated based Velch and

Vell,dis,

as shown below,

7

Effy

' cell, i
disl

100%.

Veell, ch

1.25

Thus, operating at a low current density will keep the voltage efficiency high.
Using Equation 1.23, Equation 1.24, and Equation B.8, a theoretical Veu versus

I

relationship can be generated (Figure 1.5). The magnitude of the overpotentials will
depend on material properties as described in this section and will increase as more current
passes through the cell. Therefore, to achieve high voltage efficiency, the system must
operate near

Voc, which requires low current operation. This must be balanced with the

benefits of operating at higher current densities, which can increase the power output of
the cell, utilize thicker electrodes, charge and discharge in a shorter period, and reduce the
number of cells required for a given power or energy rating.

[44]
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Figure 1.5 1 The effect of theoretical overpotentials on cell voltage.
Overpotentials decrease the cell voltage during discharge and increase the
cell voltage during charge. The absolute values of the overpotentials are not
representative of a particular system, but rather, serve to illuminate the
possible relative effects of the different overpotentials.
Interestingly, for a system that operates above ambient temperature, some amount of
overpotential (or voltage inefficiency) may be desirable. The inefficiency will produce heat,
which can be used to keep the system at an elevated temperature.
A more detailed description of each of these overpotentials described in this section is
given in Appendix B. Depending on the battery and the operating conditions, some of the
overpotentials may dominate while others may be negligible. This thesis will investigate
which of these overpotential terms are critical for the efficient operation of a liquid metal
battery.

1.4.4 Coulombic efficiency
Similar to overpotentials (which lowers voltage efficiency), current loss (which lowers
coulombic efficiency) also contributes to energy inefficiency. In order to supply energy to
an external load, current must flow through the external circuit. However, processes within
a battery can result in current flowing between the electrodes without flowing through the
[45]
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external circuit (i.e. across the electrolyte). This internal discharge mechanism is referred
to as 'current loss' or 'self-discharge', and reduces the coulombic efficiency of the cell.
The coulombic efficiency is defined as the ratio of the amount of charge supplied by
the battery during discharge,

Qdis, to the amount of charge consumed by the battery

during charge, Qch. When a battery is cycled at a constant current, the total charge passed
is equal to the product of current and time (Q = IAt), and the coulombic efficiency, EffQ,
simplifies to the ratio of the discharge and charge times.
EffQ

Qd

i Lit
s4

100%

Qch
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'Current loss' is commonly used to coulombic inefficiency, though, 'loss' is a misleading
term. Charge neutrality requires that the amount of electrical charge leaving one electrode
must equal the amount of amount of electrical charge entering the other electrode (such
that the change in the net charge of the system is zero). [53] As such coulombic inefficiency
does not actually result in 'lost' current, but rather, the current flows internally, and is not
supplied to an external load. A battery should not be viewed as a source or sink of
electrical charge, but rather, it is capable of driving or accepting a flow of electrons
between its two terminals. Coulombic efficiency can be combined with voltage efficiency to
determine the round-trip energy efficiency of a battery system.

1.4.5 Energy efficiency
The energy efficiency (or round-trip energy efficiency), Effu, of a battery is the
product of the voltage efficiency and the coulombic efficiency, as shown below,
Effu Ef=U Effvyr
-00EffQ100%
- 00.
100% ))100%)

1.2
1.27

This represents the fraction of energy supplied by the battery while discharging compared
to the amount of energy consumed by the battery during charging. For grid-scale storage
applications it is important to achieve modest-to-high round-trip energy efficiency (-80 %).
[46]
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Thus, understanding the various factors that influence efficiency is crucial in developing a
technology for this application.

1.5 Chapter summary
Large-scale energy storage will play a crucial role in enabling wide-scale adoption of
intermittent renewables, such as wind and solar. Although storage technologies in use
today have developed significantly over the past decades, the technological focus has been
on improving energy and power density. By contrast, the crucial metrics for stationary
applications are cost and lifespan.
Industrial molten salt electrochemical processes are renowned for consuming massive
amounts of electrical energy and use low-cost materials; experience gained over the past
decades has driven down capital and operating costs. However, irreversible reactions
prevent such processes from operating as storage devices. Previous work on molten salt
batteries achieved impressive- lifespan and current densities, but failed to develop into
commercial products.
In designing an efficient and high power battery, one must strive for a large open
circuit voltage and small overpotentials, permitting acceptable energy efficiency operation
at large current densities. The governing equations discussed in this chapter provide
insight into which parameters should be considered as one develops a new approach to
electrochemical energy storage.
In the following chapter, the scope of the proposed study will be described. Two
separate liquid metal battery (LMB) designs will be discussed, and the objectives of the
thesis will be outlined. The methods and materials used to achieve these objectives will be
described in Chapter 3, including experimental apparatus, setup, and techniques.

[47]

Chapter 1: Introduction

The results of the experiments will be presented in Chapter 4 with accompanying
discussion. The LMB concepts will be investigated

using electrochemical analytical

techniques and complete single-cell batteries will be demonstrated. Finally, Chapter 5 will
summarize and conclude the work of this thesis.

[48]
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"If you can find a path with no obstacles, it probably doesn't lead anywhere."

-Frank A. Clark

[50]

CHAPTER 2:
SCOPE OF THE PRESENT STUDY
Molten salt electrochemical processes have been shown to operate at high current
densities, consuming large amounts of electrical energy. However, irreversible reactions
and/or an insufficient OCV prevent these processes from returning the consumed energy.
Modifications could enable processes that are able to both accept and deliver electrical
energy, thus operating as energy storage devices.

2.1 Approaches
Analogous to the two molten salt electrochemical processes discussed in Chapter 1,
two separate liquid metal battery (LMB) concepts will be investigated. The first approach
was inspired by the Hall-Heroult process for Al electrolysis and is referred to as 'ambipolar
electrolysis', or Type A. The second approach is analogous to the Hoopes process for Al
electrorefining and is referred to as 'electroalloying', or Type B.
The general LMB concept utilizes two liquid metal electrodes and a liquid electrolyte;
however, there are two distinct operating mechanisms (Figure 2.1). Type A cells are based
on the novel concept of ambipolar electrolysis, where an intermetallic compound, dissolved

[51]
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in a supporting electrolyte, can be decomposed into its two constituents via cathodic
deposition of the electropositive metal at the cathode and anodic deposition of the
electronegative metal at the anode. As a result, the electrolyte grows and shrinks as the
cell discharges and charges, while the electrodes shrink and grow at the same time.
Type A (ambipolar electrolysis)
liquid metal battery
(LMB)
(-) I
charged

discharged

Type B (lectroelloying)

charged

dshre

Figure 2.1 | Comparison of Type A and Type B LMBs.
By contrast, Type B cells are based on the potential difference of metal alloys and
they operate through electrochemical alloying (electroalloying). During discharging the
electropositive metal enters the electrolyte from the negative electrode, and deposits into
the positive electrode, alloying with the electronegative metal. Thus, as the cell discharges
the positive electrode grows at the expense of the negative electrode which shrinks. During
charging, the reverse reactions occur, resulting in the growth of the negative electrode at
the expense of the positive electrode. Throughout these processes, the electrolyte does not
change thickness. The possible advantages and disadvantages of these two LMB variants
were investigated as part of this work.

[52]
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2.1.1 Type A cells (ambipolar electrolysis)
During conventional molten salt electrolysis, a liquid metal is produced on one
electrode and a gaseous non-metal is produced on the other electrode. Molten salts
(i.e. LiCl) generally contain metals with a positive formal charge (i.e. Li+), and non-metals
with a negative formal charge (i.e. Cl

). Thus, conventional wisdom dictates that

electrolysis will produces a metal via reduction at the cathode a non-metal via oxidation at
the anode.
It should also be noted that molten salts do not always exist as monatomic ions. In
particular, multivalent species (such as Mg 2+) can be 'complexed' if dissolved in a melt
2
with ligand donors, such as KCl. The doubly charged Mg + ions attract Cl away from

K+, forming polyatomic or 'complex' ions, such as [MgCl 4]2 -. Thus, a KCl-rich melt with
2
2
MgCl 2 does not contain Mg + ions, but rather, [MgCl 4] - complex ions, where Mg possesses

a 2+ formal charge. [54, 55] For simplicity, ions with unknown speciation will be referred to
as their charged monatomic ion (i.e. Mg 2+). Complexation can change the properties of the
melt, such as drastically decreasing the solubility of the metal (i.e. Mg) in the salt,[56, 57]
which in turn, can reduce leakage current and increase coulombic efficiency.
As mentioned above, salts generally comprise a metal cation and a non-metal anion.
Interestingly, there are some electronegative metals capable of existing as anions. For
instance, an equimolar liquid cesium-gold alloy at 600 *C demonstrates ionic behavior.[58]
The large difference in electronegativity between these two metals results in a melt
comprised of cesium cations (Cs*) and Au- ions. As the composition is changed, the
electrical conductivity drops from 104 S/cm for the pure metals to 3 S/cm at an equimolar
composition, suggesting the electronic conductivity is suppressed, leaving the mode of
conductivity dominantly ionic. High ionic and low electronic conductivity is one critical
requirement for a battery electrolyte.
Work investigating the behavior of melts that contain metals with negative formal
charge is sparse. Foster et al.[59] and Ferris et al.[60] analyzed Li 3Bi-LiCl melts, observing
[53]
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low solubility of Li3Bi (0.42 mol% at 800*C) as Li+ and Bi 3 - in the molten LiCl.
Rouquette-Sanchez and co-workers studied the electrolysis of a melt containing Se 2 + and
Zn 2 +; however, both metals existed as cations in the molten salt and the electrolytic
deposition of selenium (Se) and Zn occurred at the same negative electrode (cathode).[61]
Spectroscopic analysis of Li 2Te in LiCl,KCl melts suggests that Te possesses a negative
formal charge, and is complexed by Li, forming [Li 8Te]6

cations.[62] Bodewig et a.

demonstrated

chalcogenides,

the

anodic

deposition

of

nonmetal

successfully

electrodepositing sulfur (S)[63] and Se[64] from LiCl,KCl eutectic melts into which had
been electrochemically dissolved S2 - and Se 2-, respectively. However, anodic deposition of
liquid Te, which changes from a small band gap semiconductor to a poor metal upon
melting,[65, 66] was not achieved due to the low solubility (< 1 mol%) of Li 2Te in
LiCl,KCl.[64] The dual extraction of liquid metals from a melt containing a dissolved
compound semiconductor has never before been demonstrated.
By contrast, ZnTe, a semiconductor with a band gap of 2.2 eV and Tmp = 1295 *C
[67], has been shown to be highly soluble in molten ZnCl 2 (Tmp = 292 'C) approaching
10 mol% at 700 *C.[68] This is much greater than the solubility of pure Zn in liquid ZnCl 2
(2 mol% at 700 *C [69]), suggesting that ZnTe dissolves and dissociates as Zn 2 + and Te 2 .
Upon applying current through the salt bath, Te is produced via oxidation at the anode
(Te2- -> Te + 2e-), and Zn is produced via reduction at the cathode (Zn

2

,

+ 2e- -+ Zn).

Although the cathodic production of a metal is standard practice, simultaneous anodic
deposition of a separate liquid metal is a novel concept and is the basis for a new form of
energy storage and other electrochemical processes.
The simultaneous production of two different metals onto electrodes of opposite
polarity is hereby referred to as ambipolar electrolysis (Type A). Since metals are generally
immiscible with molten salts, the electrolyte and metals remain as separate phases. The
production of a metal on both electrodes is crucial for the proposed systems, as both
electrodes must be electronically conductive to facilitate large currents. Through proper
[54]
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materials selection, the electrolyte and two metal electrodes can all be liquid at the
operating temperature, avoiding dendritic growth that could limit the lifespan of the
battery.
The configuration of a Type A cell will depend on the relative densities of each
component. For electrolysis of ZnTe, both Zn and Te are denser than the ZnCl2-rich salts.
Thus, Zn and Te will pool at the bottom of the cell and must be kept separate to prevent
back reaction. This 'side-by-side' electrode configuration results in a non-ideal current
path, increasing internal resistance, and hindering the scalability of the design. However, if
one of the metals were less dense than the electrolyte, it might be possible to develop a cell
comprising three liquid layers that float atop one another, thus providing a more optimized
current path.
Consider a material couple comprising an intermetallic compound, AB, dissolved in a
supporting electrolyte, AC 2. 'A' is an electropositive element, capable of possessing a 2+
formal charge, B is an electronegative metal capable of possessing a 2- formal charge, and
C is a electronegative non-metallic element, capable possessing a formal charge of 1-. Also,
the liquid ranges of A, B, and AB-AC 2 overlap; the densities of the materials are rank
ordered, such that pA

< pAB,AC

2

< PB;

and both A and B are immiscible with the molten

electrolyte, AB-AC 2. These conditions would enable the design of a cell with three liquid
layers that self-assemble atop one another (Figure 2.2). As the cell is charged, AB is
electrolyzed, extracting A Iiq) atop the electrolyte and B(igy beneath the electrolyte. During
discharge, the A and B electrodes are consumed, electrochemically dissolving into the
electrolyte as charged species (i.e. A2+ and B2-). Thus, the electrode surfaces are
continually being created and destroyed as the cell cycles, providing fresh electrode
surface, and avoiding continual film growth which plagues batteries with solid electrodes.
This could, in theory, permit a battery with an unprecedented lifespan.

[55]
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2e- }|2e~}

2e~}

2e-

charging
discharging
Figure 2.2 | Type A cell schematic and operation. This three liquid layer
battery concept involves two liquid metal electrodes (A and B), separated
by a molten salt electrolyte (AB,AC 2). While charging, metal A and metal
B are electrochemically extracted from the molten electrolyte onto the top
and bottom liquid electrodes, respectively. The arrows in the electrolyte
indicate the net flux direction of the ions associated with the neighboring
electrode process. Here, the top and bottom electrodes comprise pure A and
pure B, respectively, and the electrolyte contains a dissolved AB
compound.
Many of the metals suitable for this process melt above room temperature
(i.e. > 300 *C). Operating a battery in this temperature range provides challenges. Energy
will be required to heat the battery to the operating temperature; however, once at
temperature, insulating the cell will permit it to remain at temperature with minimal
additional thermal input. Furthermore, inefficiencies within the cell are dissipated as heat.
If one considers a battery that has an energy efficiency of 80 % and is cycled on a daily
basis, 20 % of the energy capacity of the battery will be released internally as heat every
day. Provided the proper amount of insulation, this thermal energy can be used to keep
the battery at its operating temperature. This is similar to how the NaS batteries operate
and they are able to achieve upwards of 85 %energy efficiency.
Ambipolar electrolysis is novel and may be useful in new electrochemical processes
beyond energy storage applications. For example, it could be used in simultaneous
[56]
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production of two metals via a single process step, or in recycling of compound
semiconductors. Investigation into the operating principles of such a cell will be one of the
primary focuses of this thesis.

2.1.2 Type B cells (electroalloying)
The

second LMB design (Type

B)

is analogous

to the Hoopes cell for Al

electrorefining. Although the Hoopes cell is able to accept a large amount of electrical
energy, it cannot return it at any reasonable rate. The voltage between the pure Al
electrode and the AlCu alloy electrode is small. Since voltage is the driving force for
current and cells exhibit finite internal resistance (~1

f/cm

2

), this cell would not be able

to provide useful rates of energy delivery. However, there are metal/metal alloy couples
with significant potential differences (up to 1.75 V), which could form the basis for a
battery.
Molten

salt electrodeposition

of an electropositive

metal

(i.e.

Na) onto

an

electronegative metal (i.e. tin (Sn)) occurs at potentials more anodic than the deposition of
the pure electropositive metal. For example, deposition of liquid Na from a melt of NaCl
occurs at a potential of 0 V versus Na (by definition). However, the deposition of Na onto
a liquid Sn electrode occurs at -0.4 V versus Na, with the voltage depending on the
amount of Na deposited.[48] Thus, a battery comprised of a liquid Na negative electrode, a
liquid Sn positive electrode, and a molten salt electrolyte, will have an open circuit voltage
2
2
of ~0.4 V. Due to the high diffusivity of liquids (typically 10-5 cm /s to 10-4 cm /s) and

high ionic conductivity of molten salts (up to ~1 S/cm), such a system should be able to
operate at high current densities (> 100 mA/cm 2 ).
This shift in the deposition potential has been referred to as depolarization[70] or
cathodic polarization.[71] Depolarization potentials range from below 0.38 V (Na-Sn) to as
high as 1.75 V (Li-Te); although as the concentration of the electropositive metal in the
electronegative metal is increased, the depolarization decreases. The potential difference is
[57]
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based on difference of chemical potential or activity of A in its pure state, aA, versus the
activity of A dissolved in B, aA, as described by the Nernst potential (Equation 1.10).
Thus, metal couples exhibiting small aA will provide a large depolarization, leading to a
large cell voltage.
Fundamental work by Lantrotov et a]. investigated the deposition of sodium (Na) and
potassium (K) into pure liquid lead (Pb), bismuth (Bi), and antimony (Sb), cathodes as a
function of concentration. [70] Other couples were investigated by Cairns et a[48] (with
the approximate depolarization voltage in parentheses), such as Na-Sn (0.38 V), Na-Pb
(0.4 V), and Na-Bi (0.65 V). Work on Li-Sn (0.6 V)[72, 73] and Li-Bi (0.68 V)[74] showed
similar depolarization voltages. Impressively, some chalcogenide couples such as Li-Te
(1.75 V)[75, 76], and Na-Te (1.65 V)[77], showed markedly larger values.
Depolarization potentials and thermodynamic activity values of Mg in various poor
metals were investigated by Eckert et a]. [78]. Here, 10 mol% Mg in liquid M (M = Pb, Sb,
Bi, Sn), exhibited potentials of 0.19 V for Pb (650 *C), 0.3 V for Sn (800 *C), 0.34 V for
Bi (850 *C), and 0.47 V for Sb (850 *C). Mg couples generally exhibit a smaller voltage as
compared to equivalent Na and Li systems, possibly due to a higher electronegativity (1.31
for Mg, versus 0.93 and 0.98 for Na and Li, respectively, on the Pauling scale).
Interestingly, Ca (with an electronegativity of 1.0 on the Pauling scale) has exhibited
voltages greater than Mg, Na, or Li equivalent systems,[79] suggesting that it could be
useful as the electroactive species. While literature on Ca-based liquid melts is limited,
thermodynamic data of intermetallic Ca compounds, such as CaM

2

(M = Sb, As, Bi) [80],

have been studied; a more thorough review of Ca-N systems (N = nickel (Ni), palladium
(Pd), platinum (Pt), Cu, silver (Ag), Au, Mg, Al, gallium (Ga), silicon (Si), germanium
(Ge), Sn, Pb, Sb, Bi) by Notin et al[81] have been published. Voltages for some liquid
couples (i.e. Ca-Sb) are anticipated to exceed 1 V. While the thermodynamics of these
solid state compounds are obviously different from those of liquid alloys, they provide a
first order estimate of the expected potentials of liquid systems. In the 1960s and 1970s
[58]

2.1 Approaches

there was limited work on solid Ca based electrodes,[79, 82] but no published literature
was found on liquid Ca electrodes, possibly due to the high melting point of Ca. Moreover,
since Ca ions have a 2+ formal charge, there is evidence that they can be complexed.[83]
This should suppress Ca metal solubility in the electrolyte, reduce electronic conductivity,
and enable a system with high coulombic efficiency (see Section 2.1.1).
From this literature review, it is apparent that there are numerous metal couples that
demonstrate significant voltages (> 0.5 V). While many alkali metals have been used as
the negative electrode,[48] it is worth investigating the use of liquid alkaline earth metals,
such as Mg or Ca as the top electrode species. Consider a cell constructed in the following
manner: an electropositive alkaline earth metal, A, that acts as the negative (top)
electrode and an electronegative metal, B, that serves as the positive (bottom) electrode. A
molten salt of intermediate density, AC 2 , would serve as the electrolyte (Figure 2.3).
However, unlike Type A cells, A-B compounds should not be soluble in the electrolyte.
During discharge, metal A atoms shed electrons and becomes part of the electrolyte
(A -) A 2 * + 2e-). At the B electrode, A 2 + ions in the electrolyte accept electrons and alloy
with B, forming

AB

(A2+ + 2e-

->

AB).

AB

is at a lower activity than pure A, and

according to Equation 1.10, the result is a potential difference between the two electrodes.

[59]
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charging

2e- t

2e- t
discharging

Figure 2.3 | Type B cell schematic and operation. While discharging, liquid
metal A is electrochemically deposited into liquid metal B, forming a liquid
A-B alloy. The arrows signify the direction of movement of the
electrode/electrolyte interfaces during the charge and discharge processes.
Unlike the Type A cell, the thickness of the electrolyte remains constant
during cycling.
This cell type, hereby referred to as Type B, is distinct from Type A. Whereas
charging a Type A cell involves the dual deposition of two metals on separate electrodes,
Type B cells utilize the extraction of a metal from one electrode, and the deposition of that
same metal into the opposite electrode. Also, Type B cell material systems are selected
such that intermetallic compounds are insoluble in the electrolyte, in contrast to the high
solubility required by Type A cells. Similar to Type A cells, Type B cells will operate at a
high temperature (i.e. > 300 *C), but will be able to maintain its operating temperature
through proper insulation and heat provided by voltage and coulombic inefficiencies.
Type B cells have a few advantages over Type A cells. Type A cells require the
electroactive compound to dissolve into the supporting electrolyte. Even at a high
solubility level (~10 mol%),

the electrolyte would need to be thick

(> 1 cm) to

accommodate enough dissolved compound and to facilitate several hours of operation at
high current density. A thick electrolyte creates a large internal resistance, which in turn,
prohibits the system from operating at large current densities. Thus, the energy capacity
[60]
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and current capability of Type A cells will be limited by the solubility of the electroactive
compound. Moreover, thermodynamic measurements (Section 4.2.1) and literature review
have shown that there a multitude of candidate Type B material systems, offering the
possibility of larger cell potentials using lower cost materials.
Type B cells of this nature were pursued by Cairns et al.[48, 49] at the Argonne
National Laboratory (ANL) in the 1960s and 1970s. Their work focused on electropositive
alkali metals with high vapor pressure (such as Na and Li), initially designed for thermally
regenerative bimetallic galvanic cells. Here, the discharged positive alloy electrode was
'recharged' through distillation using heat from a nuclear power plant (i.e. separating Na
from liquid Bi by boiling off Na in a distillation chamber). Later work also demonstrated
cells that could recharge using electrical energy, similar to what is described in this section.
Impressive performance was achieved, such as large current densities (up to 13 A/cm

2

for a

LiliTe cell [49]) and lifespan (17 months for a Na||Bi cell [48]). Despite these performance
characteristics, the batteries were never commercialized, possibly due to the high material
costs of the systems investigated or due to a lack of interest in stationary storage.
Although lifespan and current capability are important, cost is a more critical factor
for stationary applications. To get a rough estimate of the relative cost of materials, it was
useful to compare candidate electrode metals on a '$/mol' basis (Table 2.1). While Na is
inexpensive it only achieves modest cell voltages (Table 2.2). Li is able to produce larger
cell voltages but is about ten times more expensive. Candidate bottom electrode materials
include Te and Bi, but they are expensive and resource limited. Market analysis showed
that the total proven world reserves of Bi and Te are insufficient to support off grid
storage on a global scale. It is of interest to search for new couples that use lower cost and
more earth abundant materials.

[61]
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Table 2.1 | Selected candidate electrode materials costs and world reserves.
Information collected from USGS Mineral Commodity Summaries[84],
unless otherwise noted (references indicated by square brackets).
Metal
Electrode
Cost
Cost
World reserves
($/kg)

($/mol)

(10' tons)

Li

-

65 [85]

0.4

9,900

Na

-

1.6 [86]

0.04

>1,000,000

Mg

-

5

0.12

>1,000,000

Ca

(

7.3

0.3

>1,000,000

Al
Bi
Te

(+)

7
16
125

0.2
3.3
16

>1,000,000
330
21

Sb

(+)

5

0.6

2,100

I

_

(
(

Table 2.2 1 Voltage of select metal couples. Voltage values were measured
against the pure alkali or alkaline earth metal. Potentials were measured at
different temperatures, and at different compositions (ranging from
10 mol% to 30 mol%), depending on the literature source. References are
indicated by square brackets. Systems of interest that have not yet been
investigated, are indicated by NA (not available).
Voltage (V)
Al
Bi
Te
Sb
Li
0.36[43]
0.7
1.7 [481
0.9 [87]
Na
NA
0.6 [48]
1.65 [771
0.9 [70]
Mg
NA
0.34 [78]
NA
0.47 [781
Ca
1.06 [431
NA
NA
NA
Antimony (Sb) is capable of providing cell voltages in excess of 1 V with some
electropositive metals and is much more abundant and lower cost than Bi or Te. In
particular, thermodynamic measurements indicate that the Ca-Sb couple can provide a cell
voltage in the range of 0.95 V to 1.6 V (see Section 4.2.1).
Two alkaline earth group metals, Mg and Ca, are interesting candidates for the
negative electrode since they are low cost, and can be complexed in the molten salt
containing ligand donors,[54, 83] thereby suppressing metal solubility[56] and reducing
current inefficiencies. This thesis will include investigation of these alkaline earth metal
couples, primarily involving Mg and/or Ca as the negative electrode and Sb as the positive
electrode, in anticipation of obtaining larger open circuit voltages (with Ca), enhancing
coulombic efficiency, and utilizing lower cost materials.

[62]
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2.2 Objectives
The operating principles behind the two liquid metal battery systems were described
in Section 2.1. The work in this thesis addressed four main objectives, pertaining to both
Type A and Type B LMB designs.
Objective 1. Identify candidatematerials
The first step in developing new battery designs involves the selection of materials.
Suitable electrode, electrolyte, and cell container materials will be selected, based on
electrical, chemical, and physical properties. A set of selection criteria for each component
will be developed and applied to elements of the periodic table and compounds for the
electrolyte and insulating components. This selection process is discussed in Chapter 3.
Objective 2. Determine materialsproperties
Many of the systems of interest use materials for which there are incomplete or
unreliable sets of property data. Therefore, it is crucial determine critical electrical,
chemical, and physical properties of the electrodes, electrolyte, and cell container. The
experimental approach is described in Chapter 3 and the results are presented and
discussed in Chapter 4.
Objective 3. Validate concept
The most critical objective of this work is validating the proposed battery concepts
through constructing and operating fully functioning liquid metal batteries. The measured
performances of the batteries will be compared to the theoretical performance as predicted
from material data and governing equations as a means of assessing its performance
capabilities and understanding critical design and operating parameters.
Objective 4. Identify performance limitations
There are numerous ways in which the battery can underperform or degrade over
time. The last objective of this thesis is to identify the mechanisms that limit cell
performance,

such

as

component

degradation,

capacity

fade,

and

inefficiencies.
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Recommendations on future designs will be made, and the future opportunity of the LMBs
will be assessed.

2.3 Chapter summary
Industrial-scale

electrochemical

processes

are renowned

for consuming

massive

amounts of electrical energy. Through modification, these processes can be made capable
of storing and returning electrical energy. Type A and Type B cells are candidate systems
that may prove suitable for large-scale energy storage. This thesis aims to demonstrate
that variants of industrial-scale molten salt electrochemical processes can store and return
large amounts of electrical energy and this thesis seeks to assess their suitability for gridscale energy storage applications.

[64]
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"An experiment is a question which science poses to Nature, and a measurement is the
recordingof Nature's answer."

-Max Planck

[66]

CHAPTER 3:
MATERIALS

& METHODS

The objectives of this thesis were addressed by means of literature survey, material
compatibility evaluation, electrochemical experiments, device testing, and post-mortem
analysis. After developing selection criteria, sets of materials were chosen, and the methods
used to evaluate those materials were established.

3.1 Materials selection criteria
The selection criteria for the electrochemically active materials were based on
electrochemical

and physical properties such as suitable voltage, conductivity, and

operating temperature. Criteria for the cell container and current collector were also strict,
owing to the corrosive capability of liquid metals and molten salts.
Despite different operating mechanisms, both the Type A and Type B cells imposed
similar constraints on materials of construction and operating conditions. The main cell
components included top current collector (which also served as the cell cap), crucible
(which doubled as the bottom electrode current collector), top electrode, electrolyte,
bottom electrode, insulating sheath, and seal (Figure 3.1). The design included headspace
between the top liquid layer and the cell cap to accommodate volume expansion.

[67]
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top current
collector
seal
headspace
insulating
sheath

botom current
collector
Figure 3.1 | Key cell components of a liquid metal battery. These
components are relevant to both the Type A and Type B LMB cells.
The specific requirements for the top electrode, bottom electrode, electrolyte, and
container materials are outlined in Table 3.1, Table 3.2, and Table 3.3, respectively. These
criteria represent a valuable point of departure, but should be considered flexible. For
example, an electrode material with a melting point exceeding the stated maximum
temperature (800 *C) may be tolerable if the vapor pressures of all of the liquid
components are low, or if the melting point can be reduced through alloying.
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3.1 Materials selection criteria
Table 3.1 Material properties required for the electrodes.
Component
Top/negative
electrode
(stronge

Physical
Less dense than electrolyte

Properties
Electrical
Good
electronic
conductivity
(> 100 S/cm)

Melting point 800 C
Boiling point > 1000 'C
Low vapor pressure (< 10-3 atm)
Has only one stable positive oxidation

Thermo-chemical
Low electronegativity (< 1.7,
Pauling scale)

state

Bottom/positive
electrode
(metalloid)

More dense than electrolyte
Melting point <800 'C
Boiling point > 1000 'C
Low vapor pressure (<10-3 atm)
Has only one stable negative oxidation

Good
electronic
conductivity
(> 100 S/cm)

High electronegativity (> 1.7,
Pauling scale)

state

Electrode couple

Electrode materials must produce a product or alloy with a large enough AG to
result in a Vocv of -0.5 V or larger.

Table 3.2 | Material property requirements for the electrolyte.
Component

Properties
Physical

Electrical

Thermochemical

Supporting
electrolyte

Intermediate density
(versus electrodes)
Low vapor pressure
(< 10-3 atm)
Melting point < 800 'C

Good ionic conductor
(-1 S/cm)
Poor electronic conductor
(< 0.001 S/cm)

Wide electrochemical
window (> 1 V)

Dissociating
compound
(Type A

Soluble in supporting
electrolyte (-5 mol%
solubility or greater)

Does not endow the
electrolyte with electronic
conductivity

Smaller electrochemical
window than
supporting electrolyte

only)
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Table 3.3 | Material property requirements for container and sealing
components.
Component

Properties
Physical
Inert with respect to all three
liquid components

Insulating
sheath
Cell housing /
bottom current
collector

Structurally sound at
operating temperature

Seals

Gas tight
Functional at operating
temperature

Electrical
Electrically
insulating
(< 10' S/cm)
Electronically
conductive
(> 100 S/cm)
Electrically
insulating

Thermochemical
Inert

Stable in presence of
liquid components
Stable in presence of
liquid component vapors

For the two separate cell designs, the following criteria were also specified:
Type A cells.
* Low solubility of liquid metals in one another
* Top and bottom electrode materials form a compound that

is soluble

(> 5 mol%) in the supporting electrolyte
Type B cells.
* High solubility (> 10 mol%) of strong metal in liquid metalloid electrode
* Low solubility of strong metal and metalloid in electrolyte
*

Supporting electrolyte must dissolve a salt containing the electroactive cation

With these criteria in mind, materials for one Type A cell and two Type B cells were
selected.

3.2 Selected materials
The process of selecting materials for Type A and Type B LMBs began with
identifying suitable positive and negative liquid metal electrodes. One of the most critical
parameters for a battery is an electrode couple with a sufficient Vocv (> 0.5 V). The Vocv
will depend on the metal couple, and is loosely correlated with the electronegativity
difference

between

the

two metal

electrodes.[81]

Finding

metals that

electropositive and electronegative was the first characteristic investigated.

[70]

are

highly

.
...
..
........

....
.....
.....
.. . ......
.....
.....

3.2 Selected materials

There are some general trends in the periodic table that were used in selecting
electrode candidates (Figure 3.2). For instance, elements on the right hand side of the
periodic table (as well as hydrogen, H) are non-metals, and/or gases. Gases can be used as
in electrochemical devices, but the design is very different and requires pumping the gas
across a complex microstructured electrode surface (e.g. a fuel cell). For the present design,
gases and most non-metals were excluded. However, some liquid non-metals (i.e. sulfur, S,
and selenium, Se) have been used in liquid batteries[16], but they required a mesh current
collector to facilitate electronic transport to the reaction interface.

alkali metals

H

metalloids

non-metals

noble gases

alkaline earth metals
other metals

Y

C

transition metals
V

Cr Mn

Zr Nb Mo Tc

La Hr Ta

W

Fe Co

Ni Cu Zn

Ru Rh Pd Ag Cd

Re Os

He

Ir

Pt

Au Ha

N

0

F

Ne

P

S

CI

Ar

e r Kr
I

Xe

At

Rn

lanthanide series
actinide series
Figure 3.2 | Periodic table of the elements. General trends in the
periodic table provided a useful starting point for selecting candidate
electrode materials.
The center section of the periodic table contains transition metals which pose two
challenges for use as electrode materials. First, most of the metals melt above 1500 *C. At
this temperature, there are few materials that are stable in contact with molten metals
and/or molten electrolytes, owing to high solubility and/or corrosion rates. There are some
[71]
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transition metals that have one stable oxidation state and melt lower than 1500 *C, such
as copper (Cu), zinc (Zn), cadmium (Cd), mercury (Hg), gold (Au), and silver (Ag), which
melt near or below 1000 *C. Unfortunately, Au is too expensive for this application and Cd
and Hg are highly toxic. The melting point of a metal can be lowered by alloying it with
other metals to form a eutectic melt (a eutectic melt is a mixture of two or more elements
or compounds that lowers the melting point below that of either constituent. For some
systems, a eutectic composition will melt many hundreds of degrees Celsius lower than the
individual melt constituents.). However, during charging and discharging the concentration
of the electroactive species in an alloy electrode will change, possibly shifting it outside the
liquidus range, so a eutectic with a wide liquid range is required. Also, alloying affects the
activity of the electroactive species, so care must be taken to select alloying agents that
have a minimal affect on Vocv.
Another constraining property that afflicts most transition metals is related to the
property that gives these metals their name. Due to the incomplete filling of the d-level
electron sub-shell and overlap with the p-sub-shell, most transition metals can exists in
multiple valence states (i.e. an Fe ion can exist as Fe2 + or Fe3+), which is different than
alkali or alkaline earth metals that generally only exist in one oxidation state (i.e. a Mg
ion generally only exist as Mg 2+). If a transition metal ion were to exist in the electrolyte it
could undergo a faradaic reaction by accepting an electron but remain as an ion in the
electrolyte (i.e. Fe 3 + + e- -+ Fe 2+). The newly formed species could then diffuse to the
opposite electrode and supply an electron (i.e. Fe 2 * -> Fe 3 + + e- ), resulting in selfdischarge and lowering the coulombic efficiency of the cell. This is pertinent to the active
species in the negative electrode for both Type A and Type B cells and for the positive
electrode metal in Type A cells (which requires only a singular negative oxidation state).
However, this is not required for the positive electrode in Type B cell design since the
positive electrode metal does not enter the electrolyte.

[72]
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Other metals are unsuitable for obvious reasons, such as radioactivity, high toxicity,
rarity (< 0.001 mg abundance per kg of crust), or because it sublimates, or is produced
synthetically. Materials that were > $ 1000 /kg were excluded, which would translate to an
unacceptably high price of > $ 180 /kWh for the one electrode (which generously assumes
an oxidation state of ± 1, a Vocv of 2 V, and a molar mass of 10 g/mol). Based on the
selection criteria discussed thus far, much of the periodic table can be excluded as
candidate electrodes (Figure 3.3).
Cndae elecde*mAlS

negt velectrode

R4ec.en cdtea
non- al* r * oxc

k n

expensive (>$ 1000 Jkg)

Figure 3.3 jCandidate electrode materials for LMBs. Elements were
excluded for specific reasons, as shown. In addition to the indicated
rejection criteria, elements may be unsuitable for more than one reason,
such as multiple oxidation states and a high melting point. Prices were
collected from USGS [84] anid metalprices.com[85].
The choice of electrolyte will also influence the electrode selection criteria. While the
requirements are different for Type A and Type B cells, they share many common required
characteristics. First and foremost, an electrolyte must be ionically conductive (i.e. allow
ions to dissolve and diffuse) but electronically insulating (i.e. does not allow electrons to
move freely). In their neutral form, pure elements are non-polar and are not ionically
[73]
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bonded, and therefore, they do not dissolve or conduct ions. Thus, electrolytes are usually
compounds, and can be polar (e.g. water) or dissociate into ions (e.g. NaCljj). Candidate
electrolytes include halides salts (e.g. fluorides, chlorides, bromides, and iodides), oxides,
and sulfides. Organic compounds are generally unstable at high temperature (> 400 *C),
and more complicated inorganic compounds, such as nitrates and carbonates, have lower
electrical

conductivity

than

halide

salts

and

are

unstable

with

many

reactive

electropositive metals.[34, 88]
Sulfides were investigated, but their high melting points (e.g. Na S melts at 1143 *C),
2
polysulfide formation[89] (which could result in self-discharge), and reactivity with oxygen
make them poor candidates. Oxide melts are more stable in air, but their high melting
points (i.e. the CaO-Al 2 0 3 -Si0

2

eutectic melts at 1170 *C [90]) make them unappealing for

this application. Molten halide salts have been previously used in high temperature
batteries, owing to their low melting points (the KCl-LiC1 eutectic melts at 355 *C [88]),
high

electrical

conductivity

(approximately

0.5 S/cm to

3 S/cm

[34]),

and

wide

electrochemical window (typically > 2 V for alkali- and alkaline earth-chlorides). As such,
molten halides were selected as the candidate electrolyte. Chlorides are preferable over
fluorides based on a lower melting point, reduced corrosion, and low cost (compared to
bromides and iodides).
Many suitable chlorides melt below 1000 *C, but have high vapor pressure above that
temperature, restricting the operating temperature to below ~1000 *C. The density of
suitable halide salts is in the range of -1.5 g/ml to -4 g/ml,[34] making many of the
remaining elements (e.g. the lanthanide series) unsuitable. For instance, to achieve a three
layer cell, one of the electrodes must be less dense than the electrolyte. Candidate positive
electrode metals (excluding Al, Si, and Se) have high density (> 5 g/ml) so they are best
suited as the bottom electrode. Thus, the negative electrode must be less dense than the
electrolyte, which excludes the lanthanide series elements. Zn is also more dense than the
electrolyte, but was still investigated to demonstrate the feasibility of the Type A cell
[74]
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design (discussed in Section 3.2.1). Conversely, alkali and alkaline earth metals with low
electronegativity are low density, making them better suited to serve as the top electrode.
Due to more material options, electropositive metals were considered to serve as the top
(negative) electrode and electronegative metals were considered to serve as the bottom
(positive) electrode. Low cost metals are more desirable, and placing constraint of
< $ 400 /kg further reduces the number of candidates. (Figure 3.4).
Cande electode metals
negive enon-ntal
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, re, toxi subnmtes

sm

Figure 3.4 | Final set of candidates electrode metals for LMBs. The
cost requirement and melting point requirement are more stringent than in
Figure 3.3.
The remaining candidate negative electrode materials are: Li, Na, K, Mg, Ca, Sr, Ba,
La, and Zn. From this short list, Na, Mg, and Ca were most appealing due to low cost, low
density, and large natural abundance. Candidate positive electrode materials include Al,
Sn, Pb, Bi, Sb, Se, and Te. Al and Sb were of particular interest due to their low cost and
the opportunity to provide a larger Vocv than the other candidate metals. These metals
made up the primary list of candidate materials that were considered for LMBs.
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3.2.1 Type A cells
A crucial requirement for Type A cells that was not discussed in the previous section
is the solubility of the reaction compound (i.e. an intermetallic compound) in the
electrolyte. For reasons outlined in the previous section, halide salts were chosen as the
most suitable electrolyte, unfortunately, most halide salts do not dissolve intermetallic
compounds.
ZnTe has been shown to be significantly soluble (5 mol% at 580 *C) in ZnCl 2.[68] The
absence of a rank-order density (both Zn and Te are more dense than the molten salt) was
addressed by a modified cell design (with side-by-side pools of Zn and Te), allowing the
principle of ambipolar electrolysis to be demonstrated (Figure 3.5). Moreover, Zn and Te
are insoluble (< 0.1 mol%) in each other as liquid metals at 500 *C.[91] Thus, ZnTe was
selected as the dissociating compound with ZnCl 2 as the supporting electrolyte. The
components of this system are all molten above 475 *C (Zn melts at 420 *C and Te melts
at 450 *C). Phase diagram analysis has shown that liquid Zn and Te dissolve many
structural metals, such as Fe, Ni, and Al,[92] restricting electrode and bottom crucible
materials. Graphite was deemed a suitable electrode material as is used as an inert anode
with chloride-based electrochemical processes, such as in Mg[93] and Zn electrolysis. [94]
Glassy carbon (GC) has advantages over graphite in electrochemical experiments, such as
a glass-like texture that can be polished to a smooth finish (this is important for use in
three-electrode electrochemical studies). As such, GC rods were used as the current
collectors.
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power (
2e_

supply

2e-

Figure 3.5 | Schematic of a Type A Zn||Te cell. The electrolyte contains
ZnTe dissolved in molten ZnCl 2, contained in an outer crucible. During
electrolysis, Te2- anions are oxidized at the anode, depositing as liquid Te.
Simultaneously, Zn2+ cations are reduced at the cathode, depositing as
liquid Zn. Both metals are collected in electrode crucibles.
Quartz is stable with Zn and Te and is stable in the presence of molten salts
containing dissolved tellurides (Li 2Te in LiCl) at temperatures below 800 *C,[95] making it
a suitable crucible/insulating sheath material. Alumina and mullite are also stable with
these liquids and are less fragile. Commercially available ceramic cements (i.e. such as
zirconia cement from CoorsTek Inc.) meet the requirements of the seal.

3.2.2 Type B cells
As discussed in Section 2.1.2, previous work at the ANL demonstrated the use of
alkali metals (Na and Li) as the negative (top) electrode in Type B cells (previously
referred to as bimetallic galvanic cells). Much of that work focused on thermally
regenerative cells, though secondary electrochemical cells were also constructed and
operated. Two of the most promising chemistries included Na|iBi cells which cycled for
17 months, and LillTe cells which achieved an impressive current density capability of
13 A/cm2 . Although lifespan and current capability are important, cost is a more critical
[77]
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factor for stationary applications. Unfortunately, cost and resource limitations of Bi and
Te make them unsuitable for broad-scale use (see Section 2.1.2).
Of the candidate electrode metals selected, preliminary results suggested

that

antimony (Sb), if coupled with Ca, could provide cell voltages in excess of 1 V, which is
greater than other Ca-couples, Ca||M (where M = Al, Sn, Pb) and is more abundant and
lower cost than equivalent Bi, Se, and Te systems. In particular,

thermodynamic

measurements indicated that the CajSb couple could provide a cell voltage in the range of
0.90 V to 1.6 V (see Section 4.2.1). Unfortunately, material compatibility constraints
provided challenges for building a Ca||Sb cell, and neither Cafiq), nor Sb(liq) had been
previously used as the negative and positive electrode metals, respectively, in an LMB.
The first step involved demonstrating the use of Sb as a bottom electrode material by
constructing Mg||Sb cells. Second, the use of a liquid Ca top electrode was demonstrated
with CaMg||Bi cells where the top electrode consisted of a Ca,Mg alloy, substantially
lowering the melting point of Ca (840 *C) to below 500 *C with a minimal impact on
Vocv. Selected materials for the Mg||Sb and Ca,Mg|lBi cells are discussed in the following
sections.

3.2.2.1 MgjSb
To prevent spontaneous reduction of the supporting electrolyte by liquid Mg, the
supporting electrolyte can only contain metal halide salts that exhibit dissociation
potential (see Equation 1.14) than corresponding Mg halide salts (i.e. MgX , where X = F,
2
Cl, Br, I) salts. NaCl, KCl, and LiCl, and their respective fluorides, bromides, and iodides
were all suitable supporting electrolyte salts. The density of liquid Mg (1.6 g/ml [96]) is
slightly less dense than these liquid salts, which have extrapolated liquid densities of
1.8 g/ml for NaCl, 1.6 g/ml for KCl, and 1.8 g/ml for LiCl at 600 'C [34]. To facilitate
Mg2

[78]

transport through the electrolyte, MgCl 2 was included.

3.2 Selected materials

Mild steel was found to be a suitable current collector for the Mg electrode, as
demonstrated by its use as a cathode in industrial scale Mg electrolysis cells.[93] Mg is
capable of reducing Si from quartz (Si0 2 ), but alumina (A120 3 ) and magnesia (MgO) are
stable with liquid Mg and are suitable as insulating materials. Boron nitride (BN) is also
stable and is easy to machine, so it was used as the insulating sheath. Commercially
available ceramic cements (i.e. zirconia (ZnO 2 ) or A12 0

3

cement from CoorsTek, Inc.) were

chosen as seal materials.
Liquid Sb is more challenging to contain than liquid Bi because it dissolves structural
metals, such as Fe and Ni.[92] W could be used as a current collector, but it is expensive
and difficult to machine. W foil or an electrodeposited W film may be suitable, but this
was not investigated as part of this work. Fortunately, graphite was found to be stable
with Mg, Sb, and molten halide salts and was used as the crucible

/

lower electrode

material.

3.2.2.1 Ca,MgIBi
Ca is more reactive than Mg, Na, and Li. Potassium halide salts (i.e. KCl, KBr, and
KI) were the only suitable supporting electrolyte materials, based on the free energy of
formation of these compounds. The high Ca reactivity also resulted in limited material
options for
(e.g. A12 0

3

the insulating sheath, since Ca is capable
+ 3Ca

-+

of reducing

most oxides

3CaO + 2Al). Unlike the Mg||Sb system, graphite was not suitable as

a crucible material since it can react with Ca to form calcium carbide (Ca + 2C

->

CaC 2 ).

Luckily, mild steel is stable with Bi, Mg, and Ca, offering a low-cost and easy to machine
material for the crucible, cap, and current collectors. High purity BN is one of the few
insulating materials that is stable in contact with molten Ca and was chosen as the
insulating sheath material.
In order to lower the melting point of Ca (840 *C), a metal capable of forming a
eutectic composition with Ca was investigated. Through alloying, the activity of Ca, aca is
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lowered, which lowers Vocy, so the added metal must not overly suppress aca and lower

Vocv beyond an acceptable amount (~0.2 V). The alloying metal must also be less
electropositive than Ca to ensure it won't reduce Ca 2 + from the melt, and must be of
similarly low density (<1.5 g/ml).
Mg (which melts at 650 *C) is well suited to act as an alloying agent. It is unable to
reduce

Ca 2 + from the electrolyte,

has a low liquid density (1.6 g/ml), forms one

intermetallic compound (CaMg 2) which melts at a relatively low temperature (711
and has two deep eutectics which melt at 445 C
respectively. [97] The free energy of formation,

AfGCMg 2 ,

0

C),

(Ca-rich) and 517 *C (Mg-rich),
of CaMg 2 suggests that the cell

voltage may be reduced by ~0.2 V (using Equation 1.14),[43] though the Ca-rich liquid
eutectic is expected to have less voltage depression, owing to an increased Ca-activity as
compared to a melt of CaMg 2 -

3.2.3 Other considerations
In addition to the restraints discussed in the previous section, there are additional
characteristics that were considered.
3.2.3.1 Metal dissolution
LMB operation requires metal from the electrode to dissolve into the electrolyte.
However, the manner in which this occurs is critical for proper operation of the battery. A
metal can dissolve by participating in a faradaic reaction, through shedding (or accepting)
an electron, and dissolving as a stable ion (i.e. A

->

A 2+

+ 2e-). By contrast, metal atoms

can 'chemically' dissolve into a molten salt bath without losing or gaining electrons
(Figure 3.6). Such dissolution can be viewed as a chemical reaction of the metal with ions
from the melt. Although this phenomenon is commonly observed, it is not well understood.
Various dissolution reactions have been proposed; such as A + A 2 *

-*

(A

)2+ ,

which

results in a subvalent ion; or A -+ A 2* + 2e- , where the electrons are bound to A 2 +,

[80]
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analogous to F-center defects in solid state crystals. [98] These ions can facilitate selfdischarge, so suppression of chemical metal dissolution is important.
chemical
dissolution

A+A 2* -(A 2f*

electrochemical
dissolution

A

A2. + 2e-

Figure 3.6 j Types of metal dissolution in molten salts. Chemical
dissolution occurs spontaneously while electrochemical dissolution requires
the movement of electrons through an external circuit, and thus, it can be
controlled.
The solubility of metals in molten halide systems has been well studied[56, 99-105]
and they demonstrate an exponential increase in solubility with temperature. For example,
the solubility of Na in NaCl is 3 mol% at 810 0 C, and increases to 20 mol% at 930 *C.[102]
Thus, one way to lower metal solubility related self-discharge mechanisms it is to operate
at lower temperatures.
According to Le Chatellier's principle, the dissolution reaction, A + A2 + -+ (A2 )2+
can be suppressed by decreasing the activity of the neutral metal (i.e. A) and/or
decreasing the activity of the metal ions (i.e. A24). . This can be accomplished by reducing
the concentration of the appropriate salt in the electrolyte, or through complexing via the
addition of ligand donors (as discussed in Section 2.1.1). Similarly, the activity of the
neutral metal can be suppressed by alloying it with another metal, further suppressing the
solubility level.[98] Both approaches were taken when designing the Ca,Mg|Bi cells which
[81]
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utilized a Ca,Mg alloy electrode and an electrolyte primarily consisting of potential ligand
donors. Thus, to lower self-discharge, one can lower the operating temperature, alloy the
metal electrode.
3.2.3.2 Thermal management
Another issue that influenced materials selection criteria was the consideration of
thermal management. During operation, voltage and coulombic inefficiencies generate heat.
This heat can be used to keep the battery at its operating temperature. However, unlike
an industrial electrochemical process which can afford to operate at a low efficiency (e.g.
the Hall-Hdroult process operates at < 30 % energy efficiency[38]), a large-scale energy
storage device is bound to more restricting requirements (-80 % energy efficiency is
desirable).
This higher efficiency requirement means that a cell cannot afford to expend as much
of its stored energy as heat. To keep an LMB cell warm, it must be thermally insulated.
The amount of required thermal insulation will increase with the operating temperature.
Thus, to reduce the amount of insulation, it is desirable to operate a cell at a lower
temperature, which in turn, supports the use of lower temperature chemistries. Evaluating
the thermal insulating requirements for LMBs was not investigated in detail as part of this
work; however, preliminary calculations indicate that a 1 m diameter cell operating at
700 *C will require insulation that is roughly 10 cm to 50 cm thick.

3.2.4 Summary
A set of materials suitable for liquid metal batteries have been discussed. Materials for
the Type A cell include: ZnTe as the dissociating compound; ZnCl 2 as the supporting
electrolyte; glassy carbon as the current collectors; and quartz, alumina, and mullite as the
insulating materials. Since Zn and Te are both denser than the electrolyte, the three layer
system is not possible with these materials, but a side-by-side cup electrode design will be
able to demonstrate the concept of a Type A cell.
[82]

3.3 Experimental approach

Type B cells offer a larger set of suitable of candidate electrode metals. Of this set,
alkaline earth metals offer the opportunity to provide larger cell voltages and enhanced
coulombic efficiency compared to alkali metal neighbors. Two electrode couples were
proposed for this work: Mg||Sb and Ca,Mg||Bi, both as a means towards developing a
Ca,Mg||Sb cell. The former chemistry was demonstrated in a graphite crucible using a mild
steel negative current collector and a BN insulating sheath. The Ca,Mg|lBi cell was
constructed out of a mild steel crucible, mild steel current collectors, and a BN insulating
sheath. In addition to constructing and operating these cells, evaluation of the underlying
thermodynamics and other material properties was performed to better understand their
performance capability.

3.3 Experimental approach
The properties of molten salt and liquid metal systems were primarily evaluated using
electrochemical techniques. These techniques were used to determine thermodynamic and
kinetic properties, such as cell voltage, free energy (AG) of compounds and liquid alloys,
diffusion coefficients, charge transfer parameters, and the electrolyte electronic transference
number. Ultra-dry salts were purchased to ensure high quality electrochemical results.
These salts were further dried by heating them in a sealed test vessel under a vacuum.
Two- and three-electrode setups were used, and single cell batteries were constructed and
tested.

Elemental,

chemical, and

thermophysical

analyses

were performed

on cell

components to identify performance limitations and evaluate cell operating parameters.

3.4 Experimental apparatus
Many halide salts are hygroscopic, capable of absorbing moisture from the air, forming
hydrates and/or oxychlorides which contaminate the melt. To dry these salts, extensive
procedures have been developed, such as vacuum drying and melting under a flow of HCl
gas.[106] At the time of this work, many ultra-dry grade salts were commercially available
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from vendors such as Alfa-Aesar. However, use of these ultra-dry salts still required careful
handling and experimental design to prevent exposure to moisture. Cells were assembled in
a glovebox and testing was performed on cells contained within a dried, gas-tight test
vessel operated under an inert atmosphere.

3.4.1 Test vessel
The test vessel was a 50 cm tall, 10 cm diameter, stainless steel (SS) closed-one-end
flat-bottomed cylinder (Figure 3.7). A SS flange (ISO100, Kurt J. Lesker Co.) was welded
to the top lip of the cylinder, permitting a seal with a stainless steel cap via a compression
fitting. The cap consisted of a blank ISO100 flange (Kurt J. Lesker Co.) with NPT
threaded holes. 9.5 mm (3/8") and 6.5 mm (1/4") inner diameter vacuum fittings (UltraTorr, Swagelok, Inc.) were sealed into the threaded holes with epoxy. These fittings
allowed tubes and rods (such as current collectors, electrode leads, and thermocouples) to
pass through the cell cap while providing a gas-tight seal. KF flanged Kodial glass
viewports (Kurt J Lesker Co.) were also installed in the cell cap, allowing one to view the
electrodes and molten salt during the experiment. Silicone o-rings were used for all
compression fittings and were replaced before each run. During setup, the electrochemical
cell of interest was placed at the bottom of the test vessel. Electrical leads passed through
the cell cap, down to the cell, allowing the cell to be studied using electrochemical
instrumentation.

[84]
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Figure 3.7 | Schematic of test vessel assembly. a, The test vessel has two
gas ports, cooling lines, and a cap with gas-tight seals. O-rings were used in
compression seals, secured by clamps (not shown). b, A top view of the cap
shows the placement of vacuum fittings, viewports, tube fittings, and a
copper cooling line.
Two ports were installed into the sides of the test vessel. One port was connected to a
vacuum pump (BOC Edwards pump, model RV8), and the other was connected to an
argon gas tank (99.999 % purity, Airgas) which allowed the cell to be back-filled with
argon. The vacuum port was a 25 mm diameter KF25 vacuum fitting (Kurt J. Lesker,
Co.). The back-fill port was a 6.4 mm diameter SS tube. Both ports were attached to SS
valves to provide control of the atmosphere in the cell. Copper cooling lines were installed
around the top of the SS cylinder and on the cell cap.
During experiments, the test vessel was lowered into a 130 mm diameter vertical tube
furnace (model PS305-240-25-P3200-K, The Mellen Co.), while the cap remained above the
top of the furnace (Figure 3.8a-b). The cap was kept cool by pumping water through the
copper cooling lines using a refrigerated recirculating chiller (VWR model 1171MD). The
furnace was controlled by a Honeywell controller (model UDC 3000) and a thermocouple
(type K, Omega Inc.) that was installed in the side of the furnace, near the bottom of the
test vessel. A second thermocouple measured the temperature in the cell.

[85]

Chapter 3: Materials & Methods

ab

WE lead

electrode
leads

RE

lead

CE lead
test
vessel

vacuumcueltrd
tube
vacuum

coolingfitn
lines
viewport
furnace
compression
vacuum

cooling

Figure 3.8 | Test vessel setup. a, Test vessel and furnace, complete with
cooling lines that go to a chiller (not shown) and a vacuum line connected
to a vacuum pump. The top of the test vessel remained outside the top of
the furnace. b, A close-up of the test vessel cap and cap components.
During operation, electrode leads extended through the vacuum fittings,
down to the electrochemical cell under study.
While performing experiments at elevated temperatures, the high vapor pressure of
the molten salts resulted in vaporization of the salt and deposition onto the cooler upper
section of the cell. A thick lining of salt was usually found on the underside of the cap and
near the top of the test vessel cylinder sidewalls. All test vessel components were
thoroughly cleaned and dried with soap and deionized (DI) water before setting up the
next experiment.

3.4.2 Salt handling and drying
Steps were taken to ensure that the test vessel, crucible, and electrodes, were
sufficiently dry. The empty test vessel was sealed, placed in the furnace, heated to 80 *C
and a vacuum was applied for 12 h. A pressure gauge (Televac Inc., sensor model MP4AR)
measured the vacuum level inside the cell. The pressure was observed to drop to less than
2.6 Pa (20 milliTorr), which was the limit of the vacuum pump, indicating the interior of
the vessel was dry. The vacuum seal was tested by closing the vacuum port. If the pressure
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in the cell increased at a rate less than 0.3 Pa per minute, the seal was considered
sufficient.
The vessel was removed from the furnace, allowed to cool, and brought into an argon
filled glovebox. Electrochemical cells were assembled in the glovebox and sealed inside the
test vessel. Glovebox moisture and oxygen content were maintained at < 0.01 ppm
(measured using a NYAD

Inc. model MA-160

portable hygrometer) and < 1 ppm

(measured using a VAC oxygen sensor, model LM-02), respectively.
The sealed vessel containing the electrochemical cell was removed from the glovebox,
lowered into the furnace, and heated under vacuum to remove any remnant moisture in
the salt. Even ultra-dry grade salts were observed to evolve a small amount of gas
(assumed to be moisture), indicated by pressures above 2.6 Pa (typically > 10 Pa) in the
cell during this drying process. After drying, the pressure dropped back to < 2.6 Pa.
The exact drying procedure is specified in Chapter 4 and depended on the system
under study. Typically, the vessel was heated at a rate of 1 *C/min to 80 C under
vacuum, held for 12 h, heated at 3 *C/min up to ~50 *C below the melting point of the
salt, held until the pressure dropped below 2.6 Pa, backfilled with argon, and heated to the
desired operating temperature at 3 'C/min. The drying procedure was considered to be
successful if the measured electrochemical signals were devoid of features associated with
the presence of moisture, or moisture by-products. [106]

3.5 Experimental setup
There were three main types of electrochemical experiments performed as part of this
thesis work. First, a three-electrode setup was used to evaluate the electrochemical
characteristics of molten salts. Two-electrode studies were performed to evaluate the
thermodynamic properties of liquid metal alloys for candidate Type B cell electrodes.

[87]
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Lastly, constant current charging and discharging experiments were performed to evaluate
the performance of single cell batteries.

3.5.1 Type A cells
The feasibility of ambipolar electrolysis was explored using two- and three-electrode
electrochemical techniques. Since the electrolyte is capable of dissolving the dissociating
compound, three-electrode studies could be used to determine thermodynamic and kinetic
material properties. The use of two 'cup' electrodes (that were capable of retaining Zn and
Te liquid metal electrolysis products) permitted the cell to return electrical energy by
means of consuming the liquid metal produced during electrolysis.

3.5.1.1 Thermodynamic and kinetic measurements
Three-electrode electrochemical experiments use a working electrode (WE), a reference
electrode

(RE),

and

a

counter

electrode

(CE).

During

electrochemical

scans,

instrumentation applies a potential or current profile to the WE. The potential is
measured between the WE and RE and the current is passed between the WE and CE.
Working electrode (WE)
To evaluate the electrochemical behavior of an electrolyte, the WE should not react
with the electrolyte or reaction products. Its surface should be smooth, since surface
morphology can affect the reaction rate and the electrochemical response. Glassy carbon
(GC) is commonly used as an inert electrode material for electrochemical studies of molten
salts.[107] While GC is significantly more expensive than graphite, it has a glass-like
texture, capable of being polished to a smooth surface. GC rods are readily available from
various suppliers (i.e. Alfa-Aesar) with a range of diameters (1 mm, 2 mm, 3 mm) and
lengths (50 mm to 100 mm).
While a bare GC rod could have been used as the WE, the effective surface area
would have depended on the depth of emersion. Since kinetic parameters (i.e. the diffusion
[88]
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coefficient, or the exchange current density) depend on the exposed surface area, it was
desirable to have a known area exposed to the melt.
BN is an insulating material suitable for use in molten salt experiments. Unlike most
insulating ceramic materials, BN is easy to machine. By drilling a hole through the center
of a BN rod, pressing a GC rod into that hole, and polishing the tip of the GC rod flush
with the BN surface, a well defined area was created (Figure 3.9).

steel
current collector

threaded
hole

epoxy

zirconia

cement

alumina sheath
graphite
BN rod
L

7

_ GC rod

*

working electrode

Figure 3.9 | The working electrode for the ZnCl2,ZnTe systems. a, The WE
consisted of a BN rod surrounding a GC rod. The GC rod compression fit
into the BN and graphite. b, A steel current collector was attached to the
graphite rod using a threaded hole. During testing the bottom of the
electrode was submerged, so that the polished face of the GC rod was the
only electronically conductive part of the electrode exposed to the melt.
2
The electrode had an active surface area of 3.14 mm .
To establish an electronic connection between the GC rod and an SS rod electrical
lead, a graphite 'coupler' was used. A 6 mm diameter hole was threaded into one end of an
18 mm long, 25 mm diameter hot pressed BN rod (Saint Gobain Advanced Ceramics
Corporation). A 6.4 mm (%") diameter, 25 mm long graphite rod (Alfa Aesar) was
threaded, screwed into the top of the BN rod, and secured using zirconia cement
(CoorsTek, Inc.). A 2 mm diameter hole was manually drilled into the opposite side of the
BN rod and extended up into the secured graphite rod. This allowed the 2 mm diameter
[89]
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GC rod to be compression-fit into the hole and establish an electronic connection with the
graphite rod. The portion of the GC rod that extended out of the BN rod was cut off and
polished flushed with BN surface with successively finer grit abrasive paper (up to 1500
grit silicon carbide paper, McMaster Carr Supply Company). A 3 mm (%") diameter 5-40
threaded hole was made in the top of the graphite rod, into which a 3 mm diameter SS rod
(type 304 SS, McMaster-Carr Supply Company) was screwed. The stainless steel rod was
60 cm long and was sheathed by a 6.4 mm outside diameter alumina tube (McDanel
Advanced Ceramics Technologies)

to prevent

accidental

shorting with neighboring

electrodes. The top of the alumina was sealed around the SS rod with epoxy, producing a
gas-tight seal. The surface area of the WE was 3.14 mm2 , based on the diameter of the GC
rod.
Counter electrode (CE)
The CE was constructed in the same manner as the WE, excluding the BN sheath. A
50 mm long 2 mm diameter bare GC rod (Alfa Aesar) was compression fit into the 6.4 mm
diameter, 25 mm long graphite rod (Alfa Aesar), into which is screwed a 600 mm long SS
rod (304 SS, McMaster Carr Supply Company). The SS rod was surrounded by a 6.4 mm
outer diameter alumina rod (McDanel Advanced Ceramic Technologies) and sealed with
epoxy. The expected surface area of the CE was -100 mm 2 , based on a 30 mm emersion
depth.
Reference electrode (RE)
Electrochemical instrumentation cannot directly measure the potential of a single
electrode, but rather, it can only measure a potential difference (i.e. voltage) between two
electrodes. Therefore, electrochemical experiments use a RE which provides a stable
potential against which the potential of the WE can be measured. While aqueous REs are
commercially available, REs for high temperature molten salt electrolytes are not easily
purchasable and must be custom built. A RE usually establishes a potential using a metal
electrode in contact with a salt containing an ion of that same metal. Previous work on
[90]
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ZnCl 2-containing electrolytes used a pool of liquid Zn as the RE.[108] The resulting
potential was established based on the dynamic equilibrium between Zn and Zn 2 +
(Zn

<-+

Zn 2 ,

+

2e-). With Zn and Zn 2 + at constant activity (i.e. unity), the potential of

the electron is fixed. However, the construction of a molten Zn electrode is non-trivial and
may lead to Zn dissolution into the melt. Ag|AgCl REs are commonly used, establishing a
potential between an Ag wire and a molten salt melt of AgCl-MCl (M = K, Li, Na).[88]
Attempts to use Ag|AgCl based on a mullite tube design[109] were cumbersome to produce
and failed due to their high impedance (Re > 2,000 Q, Rt > 25,000 Q at 450 0C). For this
work, a much simpler and better performing solid Zn-alloy RE was conceived, constructed,
and utilized.
Use of a solid Zn-alloy as a RE was inspired by Weppner et a]. who constructed Libased REs for use in molten chloride electrochemical experiments at temperatures above
the melting point of Li metal.[87] These REs consisted of an Al wire, onto which Li had
been electrodeposited, forming a Li,Al alloy. The electrical potential of this RE is
established by LilLi+, where Li+ is a constituent of the molten salt electrolyte. LiCl is more
thermodynamically stable than AlCl3 , hence the Li reaction establishes the potential, not a
Al reaction.
Brass is a readily available Zn alloy (brass alloy 260 contains 30 wt% Zn and
70 wt% Cu), and since ZnCl 2 is more thermodynamically stable than CuCl 2, a brass rod
will establish a stable potential based on Zn|Zn 2 + and Cu will remain as a metal without
dissolving into the electrolyte. However, unlike a pool of pure liquid Zn, Zn in brass
(Znbr,.,)

is at less than unit activity, which should suppress Zn solubility in the melt.

Calibration of the brass RE was performed by electrodepositing a thin coating of elemental
Zn onto the WE surface. Measured electrical potentials were reported with respect to the
Zn|Zn 2 + equilibrium potential.
The RE for ZnCl 2-based experiments in this thesis consisted of a 700 mm long, 3 mm
diameter brass rod (alloy 260, McMaster Carr Supply Company). The rod was surrounded
[91]
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by a 6.4 mm inner diameter open-ended alumina tube (McDanel Advanced Ceramics
Technologies) to prevent accidental contact with other electrode leads. Epoxy was applied
to the top of the alumina tube to produce a gas-tight seal while the bottom was left open
to allow salt to flow up into the tube and come in contact with the brass rod. The brass
RE (b-RE) was calibrated and its stability was measured to ensure accurate potential
measurements of the WE.

Cell setup
A 350 mm tall, 65 mm diameter, 1.5 mm wall thickness custom quartz crucible
(AdValue Technology, LLC) was used to contain the salt. The quartz crucible was much
taller than the anticipated height of the salt (50 mm to 100 mm) for two reasons. First, it
allowed the system to be assembled within the glovebox which required laying the test
vessel on its side to transfer it out of the sidearm. Second, impurities on the test vessel
wall were found to volatilize and condense in the melt when a shorter crucible was used.
The tall crucible extended up near the cooled cell cap, causing impurities to condense on
the inside the test vessel or on the top of quartz crucible. The bottom of the quartz
crucible was placed inside an alumina crucible (McDanel Advanced Ceramic Technologies)
to prevent salt from leaking into the test vessel in the event that the quartz crucible
cracked.
Prior to use, all electrodes and crucibles were washed with soap and water, rinsed
with deionized (DI) water, rinsed with ethanol, rinsed again with DI water, and dried
under vacuum at 80 *C. After assembling, heating, and melting the ZnCl 2,ZnTe cell, the
WE, RE, and CE were lowered into the melt.

Additionally,

a quartz

sheathed

thermocouple was inserted to provide direct temperature measurements (Figure 3.10).
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quartz crucible
BN sheathed GC WE

GC rod CE

__

quartz sheathed
RErd 00molten
brass
brass rod
REelectrolt

O

hrr0C4

Figure 3.10 1 Three electrode setup for ZnCl2,ZnTe melts. The voltage was
measured between the WE and the RE, while current is passed between the
WE and the CE. A quartz sheathed thermocouple was also inserted into
the melt. All leads extended up through the vessel cap.
3.5.1.2 Electrolysis and battery cycling
'Cup' electrodes were constructed to validate the concept of ambipolar electrolysis
and demonstrate that such a system has charge/discharge capability.
Cup electrodes
Cup electrodes consisted of a CE inserted into a 6.4 mm inner diameter closed-one-end
mullite tube (McDanel Advanced Ceramics Technologies). The end of the GC rod was
positioned at the bottom of the closed end and the top was sealed with epoxy
(Figure 3.11). A 10 mm long hole was cut half-way through the mullite tube 10 mm from
the closed end to allow the molten salt to flow into the cavity and contact the GC rod.
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steel
current collector
epoxy

-

mullite tube

graphite rod
GC rod
4--hole in mullite tube
closed end
Figure 3.11 | Cross-section schematic of the cup electrode design. A 60 cm
long mullite tube was used as part of the cup electrode, into which was
inserted a CE. The GC rod served as the active electrode surface, in
contact with the molten salt that entered through the hole in the mullite

tube. During these experiments, two cup electrodes were used; one collected
liquid Te and one collected liquid Zn.
Cell setup
The cup electrodes were used to demonstrate that the system can produce liquid
metals onto separate electrodes through electrolysis (by collecting and analyzing the
electrodeposited metal), and that the reverse reaction can also take place (by discharging a
cell with Zn- and Te-filled cup electrodes). To minimize resistance through the melt, cup
electrodes were placed next to each other (Figure 3.12).
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quartz crucible
cup electrodes
mtn

i

quartz sheathed
thermocouple

Figure 3.12 1 Proof-of-concept Type A cell. The cell was sealed in the test
vessel and brought up to operating temperature. Two cup electrodes were
used to retain the metal products from electrolysis, which were removed
after the experiment and their purity was measured. The electrodes
extended up through the vessel cap.
Cells of this configuration were used to perform electrolysis, which demonstrated that
liquid Zn and liquid Te could be simultaneously electrolyzed from the melt onto two
separate electrodes. Metal deposits were removed from the melt and analyzed to determine
composition and purity. The setup was also used to evaluate the capability of Type A cells
to accept, store, and return electrical energy.

3.5.2 Type B cells
Unlike Type A cells, study of the electrolyte could not be used to evaluate
thermodynamic properties (i.e. cell voltage) of electrode candidates. Type B cell candidate
materials were investigated using thermodynamic measurements of metal couples and
through the operation of single cell batteries.
3.5.2.1 Thermodynamic measurements
Thermodynamic measurements were an important aspect of this thesis, providing
fundamental data to screen materials. These experiments were performed by Dr. Hojong
[95]
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Kim, a 'post-doc in the research group, with help from a fellow graduate student, Ms.
Sophie Poizeau. This work was challenging and time consuming, and the author greatly
appreciates all of their time and effort.
Unlike the Type A cell, the cell voltage of the Type B cell solely depends on the
composition of the negative and positive electrodes, and not on the electrolyte. The OCV
was measured using a two-electrode setup where the RE also served as the CE. This
two-electrode setup was sufficient because the electrochemical instrumentation only passes
a minute current (pA level) to measure OCV. The electrolyte did need to contain the
active cation species, but was not required to be highly conductive (a > 10' S/cm was
sufficient).
Many molten metals are soluble (up to and beyond a few mol%) in their respective
halide salts (such as Na in NaCl, K in KCl, and Ca in CaCl2 [101, 102, 110]). Metal
solubility in the electrolyte can introduce electronic conductivity, shift the thermodynamic
activity, and change the composition of an alloy electrode. All of these factors can shift the
measured potential, skewing the thermodynamic results.
The challenge associated with suppressing metal solubility and the less constrained
conductivity requirement required alternative electrolytes to be explored. Instead of using
a

molten

salt,

solid

fluoride

electrolytes

have

been

used

for

these

types

of

measurements. [111] The most widely used fluoride electrolyte is CaF 2 which has a
conductivity similar to that of highly conductive solid Y 20 3-stabilized ZrO 2 (~10- 3 S/cm at
500 *C [112]). The simple CaF 2 fluoride-ion conduction mechanism of CaF 2 was first
established by Ure in 1957 [113] and was employed for measuring thermodynamic activity
in Ca liquid alloys.
For Ca||M (M = Mg, Bi, Al, Sb) liquid alloy thermodynamic measurements, CaF2
powder (> 99.9%, Fisher Scientific) was pressed into a 76 mm diameter pellet, 19 mm tall.
Seven holes of 12 mm diameter and 8 mm depth were drilled into the pellet, providing a
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reservoir for the liquid metal alloys. Pellets of the metal alloys were prepared using a
vacuum arc-melting furnace (model SA-200, Materials Research Furnaces Inc.). The pellets
were polished and a small hole was drilled into the pellet, into which was inserted a 1 mm
diameter iron wire (> 99.9%, Alfa Aesar) which served as the current lead. The current
lead was sheathed by a 6.4 mm diameter alumina tube (99.8%, McDanel Advanced
Ceramic Technologies), and sealed with epoxy at the top. The whole assembly was placed
inside an 84 mm diameter and 35 mm tall alumina crucible (McDanel Advanced Ceramic
Technologies), (Figure 3.13), which was placed in the test vessel, dried under vacuum
(< 3 Pa) at 120 *C for 12 h and heated to the operating temperature.

elecftrde leads

quartz crucible
-+

sheaths

quartz sheathed
thermocouple

Ca metal alloy
under study

p

msedtCaF2
electrolyte

elreec

Figure 3.13 | Thermodynamic measurement technique for liquid metal
alloys. The cell was placed inside the sealed argon filled test vessel and
heated to operating temperature. The OCV was measured between a
reference metal (pure Ca) and a liquid metal Ca alloy, using a CaF2
electrolyte. A thermocouple measured the temperature inside the CaF2
electrolyte.
Measurements were taken at various temperatures ranging from the melting point of
the liquid alloy, up to ~900 *C. Prior to the measurement at each temperature, the cell
was allowed to equilibrate for 1 h and the OCP measurement was recorded over a 2 min

period. It was found that the system first needed to be heated to a temperature above the
melting point of the reference metal (> 840 *C for Ca) to provide adequate contact of the
[97]
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metal with electrolyte. OCP values were then measured as the cell was cooled, and
recorded again as the cell temperature was raised. If the potential measurements were
consistent between the heating and cooling operations, the results were considered to be
reliable. The OCP values of four different liquid alloys, including two REs, were measured
in the same cell.

3.5.2.2 Mg jSb cells
Single cell Mg|jSb batteries were constructed using a graphite crucible, BN sheath, and
a steel rod top current collector (Figure 3.14). The graphite crucible was made of a 38 mm
diameter and 90 mm long graphite rod (fine extruded grade, GraphiteStore.com, Inc.) into
which was drilled a 19 mm diameter hole, 57 mm deep. The hole was significantly deeper
that the expected height of the electrodes and electrolyte to allow the cell to be assembled
with granules and/or powder, which pact to ~50 % density.
A 19 mm diameter hot pressed BN rod (Saint Gobain Advanced Ceramics) was
machined into a tube with an inner diameter of 16 mm. The BN tube was long enough to
extend up beyond the top of the graphite crucible. A BN lid was used to cap the cell. A
3 mm diameter, 600 mm long SS rod (type 303 SS, McMaster Carr Supply Company)
acted as the current collector and electrode lead, and extended down through a hole drilled
in the cap. Upon heating an assembled cell to 700 *C this rod contacted the top Mg liquid
metal electrode. A 5-40 threaded hole was machined into the top surface of the graphite
crucible, into which was screwed a 3 mm diameter SS rod, which served as the positive
electrode current lead.
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steel current leads
cap
BN sheath

graphite
crucible
W rod
graphite
plug
Figure 3.14 | Assembled Mg||Sb Type B cell. The graphite crucible
contained a negative Mg electrode, molten salt electrolyte, and Sb positive
electrode. A BN sheath insulated the Mg from the crucible. A polished W
rod was used to make contact between the Sb electrode and the crucible.
The cell was tested in the sealed test vessel. Steel current leads extended up
through the vessel cap.
Early work indicated that the salt preferentially wet the graphite, 'lifting' the Sb off
the graphite floor, severing the electronic connection between the bottom liquid electrode
and the crucible. To solve this problem, a 3 mm diameter 13 mm long tungsten (W) rod
was compression fit into a graphite plug, which was pressed into the bottom of the
graphite crucible (the size and geometry of the cell prohibited the W rod from being
inserted directly into the bottom of the crucible). The W rod was polished with 1500 grit
silicon carbide abrasive paper prior to cell assembly to remove the surface oxide layer,
permitting the liquid Sb electrode to wet the surface and establish electronic conduction
with the crucible. This bottom electrode design is further discussed in Section 4.2.2.1.
Assembly of the Mg||Sb cell was performed in the glovebox. The BN sheath was
inserted into the graphite crucible, and the electrode and electrolyte materials were added
to the cell. 20 g of Sb granules (99.5 %, Alfa-Aesar) were placed in the bottom of the
crucible, 13.8 g of electrolyte (50:20:30 mol% MgCl 2:KCl:NaCl, purchased from Alfa Aesar,
ultra-dry grade, 99.9% purity) was added on top of the Sb, and 2 g of Mg slugs (99.95 %,
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Alfa Aesar) was added on top of the salt. The cell was sealed inside the test vessel,
removed from the glovebox, and placed inside the furnace. Cells were heated to 700 *C,
upon completion of the drying procedure (Section 3.4.2).

3.5.2.3 Ca,Mg|jBi cells
These cells were assembled in a method similar to the Mg||Sb cells. Mild steel was
used as the crucible material, owing to its stability with all three liquid metal components.
(In fact, a large motivation for choosing Bi as the lower electrode was its shared
compatibility with mild steel, which is one of the few materials stable with liquid Ca.)
32 mm diameter mild steel rods (McMaster Carr Supply Company) were machined into
crucibles with an inner diameter of 19 mm and a 50 mm deep hole.
Hot pressed BN rods (Saint Gobain Advanced Ceramics) were machined into tubes.
High purity grade BN was required to prevent Ca reaction with common BN binder
materials, such as B 2 0 3 and Si0 2. These tubes were 19 mm outer diameter, 16 mm inner
diameter, and 60 mm long. Steel caps were machined, fitting into the top of the BN sheath
which extended beyond the top of the steel crucible. Threaded holes in the top and bottom
of

the

cap

were

used

respectively (Figure 3.15).
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steel current leads
steel cap

BN sheath
steel rod

steel crucible
Figure 3.15 | Assembly of the Ca.Mg||Bi Type B cell. Here, the three
components were assembled inside a steel crucible with a BN sheath. The
steel cap was cemented to the BN sheath using zirconia cement (not
shown) to help reduce volatilization loss of the liquid components. Steel
current leads extended up through the test vessel cap.
In order to minimize vaporization loss, the steel cap was secured to the BN by
zirconia cement (CoorsTek, Inc.) prior to adding the electrodes and electrolyte. With the
cap sealed to the sheath, the cell was constructed upside-down by filling the BN
sheath/cap assembly. The inverted sheath assembly was filled with ~5 mm diameter pieces
of a Mg-rich Ca-Mg alloy (20 mol% Ca, 80 mol% Mg, NP International, China), the
electrolyte (60:25:15 mol% KCl:CaCl 2:KI, ultra-dry grade, 99.95 %, 99.99 %, and 99.998 %
purity, respectively, purchased from Alfa-Aesar), and Bi needles (99.99 % purity, AlfaAesar). The crucible was placed over the sheath assembly and the system was flipped
right-side-up. Two 3 mm diameter SS rods (type 304 SS, McMaster Carr Supply
Company) were used as the electrode leads, connected to the crucible and top cap,
respectively. Cells were assembled in the glovebox, sealed in the test vessel, removed from
the glovebox, and lowered into the furnace. Cells were heated to 700 *C and cycled.

3.6 Characterization techniques
The majority of the materials characterization techniques used in this thesis were
electrochemical, used to determine thermodynamic and kinetic material properties.
[101]

Chapter 3: Materials & Methods

Thermophysical, elemental, and phase analysis techniques were also utilized, helping to
identify performance limitations of Type A and Type B cells.

3.6.1 Electrochemical
A variety of two- and three-electrode electrochemical experiments were performed.
Most of the electrochemical
potentiostat/galvanostat

tests were performed using a PARSTAT model 2273

controlled

by

PowerSuite

v2.58

software.

The

OCP

thermodynamic measurements for Type B cell candidate couples (Section 3.6.1.1) were
performed using an Autolab PGSTAT 302N potentiostat/galvanostat, controlled by Nova
v1.5 software. Battery cycling (Section 3.6.1.7) of Type B cells were performed using a
Maccor battery test station (model 4300). Most of these techniques were only used for
experiments pertaining to Type A cells,

which were amenable to three-electrode

electrochemical setup, while experiments pertaining to Type B cells were limited to OCP
thermodynamic measurements and battery cycling.

3.6.1.1 Open circuitpotentialmeasurements
Since open circuit potential (OCP) measurements do not require a significant flow of
current, a two electrode setup is sufficient. In the case of Type A cells, measuring the
potential between a liquid Zn electrode and a liquid Te electrode in contact with a melt
containing dissolved ZnTe could be used to calculate the free energy of reaction, A.G, of
the compound in solution. Alternatively, by using a three-electrode setup with a stable
RE, liquid Zn and liquid Te can be successively deposited onto the WE, and the OCP can
be measured.
In the case of Type B cells, the OCV between a liquid alloy of interest and a reference
metal in contact with an ionically conductive medium (i.e. a CaF2 solid electrolyte) could
be used to calculate the activity of the electropositive metal (i.e. Ca) in a liquid metal
(i.e. Bi). From the activity measurements, estimates of the Vocv of cells with varying Ca
concentration in the top and bottom electrodes can be determined.

[102]

..........
. .......
......
.....

.........
............

..................................
-

3.6 Characterization techniques

In certain instances, it was useful to measure the OCP of a three-electrode setup as
part of a technique utilizing galvanic pulses. Here, a pulse of current (5 s in duration) was
applied to the WE, electrodepositing an element out of the molten salt. A zero current
pulse was 'applied', allowing the OCP to be measured. This technique was used to
determine thermodynamic properties of dissolved ZnTe.
3.6.1.2 Cyclic voltammograms
Perhaps the most common dynamic electrochemical technique is cyclic voltammetry.
Here, the potential of the WE is swept over a range and the current response is measured.
The measured current is plotted against the applied potential in what is known as a cyclic
voltammogram (CV). For example, a CV scan may start at 0 V, scan up to 1 V, scan
down to -0.5 V, and then scan back to 0 V. The potential is measured against the RE, and
the scan rate, v is constant (0.1 V/s is typical). Often, two identical cycles are performed
in succession to generate a pseudo steady-state response. The resulting current response is
a combination of capacitive charging of the WE, electronic conduction through the melt (if
applicable), and faradaic processes.

i,, E

nead
curent

applied
potential

potential

ime

Figure 3.16 | Schematic of a typical CV. a, A potential is applied to the
WE and the current response is measured (not shown). b, The current
response is plotted versus the applied potential, producing a CV curve. A
schematic of a typical CV is shown. For a mass-transfer limited peak, the
peak potential, E,, and peak current,

i can be used to determine material

properties. Arrows next to curve indicate sweep direction.
For systems in which current can be attributed solely to a faradaic process, material
information can be extracted from the current response. As the potential is swept to a
value sufficient to drive a faradaic process, the current response initially increases
[103]
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(Figure 3.16). If the reaction becomes mass transport (diffusion) limited the current will
peak, and then decrease.[51] This peak current, J,, can be related to various parameters
and constants, according to,

i, = 0.4463 F
p

~RT

,

2ADOCov
) 0

,

3.1

where, n is the number of electrons involved in the faradaic process, A is the area of
the WE electrode (in cm 2 ), D, is the diffusion coefficient of the reactant species, (in cm 2 /s),
C* is the bulk concentration of that species (in moles/cm3 ), and v is the scan rate
(in V/s). Assuming an electrochemically reversible process (i.e. the rate of electron transfer
is fast and the surface concentrations of the electroactive species immediately adjusts to
the ratio dictated by the Nernst equation), the difference between the peak potential, E,,
and the half peak potential, E2 (E at

i=

+ 2), can be used to determine the number of

electrons involved in the reaction,[51] as shown below,

E, - E,121 = 2.2RT/nF -

3.2

To find E, the derivative of the current was calculated as a function of potential. The
peak potential was potential value at which the derivative of the current crossed through
zero. A Savitzky-Golay method was used to smooth out the data for this analysis.[114]
In addition to the quantitative values that can be extracted through this technique,
other qualitative conclusions can be reached. For instance, a peak with a shallow decay
may indicate a diffusion limited process, while a much sharper peak may indicate stripping
of a separate phase, while a 'spiky' current response with no back peak may indicate gas
evolution.
The CV scan is one of the most versatile electrochemical techniques. In this thesis, it
was used to determine the number of electrons involved in the faradaic processes, the
relative electrical potentials of the various faradaic processes, the diffusion coefficient of an
electroactive species, and provided insight into the electronic
[104]
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electrolyte. Another useful technique is electrochemical impedance spectroscopy, which was
used to determine other kinetic parameters.

3.6.1.3 Chronopotentiometry
This technique was used to verify the diffusion coefficient as calculated using CVs.
Here, a constant current was applied to the WE, and the potential was measured as a
function of time. For a transient period, one faradaic reaction will occur to facilitate
current flow. But as the reactants become depleted at the electrode surface, the potential
will increase to a sufficient level and drive a second faradaic reaction to facilitate the
current flow. The temporal width of the potential plateau, r, is related to the diffusion
coefficient of that electroactive species, as described by the Sand equation,[51]

1/2=

C 0 nF DOs
2

3.3

3.6.1.4 Electrochemicalimpedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is used to determine the electrical
conductivity of an electrolyte and charge-transfer kinetics of a faradaic process.[51] EIS
scans involve the application of a small sinusoidal potential perturbation to the WE, and
the of amplitude and phase of the current response is recorded (alternatively, a sinusoidal
current wave can be applied, however, in practice this is used less often).[51, 115] The
response is compared to the applied waveform and the real impedance (based on the inphase response) and the imaginary impedance (based on the out-of-phase response) are
calculated and plotted against one another in a Nyquist plot (Figure 3.17).[51]
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Figure 3.17 | EIS technique. a, A sinusoidal potential wave of a given
frequency is applied to the WE. b, The current response is measured and
the real (Zeai) and imaginary (Zms) components of the impedance are
calculated. c, By applying these waveforms at different frequencies, the
frequency response of the electrolyte can be characterized. These
impedances are plotted against one another in a Nyquist plot. The
electrolyte resistance (Ro) and the charge transfer resistance (Rt) can be
deduced from the data in this graph.
For a faradaic process, the response should include a semi-circle. The diameter and
position of the semi-circle can be used to determine the electrical (i.e. both electronic and
ionic) resistance of the electrolyte, Rn, and the charge transfer resistance, Rd, of the
faradaic reaction. Rt is related to the exchange current density, according to,
.Rct =

RT
,
nF0

3.4

which is an important parameter used to determine the charge transfer overpotential, ia
(Section 1.4.3, Equation 1.20). EIS scans performed in this work used a 10 mV rms signal
and scanned a frequency range of 10 mHz to 50 kHz.
3.6.1.5 DC stepped potential
This technique was used to estimate the electronic resistance of the melt. The WE
was stepped through various potentials at values insufficient to facilitate a faradaic
reaction. The current response was a decaying signal, consisting of the initial response due
[106]
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to capacitive charging of the electrode and the steady-state current assumed to be due to
electronic conduction. Plotting the steady-state

current against the applied current

provides insight into the electronic conductance of the melt. This could then be converted
into electronic resistance, R,_. However, the steady-state current could be due in part to
impurities in the salt that undergo faradaic reactions. The measured current would then be
a combination of the electronic current flow through the melt and the current due
impurity-related faradaic processes. Therefore, R,_ was considered to be the lower bound of
the electronic resistance, and with a higher purity melt the electronic resistance may be
even higher (corresponding to an even lower electronic conductivity).
The electronic transference number, t_-, is the fraction of charge that is passed due to
electronic conduction through the melt (where ionic conduction makes up the rest of this
conduction). By using Ohm's law (Equation 1.21) and comparing the electrical resistance
of the melt measured using EIS (Section 3.6.1.4) to the electronic resistance, the electronic
transference number can determined using the following relationship,

t

"-

-,I-

Re YR

Rn

3.5

Re_

The current response as measured by the DC stepped potential technique was found
to be non-linear, consistent with other studies.[116, 117]. Since Re- was considered to be a
lower bound, the calculated electronic transference number, t-, represented an upper limit
or maximum value, while the actual electronic transference number may be lower.

3.6.1.6 Electrolysis
Constant current or constant potential electrolysis was performed on ZnCl 2-ZnTe
electrolytes. Here, two cup electrodes were used to collect the electrolysis products (i.e.
liquid Zn and Te). After electrolysis, the cup electrodes were removed from the melt,
allowed to cool, and the products were analyzed.
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3.6.1. 7 Battery testing
Electrochemical cells of Type A and Type B designs were cycled (i.e repeatedly
charged and discharged). After cells were heated to operating temperature, the battery
testing instrument applied constant current during both charging and discharging, with
preset voltage cut-off limits. For example, the Ca,Mg|lBi cell was charged at a constant
current density (ranging from 10 mA/cm2 to 100 mA/cm2 ) until the voltage reached 1.4 V.
The Vocv was measured for 5 min and the cell was then discharged at a constant current
density (ranging from 10 mA/cm2 to 100 mA/cm2 ) until the voltage reached a value of
0.3 V. Upon reaching the lower voltage limit, the OCV was again measured for 5 min.
This constituted one cycle and the cell underwent repeated cycling for a specified duration,
or until the cell ceased to accept or deliver charge.

3.6.2 Physical

3.6.2.1 Thermal gravimetric analysis, mass spectroscopy
Thermogravimetric analysis with mass spectroscopy (TGA-MS) was used to measure
the change in mass of salt samples as a function of temperature. Mass loss was attributed
to the evaporation of residual moisture, but may have also indicated evaporation of the
salt or a reaction that produced a volatile component. For example, water can react with
salt, MCl 2 , where M is a metal with a +2 formal charge, to produce hydrogen chloride gas
(MCl

2

- H 2 0 -+

MO + 2 HCI(g)). To better understand what process is taking place, the

TGA was coupled with mass spectroscopy (MS) to analyze the off-gases.
MS involves ionizing and accelerating an element, compound, or molecule, passing the
ion through an electric field, and measuring its deflection. Its deflection is related to its
mass, thus enabling identification of the species. MS was used to analyze the off-gases from
an inorganic salt heated in the TGA instrument. Measurements were performed on a
Netzsch TGA-DSC-MS

[108]

model STA 409C, using a flow of argon and a heat rate of
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10 *C/min. These scans were performed by post doctoral associate in the group, Dr.
Kangli Wang, and the author thanks her for her help.

3.6.2.2 Induced coupled plasma mass spectroscopy
Induced coupled plasma mass spectroscopy (ICP-MS) was used to measure the
concentration of metal and non-metal elementals from bulk electrode samples. As this is a
wet chemistry technique, it involves the dissolution of the sample into a solution (typically
an acid) and subsequent vaporization, decomposition, and ionization using induced plasma.
The charged vapor consists of ions of individual elements, which are passed through a
mass spectrometer which differentiates them by their relative masses. This technique can
be highly sensitive (beyond 1 ppb detection limits), is capable of bulk analysis, but
involves considerable sample preparation time. For the work in this thesis, ICP-MS sample
analysis was performed by Luvak Inc., using current plasma emission spectroscopy
standard technique, ASTM E1097-07.

3.6.2.3 Scanning electron microscopy and energy dispersive spectroscopy
Scanning electron microscopy (SEM) uses a beam of electrons to generate a grayscale
image of the sample using two techniques: secondary electrons (SE) are generated by the
ejection of electrons from atoms struck by the incident beam and can be measured by a
scintillator-photomultiplier system; backscattered electrons (BS) are generated by elastic
collisions of incident electrons with atoms in the sample. Since heavier nuclei deflect more
electrons than lighter nuclei, BS presents greater contrast between different elements,
providing insight into the spatial distribution of elements. Although BS provides contrast,
it is not able to identify the specific elements in the sample. For spatially resolved
elemental analysis, energy dispersive x-ray spectroscopy (EDS) was used.
EDS can be combined with SEM systems to provide spatially resolved elemental
analysis of the samples. As electrons from the incident beam collide with atoms in the
sample, inner shell electrons are ejected. As electrons from higher orbitals fall down to fill
[109]
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the empty orbitals, they release energy in the form of x-ray photons. The energy spectrum
of emitted x-rays is unique to each element, allowing a combined SEM/EDS system to
provide spatially resolved elemental analysis. While this technique is simple to use and
requires limited sample preparation (polishing only), it is only capable of surface
measurements and is not accurate beyond approximately ± 5 at%. For this thesis work the
EDS system was controlled by EDS2004 software, as part of a Leo 438VP scanning
electron microscope operated at 20 kV.

3.6.2.4 X-ray diffraction
X-ray diffraction (XRD) was used to determine the crystal structure of samples. In
XRD analysis, a powdered sample is placed in the path of an X-ray beam and the
intensity of the reflected beam is measured as a function of deflection angle. The x-rays
diffract off selected planes of atoms according to Braggs law and provide a unique
diffraction pattern based on the crystal structure and atomic spacing in the sample.
Therefore, this technique is capable of phase discrimination, which is not possible with
purely elemental analysis (such as MS or EDS). XRD analysis was performed using a
Bruker D8 multipurpose diffractometer with a GADDS 2D area detector, operated at
40 keV and 40 mA with a copper anode and a 0.5 mm collimator.

3.7 Chapter summary
Selection criteria for the two liquid metal battery designs were outlined, providing a
framework for choosing suitable electrodes, electrolytes, cell housing, insulating sheaths,
seals, and current collectors. A Zn||Te cell based on ZnTe dissolved in molten ZnCl 2 was
proposed as the Type A chemistry to demonstrate this novel electrical energy storage
mechanism. New electrode couples will be investigated for Type B cells using two electrode
OCV measurements. Based on preliminary data, two types of Type B cells were chosen:
Mg||Sb and Ca,Mg||Bi cells. These chemistries were proposed as a means to evaluate the
feasibility of using Sb as a positive electrode and Ca as the negative electrode, respectively,
[110]
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with a Ca||Sb electrochemical couple as a future goal. Cycling cells of these chemistries will
help evaluate their charge

and discharge capabilities

and characteristics.

Physical

characterization techniques will provide valuable insight into off-gassing properties of
candidate salts (TGA-MS), the spatial distribution of elements (SEM/EDS),

and bulk

elemental analysis (ICP-MS, and XRD). The electrochemical and physical characterization
techniques will be used to evaluate the feasibility of these electrochemical mechanisms for
use as energy storage devices, and to identify their limitations. In the following chapter,
the results of these proposed experiments will be discussed.
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"Those who say it cannot be done should not interfere with those of us who are doing it."
- S. Hickman
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CHAPTER 4:
RESULTS

& DISCUSSION

The majority of results for Type A and Type B cells were obtained via electrochemical
analytical techniques. Critical thermodynamic and materials properties were evaluated, as
well as the operating capabilities of single cell batteries. Post-mortem analysis identified
performance limitations and confirmed both of the proposed operating mechanisms. These
results provided insight into their feasibility for use in grid-scale storage applications.

4.1 Type A cells
Melts of ZnCl2 with dissolved ZnTe were studied over a variety of temperatures and
ZnTe concentrations. Materials properties were determined, such as the dissociation
potential of dissolved ZnTe and the diffusion coefficient of Te2 - ions. Constant current
electrolysis produced liquid metals on both electrodes and reverse cycling demonstrated the
ability for these cells to perform as electricity storage devices.
Prior to electrochemical

studies, TGA-MS

scans were performed on ZnCl 2 to

determine a suitable drying procedure (Figure 4.1). In a typical scan, mass loss occurred
near the peak in the H 2 0 (mass 18) at 211 *C under ambient pressure. The mass 37 HCl
signal was much smaller than the H 20 signal, suggesting that HCl was not evolved.
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Figure 4.1 |TGA-MS results of ZnCl2. Scans were performed to
temperatures beyond its melting point (292 *C). Mass loss occurred near
the peak of H20 MS signal at 211 *C. MS signals for HCl did not contain
any peaks, suggesting that mass loss was due to H20 volatilization.

Based on the TGA-MS results, the following drying procedure was established. I) The
salt was maintained under a vacuum at 80 *C in the sealed test vessel for > 12 h, or until
the pressure stabilized at < 2.6 Pa. II) The cell was heated at 1 *C/min up to 230 *C
under vacuum until the system pressure dropped back down to its minimum level (2.6 Pa).
III) The vessel was backfilled with argon and heated to 500 *C at 3 'C/min. Cells were
assembled in an argon filled glovebox using ultra-dry salts. The rest of the experimental
setup was described in Section 3.4 and Section 3.5.

4.1.1

Reference electrode characterization

A brass RE (b-RE) was conceived as part of the ZnC12,ZnTe study (see Section 3.5).
The b-RE establishes a potential with the melt based on the reaction between Zn in the
brass and Zn2+ in the electrolyte L$nbralZn2*). The electrochemical performance of the
b-RE was characterized in a melt of ZnCl2 and ZnTe at 500 *C using EIS, OCP
measurements, and a galvanic pulse technique.

EIS was used to determine the ohmic resistance, RO, of the electrolyte, and the charge
transfer resistance, R,
[114]

of the electrode (Figure 4.2). Here, the b-RE served as the WE, an
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identically constructed b-RE served as the RE, and a GC rod served as the CE. The
resulting Nyquist plot exhibited a line with a slope of 0.96, consistent with a mass-transfer
controlled regime (which should contain a line with a slope of 1 [51]). The absence of a
semicircle in the EIS measurement indicated negligible R,. Thus, the electrode kinetics of
the b-RE was sufficiently facile for use as a RE.
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Figure 4.2 | RE conductivity characterization. EIS measurement of RE.
The absence of a semicircle indicated negligible charge transfer resistance.
The stability of the b-RE design was investigated in melts of ZnCl 2 with dissolved
ZnTe. The OCV between two identically constructed b-REs was measured over a period of
> 40 h (Figure 4.3) using a two electrode setup with a high resolution voltage meter
(24 bit, ± 80 mV range, model 9211, National Instruments). This permitted the standard
electrochemical instrumentation to be used concurrently for electrochemical scans on the
same melt. The spikes in the OCV measurement were due to these concurrent scans which
generated electric fields in the electrolyte. The OCV in the absence of external scans was
steady and was clearly observed. For a melt with 0.5 mol% ZnTe, the system equilibrated
after 10 h and the potential difference between the two b-REs was (0.7 ± 0.3) mV. Results
on melts containing different concentrations of ZnTe yielded similar results. This level of
stability was slightly better than the RE design used by Weppner et. Al who achieved a
stability of ± 1 mV with their Li-Al RE in a melt of LiCl-KCl (see Section 3.5).[118]
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Figure 4.3 | Brass RE drift. Spikes in signal were due to electric fields
in the melt generated by electrochemical scans performed on separate
electrodes. Melt: ZnCl 2 with 0.5 mol% ZnTe, operated at 500 *C.
In the same melt, electrochemical scans were performed at the same time as the b-RE
OCV measurements. Here, a b-RE served as the RE, a BN sheathed GC rod served as the
WE, and a GC rod served as the CE (as described in Section 3.5). One of the scans was a
set of galvanic pulses used to calibrate the electric potential of the b-RE (Figure 4.4a). An
initial 5 s pulse of -30 mA deposited a thin film of elemental Zn onto the WE. The OCV
was measured against the b-RE over the following 30 s while passing 0 mA. The presence
of Zn on the GC electrode during this OCV measurement established a potential based on
Zn|Zn 2 +. The Zn was then stripped off of the electrode surface by applying a 30 mA pulse
for 5 s, followed by a 30 s OCP measurement. This pulse sequence was repeated and the
initially stabilized voltage response during the second OCP measurement, F,

was used as

the calibration potential (Figure 4.4b). Thus, the potential of the b-RE was calibrated by
measuring its potential against the Zn-covered electrode, according to
The amount of Zn deposited during the deposition period was 6

x

(Znbrass|Zn 2 +Zn).

10-4 g, corresponding to

a Zn layer thickness of 0.03 mm on the WE. The measured equilibration potential was
found to be independent of both the current pulse magnitude and duration.
Zn calibration scans were performed every 30 min. The measured OCV between the
b-RE and the electrodeposited Zn was a measure of the stability of the b-RE. After an
initial equilibration period, the potential of the b-RE measured against Zn|Zn 2 + stabilized
at -110 mV ± 0.25 mV over a period of 25 h (Figure 4.3). Melts containing different
[116]
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amounts of dissolved ZnTe yielded similar results. Subsequent electrochemical results using
the b-RE were reported against the Zn|Zn" couple as indicated.
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Figure 4.4 1 RE stability. a, A typical galvanic pulse profile used to
calibrate the potential of the b-RE against electrodeposited Zn. b, The
potential resulting from an electrodeposited layer of Zn. The potential of
the stable second plateau, Ez, was used as the calibration potential. c, Ez
was plotted over time, demonstrating the stability of the RE over a period
of 40 h.
The potential of the b-RE versus Zn was also used to calculate the activity of Zn in
brass, az. SEM/EDS analysis confirmed the concentration of Zn in brass was 29 mol% Zn
(corresponding to an alloy with 30 wt% Zn and 70 wt% Cu). Using Equation 1.10, aza in
this brass alloy was calculated to be 0.037, with the activity coefficient, y = 0.11 (here,
Zniq was chosen as the reference state of Zn). Upon validating, characterizing, and
calibrating the b-RE design, the electrochemical behavior of various the melt was

investigated.

4.1.2 Tellurium wave analysis
ZnTe dissolution and dissociation in molten ZnCl 2 was first examined by means of
CVs. CVs were performed at 500*C in pure molten ZnCl 2 (Figure 4.5a) and ZnCl 2 melts
[117]
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with 0.5 mol% ZnTe (Figure 4.5b), which is below the expected solubility limit of ZnTe
(-2 mol% at 500 *C [68]). CVs of ZnCl 2 exhibited standard features, such as (1) liquid
metal deposition (Zn 2 + + 2e
evolution ( 2C~

-4

Zn), (2) metal stripping (Zn -

Zn2 + + 2e), and (3) gas

C12 + 2e- ). C12 evolution occurred at Em 1.6 V versus ZnjZn 2 +, in

->

agreement with the theoretical dissociation potential of ZnCl 2 (AE= 1.57 V

),

based on

Equation 1.14 and the Gibbs free energy of formation.[51] The melt containing 0.5 mol%
ZnTe (Figure 4.5b) exhibited an additional set of CV peaks near 0.6 V attributed to (4)
anodic deposition of a liquid metal (Te 2 ~ (Te + 2e- -

Te + 2e~) and (5) cathodic metal stripping

Te2-). This was near the expected dissociation potential of pure ZnTe at

500 *C of AE= 0.56 V.[119] For all experiments described in this section, a BN sheathed
GC rod served as the WE, a brass rod served as the RE, and a GC rod served as the CE.
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Figure 4.5 | CVs of molten ZnCl 2, ZnTe melts. a, Melt of pure ZnC 2 at
500 *C. b, Melt of ZnCl 2 with 0.5 mol% ZnTe. Both measurements were
taken at 500 *C. The arrows indicate the sweep direction of CV scans.
Scans were performed at 20 mV/s.
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CV scans around the Te peak (4) revealed that the peak current, I, increased with
time before reaching a steady-state value (Figure 4.6). This was attributed to ZnTe
dissolution, which increased the Te2 - concentration until all of the ZnTe had dissolved.
The dissolution time was consistent with the equilibration time observed in the RE
stability measurements.
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Figure 4.6 1 ZnTe dissolution rate. a, CVs of a melt containing 0.5
mol% ZnTe at different times, after the melt reached 500 *C. I, increased
as ZnTe dissolved. Arrows indicate direction of the scan. Scan rate,
V = 10 mV/s. b, I, as a function of time. After 12 h, the peak height
plateaued. Since the melt was below the saturation limit of ZnTe, these
data suggested that ZnTe fully dissolved within 12 h. The electrodes were a
GC rod WE, a brass rod RE, a GC rod CE.
After allowing the ZnTe to fully dissolve, CV scans sweeping to successively more
anodic potentials were performed (Figure 4.7a). These scans indicated that the reverse
stripping peak occurred only after deposition of Te at sufficiently anodic potentials
(> 0.6 V versus Zn). Furthermore, the reverse peak dropped off sharply, suggesting that Te
was deposited as a separate phase, which is consistent with the production and subsequent
electrochemical stripping of the pure element.[115]
The forward peak followed the expected behavior of a mass-transfer limited reaction,
owing to the diffusion of Te2 ~ to the electrode surface. The peak current density, J,,
increased linearly with v1/, as described by Equation 3.1 (Figure 4.7b). As the scan rate
[119]
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was changed by an order of magnitude (10 mV/s to 100 mV/s), the peak potential, E,
shifted only slightly (AE = 0.03 V), attributed to the ohmic resistance of the melt. This
suggested that the electrode kinetics of the reaction were symmetric and the transfer
coefficient was a
a

0.5.
b

20-

100 mV/s

10o

10

E

I

20

0~~~~ -1-

-

-

-

0 --

L-20 -

-20-

-40-

40-

10 mV/s

0246810
1/2

-50

0.4

0.5

'

-50

'

-

I

1V

t2

0.6
0.7
0.8
0.9
0.4
0.5
0.6
0.7
0.8
E versus Zn (V)
E versus Zn (V)
Figure 4.7 | Te CV wave analysis. a, Scans swept to successively more
anodic potentials demonstrated that the Te stripping peak only occurred
when the E was swept to > 0.6 V. Arrows indicate sweep direction. b, The
peak current density, 4,, of the Te|Te2 - waves exhibited the expected linear
relationship with scan rate, v1 2 (inset). CVs were conducted 500 *C, at
sweep rates of 50 mV/s (a), and 10, 25, 50, and 100 mV/s (b), respectively.
ZnTe concentration was 0.5 mol%.

0.9

For a system with a = 0.5 and a quiescent solution, the peak potential, E, (Eat ip),
and the half-peak potential, E,/2 (E at i =

i

+

2)) are related to the number of electrons

involved in the faradaic reaction (Equation 3.2). For 0.5 mol% ZnTe in molten ZnCl 2 at
500 *C and sweep rates, v, ranging from 25 mV/s to 1000 mV/s, the number of electrons
involved in the reaction was n = 2.2 ± 0.5. This was consistent with the stated Te|Te2 reaction (n = 2). At slower sweep rates, thermally driven convection contributed to the
overall flux of the electroactive species and values calculated using Equation 3.1 were not
valid.
The CV peak near 0.6 V was further attributed to Te2- by studying the system at

different ZnTe concentrations. ZnCl 2 melts containing 0.1 mol%, 0.5 mol%, 1.0 mol%, and
[120]
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1.4 mol% ZnTe were studied at 500 *C (Figure 4.8a). These concentrations corresponded
to molar concentrations, Co, of (0.168, 0.842, 1.69, and 2.37) x 10-4 mol/cm3 , respectively,
based on the temperature dependant liquid density of ZnCl 2[34] and the solid density of
ZnTe (at these low concentrations, the error in the solid versus liquid density of dissolved
ZnTe was < 1 %). As anticipated, peak currents increased linearly with Co and v/2
(Figure 4.8b).
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Figure 4.8 1 Effect of ZnTe concentration at 500*C. a, CV of Te/Te2peak at various concentrations (v = 50 mV/s). b, Peak current density, i,
as a function of the v;/2 for melts containing 0.1, 0.5, 1.0, and 1.4 mol%
ZnTe.
The results discussed in this section demonstrated important electrochemical features
of ZnCl 2 melts containing ZnTe. The introduction of ZnTe produced a new peak in CV
scans, and increasing the concentration of ZnTe increased the height of this peak. Wave
analysis revealed that the number of electrons involved in the faradaic process was 2. The
structure of the Te peak was indicative of a mass-transfer controlled anodic reaction
(i.e. anodic deposition of liquid metal Te from Te2- in the electrolyte), followed by the
stripping of a separate immiscible phase (i.e. stripping of liquid Te). These results
supported the theory that ZnTe dissolved and dissociated into Zn with a 2+ formal charge
and Te with a 2- formal charge. Scans also indicated that Zn and Te could be
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electrodeposited out of the melt onto separate electrodes as liquid metals. Following these
experiments, the thermodynamic properties of these melts were investigated.

4.1.3 Thermodynamic analysis
The dissociation potential,

AE{ZnTe},

the free energy of formation,

AG{Z.Te},

and the

activity of dissolved ZnTe in ZnCl2 , a{znTe}, were determined by a galvanic pulse technique.
Successive layers of Zn and Te were deposited onto the WE by applying positive and
negative currents pulses, respectively, and the OCP was measured after each deposition
(Figure 4.9a-b).

AE{ZnTe}

was based on the two half reactions, Zn|Zn 2 4 and TeITe 2-, with

the overall reaction (Zn + Te -4

{ZnTe}).

As the concentration of ZnTe was changed, the

concentration of Zn2+ remained approximately constant, while the concentration of Te
was directly related to the amount of dissolved ZnTe. Therefore,

AE{ZnTe}

decreased with a

increase in ZnTe concentration, due to the increase in the activity of Te 2 Typically, after depositing Zn onto the WE the OCP was stable for > 60 s. However,
the Te OCP drifted (5 mV over 60 s at 500 *C), and the drift was worse at higher
temperatures (Figure 4.9b). The was the dominant contribution of uncertainty in these
measurements. The drift was attributed to poor wetting of Te on the WE, which was
observed from post-mortem analysis of other experiments.

[122]
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Figure 4.9 | Zn and Te thermodynamic measurements. a, Galvanic
pulses were used to deposit Te and Zn, out of a melt of ZnCl2 with
1.4 mol% ZnTe at 500 *C and measure their respective OCP values. b, The
potential difference between liquid Zn and liquid Te was measured as
AE(ZnTe}

= 0.57 V.

The activity of dissolved ZnTe,

a{ZnTe},

was calculated from the measured

AE{ZnTe}

using the following equation,
ln(a
na{ZnTe}) = (ArE{ZnTe}nF - AfGZnTe

R=
RT

4.1

where AfGznre is the free energy of formation of ZnTe, Zn(l1q) + Te(11q) -+ ZnTe(,), at a
given temperature, as determined by studies published in literature. [119] The derivation of
Equation 4.1 is included in Appendix C, and the reference state of ZnTe was chosen to be

solid ZnTe. The variation of a{znTe} was studied over a composition range of 0.1 mol%
ZnTe to 1.4 mol% ZnTe in ZnCl2 at 500 *C (Figure 4.10).

[123]
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Figure 4.10 1 Effect of concentration and temperature on ZnTe
activity. a, Measured dissociation potential, AE{ZnTe} in ZnCl 2 at 500 *C. b,
Calculated activity, a{znTe}, and activity coefficient, Y{znTe}, for melts of the
same compositions.
The activity of dissolved ZnTe exhibited linear dependence at low concentrations,
consistent with the Henry's law.[50] As the concentration approached its solubility limit
(-2 mol%[68]), the activity approached unity, consistent with the reference state. It is
interesting to mention that the measured electrical potential approached the theoretical
dissociation potential of solid ZnTe at concentrations approaching the solubility limit,
consistent with thermodynamic solution theory.
Similarly, the thermodynamic properties of a ZnCl 2 melt with 0.1 mol% ZnTe was
over

studied
slope

of

AS{ZnTe)

a

AE{ZnTe}

temperature

range

with temperature

= (15 ± 2) J mol

of
was

400 *C

to

575 *C

(Figure

(-0.08 ± 0.01) mV/*C,

4.11).

corresponding

The
to

K- 1, using Equations 1.14 and Equation C.7. The linear

relationship between AE{zTe} and temperature was consistent with other work.[120] The
activity was found to change slightly with temperature, though most of the fluctuations
were within the error associated with the calculated value. These calculations are discussed
in Appendix C.

[124]
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Figure 4.11 | Effect of temperature on ZnTe activity. The free energy
terms of a 0.1 mol% ZnTe in a melt of ZnCl 2 were evaluated. a, Change in
measured dissociation potential, AE{zare}, with temperature. b, Calculated
activity, a{zUTe}, and activity coefficient, 7{zTe}, for the melt.
It should also be noted that for the ranges studied in the work, AE{znTe) changed
more with concentration than with temperature. Lowering the temperature increased
AE{zTe} by small fraction of the total voltage (2 %) compared to a larger change in
voltage with concentration (17 %). Lowering the temperature also decreased the solubility
of ZnTe, which would decrease the limiting current capability and energy density of an
energy storage device using this mechanism. At higher temperatures (> 600 *C), the
solubility of the liquid metals in molten salts increases, which leads to self-discharge
mechanisms

and can skew thermodynamic

measurements.

Thus, operating

in a

temperature range of 525 *C to 575 *C appeared to be optimal.
Electrochemical analytical techniques were used to evaluate the thermodynamic
properties of melts comprising ZnTe dissolved in ZnCl 2 over a range of compositions and
temperatures. The dissociation potential, activity, and activity coefficient of dissolved
ZnTe were determined as a function of temperature and composition, exhibiting expected
behavior. Upon characterizing the critical electrochemical features of these melts and

[125]
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determining the system thermodynamics, kinetic properties of ZnCl 2,ZnTe systems were
investigated.

4.1.4 Kinetic properties
Electrochemical

techniques

were also used to analyze the electrical

transport

properties of the electrolyte, electrode kinetic parameters, and the diffusivity of Te2- . The
electronic and electrical conductances of the melt were investigated by stepped potential
measurements (Figure 4.12) and EIS techniques (Figure 4.15), respectively.
Step potential was applied to a ZnCl 2 bath using a BN sheathed GC rod WE, a brass
RE, and a GC rod WE. The steady-state current decreased exponentially over the
potential range (0.13 to 0.43) V, dropping from 15 pA to 0 pA. This corresponded to an
electronic resistance, R-, in the range of 11,000

Q to 100,000 Q. The mechanism of

electronic conduction has been studied previously in other melts and is attributed to
defects

in the

localized

structure

of the

liquid,

similar

to defect

chemistry

in

crystals.[116, 117] In the same melt with an identical electrode setup, EIS was used to
measure a solution resistance, E&, which was found to be 29.5 Q which reflected the total
electrical conductance (combined electronic and ionic conductances). The ratio of Rn to

Re-, is the electronic transference number, t._, which is the fraction of charge passed due to
the flow of electrons versus to the total flow of charge (Equation 3.5). t,- was between
0.03 % and 0.3 %, indicating that conduction in the melt was dominantly ionic, suggesting
and that electrolysis could operate at high coulombic efficiency. Similar measurements at
different temperatures (475 *C to 575 *C) and concentrations (0.1 mol% to 1.4 mol%)
produced similar t,- values.

[126]
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Figure 4.12 | DC stepped potential for electronic conductivity
measurements. a, Potential steps were applied to the melt, E = (0.13, 0.23,
0.33, 0.43) V. b, The current response demonstrated a transient period,
followed by current plateaus, attributed to electronic conduction. c, Steady
state current was plotted as a function of potential. The inverse of the slope
was a measure of the electronic resistance of the melt.
CV data (Figure 4.7) were also used to calculate the diffusion coefficient of Te2 ~.The
peak current density, i,, of the CV curve, was related to D0 A (Equation 3.1). With n = 2
and v = 50 mV/s to 1000 mV/s the diffusivity of Te2 - in a melt of ZnCl 2 with 0.5 mol%
ZnTe

at

500 *C

was

determined

to

be

D

_2=

(3.9

i 0.6) x 10~6 cm 2/s

Chronopotentiometry was used as a second measurement technique to confirm this value.
Using i = 0.5 mA/cm 2 and 0.5 mol% ZnTe at 500 *C, the diffusion coefficient of Te 2 ~was
determined to be D~e _ = (2.5 ±0.5) x 10- 6 cm 2/s. The discrepancy between the two
techniques may be attributed to small levels of thermal convection in the melt which
would have the effect of increasing the calculated diffusion coefficient at slow CV scan
rates or during low current chronopotentiometric scans. However, the values were similar
enough to provide confidence in the order of magnitude of the diffusion coefficient
(~3

x

10-6 cm 2 /s).
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Figure 4.13 | Determining Te- diffusivity with chronopotentiometry.
Scans were performed on a melt of 0.5 mol% ZnTe in ZnTe at 500 *C by
applying 0.5 mA/cm 2 to the GC WE onto which has been previously
deposited a layer of elemental Zn. The derivative of the potential was
calculated (inset) and was used to identify the start and end of the voltage
plateau associated with Te + 2e- -> Te 2- reaction.
The

effects

of temperature

were

studied

using

a

ZnCl 2 melt

containing

0.1 mol% ZnTe. The low concentration ensured complete solubility of ZnTe over the
temperature range of 400 *C to 575 *C (Figure 4.14). The CV peak height increased with
temperature owing to increased Te2- ion diffusivity, DT2-, which followed an Arrhenius
relationship,
D 2_ = D exp
Te

4.2

EA

RT

The activation energy, EA, was determined to be (101 ± 2) kJ/mol, and the preexponential factor, Do = (40 ± 10) cm 2/s (Figure 4.14b). The measured EA is larger than
most molten salt systems that are typically in the range of 20 kJ/mol to 40 kJ/mol.[122]
However, unlike most chlorides, ZnCl 2 has high viscosity melt with poor electrical
conductivity upon melting[123] and is considered to be partially covalently bonded near its
melting point.[124] Zn 2+ in ZnCl 2 also exhibits much lower self diffusivity (2

x

10- cm 2/s

at 523 *C [125]) compared to other halide salts with a doubly-charged cation, such as
PbCl2 (10 x 10-6 cm 2/s at 510 *C [34]). The EA of a complexed Te(IV), [TeCl6 ]2- in a
[128]
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choline chloride and urea ionic salt at 40 *C to 80 *C has been previously measured to be

-100 kJ/mol,[126] so the EA value measured in this study seems plausible. The speciation
of Te2- in this melt was unclear and would required further study, possibly using
spectroscopic techniques. [127, 128] However, one may infer possible speciation of a melt
comprised primarily of Zn2+ and Cl- ions, with < 2 at% Te2- ions. The doubly charged Te2is likely to attract Zn2+ ions away from Cl~ ions, forming a complex involving one or more
Zn2+ ions surrounding a single Te2- ions, such as [Zn 4Te]". Such a large, highly charged
particle is likely to have low diffusivity, owing to its large size and coulombic attraction to
other species in the melt.
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Figure 4.14 | The effect of temperature on the Te|Te2-. a, CVs at
different temperatures (v = 100 mV/s). b, Diffusivity of Te2 in molten
ZnCl 2 containing 0.1 mol% ZnTe, calculated from 4, at v = 100 mV/s.
Rn was measured using EIS (Figure 4.15a), and the electrolyte resistance was found to
decreased exponentially from 170 9) to 12 n over the temperature range of 400 *C to
575 *C (Figure 4.15b), consistent with previously reported changes in conductivity of
ZnCl 2 with temperature.[129] The charge transfer resistance, Rd, of the Zn|Zn 2 + reaction
was also measured at 500 *C. This was performed by electrodepositing a thin layer of
elemental Zn on the WE and performing EIS. A characteristic semi-circle was observed
and the charge transfer resistance was calculated to be 0.04 n cm2 (Figure 4.15a),
corresponding to an exchange current density of i = 800 mA/cm 2 using Equation 3.4.[115]

[129]
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This is far larger than the exchange current density of H2 on smooth Pt (0.5 mA/cm 2 [52]),
which is considered to be a facile reaction. Similar attempts to measure Rt for the
TeTe2 - reaction failed, possibly due to poor wetting of Te on the GC electrode. However,
liquid metal-liquid electrolyte faradaic reactions are generally facile. Even if the exchange
current density, i0 of the TejTe 2 reaction was four orders of magnitude less than that of
the ZnIZn 2 * reaction, it would still be considered facile, and the charge transfer
overpotential, rct would be small (< 100 mV).
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Figure 4.15 | EIS response of a melt of ZnCl 2,ZnTe. a, EIS was
performed on a melt of ZnCl 2 with 0.5 mol% ZnTe at 500 *C. Here, a layer
of Zn had been electrodeposited onto the WE surface, providing insight into
the Zn|Zn2 + reaction. An equivalent circuit model for this reaction is shown
(inset). The solution resistance, Rn, and charge transfer resistance, R,
were determined from these data, given the area of the electrode, A. C is
the double-layer capacitance of the electrode. b, The solution resistance was
plotted as a function of temperature.
In this section, electrochemical techniques were used to evaluate critical kinetic
properties of ZnCl 2 melts containing dissolved ZnTe. DC stepped potential and EIS were
used to evaluate the electronic and electrical conductances of the melt. This yielded a low
electronic transference number (t- < 0.3%) that suggested it might be possible to run
electrolysis with high coulombic efficiency. EIS spectroscopy demonstrated that the
Zn|Zn 2 + reaction was facile, with the exchange current density exceeding that of well
known facile reactions. Te wave analysis and chronopotentiometry scans also revealed that
[130]
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the diffusivity of Te2 - in molten ZnCl 2 was low (-3

x

10-6

cm 2 /s at 500 *C), which could

greatly affect the current capability of a Type A battery using this chemistry.

4.1.5 Electrolysis and battery cycling
Following the thermodynamic and kinetic findings, a Type A cell was constructed
using cup electrodes that were capable of producing and collecting Zn and Te liquid metal
deposits. Two-electrode galvanostatic (constant current) electrolysis was performed on a
2
ZnCl 2 melt containing 1.0 mol% ZnTe. The cell operated at 3 mA (i~ 15 mA/cm ) over a

potential range of 0.5 V < E < 0.8 V for 85 h. Beyond 0.8 V the formation of TeCl 2, TeCl4,
and/or Cl 2 gases was anticipated. Electrodeposits at the anode and cathode were removed
from the melt for analysis (Figure 4.16a) and were determined to be phase-pure Te and
Zn, respectively, measured using SEM/EDS and XRD (Figure 4.16b-c).

[131]
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Figure 4.16 | Ambipolar electrolysis of ZnTe. a, Pure powdered ZnCl 2
(top left) is white, but after mixing and melting with the deep burgundy
colored ZnTe (top right), the salt turned orange (center). Constant current
electrolysis of a ZnCl 2-ZnTe melt produced two metal products, Te (bottom
left) and Zn (bottom right). The Te deposit collected around the end of the
glassy carbon current lead, which produced the observed depression. b,
Measured XRD spectrum of anodically deposited metal (top) and
calculated spectrum of Te metal (bottom). Deposit was phase-pure Te. c,
Spectrum of cathodically deposited metal (top) and calculated spectrum of
Zn metal (bottom). Deposit was phase-pure Zn.
The mass of the deposits were 0.42 g of Te and 0.16 g of Zn. Coulombic efficiency,
based on the ratio of the deposited metal to electrical charge passed during electrolysis,
was 51 % for Zn and 67 % for Te, respectively. Inefficiencies were likely due to the
dissolution of the metal into the salt and/or metal droplets not coalescing with the bulk
deposit, some of which were found deposited as a film on the crucible and electrode
sheaths. Poor wetting of the electrodes was observed upon solidification. Other work on
[132]
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the electrolysis of Zn at 500 'C from molten ZnCl 2 ,NaCl obtained coulombic efficiencies
exceeding 90 %,[94] with most of the loss attributed to melt agitation from C12 evolution,
which led to recombination of C12 and Zn. This suggested that the coulombic efficiency
could

be

improved

with

modified

cell

design

and/or

electrolyte

optimization.

Unfortunately, the cell was unable to operate at higher currents (which resulted in the
2
potential sharply rising above 0.8 V), likely due to the mass transport limitation of Te -

ions flowing to the electrode surface. Current rates could be enhanced by operating at
greater concentrations, higher temperatures, or introducing convection into the electrolyte.
A similar setup was employed to demonstrate that the system could be run in reverse.
By starting with 0.6 g of Zn and 0.9 g of Te as the electrodes, and 0.5 mol% ZnTe in
molten ZnCl 2 as the electrolyte, the cell was able to provide electrical current to an
external load. During this process, Zn shed electrons (Zn

->

the melt as Zn 2 +. Simultaneously, Te accepted electrons (Te

Zn
+

2

+

+2e-)

2e-

-

dissolving into

Te2-), dissolving

into the melt as Te2--. This reaction occurred spontaneously as the current was allowed to
flow between the electrodes and converted the stored chemical energy of the liquid metals
into electrical energy, analogous to the discharge process of a battery. To improve the rate
capability of the cell, the temperature was increased to 550 *C and 575 *C, thereby
enhancing the diffusion of Te2- and reducing the solution resistance. At each temperature,
the cell cycled at 2 mA (i

10 mA/cm 2 ) over the course of 10 h, or until the voltage

dropped to < 0.2 V during discharge. This corresponded to the utilization of 0.1 g of Te,
and 0.05 g of Zn and represented less than 10 % of the total capacity of the battery.
Attempts to run at higher current densities failed during discharge as the voltage quickly
dropped below the preset discharge voltage limit of 0.2 V.
At 500 *C the nominal (average) charging voltage was 0.52 V while the nominal
discharge voltage was 0.39 V, corresponding to a voltage efficiency of 75 %. The Vocv
(~0.48 V) was lower than the

Vocv measured during three-electrode thermodynamic

studies (0.57 V to 0.7 V, depending on concentration and temperature). This difference
[133]
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was attributed to Zn solubility in the electrolyte, which likely introduced electronic
conductance to the melt, which lowered the Vocv based on the ohmic overpotential
generated by the leakage current and might also shift the activity of Zn2 .
Similar to the limitations found during electrolysis, low Te2 - diffusivity and a
quiescent melt likely prevented larger current densities. During discharge, systems at
2
higher temperatures were able to discharge for longer, owing to increased diffusion of Te -

away from the interface. Charging curves did not suffer from the same limitations on the
time scales investigated.

explained

This may be

configuration

by the

of the

electrode/current lead. Whereas the discharge Te reaction occurred at the Te/electrolyte
interface, the charging reaction (Te + 2e~ -> Te2-) occurred at the Te/electrolyte, as well
as on the GC rod lead. This had the effect of increasing the active surface area of the
electrode during charging, resulting in asymmetric charge/discharge processes.
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Figure 4.17 | Zn|iTe Type A cell cycling data. Cycling performance of a
ZnTe battery, using two cup electrodes, operated at ~10 mA/cm 2.
From a device or process perspective it was important to understand parasitic voltage
loss mechanisms. Based on the resistance of the melt (as measured through EIS), some of
the parasitic voltage loss (0.07 V of the total overpotential (0.13 V) at 500 *C) was
[134]
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attributable to ohmic drop across the electrolyte. Even at these low currents, the ohmic
loss was significant. This loss was particularly acute since ZnCl2 was the electrolyte which
has significantly lower conductivity (0.048 S/cm at 450 *C [129]) than other inorganic
salts, such as the commonly used LiCl,KCl eutectic (1.57 S/cm at 450 'C [88]). However,
ohmic loss accounted for only half of the voltage loss. The remaining loss was attributed to
concentration overpotentials at the Te electrode/electrolyte interface as the concentration
of Te2- deviated from the bulk concentration, impaired by low Te2- diffusivity, a long
diffusion path, and a quiescent melt. Assuming facile charge transfer kinetics, the mass
transport overpotential was estimated to be -0.06 V. This is similar to the variation
observed in the change of

AE{znTe}

over the composition range of 0.1 mol% to 0.5 mol%

ZnTe (0.05 V), further supporting the assumption that the Te|Te2- reaction is facile and

9t

is much smaller than

ohm and qmt.

4.1.6 Performance limitations and opportunities
A novel liquid metal battery was conceived, constructed, and operated. Electrolysis
and simultaneous

deposition

of two

liquid

metals

onto

separate electrodes

was

demonstrated for the first time. It was shown that the process could run in reverse, thus
returning stored electrical energy. However, the current capability of the ZnjITe Type A
LMB was limited. Preliminary analysis of the cost and energy density of the system is
discussed in the following section.

4.1.6.1 Dimensionalanalysis and cost estimate
The current capability of Zn||Te Type A cells was limited by the flux of the
electroactive species to, or away from, the electrode surface. Liquids can flow which can
dramatically increase the total flux rate of the constituent species (Equation 1.16 and
Appendix B). However, the liquid-liquid interface represents a boundary layer that will
limit convection perpendicular to that surface. Thus, near this interface diffusion will be
the dominate contributor to flux. Diffusive flux depends on the gradient in the
[135]
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concentration, the thickness of the boundary layer, and the diffusion coefficient of the
electroactive species. Consider a Zn||Te cell with a 0.1 cm thick stagnant boundary layer at
the Te electrode surface. For an electrolyte with 5 mol% ZnTe (Co = 8.5 x 10
and a diffusion coefficient of

De 2 -=

4 mol/cm 3 ),

3 x 10-' cm 2 /s (as measured in this study), the

maximum diffusive flux of Te2 - to the electrode surface is 2.6 x

10-8

mol s- 1 cm

2

(using

Fick's first law, Equation B.6). The maximum current capability was related to the
maximum flux according to,
im

=

J.F-n = -DFAC

4.3

Ax

For the Te electrode, this corresponded to a maximum current density of 5 mA/cm 2 which
was similar to the maximum current capability of observed in actual Zn||Te cells
(~10 mA/cm2 ). The maximum calculated current depended on the thickness of the
boundary layer, which was assumed to be 0.1 cm without quantitative justification. In this
quiescent system it seems unlikely that the boundary layer will be two to three orders of
magnitude smaller (0.01 cm to 0.001 cm), which would be required to pass current at the
same density as what is achieved in Al smelting (700 mA/cm 2 ). However, the Al smelting
process involves the production of a gas at one electrode, which mixes the electrolyte as
the bubbles rise out of the melt. This introduces convection that would not be present in a
system involving the deposition of two condensed phases. This is one explanation why
these industrial processes are able to operate at much higher current densities than that
observed for this cell.
By contrast, the Zn electrode would not have suffered from the same diffusion
limitations. Since Zn 2 + was the only cation present in the electrolyte, charge neutrality
required that the Zn2+ concentration remains essentially constant. As Zn 2 + was consumed
or produced at the electrode interface (due to Zn deposition or consumption), electric fields
in the electrolyte drove additional Zn 2 + to, or away from, the Zn electrode via
electromigration (see Equation 1.16), ensuring Zn 2 + remained constant. Thus, the limiting
[136]
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2
current step in the Zn||Te Type A cell was attributed to slow Te - diffusion at the Te

interface in a melt devoid of gas evolution driven convection.
Although high energy density is not one of the crucial requirements for grid scale
storage, it was still illuminating to perform a basic calculation. This was performed, based
on the liquid components of a ZnJITe cell. At 5 mol% ZnTe and with an Vocv of 0.5 V, the
specific energy capacity was calculated to be 10 Wh/kg by weight and 23 Wh/liter by
volume.

This

compared

poorly

with

advanced

electrochemical

storage

devices

(i.e. 150 Wh/kg and 350 Wh/liter for Li-ion batteries[130]), but it is not far from other
chemistries, such as Pb-acid (30 Wh/kg) (see Appendix A). The current chemistry offers
no specific or volumetric energy density advantages.
To improve the energy density of Type A cells, alternative material couples must be
found. They should provide a larger Vocv, use elements with lower atomic mass, use
elements that can exist as ions with a formal charge of ± 3 or greater, and/or use a
dissociating compound that is more soluble in the electrolyte. The effect of concentration
on activity could be utilized as a means to increase the Vocv; however, this will likely
decrease the voltage efficiency based on increased mass transport overpotentials as the cell
depletes or saturates the active material layer at the electrode surface. Finding alternative
systems will not be simple, as this author can attest, though it is not impossible. Advanced
ionic liquids are used as solvents in chemical engineering applications and developments in
this field may spur a new class of electrolytes with enhanced solvating capability, allowing
use of compounds that can provide greater Vocv at high levels of solvation.
Consider an optimistic scenario in which a Type A cell has a Vcv of 1 V, the
dissociating compound is 20 mol% soluble in the electrolyte, the active elements have 25 %
lower atomic mass as compared to the active elements in the Zn||Te cell, and the
electroactive ions have formal charges of ± 3. Such a cell would have a theoretical energy
density of 145 Wh/kg (522 J/g) by weight and 396 Wh/liter (1,420 J/ml) by volume. This
is comparable to other advanced electrochemical storage devices, but it is clear that even
[137]
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in this optimistic scenario, the cell does not provide an improvement over other battery
chemistries on these metrics alone.
There are, however, some potential advantages of the Type A cell design. The liquid
electrodes avoid many of the common failure mechanisms associated with batteries with
solid state electrodes/electrolyte,

such as film formation at the electrode/electrolyte

interface, or irreversible phase transformations that

irreparably damage active cell

components. This could permit a system with a cycle-life and lifespan exceeding that of
current batteries. The Type A LMB concept may also be simpler to assemble, since the
salt and the dissociating compound can be added as one component, obviating the need to
assemble the electrodes and the electrolyte separately.
The power density of the cell is more difficult to estimate, and will depend on the
geometry of the system. Based on the low diffusivity of Te 2 ~, it seems unlikely that the
system will be able to charge or discharge is less than 1 h, suggesting an upper limit on the
power density of 10 W/kg (based on a Zn||Te cell). To improve the power capability of the
cell, systems exhibiting greater solubility of the dissociating compound and larger diffusion
coefficients must be found. Cell configurations using thinner electrodes and a thinner
electrolyte would also increase the power density of the active components.
As emphasized in this thesis, cost is more important than energy or power density for
stationary applications. The cost of the ZnjlTe was estimated based on the bulk prices of
the liquid components. Although the ultra-dry and high purity ZnCl2 salt used in this
experiment was expensive ($ 4,500 /kg from Alfa-Aesar), lower grade salt may be suitable,
and cost approximately $ 4 /kg (found from various on-line suppliers). The price of Te was
$ 125 /kg, and the price of Zn was $ 1.7 /kg.[84]

Based on a system with 0.95 moles of

ZnCl2 and 0.05 moles of ZnTe, the cost of the raw materials for a Zn||Te cell was estimated
to be $ 980 /kWh, which is well beyond the threshold price for stationary applications
($ 150 /kWh[l]). However, the purpose of this study was to demonstrate the feasibility of
this new storage mechanism. If lower cost elements and/or compounds were found that
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could operate as a Type A cell, it may be possible to make Type A cells economical, but
the present outlook for this application is not encouraging.

4.1.6.2 Alternative applications:CdTe photovoltaic recycling
Despite the challenges associated with Type A cells for use in energy storage
applications, an alternative application was discovered. One of the most widely used
photovoltaic (PV) solar cells is based on CdTe. CdTe is a compound semiconductor and is
the active layer in these PV cells. In 2007, CdTe represented > 5 % of the PV market, and
has been the dominant form of thin-film PVs.[131] However, broad-scale deployment is
hindered by the toxicity concerns of Cd and scarcity concerns of Te.[132] Mandatory
recycling has been proposed as a way to mitigate these risks and extend their
deployment. [133] Current

recycling techniques involve multiple steps, such as acid

leaching, precipitation, and roasting, and ultimately produce a mixed-metal product that
must still be sent off to be recycled at a smelter. [134-137]
Ambipolar electrolysis offers an intriguing new approach to CdTe PV recycling.
Previous

work

has

demonstrated

that

CdTe

is soluble

in

various

molten

salt

electrolytes. [68] Spent CdTe PV cells could be crushed and placed inside a tank comprising
the molten salt, which selectively dissolves the CdTe compound and leaves the glass panels
and metal wire leads intact. Upon applying a current to the molten salt, high purity liquid
Cd and liquid Te would be produced in a continuous fashion, ready for use in new PV cells
or sent off for other applications.
Preliminary work has demonstrated that common salts, such as CdCl2 or CdI 2 are
capable of dissolving CdTe (> 5 mol%). CdCl 2 (Tmp = 564 *C) melts at a temperature
considerably higher than ZnCl 2 ( Tmp = 292 *C), requiring the cell to be operated at a
higher temperature (> 564 *C). Unfortunately, the solubility of Cd metal in these salts is
high and initial attempts to perform ambipolar electrolysis failed as the electrodeposited
Cd dissolved into the melt as it was being deposited.
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Mixing KCl with CdCl2 at near equimolar concentrations has two beneficial affects.
First, it lowers the melting temperature to below 500 C, which in turn, will lower the
solubility of Cd metal. Second, Cd metal solubility should be further suppressed by the the
ability of KCl to serve as a ligand donor and complex Cd 2 + ions. An electrolysis cell was
assembled, similar to the setup used for ZnTe electrolysis. Galvanostatic electrolysis was
performed on a melt of equimolar CdCl 2,KCl (99 % purity, Alfa-Aesar) with 1 mol% CdTe
(99.99% purity, Alfa-Aesar) over a period of 105 h under an applied current of 10 mA. The
average potential was -0.5 V, consistent with the decomposition potential of CdTe. This
resulted in the production of phase-pure

Cd and Te on the cathode and anode,

respectively, as determined through SEM/EDS and XRD analyses.

4.1.7 Type A cells summary
Ambipolar electrolysis was demonstrated for the first time, using ZnTe in molten
ZnCl 2. Electrochemical analysis confirmed that ZnTe dissolved and dissociated into Zn
with a 2+ formal charge and Te with a 2- formal charge. Thermodynamic properties, such
as the dissociating potential and activity of dissolved ZnTe were determined as a function
of concentration and temperature. Kinetic properties were also evaluated. The electrical
transport properties of the melt were determined to be dominantly ionic. The diffusion
coefficient was 3 x 106 cm 2 /s

at 500 'C and followed an Arrhenius relationship with

temperature.
During electrolysis, Zn2+ was reduced at the cathode, depositing as liquid Zn metal.
Simultaneously, Te2- was oxidized at the anode, depositing as liquid Te. Electrodeposited
Zn and Te were both immiscible with the molten electrolyte and were liquid at this
temperature. SEM/EDS and XRD analysis of metal deposits indicated that they were
phase pure. The three-liquid-component Type A liquid metal battery was constructed and
operated, and was capable of supplying electrical energy by means of dissolving the liquid
metal electrodes. Ohmic and mass transport overpotentials contributed to parasitic voltage
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losses, resulting in a voltage efficiency of -75 %. Unfortunately, the low diffusivity of Te2and low levels of convection limited the current capability of the Type A battery to
10 mA/cm 2.
the

This novel technique represents a new form of energy storage. However,

immediate chemistry was hindered by low current capability, a low Vocv, limited solubility
of the dissociating compound, and high material cost. In order for this approach to be a
viable, new material couples must be found. However, it was discovered that ambipolar
electrolysis represents a novel pathway for recycling compound semiconductors, such as
those used in CdTe PV solar cells. Such a process could produce liquid Cd and liquid Te
by selective dissolution of CdTe

off of spent cells

or manufacturing

waste, and

simultaneous deposit the two metal constituents in a continuous, single-step process.
The second LMB concept offers enhanced current capability, Vocv's exceeding 1 V,
and the use of lower cost materials. The results, based on Type B LMB cells are described
in the following section.

4.2 Type B cells
Type B cells were investigated in two stages. First, the thermodynamics of Cametalloid couples were investigated to determine battery Vocv values. Based on these
results, Mg||Sb and Ca,Mg||Bi cells were constructed and operated. Performance evaluation
and post mortem analysis identified suitable operating parameters and performance
limitations of these chemistries.

4.2.1 Thermodynamic studies
The setup for the thermodynamic

study was described in Section 3.5.2.1.

As

mentioned, these experiments and the data analysis were performed by Dr. Hojong Kim
and Sophie Poizeau. In a typical experiment, two pure Ca pellets were used as the REs,
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and the potentials of four Ca-metalloid alloy pellets were measured (Figure 4.18). The
electrolyte assembly was placed inside an A120 3 crucible, which was placed inside the test
vessel with W wire leads extending up through the test vessel cap.

W lead

thermocoupi
pure Ca

2%Ca-Sb

pure Ca

1%Ca-Sb

1%Ca-A10%Ca-A
CaF2 solid

elecrolyte

alumina crucible

Figure 4.18 | Thermodynamic measurement setup for Ca alloys. Two
Ca REs were used and the OCP of four metal alloys were measured in each
run.

The potential difference between two pure Ca REs was measured during the heating
and cooling processes, and the difference was less than

1 mV (Figure 4.19).
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Figure 4.19 | RE stability for thermodynamic studies. The voltage
between two Ca REs using a CaF 2 solid electrolyte and W wire leads.
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The potential differences between one of the Ca REs and the other metal alloys were
measured at each temperature. Alloys containing 1 mol% and 25 mol% Ca in Sb exhibited
potentials of -1.6 V and -0.95 V versus pure Ca, respectively. This was far greater than
the potential of 1 mol% and 25 mol% Ca in Al, which exhibited potentials of -0.5 V and
-0.4 V versus pure Ca, respectively (Figure 4.20a). The activity of Ca in Ca-M (M = Al,
Sb) was calculated based on Equation 1.13, using pure Ca as the reference state which has
unit activity (Figure 4.20b).
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Figure 4.20 | Potential data from Ca,Al and Ca,Sb alloys. Heating
(unfilled triangles) and cooling (filled triangles) potential measurements.
Labels indicate the mol% Ca in the Ca-M alloy (M = Sb, Al).
A more complete study of the Ca,Bi alloy system was performed, examining the
potential of Ca,Bi alloys ranging from 5 mol% Ca to 35 mol% Ca, in steps of 5 mol%. The
potential of these alloys ranged from 0.72 V to 0.96 V versus Ca, and decreased with
increased fraction of Ca (Figure 4.21a). The activity values of Ca in Ca-Bi alloys were
calculated using Equation 1.13 based on these results (Figure 4.21b).
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Figure 4.21 | Potential of Ca,Bi alloys. Heating and cooling curves are
both included.
The data in Figure 4.21a contain a few interesting characteristics. At high
concentrations (> 15 mol% Ca), the potential of the different alloys overlapped at the low
temperature range. Phase diagram analysis suggested that an alloy deviated from this line
when it was heated from a two-phase regime to a one-phase liquid regime. Thermodynamic
theory supports that two phase systems should exhibit the same potential (at a given
temperature), regardless of the amounts of each phase present. A second feature of interest
was observed at -850 *C. At this temperature there was a shift in the slope of the
potential. This corresponded to the melting point of the Ca RE, suggesting that the
entropy of the liquid was different than the entropy of the solid, as would be expected
based on the enthalpy of fusion of Ca.
The data in Figure 4.20 indicated that a Ca||Sb based battery could operate at -1 V.
Based on the economic analysis described in Section 2.1.2, it was apparent that this was a
metal couple worth investigating. However, before a CaISb battery could be constructed,
several intermediate steps were taken to demonstrate 1) that Sb could work as a positive
(bottom) electrode, and 2) that Ca could work as a negative (top) electrode. The first and
second steps were addressed by constructing Mg||Sb and Ca,Mg||Bi cells, respectively.
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4.2.2 Mg||Sb cells
The primary reason for performing this study was to demonstrate the use of Sb as the
positive electrode. Since the Vocv of this couple is small (-0.6 V), the system is unlikely to
be suitable for commercial applications. However, performance data from this more simple
system provided a useful comparison for the Ca,Mg||Bi battery.
4.2.2.1 Cell setup
Initial experiments revealed that salt preferentially wet graphite compared to liquid
Sb. Thus, during operation, the electrolyte wicked between the liquid Sb and the graphite,
severing that electronic connection, and rendering the battery unable to pass current. To
generate a robust electronic connection between the graphite and the pool of Sb, a polished
W rod served as the current collector and was pressed into the bottom of the graphite
crucible. A half-cell comprising a graphite crucible, a pool of Sb, a molten salt electrolyte,
and a W rod current collector was constructed, heated to 700 *C, cooled to room
temperature, and sectioned (Figure 4.22). The W rod was wet by the liquid Sb, providing
adequate electronic contact.

salt
W rod cuwen
collctor

graphite

crucie

Sb pool

Figure 4.22 | W rod current collector for graphite crucible. Sectioned
half-cell with a graphite crucible, Sb bottom electrode, a salt electrolyte,
and a W rod current collector. The W rod was wet by liquid Sb, providing
an electrical connection.
Based on these results, complete Mg||Sb cells were constructed, each with a graphite
crucible, a W rod current collector, a BN sheath, a steel top current collector, and a BN
top cap, as described in Section 3.5.2.2.
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4.2.2.1 Batteryperformance
Mg||Sb cells were assembled in the glovebox, placed inside the test vessel, and heated
to 700 *C. To investigate the potential performance of the cells, EIS and CV scans were
performed. EIS scans provided insight into the ohmic resistance of the cell (which was
primarily attributed to the ionic resistance of the electrolyte). In the case of one cell (with
a -0.5 cm thick electrolyte, as pictured in Figure 4.26), the internal solution (IR)
resistance was quite low, measured as 0.6 0 cm 2 (Figure 4.23a). Also, the lack of an
obvious semi-circle suggested that the electrode charge transfer overpotentials were
significantly smaller than the IR overpotentials. The comparatively small value of the
charge transfer overpotential was also indicated by the results of a CV scan, which
exhibited a linear response as opposed to an exponential response as described by the
Butler-Volmer equation for an electrode charge transfer limited process (Equation 1.19).
The data from the CV scan were plotted with inverted axis (Figure 4.23b), producing a
curve similar to the theoretical curve that was included as part of the discussion of
overpotentials in Section 1.4.3 (i.e. Figure 1.5). The linearity of the CV scans also
suggested

that the mass transport

overpotential

was small compared

to the IR

overpotential at the applied current density and over the time period of the scan (~1 min).
Interestingly, the slope of the CV curve indicated an internal resistance of ~1.2

Q cm 2 ,

which is double the measured solution resistance as measured through EIS (0.6 0 cm 2 ).
This discrepancy may have been due to a change in the internal resistance of the cell over
time, since the EIS scans were performed several hours before the CV scans. In any case,
the results indicated that the dominant overpotential in MgflSb cells was ohmic (IR), and
charge transfer and mass transport overpotentials were small in comparison.
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Figure 4.23 | Performance analysis of a Mg||Sb battery. a, An EIS scan
revealed that the charge transfer resistance was small in comparison to
ohmic resistance. b, Data from a CV scan were plotted using inverted axis,
demonstrating the effect of current density on cell voltage. This curve is
characteristic of a cell that is dominated by IR overpotential. The scan rate
was 100 mV/s.
During cycling, different current densities were applied to evaluate the effects of
cycling the batteries at different rates. The cells were set up to charge until the voltage
exceeded 1.2 V, and to discharge until the voltage dropped below 0.1 V or for a maximum
discharge period of 3 h. During one study, a cell was assembled with 20 g of Sb, and 2 g of
Mg, and 13.8 g of electrolyte (50:20:30 mol% MgCl 2:KCl:NaCl, resulting in an electrolyte
thickness of ~1 cm), with an electroactive cross sectional area of 2.8 cm 2. The cell was first
cycled at 18 mA/cm2 and then cycled at 200 mA/cm 2 (Figure 4.24).
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Figure 4.24 | Mg||Sb cell cycle data. a, Cell cycled at 18 mA/cm 2. b,
Cell cycled at 200 mA/cm 2 . Cell was operated at 700 *C.
At 18 mA/cm 2 , the cell discharged for the full 3 h, and upon a subsequent charge, it
demonstrated 89 % coulombic efficiency. The average charge voltage was 0.61 V, and the
average discharge voltage was 0.48 V, resulting in an average Vcv of 0.54 V and a voltage
efficiency of 88 %. This translated to an energy efficiency of 74 %. However, at this low
current density and restricted discharge time, the amount of electrical charge corresponded
to just 5 % of the theoretical charge capacity (the cell supplied 0.15 Ah of electrical
charge, compared to a theoretical capacity of 2.9 Ah). The leakage current was estimated
to be 1 mA/cm 2 , as calculated based on the relative amounts of charge passed during
consecutive charge and discharge cycles (see Equation D.4 from appendix D). This low
level of leakage current is impressive, and sufficiently low for grid-scale applications. In
fact, subsequent work on similarly constructed Na-based top electrode Type B cells (not
discussed in this thesis) exhibited a significantly

larger

leakage current density

2
(~-50 mA/cm 2 ), suggesting that the complexing of Mg + by NaCl and KCl ligand donors

effectively suppressed Mg metal solubility in the electrolyte.
The cell was also cycled at 200 mA/cm 2 , achieving 98% coulombic efficiency. The
average charge voltage was 0.93 V and average discharge voltage was 0.17 V, resulting in
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an average cell voltage of 0.55 V (similar to the average cell voltage while cycling at
18 mA/cm 2 ). Unfortunately, the voltage efficiency was a mere 18 %, resulting in a similar
energy efficiency of 18 %. At these higher current densities the cell utilized more of its
theoretical charge capacity, discharging

0.28 Ah (10 % of the theoretical capacity).

2
However, unlike when the cell was cycled at 18 mA/cm , the discharge cycle was stopped

because the voltage dropped below the preset value. This suggested that there was a
kinetic process that limited the depth to which the cell could discharge, such as diffusion
of electroactive species to the electrode/electrolyte interface.
Moreover, at high current densities, the total overpotential was large, resulting in
2
inadequate round-trip energy efficiency. At 200 mA/cm the largest overpotential was

ohmic loss, as indicated by the large instantaneous change in voltage as the cell switched
from charging to discharging. This is in contrast to the slower decrease in the cell voltage
over time, which was attributed to mass transport limitations and/or change in the Nernst
potential as state of charge of the cell decreased. Therefore, the voltage efficiency could be
increased by thinning the electrolyte, decreasing the applied current density, and/or by
using an electrolyte with higher conductivity.
Cells were cycled at 200 mA/cm 2 and the capacity of the battery was measured as a
function cycle number (Figure 4.25). The cells exhibited a low fade rate of 0.3 % per cycle.
Although commercial systems would need to improve upon this result, it was impressive
given the early stage of this technology and can likely be improved.
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Figure 4.25 | Mg||Sb cell capacity fade. Cell operated
i= 200 mA/cm2 . The capacity faded at a rate of 0.3 % per cycle.
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The MgjSb cells sufficiently demonstrated that Sb could be used as a lower
electrode material. Charge transfer and mass transport overpotentials were found to be
small compared to the IR overpotential, which was the dominant cause of voltage
inefficiency in the cell. While cycling at low current densities and low levels of discharge,
the energy efficiency of the cells was adequate for large-scale applications. Electrolyte
thickness optimization could improve the rate capability of the system; however, the
maximum rate capability is likely to be on the order of 50 mA/cm 2 to 200 mA/cm 2 in
order to achieve adequate energy efficiency (- 80 %). Also, the low fade rate was
encouraging for grid-scale applications.
4.2.2.2 Post mortem analysis

After operating, MgjSb cells were sectioned and their components were analyzed for
degradation and to identify possible performance limitations. The cell with the cycle
performance described in the last section was cut open, and the three liquid components
were clearly observed, having segregated into their respective layers (Figure 4.26).
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Figure 4.26 I Cross section of an Mg||Sb Type B cell. The three liquid
components self-segregated atop of one another, and the liquid electrodes
were in contact with their respective current collectors.
The solid-state cell components appeared to fare well. There was no obvious corrosion
on the graphite crucible, BN sheath, or current collectors. The three liquid components
were seen to phase separate and self-segregate as expected, forming a three liquid layer
battery.
The thickness of the electrolyte of the cell shown in Figure 4.26 was small (0.5 cm);
however, sufficient electrolyte was added to the cell to create a layer ~1 cm thick,
suggesting that the salt evaporated through the cell cap, or wicked into one of the cell
components (BN sheath or graphite crucible). The evaporation of the salt was evident
upon opening the cell as salt had deposited around the cooled upper portion of the test
vessel.
In many ways, a thin electrolyte is desirable, as it reduces the parasitic voltage loss
associated with the resistance of the electrolyte (assuming it doesn't become too thin and
allow the top and bottom electrodes to mix). But in a cell where the electrolyte was 0.5 cm
thick, the cell was not able to operate efficiently at a current density of 200 mA/cm 2 ,
owing to ohmic voltage loss. Thus, to improve the current capability of the cell, a more
highly conductive electrolyte, or a thinner electrolyte is required. However, based on the
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experience of this researcher, reducing the electrolyte thickness below 0.5 cm is difficult
and may not be feasible for larger cells.
Further analysis of the sectioned MgjSb cell demonstrated the facility of the W rod
current collector. From SEM/EDS analysis it was evident that the salt wicked between the
liquid Sb electrode and the graphite current collector. In other cells without the W rod
current collector this had the effect of severing the electronic connection between the liquid
electrode and the graphite crucible (Figure 4.27).

W rod
Sb electrode

salt electrolyte

graphite

Figure 4.27 I SEM/EDS analysis of Sb electrode. a, Close-up image of
active components from a sectioned MgISb cell. b, SEM image of W
current collector at graphite-Sb interface showing salt between the solidified
Sb and graphite crucible.
Another Mg||Sb cell was cycled then cooled to room temperature while in a discharged
state. SEM images of the sectioned cell revealed that the Sb electrode contained Mg3 Sb2
platelets (Figure 4.28). These platelets formed during solidification where the single phase
Mg,Sb liquid solidified and phase separated into a Sb phase and a Mg 3Sb 2 phase.
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Figure 4.28 | SEM image of Sb electrode in discharged state. a, SEM image of the Sb
electrode. b, EDS map, showing the accumulation of Mg in the platelets. c, Sb was present in the
electrode, as expected. EDS measurements of the Mg-rich phase were consistent with the Mg 3Sb 2
intermetallic.
Ultimately, cells failed due to loss of liquid components, resulting in two distinct
failure modes. First, the loss of the liquid components lowered the overall height of liquid
layers. Since the top current collector rod was at a fixed height above the bottom of the
crucible, sufficient reduction in the height of the liquid layers had the effect of lowering the
top liquid surface below bottom of the current collector rod, severing the electronic
connection. Second, extensive loss of the electrolyte caused the two electrodes to mix,
resulting in an exothermic reaction that evaporated the remaining salt. Here, the three
liquid layer configuration of the cell was not recoverable. These failure modes could be
addressed by a modified closed-cell design where the cell has a smaller headspace and
evaporative loss could be minimized.
4.2.2.3 Dimensional,performanceand cost analysis
Basic dimensional, performance, and cost analyses were performed to evaluate Type B
Mg||Sb cells. First, consider a cell similar to the one that was discussed in the preceding
section which operated at 18 mA/cm2 but is designed to fully discharge over the course of
2
8 h. While discharging, the cell will pass 0.144 Ah/cm 2 (518 C/cm ). This corresponds to

the movement of 0.065 g/cm2 of Mg (or 0.0027 moles/cm 2) across the electrolyte Thus, for
a cell operating at this current density, the required thickness of the Mg layer is only
0.038 cm. Assuming a fully discharged state occurs when there is 25 mol% Mg in the Sb
electrode, the Sb layer will be just 0.15 cm thick. With an electrolyte thickness of 0.5 cm,
the thickness of the three liquid components is just 0.7 cm. Even at an optimistic current
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density of 100 mA/cm 2 , the total thickness of the three liquid layers (assuming the
electrolyte remains 0.5 cm) is just 1.5 cm thick, with the required Mg and Sb electrode
layers being just 0.2 cm and 0.8 cm thick, respectively. The thin electrode layers represent
a challenge due to the high surface tension of liquid metals which causes them to ball up
and not lie flat on a smooth surface. Higher current density operation will result in
unacceptably low voltage efficiency due to the parasitic ohmic overpotential, exacerbated
by the low Vov of the immediate chemistry. Thus, although the MgJlSb cell could
theoretically operate efficiently, its size will not be conducive to large area cells for
applications that require -8 h charge or discharge duration. The challenges of using thin
liquid electrodes could be addressed by an enhanced current collector design to cause the
liquid metal layers to wet the current collector surface, thus enabling control of the liquid
morphology.
Consider a cell with negligible charge transfer and mass transport overpotentials and
an electrolyte cross-sectional resistivity of 0.5 Q cm 2 . The theoretical voltage versus current
density relationship can be calculated and will be similar to the CV data from the
analyzed cell (Figure 4.23b). To operate at 80 % voltage efficiency such a cell must operate
at a current density below 133 mA/cm 2 .
Based on a cell with these characteristics, the theoretical specific energy density and
volumetric energy density of the liquid components is 63 Wh/kg, and 285 Wh/liter,
respectively. This compares poorly with the realized energy density of a complete Li-ion
cell (150 Wh/kg, and 350 Wh/liter[130]). The cost of materials of the same cell was
estimated based on the metal costs listed in Table 2.1 and an estimated cost of MgCl 2
($ 3 /kg, based on online suppliers). The total cost of the liquid components for a cell that
can charge at 100 mA/cm 2 over 8 h, is $ 73
for stationary storage (< $ 150 /kWh[1]),

/kWh.

While this is below the required price

the full cost will also include other system

components, such as the crucible, current collectors, insulating sheath, thermal insulation,
housing material, and power electronics. Furthermore, the system must cost considerably
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less than the stated required price to provide sufficient margin and make the production of
such a battery economically viable. Thus, the cost of the raw materials is likely too great
for grid-scale applications. But ultimately, the purpose of operating Mg||Sb cells was to
demonstrate the feasibility of using Sb as the positive (bottom) electrode, owing to its low
cost and higher voltage capability with electropositive metals, such as Ca. To this end, the
results from the Mg||Sb cells were successful, and provided critical validation that Sb can
be used as a positive liquid electrode in a Type B LMB. The next step is to validate the
use of a liquid Ca electrode which provides further challenges. To validate the feasibility of
using it as the negative electrode, cells comprising of a Ca,Mg liquid alloy negative
electrode and a Bi positive electrode were evaluated.

4.2.3 Ca,Mg|lBi cells
Upon validating the use of Sb as a bottom electrode, the next goal was to demonstrate
the feasibility of using Ca as the negative electrode in a Type B LMB. Ca is more difficult
to work with than Mg because it has a higher melting point (840 *C) and is more reactive,
restricting the number of suitable refractory insulating materials. To reduce the melting
point, Ca can be alloyed with Mg, which also serves to suppress the solubility of Ca in the
electrolyte. The Mg-rich liquid eutectic was anticipated to be less reactive than the Ca-rich
liquid, so an alloy composition of 20 mol% Ca and 80 mol% Mg was used. Unlike in Mg||Sb
cells the Mg in Ca,MgIBi cells is a passive spectator and does not participate in the
faradaic reactions.
As described in Section 3.5.2.3, graphite is not a suitable crucible material owing to its
reaction with Ca. Similarly, common structural elements, such as a Fe or Ni, are soluble in
liquid Sb and/or react with Ca. However, Ca, Mg, and Bi are all stable with mild steel,
exhibiting no intermetallics with Fe and the solubility of Fe in the liquids is small
(< 1 mol%). Thus, these metals provide a convenient test system to validate the use of Ca
as the electroactive species. BN is a suitable refractory ceramic that can withstand Mg-rich
[155]
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Ca-Mg liquids, and an electrolyte comprising 25 mol% CaCl 2, 60 mol% KCl, and
15 mol% KI was chosen based on a suitable melting point, density, and sufficient
quantities of potassium-halide salts which allows them to serve as ligand donors and
complex the Ca 2 + ions. Hence, cells of Ca,Mgl(CaCl 2, KCl, KI)IBi were assembled, using a
steel crucible and a BN insulating sheath. The cross-sectional area of the liquids (based on
the inner diameter of the BN sheath) was 2.9 cm2 .
4.2.3.1 Battery performance
Cells were heated in the test vessel under vacuum to 350 *C and allowed to dry for
24 h. The test vessel was backfilled with argon, the vessel was heated to 700 *C, and the
cell was cycled at constant current (Figure 4.29). During cycling, the cells were charged at
70 mA/cm 2 until the voltage reacted 1.4 V, the OCV was measured for 5 min, discharged
at 70 mA/cm 2 until the voltage dropped to 0.3 V, and the OCV was measured again for
10 min.
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Figure 4.29 | Cycling data from a Ca,Mg||Bi cell. a, Temperature
profile. b, Applied current density profile including constant current
charging and discharging and OCV measurements. c, Measured voltage
profile.
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EIS scans were also performed on cells following the OCV rest at the end of each
discharge cycle (Figure 4.30a below). The internal solution resistance, R (determined from
the Ze, value at Zag = 0) did not change significantly with time. This suggests that an

increase in internal resistance of the battery was not the cause of capacity fade in the
battery (discussed later in this section). The absence of an obvious semicircle in the
Nyquist plot suggests that the charge transfer resistances were small compared to the
ohmic resistance. The ohmic resistance of one cell was measured to be 0.9 9), which
corresponded to an area normalized resistance of 2.4 n cm 2 , based on the cross sectional
area of the electrolyte of 2.9 cm2 .
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Figure 4.30 | EIS and CV scans of a Ca,Mg||Bi cell. a, EIS scans and
the resulting Nyquist plot demonstrated that the solution resistance, R&,
did not change significantly with time or cycle number and the absence of
an obvious semi-circle suggests that charge transfer resistance was small. b,
A CV scan was plotted with inverted axis and exhibited a linear response
of current density and voltage. This indicates that the charge transfer and
mass transport overpotentials were insignificant compared to the ohmic
overpotential. The scan rate was 100 mV/s.
Similar to the CV scans performed on the Mg||Sb cells, the current density versus
voltage relationship was linear (Figure 4.30b). This supported the premise that chargetransfer overpotentials were negligible compared to the IR overpotential, permitting
efficient operation at high current density. Based on the slope of this line, the electrolyte
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resistance was calculated to be 2.9

C2

cm2 , consistent with the electrolyte resistance

measured using EIS scans.
The most obvious feature from the cycle data (Figure 4.29) is the decrease in the
capacity over time (i.e. the time required to charge or discharge). Although the initial
discharge capacity was 42 % of the theoretical capacity (which was much better than the
Mg|jSb cells, which only achieved 10 %), the capacity decreased at an average rate of
6 %/cycle, resulting in a factor of five decrease in capacity over 12 cycles (Figure 4.31).
This fade rate was significantly greater than the fade rate of the MgjjSb cell (0.3 %/cycle).
This high fade rate was typical for all of the Ca,Mg||Bi cells tested in this study.
14001200 -

-.theoretical capaci ty

1000

4800

0

0

2

0

1I

cycle no.

Figure 4.31 | Capacity fade of Ca,Mg||Bi cell. The fade rate was
6 %/cycle, and was consistent with other Ca,Mg||Bi cells.
The average voltage efficiency was 42 % (based on an average charging voltage of
1.05 V and an average discharge voltage of 0.44 V) and the average coulombic efficiency
was 89 %. Therefore, the average energy efficiency was 37 %.
The leakage current density was 4 mA/cm 2 , based on the coulombic efficiency and
applied current density, as described in Appendix D. However, the fade rate was large and
[158]
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may have an impact on the apparent leakage current. At large fade rates, the apparent
leakage current would be greater than the actual leakage current (since the electrical
charge not returned during discharge would be a result of both capacity fade and current
inefficiency). Taking capacity fade into account, the non-fade coulombic efficiency was
2
estimated to be 92 %, suggesting that the leakage current might be as low as 3 mA/cm .

The features of the charging and discharging voltage profile were also analyzed. The
instantaneous change in voltages were attributed to ohmic (or IR) overpotentials, such as
the charge-to-OCV transition, qp, the OCV-to-discharge transition,
OCV transition, qRc, and the OCV-to-charge transition,

T

IRd

qlRb,

the discharge-to-

were measured. Similarly, the

post rest voltage voltages (PRV) and various slops (Sla, Slb, S2) were measured (Figure
4.32).
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Figure
2
Various portions of the voltage
*C.
700
at
at 70 mA/cm and operated
profile were analyzed to assess overpotentials and identify performance
limitations.
There were a few interesting features associated with the potential profile. Firstly,
during the charge-to-discharge rest period, the voltage fell by -0.07 V. During the
discharge-to-charge rest period the voltage increased by ~0.08 V. This indicates that the
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system experienced diffusion limitations and these voltage 'rebounds' represented mass
transport overpotentials. During charging or discharging, the composition of one (or both)
of the electrode surfaces deviated from the bulk composition, such that the Nernstian
potential shifted away from the theoretical equilibrium potential. Upon switching to a rest
potential, the surface composition equilibrated with the bulk composition, and the
electrode

potential

'rebounded'.

This

suggested

that

mass

transport

to

the

electrode/electrolyte interface(s) resulted in a non-uniform concentration profile which
generated mass transport overpotentials and could also become a current limiting step. To
reduce this effect, the cell could operate at a higher temperature (to increase the diffusivity
of the electroactive species and lower the viscosity of the liquid components), convection
could be introduced (to reduce the stagnant boundary layer at the electrode/electrolyte
interface), or materials with higher diffusivity/lower viscosity could be used.
Another interesting feature is the elbow that was present in the discharge curves. This
resulted in two distinct slopes that were measured separately (Sla and Slb). The presence
of the elbow suggested that during discharge the composition of the electrode reached a
sufficiently high Ca concentration that a second phase began to deposit, possible forming
solid Ca 3Sb

2

which concurrently deposits liquid Sb-rich Sb,Ca liquid alloy. However, this

feature was not investigated further.
The voltage profile characteristics described in the previous paragraph were plotted as
a function of cycle number (Figure 4.33a-c). Generally, the ohmic overpotential values did
not change significantly with cycle number and were of similar magnitude (0.24

±

0.04 V).

This was comparable to an ohmic drop of 0.17 V as estimated from the total applied
current (200 mA) and the measured solution resistance from EIS measurements (0.85

Q).

This was expected since all of the ohmic overpotentials represented the same ohmic drop
across the electrolyte. Interestingly, qrm, was observed to change significantly, increasing
by a factor of two over the 14 cycles. This was likely a result of the steep voltage profile
that preceded the current interrupt. Since the voltage data was only recorded at a rate of 1
[160]
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pt/sec, this would magnifying the mass transport Nernstian overpotential. As such, the
change in r/u was not considered consequential. The ohmic overpotential was considered
to remain approximately constant throughout the duration of the cycling.
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Figure 4.33 1 Ca,Mg||Bi cell voltage profile analysis. a, Ohmic
overpotential change. b, OCV value after rest. c, Change in slope with cycle
number.
The post rest voltage ( Vocv values after 10 min of zero current rest) that followed the
charge and discharge cycles were approximately constant with cycle number, where
PRV1 = 0.95

±

0.05 V, and PRV2 = 0.60 + 0.03 V (Figure 4.33b). This suggested that the

charged cell voltage and the discharged cell voltage did not change significantly, the cell
voltage of the battery varied between 0.60 V and 0.95 V, and that the average cell voltage
was -0.8 V. By comparison, the measured voltage values (Section 4.2.1) between pure Ca
and CaBi liquid alloys ranged from 0.79 V (25 mol% Ca in Bi at 700 *C) to 0.92 V
(5 mol% Ca in Bi at 700 *C), such that the average cell voltage should be -0.86 V.
Overall, the battery Vocv values are in good agreement with the thermodynamic values
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but is slightly lower due to alloying of Ca in the Ca,Mg liquid alloy.

However,

thermodynamic studies on Ca,Mg systems would be required to verify this hypothesis.
The voltage profile features that changed most significantly were the slopes of the
charge and discharge curves. The slopes increased by factors of 2.8 (Sla), 3.1 (S2), and 4
(Sib), respectively. A change in slope of the charge/discharge curves is consistent with loss
of electroactive species. Ca volatilization loss, Ca oxidation, or Bi loss might increase the
slope of the voltage curves with time.
Admittedly, the preceding analysis was primarily qualitative. The most obvious result
from the cycling data was that the batteries faded at a significant rate (6 %/cycle). The
fade predominantly manifested itself as a change in the slope of the charge and discharge
voltage profiles over time and/or cycle number. Over the same period, the solution
resistance of the electrolyte and the post rest voltages did not change significantly.

4.2.3.2 Post mortem analysis
Following cycling, cells were cooled down and sectioned for post mortem analysis.
From the cross section of one Ca,MgilBi cell, the steel crucible, the Bi positive electrode,
the electrolyte, the Ca-Mg negative electrode, and the BN sheath could be clearly seen
(Figure 4.34). The top current collector (not shown) was removed from the cell during
sectioning.
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Fe-rich line
void

steel crucible
6M

BN sheath

Ca-Mg alloy
electrode

C

BI globule
Fe-rich lIne

salt electrolyte
Bi electrode

Figure 4.34 | Cross section of a Ca,Mg||Bi Type B cell. a, Sectioned
cell. b, Close-up of the Bi electrode/electrolyte interface. A void and a Ferich line are observed in the electrolyte. c, SEM-BS image of the
Bi/electrolyte interface showing Bi globule present in electrolyte.
Closer inspection revealed a few interesting features. Firstly, a few voids were present
in the salt, owing to the large volume change of the salts (i.e. KCl undergoes a 20 %
volume change upon fusion[34]). This also explains why there were small Bi globules just
above the Bi electrode, which could have been created as the salt contracted, pulling liquid
Bi (which melts below the melting point of the electrolyte) into the empty spaces that
developed in the solidifying salt. The inside of the BN sheath became dark grey, possibly
due to a reaction with Ca from the CaMg liquid. Furthermore, other cells failed because
the BN sheath cracked and a metallic layer penetrated the sheath, providing a short
circuit between the positive and negative electrodes. Although a thick BN sheath (1 mm to
2 mm) was suitable for most of the cells evaluated in this study, the long term prospect for
use with liquid Ca is in doubt. An alternative approach to contain the reactive Ca metal
will be required for long term use.
The sectioned cell also contained a dark line that crossed the electrolyte. SEM/EDS
analysis of this line indicated that the'line contained Fe, with similar salt compositions on
either side (Figure 4.35). This was likely created by a bidirectional solidification process
that froze the electrolyte from the bottom and from the top, concentrating the Fe
impurities in what became the last section of the electrolyte to freeze. This indicates that
[163]
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there was some Fe impurity in the electrolyte; however, the level of the impurity appeared
small, and there was no noticeable corrosion of the crucible walls. The Fe in the electrolyte
may have been from a surface layer of Fe2 0 3 (rust) that might dissolve into the molten
salt. But overall, the steel container faired well and appeared an appropriate crucible
material for cells of this chemistry.

a,

b, Fe

SEMc,

Bi

QJ

Figure 4.35 | SEM/EDS analysis of sectioned Ca,Mg||Bi cell. a, SEMBS image of Bi/electrolyte. b, SEM/EDS image of Fe was present at the
line in the electrolyte, and along the Bi/electrolyte boundary. Arrows

indicate location of Fe-rich lines. c, SEM/EDS image of Bi. d, SEM/EDS of
Cl.

The electrolyte was seen to contain two distinct phases, a chlorine rich-phase and an

iodine phase (not shown). This was indicative of phase separation of the electrolyte upon
solidification into a chloride and an iodide, which is consistent with the pseudo binary
phase diagram of KCl,KI.[100]
The composition of the top electrode was evaluated using SEM/EDS and was found
to contained -8 mol% Ca, much less than the original composition of 20 mol% Ca. The

volume of the top electrode was calculated to be -70 % of the original volume (estimated
from the cross sectional dimensions and integrated over the volume, assuming that the
shape was symmetric). Therefore, the amount of Ca remaining in the top electrode was
-30 % of the original amount (a factor of 3.3 less that the original amount). This is
comparable to the factor of five decrease in capacity observed during cycling.
[164]
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Similarly, there was -60 % of the original Mg content. Since there a greater fraction of
the total Mg remaining in the top electrode, this suggested that evaporative loss was not
the dominant loss mechanisms, since molten Mg has a higher vapor pressure (800 Pa) than
Ca (10 Pa) at 700 *C.[138] Ca is more reactive with oxygen, which would preferentially
consume the Ca in the electrode. It is possible that the combined effects of volatilization
and reaction with trace oxygen could result in the observed loss with the latter mechanism
likely being dominant. The loss of Ca through these mechanisms explains the majority of
the capacity fade rate.

b
Ca-Mg alloy

salt electrolyte

Figure 4.36 I SEM/EDS analysis of Ca,Mg||Bi cell top electrode. a,
Image of cross sectioned of cell after 48 hours of cycling. b, SEM-BS image
showing the top Ca-Mg alloy electrode and salt electrolyte.
Cross sectional analysis on another cell showed that the cell failed due to loss of
electrolyte (Figure 4.37). Electrolyte salt was found deposited on the exterior of the top of
the cell and near the cool upper part of the test vessel. Although this is a frustrating
failure mechanism for the laboratory scale cells, it is an artifact of the setup. The thermal
gradients generated by cooling the cap facilitated evaporation from the hot zone and
deposition in the cold zone, analogous to distillation. Alternative cell designs, such as one
involving a closed design with o-ring seals (such as the one used with the Na||Bi cells
investigated at ANL[48]) should prevent this failure mechanism.
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missing
electrolyte

Figure 4.37 | Failed Ca,Mg||Bi cell cross section. Salt evaporation led
to cell failure.
Various possible failure mechanisms were observed in the Ca,Mg||Bi cells. High vapor
pressure of the top electrode components (Ca and Mg) likely contributed to the 40 % loss
of Mg over 48 hours. Similarly, the evaporation of the electrolyte can also lead to cell
failure. However, both of these failure mechanisms could be eliminated by a sealed cell,
utilizing a smaller headspace and an alternative seal design. A sealed cell may also reduce
the relative amount of trace amount of oxygen that might leak into a larger vessel (via
diffusion through the walls). Also, a cell with a smaller surface-to-volume ratio would be
less sensitive to trace oxygen leaking through the walls. Therefore, it seems possible to be
able to construct a larger cell that avoids the failure mechanisms observed with the
laboratory scale setup.
4.2.3.3 Dimensional,performance, and cost analysis

For the Ca,Mg||Bi cells evaluated in this study, the charge and discharge Vocv values
ranged from 0.6 V (discharged state) and 0.95 V (charge state), suggesting that the
average Vocv was -0.8 V. During charging at 70 mA/cm2 , the average voltage was
increased by the ohmic overpotential (0.24 V) and mass transport overpotential (0.08 V),
increasing it to -1.12 V, consistent with the measured average charge voltage (1.05 V).
Similarly, during discharge at 70 mA/cm 2 the average cell voltage (-0.8 V) was decreased
[166]
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by the ohmic overpotential (0.24 V) and the mass transport overpotential (0.07 V),
resulting in an average discharge voltage of -0.49 V, similar to the measured average
discharge voltage of 0.44 V. These overpotentials resulted in a voltage efficiency of just
42 %.
There are a few ways to improve the voltage efficiency of the system. First, a thinner
electrolyte

would

reduce

the

ohmic

overpotential

(the

overpotential).

dominant

Alternatively, a more highly conductive electrolyte would have the same impact. For the
cell discussed in the analysis section, the electrolyte was ~1.5 cm thick. If the electrolyte
thickness could be reduced to 0.5 cm, the ohmic overpotential could be reduced to
-0.08 V, which would result in a battery with a voltage efficiency of 67 % (assuming the
mass transport overpotential remained 0.08 V). Of course, these estimates are based on a
cell that was cycled at 70 mA/cm2 . At higher current density, the ohmic overpotential
increases, so it seems unlikely that the present cell design could operate at a current
density far exceeding 70 mA/cm2 whilst achieving an acceptable voltage efficiency
(> 80 %). The

other ways

of increasing

the

voltage efficiency

include

using

an

electrochemical couple that increases the Vocv, introduce convection to reduce the mass
transport overpotential, use an electrolyte with a higher electrical conductivity, or decrease
the applied current density. Unfortunately, if the current density is reduced too much, the
useable electrode thickness would become challengingly small, as discussed in the MgIlSb
analysis section (Section 4.2.2.3).
Consider an optimistic scenario in which the thickness of the electrolyte is reduced to
0.5 cm, the conductivity of the electrolyte is 2 S/cm, Vocv remains as 0.8 V, and the
coulombic efficiency is 100 %. If one assumes that the mass transport and charge transfer
overpotentials

are negligible, the suitable current density to achieved 80 % energy

efficiency can be calculated.

To achieve this efficiency,

the charge and discharge

overpotentials will be 0.09 V. With this area normalized resistance (0.25

n

cm 2 ), the cell
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could operate at 360 mA/cm2 and achieve 80 % voltage efficiency. The resulting theoretical
Vel] versus i profile can be calculated for this scenario (Figure 4.38).
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Figure 4.38 | Theoretical V. versus i plot for a Ca,Mg||Bi cell. This

model assumed optimistic, but possible, material properties, design
parameters, and performance characteristics, such as an electrolyte with a
thickness of 0.5 cm and a conductivity of 2 S/cm, and that the cell operates
with negligible charge transfer and mass transport overpotentials. Such a
cell could operate at 360 mA/cm 2 and achieve 80 % voltage efficiency.
The amount of charge passed during while operating at 360 mA/cm 2 over an 8 h
charge cycle is 2.88 Ah (10,370 C), resulting in 2.1 g (0.05 moles) of Ca passing through
the electrolyte and entering into the Bi electrode layer. Assuming that a fully discharged
state comprises 25 mol% Ca, the amount of require Bi is 33 g (0.16 mol), and based on a
density of 10 g/cm3, the thickness of the Bi layer would be 3.4 cm. Similarly, for negative
electrode comprising 30 mol% Ca in Mg, the electrode thickness will be 3.3 cm, based on
the number of moles of Mg and Ca, and their respective densities. Thus, the liquid
components in this cell would be 7.2 cm thick.
For this system, the specific energy density and volumetric energy density of the
liquid components are estimated to be 54 Wh/kg, and 350 Wh/l, respectively. Although
these represent significant improvements compared Zn||Te cells (10 Wh/kg and 23 Wh/l),
[168]
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the specific energy density still compares poorly to that of Li-ion cells (150 Wh/kg and
350 Wh/l

Cost analysis, based on the price of metals as listed in Table 2.1, and the

[130]).

cost of salt (estimated to be $3/kg), indicate that the active components will cost
$ 250 /kWh,

which

is

well

beyond

the

acceptable

price

for

grid-scale

storage

($ 150 /kWh [1]).
Now consider a Ca,MgilSb cell that provides an average OCV of 1 V, but otherwise
performs the same as the Ca,Mg||Bi described in the preceding paragraphs. Based on the
lower cost of Sb (compared to Bi), and the increased cell voltage, the cell could operate at
400 mA/cm 2 and still achieve a voltage efficiency of 80 %. The liquid components would
cost $ 45 /kWh and would have a specific energy density of 100 Wh/kg and a volumetric
energy density of 467 Wh/liter. When compared to the Ca,Mg||Bi system, the benefits of
the CaMg||Sb is clear.

4.2.4 Type B cells summary
Alkaline earth Type B LMBs were studied in three steps. First, thermodynamic
measurements

were taken of Ca||Ca,M systems

(M = Al, Bi, or Sb) for various

concentrations of Ca in liquid M. The CallCa,Sb couple provided a large Vocv and both
metals are low cost and abundant. However, Sb has never been used as the positive
electrode material in an LMB. Furthermore, there are significant materials challenges
associated with using Sb and Ca as the positive and negative electrodes, respectively. As
such, two Type B LMBs were investigated in this study, Mg||Sb and Ca,Mg||Bi, as a means
towards demonstrating the use of Sb as the positive electrode and Ca as the negative
electrode.
Mg||Sb cells were successfully

cycled, demonstrating

good coulombic

efficiency

2
(> 90 %), low leakage current (1 mA/cm ), low fade rate (0.3 %/cycle) and good energy
2
efficiency at low current densities (70 % energy efficiency at 18 mA/cm ). Ohmic voltage

loss was the dominant form of overpotential. In order to achieve an energy efficiency of
[169]
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> 70 %, the current density is likely to be restricted to < 100 mA/cm2 . For a system
designed to discharge over a period of 8 h at a current density 100 mA/cm2 , the thickness
of the cell will be 1.5 cm. The Vocv of MgjjSb cells was low (0.5 V), and the cost of the
raw materials was modest ($ 73 /kWh), limiting its promise as an effective grid-scale
battery. But ultimately, the purpose of operating Mg||Sb cells was to demonstrate the
feasibility of using Sb as the bottom electrode, and this was successfully achieved here, for
the first time.
Ca,MglBi cells were constructed and operated in order to evaluate the use of Ca as
the electroactive species. The average Vocv of the Ca,MgilBi cell was 0.8 V, which is in
agreement with the thermodynamic measurements of pure Ca versus 5 % Ca in Bi
(0.86 V). When cycled at 70 mA/cm2 , cells achieved high coulombic efficiency (89 %) with
a low leakage current (3 mA/cm2 to 4 mA/cm2 ). Unfortunately, at this current density,
ohmic and mass transport overpotentials resulted in low voltage efficiency (42 %) and low
energy efficiency (38 %). This could be improved by decreasing the current density,
thinning the electrolyte, and/or using a more conductive electrolyte. Unfortunately, the
cells exhibited a high fade rate (6 %/cycle) and high cost of the active liquid components
($ 250 /kWh). Post mortem analysis indicated that the loss of the Ca might explain the
high fade rate. Evaporative loss was an artifact of the experimental setup, so it seems
feasible that larger self-sealed cells will avoid this failure mechanism and reduce the
capacity fade rate. But ultimately, the purpose of these experiments was to demonstrate
the use of a Ca,Mg alloy as the negative electrode, enabling Ca to be used as the
electroactive species, and this was achieved, paving the way for the development of a
Ca,Mgl|Sb LMB, which has an estimated cost of $ 45 /kWh.

4.3 Chapter summary
Type A and Type B LMBs were investigated. For the Type A cell design, basic
electrochemical features of melts comprising ZnCl2 with dissolved ZnTe were investigated
[170]
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and critical material properties were determined.
employed

which

simultaneously

deposited

high

Constant current electrolysis was
purity

liquid

Zn

and

Te,

liquid

demonstrating the concept of ambipolar electrolysis for the first time. A cell was
successfully cycled, but the limiting current density was small, owing to slow diffusion of
Te2

to, or away from, the Te/electrolyte interface. Also, a low Vocv and high material

costs make this chemistry unsuitable for grid-scale storage applications (Table 4.1).

Table 4.1 Performance and cost comparison of LMBs.
Chemistry

LMB
Type

Vocv
(V)

limiting kinetic
factor

current
capability*
(mA/cm2)

Zn|ITe

A

0.55

Mgj|Sb

B

0.6

2

Te - mass
transport
electrolyte ohmic

cost of active
materials
($/kWh)

10

980

133

73

resistance

Ca,Mg||Bi

B

0.8

electrolyte ohmic
resistance

360

250

Ca,MglSb

B

1.0

-unknown-

400

45

(theoretical)

(estimated)

*based on demonstrated performance (of Zn|ITe cell) or optimistic performance
estimates for cells with a thin and highly conductive electrolyte (Mg||Sb and
Ca,Mg||Bi cells), and an 80 % voltage efficiency requirement
Thermodynamic measurements indicated that a CallSb based cell could deliver a high
voltage (- 1 V) and utilize low cost and earth abundant materials. MgjjSb cells were
studied to demonstrate that Sb could serve as the positive electrode and Ca,MglSb cells
were studied to evaluate the feasibility of using a liquid Ca,Mg alloy as the negative
electrode. Both cells exhibited low leakage current, and the dominant form of parasitic
voltage low was ohmic drop across the electrolyte. Charge transfer and mass transport
overpotentials were found to be small or negligible in comparison. While Mg||Sb cells
exhibited a low capacity fade rate, Ca,Mg||Sb cells experienced a high fade rate, owing to
loss of Ca.
The study of MgijSb and Ca,MgjlBi cells has established the foundation for the
development of Ca,MgilSb LMBs. Preliminary economic analysis indicate that Ca,Mgl|Sb
cells can meet the demanding price requirements for stationary applications, owing to the
use of lower cost Sb, and a high OCV (> 1 V). Materials challenges remain, but it is
feasible that Ca,Mg||Sb cells will achieve the cost and performance requirements for gridscale storage applications.
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"If we prepare for climate change by building a clean-power economy, but climate change
turns out to be a hoax, what would be the result? Well, during a transition period, we
would have higher energy prices. But gradually we would be driving battery-powered
electric cars and powering more and more of our homes and factories with wind, solar,
nuclear and second-generation biofuels. We would be much less dependent on oil dictators
who have drawn a bulls-eye on our backs; our trade deficit would improve; the dollar
would strengthen; and the air we breathe would be cleaner. In short, as a country, we
would be stronger,more innovative and more energy independent."

-Thomas L. Friedman
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CHAPTER 5:
SUMMARY, CONCLUSIONS, AND
FUTURE WORK
5.1 Summary
Massive wind and solar installations are poised to change the landscape of tomorrow's
power grid. Large-scale electricity storage will be required to smoothen out the power from
these intermittent energy sources, enabling their broad-scale deployment. Unfortunately,
conventional batteries are unable to meet the low cost and long cycle-life requirements of
this demanding application.
The battery technologies explored in this thesis were inspired by industrial-scale
electrochemical

processes that consume massive amounts of electricity:

Electrolysis

(Hall-Heroult process) and electrorefining (Hoopes process) of aluminum. Both molten salt
processes use low cost materials and operate for years before needing refurbishing.
However, specific reactions during operation prevent such processes from functioning in
reverse. The scope of this work was to demonstrate that variants of these industrial
processes can be made to accept, store, and return electrical energy. Two types of liquid
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metal batteries (LMBs) - Type A (ambipolar electrolysis), and Type B (electroalloying),
were proposed, tested, and evaluated.
Type A cells use a molten salt electrolyte to dissolve an intermetallic compound.
Electrolysis of this melt results in the simultaneous extraction of two different liquid
metals onto separate electrodes. Upon connecting the electrodes to an external load, the
liquid metal electrodes dissolve in the electrolyte as ions and electrical energy is provided
to an external circuit.
Type B cells also utilize two liquid metal electrodes separated by a molten salt
electrolyte, but operated via a different mechanism. During the discharging process, the
electroactive metal is transferred from the negative electrode, through the electrolyte (as
an ion), to the positive electrode where it alloys, forming a liquid metal alloy and releasing
electrical energy to an external load. The reverse steps occur during the charging process.
Cells

of this

type

were

studied

previously,

though

the

technology

was

never

commercialized, possibly due to high materials cost and/or a lack of interest in stationary
storage. However, the battery chemistries presented in this thesis involved alkaline earth
metals as the negative electrode, which had not, until now, been studied. This provided a
large cell voltage, enabled suppression of mechanisms that contributed to self-discharge,
and used low cost materials.
In both battery types, the charge and discharge processes involve liquid/liquid.
reactions which are extremely facile, permitting high current density operation with low
charge-transfer overpotential. During cycling, the electrode surfaces are being continuously
consumed or reformed, thus avoiding continual film growth, which is a common process
that plagues other electrochemical devices. Moreover, since diffusion in liquids is generally
much faster than in solids, mass transport limitations will be minimal.
Zn||Te was chosen as the chemistry for the Type A cell design, which involved ZnTe
dissolved in molten ZnCl2 and operated at 500 *C. Three-electrode electrochemical tests
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5.1 Summary

2
demonstrated that Te existed in the electrolyte as Te -, and could be deposit at the anode

as a liquid metal. Critical material properties, such as the theoretical Vocv, the activity of
2
dissolved ZnTe, the diffusivity of Te ~, and the electrical transport properties of the

electrolyte were determined. Galvanostatic (constant current) electrolysis successfully
deposited high-purity liquid Zn and liquid Te onto separate electrodes. A Zn||Te cell was
cycled (charged and discharged), but the achieved current density was small. A low Vocv,
current density limitations, and high material costs make this chemistry a poor candidate
for grid-scale storage applications.
Initial work on Type B cells consisted of thermodynamic measurements

which

indicated that a cell based Ca and Sb could provide sufficiently high cell voltage using low
cost materials. Two Type B LMB chemistries were investigated: Mg||Sb and Ca,Mg||Bi.
The Mg||Sb cells were constructed and successfully operated at 700 'C for more than two
days without noticeable degradation of current collectors or container materials. The
performance results were encouraging, showing a high coulombic efficiency and low
capacity fade rate. Ohmic loss across the electrolyte

was the dominant form of

overpotential.
Experiments on Ca,Mg||Bi Type B cells showed similar results. After more than 72 h
of operation at 700 *C, most of the cell components exhibited no signs of degradation. The
Vocv was consistent with the measured potentials from the thermodynamic study.
Unfortunately, the cells suffered from a high capacity fade rate, possibly due to the
reaction of Ca with trace oxygen in the test vessel, or evaporation of Ca and Mg. The
ohmic drop across the electrolyte was the dominant form of parasitic voltage loss; however,
mass transport limitations also contributed to the voltage inefficiency.
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5.2 Conclusions
Type

A

LMBs

offer

a

novel

electrochemical

approach

to

energy

storage.

Unfortunately, the studied chemistry (Zn||Te) suffered from high material cost and limited
current

capability,

making it unsuitable

for grid-scale storage

applications.

Other

chemistries using low-cost materials may provide better performance, but the current
outlook is not promising. Fortunately, the process was found to serve an alternative
application.

By

selectively

dissolving intermetallic

compounds, this electrochemical

phenomenon could be used to recycle compound semiconductors such as CdTe from spent
thin film solar cells. A large-scale application of an ambipolar electrolysis cell could help to
address the toxicity and scarcity concerns of this promising PV technology, enabling its
broader-scale use.
In contrast, Type B LMBs demonstrated a larger opportunity for grid-scale storage
applications, due to lower material cost and improved performance.
Mg||Sb cells exhibited low capacity fade, confirming that Sb can serve as the positive
electrode and suggests that these types of cells can meet the demanding cycle-life
requirement for grid-scale applications. Ca,MgljBi cells were also successfully cycled,
demonstrating that Ca,Mg can serve as a negative electrode. Unfortunately, these cells
exhibited a high capacity fade rate, likely due to loss of Ca. An improved closed-cell design
should reduce the fade rate, enabling use of Ca as the electroactive species. These
chemistries paved the way towards development of Ca,Mg||Sb cells, which offers a large
Vocv and can achieve the low cost required for grid-scale applications.

5.3 Future work
The work described in this thesis investigated a range of issues across three different
battery chemistries. However, issues and unanswered questions remain. The author
recommends the following issues to be addressed in future work.
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5.3.1 Engineering challenges

Closed cell design
In order to reduce

evaporative-induced

materials losses and minimize oxygen

contamination, a closed cell must be designed. This will likely require the use of high
temperature seals or alternative seal designs.

Thermal management
During the scale-up process thermal management must be investigated. At a large size
and with sufficient insulation, the surface to volume ratio of a stack of cells should enable
the cells to keep themselves at operation temperature via internal joule heating across the
electrolyte. Although heat must be added to bring the system up to temperature and melt
the electrodes and electrolyte, no additional energy input beyond that supplied by the
voltage and current inefficiencies should be required once the battery is in operation and
cycled on a regular basis. For instance, for a 1,000 kWh battery cycled daily at a roundtrip energy efficiency of 80 %, the system would release 200 kWh of thermal energy (heat)
per day. However, the exact size required for such a self-heated system is unclear and will
require investigation.

Computer model
A computational model of LMBs would assist in designing larger-scale batteries. In
particular, the thermal loss of a scaled-up cell could be modeled, providing valuable insight
into the cell size and insulation required for a self-heated cell. Material properties, such as
thermodynamic data, diffusion coefficients, viscosity, and density will be crucial for
constructing this model.

Corrosion testing
Corrosion testing will be required to determine proper crucible, sheath, and current
collector materials for LMBs. Many metalloids dissolve Fe and form intermetallics, leading
to corrosion of many steel or stainless steel alloys. However, if the melting point of Sb can
[179]
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be lowered through alloying, some Fe-based alloys may prove stable at these lower
temperatures.

5.3.2 Material properties
Ternaryphase diagrams
Low melting Sb-rich metal alloys should be investigated as a way to lower the
operating temperature, which in turn can reduce the corrosion rate of liquid metals,
decrease the leakage current, and suppress metal solubility in the electrolyte. However,
ternary phase diagrams for many of the systems of interest (i.e. two metalloids, and one
strong metal, such as Ca-Sb-Sn) have not yet been investigated.
Thermodynamic propertiesof liquid alloys
This work included in this thesis investigated CaIM alloy systems (M = Al, Bi, Sb),
however, other canadidate couples exist. While many of the alkali (Li, Na, K) couples have
been investigated in other work, comparable alkaline earth couples, such as AIIX, where A
Mg, Ca, Sr, Ba, and X = Al, Bi, Sn, Pb, Sb, Te, Se, could be evaluated.
Furthermore,

ternary

liquid alloys

could

allow

systems

to operate

at

lower

temperature while still achieving sufficient Vocv. Mixing different electronegative metals
could reduce the melting point of the electrode and system as a whole.
Kinetic properties
Though convection is likely a dominant form of transport in many of these systems,
diffusion (mass transport) limitations have already been observed in two of the LMB
systems (Zn||Te and Ca,Mg||Bi). Determining the diffusivity of liquid components in a
variety of liquid alloys is a crucial step towards better understanding and optimizing LMB
operation.
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Other materialproperties
Basic material properties such as density, fluid viscosity, and the wetting properties of
molten salts and liquid metals are important for developing an accurate computer model of
these systems.
Alternative electrolytes for Type A systems
The solubility of intermetallic compounds in electrolytes is crucial for Type A LMBs.
An extensive literature review suggests that there are no suitable systems involving molten
salts as the electrolyte. However, ionic liquids are often used as solvents for unusual
compounds or molecules. It may be possible to find (or design) ionic liquids capable of
dissolving intermetallic compounds that use lower cost materials and/or provide a larger
cell voltage.

5.3.1 Fundamental understanding
Spectroscopy analysis of molten salts
The speciation of ions within molten salts has an impact on the performance
2
2
characteristic of these systems, such as metal solubility. Complexing Ca + and Mg ions in

the investigated Type B cells likely suppressed the solubility of Ca and Mg metal,
respectively. Raman spectroscopy has been previously used to measure the complexation of
doubly-charged cations in some molten salts,[83] and could be applied to these systems in
order to optimize the electrolyte composition.
The electricalpotentialof liquid alloys
Voltage measurements of liquid metal alloys have been used to determine activity
coefficients. However, a more fundamental understanding of the factors that establish these
voltages would aid in optimizing the cell chemistry. In particular, accurate models of
ternary mixtures would be of great value.
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Mass transport overpotentials
The mass transport overpotential will be challenging to model due to thermally and
density driven convection in the electrodes and electrolyte which will influence the
concentration of electroactive species at the electrode/electrolyte interfaces. Alternatively,
an empirical formula could be developed, similar to the approach taken to model fuel cell
overpotentials.

5.4 Finale
The work in this thesis outlined three novel battery chemistries, including a new
approach to electrical energy storage (Type A LMB). Although challenges remain for the
immediate chemistry, this new electrochemical

phenomenon offers new solutions to

significant real-world issues.
Alkaline earth based Type B (electroalloying) cells offer more promise for use in gridscale energy storage. Cells comprising Ca,Mg||Sb are poised to meet the demanding cost
and cycle-life performance for this application. Although this thesis focused on Mg- and
Ca-based chemistries, alternatives exist. For example, use of K, Sr, or Ba as the negative
electrode may provide even greater cell voltages, or materials such as Na and Li may have
other benefits, such as lower cost or faster charging capability. Other options also exist for
the positive electrode. Some of these metals (e.g. Pb, Sn, Al) may face challenges in
achieving a sufficient cell voltage, but could be used as alloying agents to lower the cost
and operating temperature of the system. Other options are currently too expensive (e.g.
Bi, Ga, Ge, Te) for this highly cost-sensitive application. However, based on possible
enhanced performance with metals such as Te and Se, other applications may be willing to
pay more for a battery that has greater energy density, or has the potential to operate for
years without significant capacity fade.
There is considerable opportunity for LMBs to remold the fabric of our energy
infrastructure. Great challenges still remain, but the promise of a low-cost, long-lasting
battery may be achieved by these radical new approaches to grid-scale energy storage.
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APPENDIX

A:

STORAGE TECHNOLOGIES
Numerous technologies are being considered for grid-scale storage of electrical energy.
For portable applications, technologies demonstrating superior energy and power density
have proven most successful; however, the crucial metric for stationary applications is cost.
In Chapter 1, technologies were compared using these metrics (Figure 1.2a-b). Data
included in Figure 1.2a-b came from a variety of sources, as listed.
Table A.1 I Technology comparison. Values used in Figure 1.2a-b.
Technology
Specific Energy
Specific Power
Installed
(Wh/kg)
(W/kg)
Capacity (MWh)
[REF]
[REF
[REF]

Cost
($/kWh)
[REFj

Pumped hydro

0.28 [24]

880,000 (1)[1391

100 [301

NaS batteries
Lead-acid batteries
Flow batteries
Li-based batteries

150 [30]
30 [30]
20 [301
150 [1301

1,944 [30]
500 (4) [139]
38 [301
6 (5) [221

500 [301
500 [30]
500 [30]
1000 [30]

5 () [140]

2000 [301

Flywheels

10 (30]

0.035 (1)

79

(2)

8 (

2.5 (1)
150 (4)
40

(6)

( Value calculated from specific energy, assuming 8 h of discharge capacity.
Value calculated from specific energy, assuming 7.2 h of discharge capacity.
(3) Assuming a 4 h discharge. [141]
(2)

(4) Assuming
(5)

1 h discharge capacity, achievable by today's technologies [142].
Based on 12 MW of installed capacity, assuming 15 min discharge capacity.

(6)

Assuming 15 min of discharge capacity.

(7)

Construction of 20 MW facility is currently underway
These data may include considerable error as assumptions behind their values

depended on the source. However, the message remains clear: conventional performance
metrics for storage technologies do not apply for grid-scale applications. Though pumped
hydro is an inferior storage technology in terms of energy and power density, it is the
dominant form of grid-scale store, owing to its clear cost advantage. Thus, when
developing a new storage technology for grid applications, cost is of primary importance.
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APPENDIX B:
OVERPOTENTIALS
Mass transport, charge
Section 1.4.3.

transfer, and ohmic

Here, a more detailed description

overpotentials

were introduced in

of these overpotentials

(and their

governing equations) will be provided.
Mass transport
As current flows, the concentration of species at the electrode/electrolyte interfaces
deviates from the equilibrium (bulk) concentration, thus affecting the potential of the cell
according to the Nernst potential (Equation 1.10). Combining the Nernst-Planck equation
(Equation 1.16) and mass conservation

(Equation 1.17) yields Equation 1.18. These

equations were stated in Section 1.4.2, but are restated below for clarity.
--

J=

-

-D VC

ac

z1 F

RT

i -V(DVCj +
=t

1.16
1.16

D C. V + Cv

T V - (Dj Cj

-VC
_#)-

1.18

To determine the velocity term, v, the flow of an incompressible fluid is governed by
two equations: the continuity equation (Equation A.1) and the Navier-Stokes equation
(Equation A.2), [53]
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B.1

V -r=0,
VV

0 dv
=-VY+ pV
d,

dt

-2

v+

B.2

.

where d, is the fluid density, Y is the pressure, p, is the viscosity, and

f

is the

force/volume exerted on an element of the fluid by gravity. The Nernst-Plank equation in
a bulk solution must also maintain the charge neutrality requirement,
B.3

z C =0.

Electrochemical

reactions

involve

faradaic

processes

electrons. Therefore, the electrical current density, i,

,

that

produce or consume

due to the flux of species

j

(Equation A.4) is equal to the flux multiplied by F and z, as shown below. [53]
1

B.4

= -Fz 1 J1 .

The total electrical current density, i , is the sum of the fluxes of all the species,
driving by conduction, migration, and convection,

i=
-F

zjDjVC 3

-

T V p

z 1 2 D1 C1 + Fv.

B.5

Equation B.5 is particularly useful because it is the quantity that can be measured by
electrochemical experiments (i.e. the current flowing into or out of an electrode). It can be
used to determine the diffusion coefficient or to calculate the limiting current.
In many situations, these equations can be simplified. It is often possible to assume
that the electric field gradient (V4) and fluid velocity are zero and the diffusion coefficient
is constant. Thus, Equation 1.16 and Equation 1.17 can be simplified to Fick's first law
(Equation B.6) and Fick's second law (Equation B.7), respectively, as shown below,
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J,
at

-DVC,,

B.6

= D/V 2C .

B.7

Such simplifications allow researchers to obtain analytical solutions and extract
material properties, such as diffusion coefficients. Unfortunately, many systems of interest
comprise of liquid/liquid electrolyte/electrode interfaces,[31, 40, 143] diffusion coefficients
that change with concentration, [144] electrolytes that contain insufficient supporting
electrolyte, [94] and/or operate at high temperatures [31] leading to thermally driven
convection. Such conditions make these simplifications invalid. In most instances the
Nernst-Planck (Equation 1.16), species conservation (Equation 1.17), and Navier-Stokes
(Equation A.2) equations become coupled and analytical solutions are not possible.
Nonetheless, understanding the relevance of each term is important if one wishes to
optimize battery performance.
While removing the convective and electromigration terms simplifies the equations,
including them can actually enhance the current capability of the battery. Their inclusion
can also be useful when investigating charge transfer kinetics since it can extend the
kinetically limited potential range.[51]
The overpotential due to mass

transport limitations is due to a change in

concentration at electrode/electrolyte interfaces. Only through solving these equations and
knowing

the

activity

coefficient

can

one

accurately

predict

the

mass

transport

overpotential. For some fuel cells, an empirical formula describing qmt has been found,[52,
145]
B.8

G7mt = m exp(pi),

where m typically has a value of approximately 3 x 10-' V and p has been found to have a
value of approximately

8

x

10-3 cm 2 /mA.

While this equation has no claim for a

theoretical basis, it has proven to be useful for fuel cells. It is likely that an equivalent
empirical formula for LMB can be found.
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The equations in this section lay the foundation for determining battery performance
characteristics, such as limiting current and mass transport overpotential. The factors that
affect

the

concentration

non-equilibrium

driven

Nernstian

overpotentials

be

can

understood, though analytical solutions are often not possible. These mass transport
overpotentials will subsequently be referred to as

?mt.

Charge transferkinetics
In order to facilitate electrochemical reactions, an overpotential is required to drive
the reaction in one direction. The rate of reaction (i.e. current) is related to the
overpotential, according to the Butler-Volmer equation,[51]
i=

i (e-"act

-

B.9

e(Ia)ct ),

which relates current density,
i,, transfer coefficient, x, and

f,

1, to parameters such as the exchange current density,

where f = nF/RT This equation is derived from the

Arrhenius relationship that electrochemical reactions obey and the two terms are from the
forward and reverse reaction rates. a is abstract in nature and indicates the asymmetry of
the reaction, but lies between 0 and 1, is usually close to 0.5, and can be determined using
standard electrochemical techniques, such as a Tafel plot.[51] A large exchange current
density, j(,

indicates a facile electrochemical reaction, permitting large currents at low

overpotentials.
If the overpotential,

qct,

is large enough (i.e. a large negative overpotential means the

cell is discharging, while a large positive overpotential means the cell is charging) one of
the exponential terms will dominate.[52] Rearranging for

gct

and reinserting the terms for

f,

the discharge overpotential becomes,

- RT

a=nF )

1.0

.B.10

B.10

Alternatively, the overpotential during charge becomes,
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Kc ln - .
( --RT
a)nF,

B.11

,0

Since charging or discharging involve two reactions, one on the positive electrode and one
on the negative electrode, the two charge transfer overpotentials are referred to as 7ct,
and

ct(-),

each with their own values of a and i0 . For simplicity, the sum of the charge

transfer overpotentials will be referred to as qct.

Ohmic
To facilitate the electrochemical reactions, ionic species must travel through the
electrolyte. While the limiting current of the electroactive species will be dictated by the
Nernst-Planck equation (Equation 1.16), the voltage loss across the electrolyte is a
function of the electrical conductivity of the electrolyte as a whole. Just as the flow of
electrons through a wire results in a potential drop (voltage loss), so does the flow of ions
through the electrolyte. From the migration term in Equation B.5, the electrical
conductivity, ve, (in S/cm), of a melt can be shown to obey the following relationship, [51]

Kel

=

F
RT'

D
z 2

B.12

C.

For a linear conduction path with a cross sectional area, A (in
[m)), K, of the melt is related to the resistance of the melt, R,
Rn =

2

[M ]),

and length, / (in

as shown below,

A

The electrolyte

B.13

resistive

loss,

or ohmic overpotential,

7om,

obeys

Ohms law

(Equation 1.21) and relates the total current, 1, and electrical resistance, Rn of the
electrolyte to the experienced overpotential, as shown below.
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1ohm =

IR

B.14

-*

For a planar system, the overpotential can be normalized per unit area, providing the
overpotential in terms of current density, i (i=

I/A) length, 1, and electrical conductivity,

Kei, according to,

7

1 ohm

-

B.15

Kel

The mass transport, charge transfer, and ohmic overpotentials all represent parasitic
voltage losses that decrease the cell voltage during discharge and increase the cell voltage
during charge, lowering the efficiency of batteries. To maximize the efficiency and current
capability of liquid metal batteries, these quantities should be minimized.
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APPENDIX

C:

THERMODYNAMICS OF ZNTE
Thermodynamic properties of ZnTe dissolved in ZnCl 2 were determined based on the
OCP measurements of electrodeposited Zni, and Teai, at temperatures ranging from 475 *C
to 575 *C (for a melt with 0.1 mol% ZnTe), and a composition range of 0.1 mol% to 1.4
mol% (at a temperature of 500 *C).

The potential

difference

between these two

measurements represented the dissociation voltage of the dissolved ZnTe,

AE{Z.Te}.

From

these data and literature values for relevant free energies the activity and activity
coefficient of ZnTe dissolved in ZnCl 2 were calculated.
The overall reaction was separated into two separate reactions; the formation of
ZnTe,) (Equation C.1) and the dissolution of ZnTe(s) into solution (Equation C.2). The
overall reaction is (Znliq) + Te(jq)

->

{ZnTe}), where {ZnTe} represents ZnTe dissolved in

molten ZnCl 2 (Equation C.3)
Zn(liq) + Te(jq) -+ ZnTe(s)
ZnTe(,)

->

(ZnTe}znc12

Zn(jq) + Tefiq) -+

{ZnTe}

(Af GnTe)

C.1

( A mixG{ZnTe})

C.2

( ArG{ZnTe})

C.3

The overall free energy of the reaction, per mole of ZnTe, is,
C4

ArG(ZnTe} = AfGZnTe + AmixG(ZnTel'

The term on the left is related to the measured potential difference, AE{znTe} , using
Equation 1.14.
ArG(ZnTe) = -nFAE{ZnTe}

The mixing term is related to the activity of
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C.5

{ZnTe),

a(znTe},

AmixG{ZnTe}

=

RT

C.6

ln(a{ZnTe}).

Here, the mixing term uses the standard states as the reference states. Pure ZnTeS) has
unit activity. When ZnTe is saturation in ZnCl 2, the activity of the dissolved ZnTe is
defined to be unity, and the free energy of mixing is zero, according to Equation C.6.
The free energy of reaction can be related to the enthalpy, AH and entropy, AS of
the reaction,
C.7

ArG = ArH + TArS,

which can allow for the calculation of these thermodynamic properties if the system is
studied as a function of temperature.
Lastly, the function of

AfGZnTe

was determined previously, [119] and its values were

tabulated as a function of temperature (Table C.1). Therefore,

a(ZnTe)

is related to AE{znTe}

and literature thermodynamic values, according to,

)

- (ArEznTe}fnF - AfGZnTe
ln(a {naZnTe}=C.
RT

C8

Values free energy, activity, and activity coefficients are calculated for ZnTe, and are
included in Table C.1.
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Table C.1 Tabulated thermodynamic values and measured potentials. The
system contained ZnTe dissolved in ZnCl2 above the melting point of
ZnC

2.

XZnTe

T

ZnTe)

("C) (K)

AEZnTe}

(

ArG{znTe}

AfGZnTe

AnlixG{ZnTe}

(kJ/mol)

(kJ/mol)

(kJ/mol)

a{znTe}

7{ZnTe}

0.1
0.5
1.0
1.4

500
500
500
500

773
773
773
773

0.69
0.64
0.615
0.57

-133
-124
-119
-110

-109
-109
-109
-109

-24
-15
-10
-1

0.0023
0.105
0.222
0.857

23
21
22
61

0.1
0.1
0.1
0.1
0.1
0.1

400
440
475
500
550
575

673
713
748
773
823
848

0.7
0.697
0.693
0.69
0.685
0.685

-135
-135
-134
-133
-133
-132

-112
-111
-110
-109
-106
-105

-23
-24
-24
-24
-27
-27

0.016
0.019
0.022
0.023
0.019
0.021

16
19
22
23
19
21

From these data, the activity and activity coefficient of ZnTe were determined over a
range of temperatures and compositions. The activity of dissolved ZnTe approached a
value of one near the solubility of ZnTe, consistent with the defined reference states. The
data from the concentration studies were summarized in Figure 4.10a-b and the data from
the temperature studies were summarized in Figure 4.11a-b.

[194]

[195]

APPENDIX D:
LEAKAGE CURRENT
Leakage current is the amount of current that passes between the terminals without
passing through an external circuit. Thus, it results in the self-discharge, represents a
coulombic inefficiency, and should be minimized to achieve an efficient battery.
The leakage current was estimated from cycle data based on the relative amount of
charge that was passed during charge and discharge cycles. The time to charge,

tch,

was

greater than the time to discharge, tdis, and the relative ratio is easily determined from the
cycle data (which, under constant current cycling, is equal to the coulombic efficiency).
To estimate the leakage current, one can assume that total current, itotali, is a sum of
the applied current,

and the leakage current,

a,

ieak.

Thus, the current times the charge or

discharge time is the actual charge that passed between the electrodes, and should be the
equal for the charge and the discharge processes, as expressed below,
(Za

+ 'leak

Rearranging for

Aiaj.

1
______

'leak

=

a

: (a

dis

dis

-

leak )ch

* tch .

D.1

results in Equation D.2,

tdis

D.2

tc
c

ch

For constant current cycling, the ratio of the discharge time, tdis, to the charge time,
tch,

is related to the coulombic efficiency, EffQ,

[196]

EffQ =

t

-.

D.3

100%.

tch

The leakage current can be calculated as follows,

1 EffQ
100%)

lieak -- 'a

EffQ

1

.

S1±100%)
Thus, the leakage current can be estimated from the relative charge and discharge
times, or the coulombic efficiency. However, it should be noted that this calculation
assumes that the cell capacity does not degrade significantly over the course of one cycle.
In fact, if capacity fade is large (> 1 %/cycle) it may increase the apparent leakage
current, as determined through this method.
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