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Abstract

The current interrupt and galvanostatic electrochemical impedance spectroscopy tech-

niques were utilized to characterize the ohmic, charge transfer, and mass transfer over-

potential behavior of gas evolving electrodes in aqueous, molten chloride, and molten

sulfide electrolyte solutions under steady-state natural convective flow conditions as

a means to gain access to thermodynamic, physicochemical, and hydrodynamic prop-

erties of these systems. Previous efforts purposely chose operating conditions under

which one or more sources of overpotential were negligible to facilitate analysis of

the total overpotential observed at the expense of maintaining operating conditions

of industrial relevance.
This work represents a preliminary effort to understand the fundamental material

properties of a molten sulfide electrolyte, by application of materials-blind electro-

chemical techniques that were validated on previously well characterized systems-

oxygen evolution in aqueous KOH and chlorine evolution in eutectic LiCl-KCl-CsCl.
For the first time, values are reported for the saturation concentration of dissolved

sulfur gas, an approximate range of Schmidt number for dissolved sulfur, and natural

convection limiting current densities in a molten sulfide electrolyte consisting of Cu2 S-
BaS-La2S3 at 1300C.

Thesis Supervisor: Antoine Allanore

Title: Associate Professor of Metallurgy
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Chapter 1

Introduction

The United Nations predicts that the global population will increase by 2 billion peo-

ple by the year 2050 relative to today.[1] Such population growth challenges existing

production methods for food, clean water, energy, and materials. The Intergovern-

mental Panel on Climate Change expects the global energy consumption to double

relative to 2001 conditions. Ijima and coworkers have extensively studied and fore-

casted the consumption of metals to 2050 and in many cases found that demand will

grow by much more than twice the current levels.[2] World usage of common base

metals (Fe, Al, Cu, Ni, Pb, and Zn) was -1.6 billion metric tons in 2016.[3-8] With

the exception of gold and platinum group metals (and to a much smaller extent, sil-

ver and copper) which are more commonly found in their native state, all metals are

primarily extracted from their mined ores.[9] Despite incremental improvements in

efficiency, the pyrometallurgical processing for many metals such as Cu is the same as

the one developed in antiquity.[10] Consequentially, this means there are unsatisfac-

torily large amounts of waste (low value slags, waste water, C0 2 , etc) associated with

production of these metals. Figure 1-1 shows the cradle to gate emissions associated

with the current extraction processes for steel, Al, Cu, Pb, Zn, and Ni. The starting

materials (ore vs concentrate) and final state of the metal product can be found in

reference [11]. Thus to meet the aforementioned unprecedented demand for metals

and the desire for their sustainable production, a fundamental shift in processing of

metal ores is required. This shift is possible via an innovation in materials used to
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Figure 1-1: Cradle-to-gate emissions of some commodity metals.
Pyro=pyrometallurgical, Hydro=hydrometallurgical, ISP=Imperial smelting

process, and elec=electrolysis

extract metals from their ores.

The Hall-H6roult process is a classic example of how a materials innovation al-

lowed for aluminum, a metal as precious as silver in the late 1800s, to become a

commodity metal. The materials innovation of course was the use of cryolite, an

amazing supporting electrolyte that enabled production of liquid aluminum at the

cathode and CO 2 gas at the carbon anode. Modern aluminum smelters have ca-

pacities as large as 500kta, running at cathodic current densities of 8kA/m2 . With

the recent development of an inert anode technology by Alcoa and Rio Tinto [12],

the ability to use electrons as the sole reductant for the electrowinning of Al will

greatly curtail associated CO 2 emissions. As renewables (solar, wind, etc) continue

to displace fossil fuels in the energy production sector, the ability to use carbon-free

electricity to decompose metallic ores offers a unique opportunity for pollution-free

metal production via electrolysis. [13]

Due to the commodity nature of many metals, the driving factor in choice of pro-

duction method has been cost. Consequentially, all of the metals mentioned above are

produced in the molten state which allows for the highest levels of productivity. Thus

to compete with the cost of current pyrometallurgical methods of extraction [14, 15],

18
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it is foreseen that any new extraction process must also be able to produce liquid metal

in a continuous or semi-continuous fashion. However, to also satisfy the need for sus-

tainability and limit/prevent any release of greenhouse and acid gases (e.g. C0 2 , SOT,

... ), effective separation of the nonmetal component of the ore in its elemental form

must be designed. The greatest opportunity for innovation corresponds to the sulfide-

class of ores, which represent -60% of all minerals. Cu, Mo, Re, Pb, Zn, Ag, Cd,

and Ni are all found predominantly as sulfide bearing ores and represent significant

economic value. Agnostic to the metal cation present in the ore, the pyrometallur-

gical approach of roasting the metal sulfide to produce either metal oxide or native

metal results in generation of SO 2 which must be captured and converted to sulfuric

acid. For example, during the roasting of chalcopyrite (CuFeS 2 ), approximately three

tons of SO 2 per ton of copper metal are produced. The process of capturing and

converting the S02 into sulfuric acid requires significant capital investment: 25% and

12.5% of the smelter's fixed and operating costs, respectively.[110

In essence, a new medium is needed in which to facilitate the decomposition of

the metal sulfide, MS, into its elemental components, M and S 2 :

MS(es) -+ M(e) + XS2(g) (1.1)

while bypassing the wastes associated with pyrometallurgy.

1.1 The electrolytic approach

The Hall-H6roult process, as mentioned above, illustrates a commercial implemen-

tation of electrolysis to perform the extraction of metal from its ore. Molten oxide

electrolysis (MOE), first championed by Sadoway in the early 1990s[16-19], utilizes

the same operating principles as Al electrowinning to produce liquid iron or iron alloys

at the cathode and carbon monoxide gas at the (carbon) anode. The development of

a non-noble metal inert anode allows for the potentially economic evolution of oxygen

instead of carbon monoxide.[201 Like the Hall-H6roult cell, MOE affords many of the

19



advantages of operating in the molten state, namely:

" high solubility of feedstock into the supporting electrolyte

* low kinetic barrier to Faradaic reactions

" high rates of mass transport of reactants and products (limiting current densities

> 2A/cm 2 )

" liquid metal production

Again, the supporting electrolyte, commonly a mixture of silica and reactive1 metal

oxides, was the enabling material innovation. Could a similar innovation in electrolyte

material enable a renaissance in how metal sulfides are decomposed to meet growing

demand and sustainability goals?

While MOE has the benefit of building off the knowledge acquired in geology

and the glass industry, MSE can also benefit from the geology community, which

often deals with sulfide-based liquid magma. The flow of information is by no means

one way. In a 2010 report, the Earth Resources Engineering Section of the Na-

tional Academy of Engineering outlined "specific challenges" to achieve the "grand

challenge" of "[supplying] society with its essential needs for energy, minerals and

groundwater, and to use the earth itself as a resource for protecting people and the

environment." Two of these specific challenges are to "understand, engineer and con-

trol subsurface coupled processes" and to "make the earth transparent." The report

identifies the need to understand subterranean fluid flow as well as the thermal, me-

chanical, chemical, and biological processes occurring below the earth's surface. Given

the vast amount of volcanogenic massive sulfide deposits, any information regarding

the hydrodynamic behavior of sulfide mattes can benefit the geology community.

Elemental partitioning between slag and matte phases is dependent on the thermo-

dynamic stability of each element in the oxygen and sulfur rich phases. Fluid flow is

typically governed by a set of dimensionless properties such as the Reynolds number

(in forced convection), the Rayleigh number (in free convection), and the Schmidt

'here, reactive indicates a metal which can reduce silicon from its oxide

20



number (ratio of mass diffusivity to kinematic viscosity). When dealing with het-

erogeneous processes such as the exchange of heat and mass between two immiscible

liquids or charge transfer at an electrode surface, the surface tensions of the various

materials involved can greatly influence the observed behavior. There still exists a

need to quantify the thermodynamic, hydrodynamic, and physicochemical properties

of many existing high temperature molten materials as well as exploratory materials

under development. Molten sulfide electrolysis (MSE) offers a paradigm shift in the

way metals can be won from their native ores by utilizing a supporting electrolyte

composed of other molten sulfides. Equations 1.1-3 describes the ideal conversion of

metal sulfide (MS,) to metal (M) and elemental sulfur (S 2) at the cathode and anode,

respectively.

M2 x + 2xe -- (1.2)(dis) MIS

Xs2 - -JX2
(dis) 2S2_g) -+ 2xe- (1.3)

MSX(, 8 ) -+ M(I,s) + S2(g) (1.4)

If this conversion is carried out with electrons, there are no additional byproducts

(wastes). This method benefits from many of the same advantages of Molten Oxide

Electrolysis (MOE), namely a high productivity rate (>10kA/m 2), production of

liquid metal, environmentally benign (and condensible) anodic product, and semi-

continuous operation (periodic tapping of metallic product prevents fully continuous

operation). With the surge of clean renewable production of electricity, an extractive

approached utilizing only electrical work can perhaps meet sustainability goals.

1.1.1 Previous efforts to electrolyze transition metal sulfides

Transition metal sulfides are liquid semiconductors. They exhibit electrical conduc-

tivities on the range 102-5.10 5S/m. For comparison, molten salts, have electrical con-

ductivities < iS/m with ionic transference numbers much, much closer to unity. Due

to their high electronic transference numbers, transition metal sulfides have thwarted

direct electrochemical decomposition on an industrial scale.
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The electrochemical decomposition of metal sulfides in the molten state was first

demonstrated in 1906 by Townsend [21], and separately by Valentine and Betts.[22]

These initial studies focused on the electrowinning of lead from molten galena in

contact with a molten salt mixture of plumbous chloride and sodium chloride. This

design was reinvigorated by Sadoway for the purpose of electrowinning antimony from

stibnite (Sb2S 3).[231 The operating principle behind these early electrolysis setups is

that due to mutual immiscibility and density differences, the system will naturally

separate due to the force of gravity into three distinct layers: the metal halide phase

(lowest density) rests above the metal sulfide phase (intermediate density) which rests

above the electrowon metal (highest density). This configuration neutralizes the issue

of electronic conductivity inherent to the sulfide phase because the molten chloride

layer acts as an electron blocker, allowing only ionic current to pass. The limitations

of this methodology are twofold. First, the solubility of sulfides in halides is limited,

which results in a limited anodic current density for sulfur evolution.[24] Chlorine

evolution begins to compete with sulfur evolution as the current density increases.

The competition between oxidation of sulfide and chloride anions is impermissible as

the supporting electrolyte should not need to be replenished at the same rate as the

feedstock ore. Second, chemical reaction between the chloride and sulfide phases is

possible, especially at higher temperatures.

An alternative high temperature approach that found traction in the literature was

the use of solid metal sulfide anodes in molten chlorides.[25-27] The motivation behind

this approach was that many sulfides with high melting points tend to decompose

before melting. The sulfide ions in the compound were oxidized to sulfur gas and the

metal cations were liberated to the chloride melt. This configuration also suffered from

poor mass transport, chlorine co-evolution, and the formation of a non-conductive

layer on the anode.

A distinctly different melt chemistry (free of halides) is found in the Na-S high

temperature battery. Newman [28, 29] performed extensive work modelling the trans-

port within this system of sodium polysulfides, particularly regarding the transference

number and diffusivities of these melts. Newman was able to find Arrhenius-type de-
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pendence of the diffusivity, which is also commonly found in chloride and fluoride

melts [30, 31] and also argued for the applicability of the Nernst-Einstein relation

and Stokes-Einstein relation for the sodium sulfide melts. The applicability of the

Stokes-Einstein equation to describe the melt viscosity is somewhat surprising, but

suggests the lack of network formers which cause glass-like melts to deviate from

Stokes-Einstein behavior. [321

1.1.2 Copper molten sulfide electrolysis shows promise

To circumvent the previous issues encountered in the electrolysis of metal sulfides, the

Allanore group has designed an all sulfides molten electrolyte. Sokhanvaran demon-

strated the feasibility of conducting faradaic reactions in a molten mixture of cuprous

sulfide (Cu 2 S) and barium sulfide (BaS).[33] Molten Cu2 S, with an electrical conduc-

tivity of 4700S/m at the melting temperature cannot be decomposed electrolytically

in the pure state. BaS, with a band gap of 3.92eV [34] suppresses the electronic

conductivity of the melt when mixed with cuprous sulfide as evidenced by the com-

pletion of faradaic reactions. Cann 1351 measured the change in ionic and electronic

transference numbers as both functions of temperature and composition and indeed

showed that increasing the BaS content allowed for faradaic reactions to occur. An

immiscibility gap centered around 20mol% Cu2 S suggests that electronic conductivity

can be severely mitigated when the Cu2 S concentration is <20mol%.[36] Sahu [37]

even showed selective reduction of Cu, Mo, and Re (which commonly exist in ores)

in a molten sulfide electrolyte. Efficiencies as high as 70% have been measured which

further justify the research effort to properly characterize molten sulfide as potential

materials for pollution-free extraction of metal.

1.2 Considerations from electrochemical engineering

Norbert Ibl, one of the founding fathers of electrochemical engineering, noted [38] "the

goal of electrochemical engineering is to achieve, in a quantitative way, an optimal

cell design." Without knowledge of the thermodynamic and hydrodynamic behavior of
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the system components, the informed design of reactors is virtually hopeless. Given

the potential of high temperature liquid state electrochemical processing to meet

impending sustainability requirements, the author would like to focus on the desired

properties of a suitable electrolyte. Of course, some of these properties are relevant

outside of the context of electrochemical design. A suitable supporting electrolyte,

for the purpose of electrowinning a metal from its ore or concentrate shall have the

following properties:

" high ionic conductivity, typically >1S/cm with correspondingly low electronic

conductivity

* low vapor pressure, typically less than 10OPa at the operating temperature

* wide electrochemical window, wide enough to ensure negligible decomposition

of the supporting electrolyte

" high solubility of feed stock, typically greater than a few weight percent

" high productivity, typical current densities >lA/cm2

" low solubility of products, both metal and gas in the supporting electrolyte

Fortunately, the search for this ideal novel electrolyte material does not need to start

from scratch. While until now, an electrolyte system with all of the above properties

has remained elusive, materials with some of the desired properties have been found

and can guide the discovery of the ideal candidate.

1.2.1 Considerations from the smelting industry

Given the maturity of the copper smelting industry, much about physical properties

can be learned from the pyrometallurgists. Several texts review the operating princi-

ples behind the pyrometallurgical approach to winning metals from their ores [14, 15]

with Davenport's text [10] focusing specifically on the extractive metallurgy of cop-

per. Electrical conductivity data of mattes were measured by Pound [39 and Liu [401.

Nikiforov measured matte viscosities.[41] Shimpo provided key insights into structure
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and the equilibrium between matte and slag.[42] Data regarding the interaction of

gas with matte in the Pierce-Smith converter however remain lacking.

1.3 More considerations from the field of electro-

chemical engineering

One would be remiss to overlook the contributions of Wagner, Tobias, Hine, and Ibl

to the field of electrochemical engineering. [43-521 These researchers are considered

the fathers of electrochemical engineering. Ibl eloquently points out in a paper from

1959 150] that when considering mass transfer in electrochemical cells, three dimen-

sionless numbers always arise from the analysis: the Sherwood number (Sh), the

Schmidt number (Sc), and the Grashof number (Gr). Carl Wagner is responsible for

yet another dimensionless number which bears his name- the Wagner number (Wa).

The value of the Sherwood number ultimately determines the rate of convective

mass transport to and away from the electrode surface. The product of the Grashof

and Schmidt numbers is called the mass Rayleigh number (Ram) and is frequently

found in correlations describing natural convection. In addition to the authors above,

Fukunaka [53-551, and Vogt [56-59] have investigated natural convection and more

specifically electrolytic bubble evolution quite extensively, validating correlations of

the mass transfer coefficient via spectroscopic and idiometric means in aqueous solu-

tions.

The power of describing electrochemical phenomena with these dimensionless

numbers is that by carefully designing an electrochemical reactor that is sufficiently

similar (geometrically, thermally, and electrically) to the experimental apparatus used

to establish the correlations, one can gain insight that would otherwise not be possible

via direct measurement. This is of tremendous utility in the case of MSE, because

many hydrodynamic and thermodynamic properties of these materials are unknown,

but by performing electrochemical measurements, the properly non-dimensionalized

response can be compared with data collected from other systems with well-known

25



physical parameters, i.e. aqueous systems and molten salt systems.

The last major electrochemical engineering aspect to be covered is of course the

energy balance, and how energy input depends on the dimensionless parameters pre-

viously defined, and ultimately, the current density. Embracing the approach by

Stender for sodium chloride electrolysis 1601, Equation 1.5 highlights the main con-

tributions to the total cell voltage, E, 11 , where Emin is the minimum thermodynamic

decomposition potential, 7iR is the ohmic overpotential due to current flow through

the electrochemical cell, qct is the charge transfer overpotential which is related to the

kinetics of the decomposition reaction, and qlmt is due to mass transport limitations.

Ecell = Emin + JihR + rict + rimt (1.5)

For systems which evolve gas at one or both electrodes, qmt has been shown to be

dominated by the transport of gas to/from the electrode surface.[61-63] Preliminary

results in copper MSE also suggest this to be the case.

The current interrupt technique has been classically used to measure ohmic over-

potential. [54, 64, 65] With the vast improvements in computational power, alternat-

ing current methods have come to largely replace the current interrupt technique. [66,

67] Electrochemical Impedance Spectroscopy (EIS), with its ability to perturb the

electrochemical system in a range of frequencies can be used to measure both ohmic

overpotential and charge transfer overpotential, which is particularly necessary in

low temperature systems which are usually kinetically limited. Lastly, alternating

current voltammetry (ACV), has demonstrated tremendous utility in measuring not

only kinetic, but also thermodynamic properties of electrochemical reactions. The

interest reader should look at references [68, 69] for thorough reviews of these above

techniques. One of the great features of electrochemical methods, is that they can be

applied at virtually any temperature and environment, provided material compatibil-

ity be maintained. This feature is key in order to connect the overpotential between

systems as diverse as aqueous electrolytes, molten salts, molten oxides, and molten

sulfides and correlate the electrochemical signals to hydrodynamic (mass transfer
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coefficients), physicochemical (Sc), and thermodynamic properties (gas saturation

concentrations) of the different systems.

1.4 Focus of the present work

Heterogeneous gas evolution is a prevalent feature of many present-day electrolytic

processes as well as for future technologies such as MOE and MSE. The chemistry

of oxygen in aqueous electrolytes is very well understood. To a lesser extent, the

chemistry of chlorine in molten salts and oxygen in molten oxides has been stud-

ied. Knowledge of the chemical interaction of sulfur in molten sulfide melts is almost

non-existent. Recently, Caldwell [70] showed the value in coupling electrochemical

techniques in situ with models of mass transfer to understand the role of oxygen and

the supporting electrolyte that enabled current densities >2A/cm 2 to be observed

during MOE. Therefore the present work seeks to characterize novel sulfide-based

electrolytes using, when applicable, the techniques already developed for aqueous

and molten electrolyte systems to characterize the chemical and/or hydrodynamic

behavior that fundamentally limits the electrochemistry of sulfur evolution in molten

sulfides. Such techniques, which will be discussed in the next chapter, include cur-

rent interrupt, galvanostatic electrochemical impedance spectroscopy, and alternating

current voltammetry.

1.5 Summary

The need for a paradigm shift in processing technology was identified for the sus-

tainable production of metals, particularly those that form predominantly sulfide

ores. High temperature based processes operating in the molten state were shown

to have key advantages, enabling high productivity. Processing sulfide based ores in

the molten phase to electrowin the metal was suggested as an ideal path towards

sustainability. Molten sulfides, as a class of materials, are woefully understudied and

the need for measurement of thermodynamic, hydrodynamic, and, physicochemical
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properties of these molten materials was identified as critical for the understanding

of the fundamental electrochemical processes at work during MSE. Electrochemical

techniques utilized for the measurement of relatively low temperature materials were

identified. Extension of these techniques to measure high temperature molten data

under extreme conditions was suggested. By correlating the electrochemical behavior

of well-characterized, low temperature systems to their physical properties, and ap-

plication of these same techniques to novel sulfide-based electrolytes, it is foreseen to

help characterize MSE systems in situ under their challenging operating conditions.
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Chapter 2

Hypothesis

The goal of electrochemical engineering is to achieve in a quantitative way an optimal

cell design.

-Norbert Ibl

The need to discover high temperature materials that are capable of meeting both

sustainability and productivity goals in the context of metal production was identified

in the previous chapter. Electrolytic production of metals from their native ore was

identified as a promising technology to meet these goals, provided that a suitable elec-

trolyte material exist in which to perform the electrolysis. Molten sulfide electrolytes

were suggested as a potential class of materials to fulfill the requirements (kinetic,

thermodynamic, and transport) outlined in Section 1.2 for such an electrolyte. Elec-

trodeposition of Fe, Cu, Mo, and Re metals has been successfully demonstrated [1, 2]

in molten sulfide electrolytes, though the details of the underlying electrochemistry

are limited. Specifically, knowledge of the anodic reaction,

2S2 - + S2(g) + 4e- (2.1)

is lacking. Irrespective of the cathodic metal deposition reaction, the complementary

anodic reaction is sulfur gas evolution and thus understanding the chemistry of sulfur

and the role of the supporting molten sulfide electrolyte in enabling electrolytic sulfur

evolution is critical to engineering an optimal cell design. Sulfur and sulfides are
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critical to a variety of fields including but not limited to geology, glass making, and

metallurgy, all of which could greatly benefit from a deeper understanding of sulfur

chemistry in molten sulfides. Gas evolution pervades a large number of sectors in

the electrochemical industry. Low temperature (<1000 C) electrolysis systems are

by far the most extensively studied. [3-8]. To date, there are very few industrial

electrochemical processes that operate in high temperature (molten) concentrated

electrolytes. The best studied of course is the Hall H6roult process for smelting

aluminum metal.[9] The chemical interaction of evolving gases in molten electrolytes

is expected to be different from its aqueous counterpart. For instance, the solubility

of chlorine gas in molten halide mixtures increases with temperature 1101 in stark

contrast to low temperature aqueous electrolytes which universally show a decrease

in solubility with temperature. To optimize removal of anodic gas product requires

knowledge of gas solubility in the electrolyte of choice as well as the active modes of

mass transport away from the anode surface. At the onset of this study, both of these

quantities were unknown in the case of sulfur evolution in molten sulfide electrolytes

utilized for copper electrowinning.

2.1 Hypothesis

Molten sulfide electrolytes, like molten oxide and molten salt electrolytes, are concen-

trated ionic systems. The concentration of electroactive anions such as S2  in pure

molten metal sulfides is on the order of 10 1-10 2M. Thus during electrolysis, the surface

concentration of these anions should differ negligibly from the bulk concentration.

Measurement of the anodic mass transfer potential allows for the determination

of select hydrodynamic and thermodynamic properties of concentrated, high tem-

perature electrolytes during electrolytic gas evolution. Due to the high temperature

nature of the melts, charge transfer resistance will remain negligible even at relatively

high current densities, thereby facilitating the measurement of the mass transfer over-

potential. The entirety of the anodic overpotential can be attributed to an increase

in the concentration of dissolved gas at the anode surface because the concentration
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of precursor anions is so high that the surface concentration differs negligibly from

that in the bulk.

2.2 Verification of hypothesis

This hypothesis will necessarily be tested with a range of materials. ACV, CI, and EIS

techniques have all been utilized to varying extents in low temperature, aqueous-based

electrolytes. The oxygen evolution reaction (OER) in room temperature aqueous elec-

trolytes is well studied and known to be kinetically sluggish [11], thus charge transfer

overpotential is expected to influence the overall overpotential measured. Critical to

the determination of charge transfer overpotential is knowledge of key kinetic param-

eters, namely the exchange current density, jo and transfer coefficient, a. Plentiful

data exist regarding the activities [12] of relevant species in solution and the solubility

of oxygen gas in salt solutions is well documented.[13] Additionally, researchers have

also measured supersaturation of 02 at anodes using separate techniques from the

ones proposed in this work which allows verification of this work's measured values of

02 supersaturation [4, 7, 14]. Molten chlorides represent an intermediate case both

in terms of temperature as well as amount of reported property data. Several studies

have shown that charge transfer overpotential in simple alkali chloride mixtures is

negligible, which allows one to study the ohmic and mass transfer overpotentials free

of kinetic effects. Chlorine evolution at a glassy carbon electrode in a melt of lithium

chloride, potassium chloride, and cesium chloride at ~350 C was studied. Having

established that the proposed suite of electrochemical techniques can sufficiently de-

scribed the previous two systems, the approach will be extended to sulfur evolution

in a molten sulfide electrolyte.
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2.3 Materials and methods

2.3.1 OER

Due to its relevance as an electrolyte for water splitting and resulting well charac-

terized properties, aqueous potassium hydroxide solutions of varying ionic strength

were used to study OER. The anode of choice was nickel which has been shown to be

dimensionally stable towards OER in alkaline electrolyte. Though not dilute by most

standards for electrochemical methods, concentrations of 0.36M and 3.6M KOH were

used to determine if mass transfer limitations existed for hydroxide ions which would

impact the total anodic mass transfer potential.

2.3.2 CER

Simple chloride salt mixtures (those free of transition metal or organic cation species)

have been shown to exhibit exceptionally low overpotential for chlorine evolution.[15,

16] This is likely due to the lack of formation of electrochemically active complexes.

Cl- has been shown to be the predominant anion species in mixtures of alkali chlo-

rides. [17] An eutectic mixture of lithium, potassium, and cesium chlorides was se-

lected for study due to its low melting point (265'C) allowing visual observation of

the anode during chlorine evolution through a quartz beaker and quartz window in a

resistive heating furnace.

2.3.3 SER

Although most transition metal sulfides are molten semiconductors 118], researchers

have found that sufficient dilution in alkali, alkaline earth, and/or rare earth sulfides

inhibits the electronic conductivity of such melts to an acceptably low value to al-

low faradaic phenomena to dictate the current behavior.[l, 2] This effect has been

observed with Cu, Fe, Mo, Re, and mixtures of these metal sulfides dissolved in a

supporting electrolyte of BaS and/or BaS-La2S3 . To limit any possible complications

arising from the cathode reaction, cuprous sulfide was selected as the electroactive
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component dissolved in supporting electrolyte because the reduced product is molten

at relatively low temperature (1084'C) and the magnitude of mixed cationic valency

was the lowest. Thus mixtures of Cu 2S-BaS-La 2S 3 were selected for study of the

anodic sulfur evolution reaction. Due to the high temperature nature of this melt

(T>1200'C), charge transfer overpotential was suspected to be negligible.

2.3.4 Electrochemical techniques

Alternating current voltammetry (ACV) provides a sensitive tool to observe faradaic

phenomena.[19-22] The higher order harmonic responses of the current give insight

into the faradaic reactions being observed. A preliminary survey of OER, CER, and

SER utilizing ACV can help establish the similarity of current potential behavior be-

tween the three cases, in particular verifying that gas evolution is the faradaic reaction

occurring, and not some undesired reaction such as impurity oxidation. Application

of such techniques has already been demonstrated for molten sulfide electrolytes [1],

molten salts [23], and molten oxides.[23] Having established faradaic similarity via

ACV, current interrupt (CI) and electrochemical impedance spectroscopy (EIS) will

be employed to further study the anodic reaction in the potential window of gas

evolution. CI was successfully utilized to study the ohmic and mass transfer overpo-

tentials established during the hydrogen evolution reaction (HER) in both aqueous

sulfuric acid and potassium hydroxide solutions. [24-26] While these works did not

address the charge transfer overpotential, it can be assumed that for HER, with its

large exchange current density, the kinetics of charge transfer were sufficiently fast

to allow the disregard of charge transfer overpotential. Ultimately, the steady state

potential achieved during the current interrupt measurement provides the total over-

potential (77iR+rct-?rmt). EIS offers a complementary approach to the overpotential

measurement and allows for the separation of solution resistance and charge transfer

resistance. These resistances can be converted to overpotentials via Ohm's law and

the Butler-Volmer equation, respectively. The remaining overpotential, deemed mass

transfer overpotential can provide key insight into the hydrodynamic and thermody-

namics of the evolving gases.
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2.4 Summary

The need to determine hydrodynamic and thermodynamic properties of molten elec-

trolytes has been identified. In particular, these properties in the context of anodic

gas evolution were argued as the most pertinent in engineering an optimal electrowin-

ning cell. It was hypothesized that measurement of mass transfer overpotentials at

gas evolving anodes can provide insight into the (super)solubility of the evolving gas

and the resulting mass transfer conditions. It was further hypothesized that sulfur

evolution in molten sulfides is unhindered by charge transfer kinetics and that the

mass transfer limitations at the anode arise from the removal of gaseous sulfur and

not the transport of sulfide anions to the electrode surface. This hypothesis was

tested in aqueous KOH and eutectic LiCl-KCl-CsCl to establish validity of the elec-

trochemical methods before expanding these methods to the study of sulfur evolution

in electrolytes consisting of Cu2S-BaS-La2 S 3.
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Chapter 3

Impact of Material Properties on

Overpotential Behavior at a Gas

Evolving Electrode

Electrolytic gas evolution is ubiquitous in the electrochemical industry. H 2 , 02, C12 ,

CO, and CO2 are commonly found gas products from various electrolytic processes

in both aqueous and molten electrolytes. While kinetic (charge transfer) limitations

dominate the overpotential behavior in most low temperature, low current density

cells, it has been acknowledged that mass transfer effects are non negligible under in-

dustrially relevant current densities.[1]. The anode effect, most commonly associated

with Al electrowinning, is the extreme and sudden rise in cell voltage due to forma-

tion of a non-wetting fluorocarbon (CF4 and C2 F6 ) gaseous layer that shields the

carbon anode from the electrolyte. The formation of these gases was first shown to

be the result of mass transfer limitations of the electroactive oxide species, Al2 0F6

by Piontelli.[2] This chapter seeks to identify key material properties that influence

the various forms of overpotential associated with electrolytic gas evolution: ohmic,

charge transfer, and mass transfer. For a review of gas electrode current/potential

behavior, the interested reader should consult the reviews by Vogt [3-15].
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3.1 Overpotential sources during electrochemical gas

evolution

Overpotential is defined as the departure in potential from equilibrium to sustain a

given current density. The equilibrium (Nernst) potential for a gas evolving electrode,

shown in Eq 3.2 is determined by the standard oxidation1 potential, E0 , the number of

electrons exchanged, ne, during the oxidation of two monatomic ions, X 2ne- Faraday's

constant, F, the universal gas constant, R, the absolute temperature, T, and the

activities, aj, of the species involved in Eq 3.1.

2Xdn,-/2 X2(g) + nee- (3.1)

RT F ax2E =EO - RTIn aX 2 (3.2)neF L(axn.-/)2 1

The thermodynamics of Eq 3.1 completely determine the Nernst potential in Eq 3.2.

However, to conduct this reaction at a finite rate (current density) necessitates the

introduction of irreversibilities into the process: in the context of electrochemistry,

these irreversibilities are referred to as overpotentials and arise from the transport of

charge (ions and electrons) and mass. The overpotentials of interest during electro-

chemical gas evolution are as listed in Table 3.1:

Mathematical expressions for these overpotentials will be provided below, while high-

overpotential symbol source

conduction of ions through an electrolyte
ohmic r1iR solution of finite conductivity

exchange of electrons at elec-
charge transfer w trode/electrolyte solution interface

gradient in activity of the electroactive
mass transfer 77mt species from the electrolyte solution bulk

to/from the electrode surface

Table 3.1: Overpotentials manifested during electrochemical gas evolution

'though tabulations normally reflect the standard reduction potential, the gas evolution reactions
in this study are oxidation reactions, thus the electrochemical equations will be written with one
mole of gas phase as the product
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lighting the effect of properties of the electrolyte solution on these overpotentials.

3.1.1 Ohmic overpotential

Due to finite conductivity, a gradient in electrical potential exists within the elec-

trolyte solution to sustain current flow. For sufficiently small electrical potential

gradients, Ohm's law is obeyed. That is the current density, j, is proportional to the

negative of the electrical potential gradient, -V4D. The proportionality factor is the

solution conductivity, K. Mathematically:

J = -rV4 (3.3)

Integrating Eq 3.3 over space yields the ohmic overpotential - the excess potential

difference required to flow current through the electrolyte solution. Analytical inte-

gration of Eq 3.3 is possible for the simplest electrochemical cell geometries (parallel

plates or concentric cylinders electrodes, etc). Finite element solvers such as COM-

SOL are often utilized when the current density distribution is non-uniform.

Experimentally, the ohmic overpotential can be measured via various impedance

techniques, most notable of which are the current interrupt technique and electro-

chemical impedance spectroscopy. These techniques, described in Chapter 4, mea-

sure an effective solution resistance, R,, which when multiplied by the current give

the ohmic overpotential, 'iR, as shown in Eq 3.4.

TiR = iRs (3.4)

Eq 3.4 predicts a linear dependence of 77iR on current (or current density) if the effec-

tive solution resistance, R, remains constant. However in the case of gas evolution,

the ohmic overpotential has been shown to increase superlinearly with the current

density. During gas evolution at an electrode, a two-phase region or bubble layer can

develop where the effective conductivity of the electrolyte decreases due to the near

insulating properties of gases. This phenomenon, including ways to model it were
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extensively reviewed by Tobias. [16] One such way to model the conductivity of this

bubble layer is to treat it as a composite region of insulating (r, = 0) spheres inside of

a conductive medium, giving the well known Bruggeman Equation, shown in Eq 3.5

where neff is the effective conductivity of the two phase region, rq, is the liquid phase

conductivity, and 0g is the volume fraction of the gas in the two phase region.

Keff = Kj(1 - g)3/2 (3.5)

One can see that as Oq increases, the conductivity of the bubble layer tends rapidly

to zero. Og is determined by the size of bubbles generated at the electrode surface,

which in turn is strongly influenced by the surface tension of the electrolyte, another

key material property of the electrolyte solution.

3.1.2 Charge transfer overpotential

For kinetically sluggish reactions, particularly those at low temperature, a consider-

able activation barrier needs to be overcome for the reaction in Eq 3.1 to be driven

in either direction. The Butler Volmer equation, provided in Eq 3.6 where j is the

current density, jo is the exchange current density, a is the transfer coefficient, n, is

the number of electrons exchanged, F is Faraday's constant, R is the universal gas

constant, T is the absolute temperature, and q7ct is the charge transfer overpotential,

is frequently chosen to describe electrode kinetics and thus has the largest database

regarding the kinetic parameters involved. For clarity, this form of the Butler Volmer

equation assumes negligible mass transfer effects.

j jo(exp ((1 - o)neF?7ct) exp T ) (3.6)

Eq 3.7 shows that the charge transfer resistance, Rct, can be taken as the inverse of

the derivative of the current (current density, j, multiplied by area, A) with respect

50



to the charge transfer overpotential.

Ret =(d(jA))- (3.7)

For low overpotentials, (7ct << RT )one can linearize Eq 3.6 with respect to qet.(1-o)nF

The resulting expression for Ret at low overpotentials after differentiation is given in

Eq 3.8:

Rct,smaii 77ct RT (3.8)
neF joA

At high overpotentials, (rice > (1-T ),the current corresponding to the back reac-

tion is exponentially small so one can truncate Eq 3.6 to include only the anodic or

only the cathodic component to current. This corresponds to Tafel behavior. Dif-

ferentiation at high overpotential yields an expression for Rct at high overpotential

shown in Eq 3.9.

RT RT
Rct,high rt =(1 - a)neFi (1 - a)neFjoA exp ( ReFet (3.9)

Under intermediate charge transfer overpotentials however, no simplification of the

Butler Volmer equation is possible so it is required to differentiate the entire equation

as shown in Eq 3.7. Having an accurate expression for Rct as a function of r7et is critical

to connecting the measurable quantity from EIS (the charge transfer resistance) to

the corresponding overpotential.

Evaluating Eqs 3.8 and 3.9, one can see that material properties of the electrolyte

solution most directly impact qt through the exchange current density, jo. jo is an

intrinsic measure of the kinetic facility of the reaction in a specific electrolyte solution

with a specific electrode material. Following the derivation in Bard and Faulkner [17],

jo can be expressed in terms of the intrinsic rate constant, k0 , Faraday's constant, F,

the number of electrons exchanged, ne, the bulk concentrations of the oxidized and

reduced species, CO and CR, and the transfer coefficient, a as shown in Eq 3.10:

o=nFk C('--O )jO(3.10)
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Thus, an electrolyte system capable of dissolving large concentrations of the elec-

troactive species will tend to have a large exchange current density. Additionally,

the structure of the electroactive species when solvated by the supporting electrolyte

can affect the value of k. Minimal atomic rearrangement of the reactant through

the transition state to the product will result in lower activation energy barriers to

conversion and will have correspondingly larger k0 values. The electrode material also

affects these kinetic considerations, but will not be treated within the scope of this

work.

3.1.3 Mass transfer overpotential

For thorough reviews on mass transfer in electrochemical systems, the interested

reader should see the chapters by Ibl (general systems) [181 and Vogt (gas evolving

systems) [3]. Section 1.4.1 highlighted the different forms of mass transport relevant

in electrochemical systems. Irrespective of the mass transport mechanisms at play,

electrochemical measurements are sensitive to the conditions at the electrode sur-

face, specifically the activity of the electroactive species. Under conditions of current

flow, the surface concentrations of reactants and products will be lower and higher,

respectively than those in the electrolyte bulk as required to provide a net driving

force for mass transfer. The resulting overpotential due to mass transport, rTmti of

a reactant or product is shown in Eq 3.11, where R is the universal gas constant, T

is the absolute temperature, ne is the number of electrons exchanged, F is Faraday's

constant, vi is the stoichiometric coefficient of species i, a,,i is the surface activity of

species i, and ab,i is the bulk activity of species i:

viRT /asi
rmt7i = F In as' (3.11)

neF ( !,i

The total mass transfer overpotential is the sum of the individual mass transfer over-

potentials. However, for systems of concentrated electrolyte solutions like molten

salts and molten sulfides, the reacting anion species, Xm-, is present in such large

concentrations, that surface depletion has been shown to be negligible and thus the
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ratio of surface to bulk activity is very close to one. [3]. Thus the only contributing

source to mass transfer overpotential in these concentrated electrolyte solutions is the

supersaturation of gaseous product. Fukunaka, Shibata, and others have shown that

dissolved gas concentrations at hydrogen and oxygen evolving electrodes can exceed

1000x the equilibrium (saturation value).[19-22]

At the equilibrium potential the net current density (and also mass flux) is zero

and the activity of chemical species dissolved in the electrolyte solution is spatially

uniform. When a net current flows, transport of chemical species occurs through three

mechanisms: diffusion, convection, and migration. Mass transport by migration does

not occur for neutral molecules, including dissolved gases. Mass transfer by diffusion

results in a gradient of concentration (activity) of the electroactive species. If this

gradient in concentration results in local differences in the density of the electrolyte

solution, then natural convection will develop and the fluid velocity at the electrode

surface will be non-zero. Physicochemical properties of the fluid determine the extent

to which natural convective mass transfer will occur. The Rayleigh number (Ra), is a

single dimensionless number provided that is most descriptive of the fluid conditions

at the electrode surface. Eq 3.12 shows that the physical quantities that constitute

the Rayleigh number are: the gravitational constant, g, a characteristic length scaled

to the system size, L, the fluid density, pj, the concentration of chemical species in

flux at the electrode surface and in the fluid bulk, C, and Cb respectively, the dynamic

viscosity of the fluid, qj and the diffusivity of species driving the difference in density,

D.
p (pg)(C - Cs)Ra = dCD(3.12)

?7eD

The Ra number in essence reflects the ratio of buoyancy forces to viscous forces at the

electrode surface. The larger the Ra number, the faster the rate of natural convection

within the fluid. Typically, a transition from laminar fluid flow to turbulent fluid

flow occurs at values of Ra>10 4 . The chemical engineering literature has developed

extensive correlations of the mass transfer Sherwood number, Shm that are based off

the Ra number. These correlations typically take the form below where hm is the
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mass transfer coefficient, L is the length scale characteristic of the system, D is the

diffusivity of the chemical species in the fluid, and ni and n2 are fitted constants:

hmL
Shm = = ni1Ra 2  (3.13)D
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Chapter 4

Electrochemical techniques to

measure overpotential

This chapter briefly discusses the current interrupt and galvanostatic electrochemi-

cal impedance spectroscopy techniques have been utilized extensively to investigate

the impedance of electrochemical cells.[1-4] Alternating current voltammetry will be

discussed in Appendix A.

4.1 Equivalent Circuit Approach

The behavior of electrochemical cells, though intrinsically more complicated than a

simple electrical circuit, can often times be adequately described in terms of simple

circuit elements such as resistors, capacitors, inductors, etc. The simplest representa-

tion of an electrochemical reaction is preferred as the process of adding more and more

circuit elements to fit impedance data often leads to non-physical representations. The

simplest equivalent circuit that captures the behavior of many electrochemical pro-

cesses is the Randle's Circuit which models a solution resistance, R, in series with a

charge transfer resistance, Rt which itself is in parallel with a electrochemical double

layer capacitance, C. As transport of species to/from the electrode surface becomes

limiting, an additional impedance arises and is known as Warburg impedance, Z..

This is in series with the charge transfer resistance as both are tied to faradaic re-
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actions. The equivalent circuit that will be used to interpret the impedance results

herein is presented below.

Ci

RE RS
a'

U" MW wtMMWW

WE

EWE- ERE

Figure 4-1: Equivalent circuit representation of the electrochemical half cell.

4.2 Current Interrupt (CI) Method

During a galvanostatic measurement, the potential between the working and reference

electrodes approaches a steady state value. This potential difference is equal to the

potential drop across R, plus the potential drop across the double layer. When the

current is interrupted, the potential drop across the solution resistance immediately

disappears. This manifests as a discontinuity in the potential decay curve (PDC),

shown in Figure 4-2. The potential across the double layer capacitor remains as the

stored charge needs to discharge at a finite rate through the faradaic reaction. Thus

there is a slow decay of potential back to open circuit conditions. Additionally, the
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surface concentrations of the reacting species are different from those in the bulk, so

the concentration gradients must also relax. The most relevant information that can

be gathered from the current interrupt technique is the solution resistance and the

total overpotential at a given current density.

E 1=0

Eap~p ?rR

tCIT
0 fMT

Eeq - . . .- - --.

-tt

Figure 4-2: Potential Decay Curve following the interruption of current during a
galvanostatic experiment.
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4.3 Galvanostatic Electrochemical Impedance Spec-

troscopy (GEIS)

Electrochemical Impedance Spectroscopy has become the dominant method to mea-

sure the frequency response of the impedance of electrochemical cells. Looking back

at Figure 4-1 , it is clear that at high frequency, the solution resistance dominates the

impedance behavior as charging of the double layer offers a current short through that

part of the circuit. As the frequency lowers, more and more current flows via faradaic

reaction and thus Rt contributes noticeably to the impedance. At the lowest frequen-

cies, Warburg impedance dominates and the current becomes mass transport limited.

These features manifest clearly in a Nyquist Plot representation of the impedance.

The immediate benefit of EIS over CI is clear from such a plot. In one measurement

the solution resistance and charge transfer resistance are both obtained. Relating the

solution resistance and charge transfer resistance to their respective overpotentials is

detailed in Sections 3.1.1- 3.1.2.

4.4 Summary

With the end goal of measuring and analyzing the mass transfer overpotential at the

anode, it becomes necessary to account and correct for the ohmic and charge trans-

fer overpotentials also present during the measurement. The CI and GEIS methods

enable the selective measurement of ohmic and charge transfer overpotentials. Sub-

tracting these overpotentials from the measured total overpotential allows for the

calculation of the target mass transfer overpotential.
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Chapter 5

Electrochemical Study of Oxygen

Evolution in KOH(aq)

Water electrolysis as a means to produce carbon-free fuel was first accomplished using

a battery in 1800 by Nicholson and Carlisle [1] with the first industrial demonstration

performed by Dmitry Lachinov in 1888. Since then, much research effort has gone

into studying both the the cathodic and anodic half reactions. Incidentally, there is

a wealth of information regarding the thermodynamic (decomposition and standard

reduction potentials) and hydrodynamic properties (density, viscosity, surface tension,

etc) of water electrolysis systems. Alkaline electrolysis, in particular has received

much attention since the 1960's due to the ability of non-noble metals to catalyze

the gas evolution reactions. Having such a wealth of knowledge regarding oxygen

chemistry in alkaline electrolytes is key to understanding why and to what degree

overpotential losses can develop during the oxygen evolution reaction.

5.1 Background

OER has been the interest of countless research studies [2-71 with reviews of recent

developments by [8, 9], and as such, provides an excellent reference case to test the

hypothesis of this work. OER in aqueous potassium hydroxide solutions in particular

has been well characterized in terms of the hydrodynamic properties and thermody-
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namic properties [6, 10-14]. The current interrupt technique has been applied in the

literature to simple redox reactions that limited the contributions of other sources

of overpotential. Hydrogen evolution at platinum electrodes also satisfies the crite-

rion of facile charge transfer kinetics thus allowing previous researchers to apply the

current interrupt technique to measure changes in solution resistance and supersat-

uration of hydrogen gas as a function of current density [15, 16]. We want to show

that these techniques still probe the same physics in high temperature electrolytes

and to facilitate signal interpretation in the higher temperature, concentrated elec-

trolytes. Oxygen evolution is good first point of departure from the previously studied

systems because its thermodynamics (gas solubility) are well understood as are the

hydrodynamic properties of many aqueous based electrolytes, particularly alkaline

electrolytes. The CRC handbook of Chemistry and Physics provides electrical con-

ductivity as a function of KOH concentration [17]. Kinetic parameters relevant to

electron transfer are given by McCrory [18]. Fukunaka and co-workers measured su-

persaturation values for oxygen production.[19, 20] Given that OER in this study

was carried out at room temperature, it was expected that ohmic, charge transfer,

and mass transfer overpotentials existed. Critical to separating these sources of in-

efficiency was knowledge of the charge transfer kinetics of hydroxide oxidation at

nickel anodes. The review by McCrory [181 and the references contained within were

instrumental to this effort.

5.2 Experimental

5.2.1 Materials and Equipment

0.36M and 3.6M KOH (UGR grade, Kanto Chemicals) solutions'were prepared with

18MQ-cm water and purged with oxygen (Industrial Grade, Airgas) prior to measure-

ments. The electrochemical container was made of laser-cut polymethylmethacro-

late(PMMA) which provided a transparent vessel to observe the electrolysis without

the concern of ion exchange with a glass walled container. The working electrode was

66



a nickel plate (1cm x 1cm x 0.3cm, 99.95% pure, Nilaco Corp). The counter electrode

was also a nickel plate (3cm x 1cm x 0.3cm, 99.95% pure, Nilaco Corp). The reference

electrode was a nickel wire (1mm diameter, Alfa Aesar, 99.99% pure). Initial current

interrupt measurements were made with a HZ-7000 potentiostat (Hokuto Denko).

Subsequent CI and EIS measurements were made with a Reference 3000 potentiostat

(Gamry). For ACV measurements, a Reference 3000 potentiostat (Gamry) was used

in conjunction with an arbitrary waveform generator (HP 3325A) and current/voltage

data were recorded at high frequency by a data acquisition module (Data Translation

DT9837B).

5.2.2 Electrochemical Methods

A three electrode cell was fabricated using laser-cut acrylic that was epoxied together

to give a rectangular cell volume of 13mm (W) x 50mm (L) x 300mm (H). The working

and counter Ni electrodes were soldered to copper wire which acted as the electrode

leads. The solder joint, back and sides of the Ni electrodes, and the copper wires were

insulated with epoxy. The reference electrode was sheathed in heat shrink Teflon and

position 5mm from the center of the working electrode. To mitigate the spreading

of hydrogen gas bubbles from the counter electrode, a Ni mesh was positioned 1cm

away from the counter electrode to trap the hydrogen bubbles. The electrochemical

cell is shown in Figure 5-1. For the ACV measurements, a standard 100mL round

bottom flask with ports for working, reference, and counter electrodes, as well as an

inlet/outlet for oxygen purge gas was used. A Ni mesh was used as counter electrode.

CI measurements were conducted at (logarithmically spaced) current densities of 1,

2.15, 4.64, 10, 21.5, 46.4, 100, and 215mA/cm2 . Galvanostatic EIS was performed at

the same fixed direct current density as the CI measurements while sweeping the AC

perturbation from 100kHz to 1Hz for current densities above 2.15mA/cm 2 and 100kHz

to 0.1Hz for current densities of 1 to 2.15mA/cm 2 . The amplitude of perturbation was

0.1mA RMS for direct currents of 1-4.64mA/cm 2 and 1mA RMS for direct currents

of 10-215mA/cm2 .
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Figure 5-1: Electrochemical cell used in OER investigation. For dimensions, see text.

5.3 Results and Discussion

5.3.1 Impedance Measurements of OER at a Ni Anode

Representative Nyquist plots are presented in Figure 5-2 as parametric functions of

current density. Key features are the high and low frequency real impedance intercepts

which directly give the solution resistance and charge transfer resistance. Of note is

the increasing nature of the high frequency intercept which indicates that the solution

resistance increases as the current density increases. This has been attributed by many

researchers to the development of a gaseous layer in front of the electrode surface

which limits the current path, thereby increasing the effective resistance through

which the ionic current must flow. In terms of effective medium theory (EMT), the

gas bubbles which have exceedingly negligible electrical conductivity act as insulating

spheres within a conductive medium (the electrolyte solution), thereby decreasing
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the effective conductivity of the bubble layer. The Bruggeman equation, provided

in Eq 5.1, has been applied to estimate the gas void fraction, 6, within the bubble

layer next to the electrode surface utilizing the measured solution resistivities with

(Pb) and without (po bubble generation.

S= 1 - ()1.5 (5.1)
Po

Additionally, the low frequency intercept decreases with current density which is ex-

pected because the current density has an exponential dependence on charge transfer

overpotential and thus at higher current densities, the slope is greater. Figure 5-3

GEIS of OER on Ni Electrode in 3.6M KOH

8

6

2 - -

0
0 5 10 15 20

z / n

Figure 5-2: Nyquist results for OER on Ni working electrode. The semicircular curves

shrink as the DC current density is increased from 1mA/cm2 to 215mA/cm 2 .

shows how the solution resistance increases as a function of current density for both

3.6M KOH and 0.36M KOH. The increase in R, is larger for the 0.36M case compared

to the 3.6M case. The conductivity of 3.6M KOH is only -7.2x that of 0.36M KOH.

Correcting for this difference in conductivity cannot explain the entire difference in

solution resistance observed between the two cases. Matsushima and coworkers [11]

observed similar behavior for hydrogen evolution at platinum electrodes. If nucle-

ation were to occur homogeneously, smaller bubbles would be expected to form with

a decrease in surface tension which runs contrary to this finding- the surface tension

of 0.36M KOH is 72.7mN/m while that of 3.6M KOH is 83.OmN/m. Thus poorer

wetting of the electrode by the electrolyte and or bubble coalescence are possible
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causes for the increased solution resistance.
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Figure 5-3: Increase in measured
density) increases.

solution resistance as bubble evolution rate (current

5.3.2 Overpotentials

Utilizing the low and high frequency intercepts from the Nyquist plots shown in

Figure 5-2, the measured ohmic and charge transfer overpotentials are plotted in Fig-

ures 5-4 and 5-5 The difference between the total overpotential (measured during

0

0

0

0

100 101

j/mAcn
2

10
3

Figure 5-4: Ohmic Overpotential for OER in KOH solutions

5 minutes of galvanostatic electrolysis prior to EIS) and the sum of the ohmic and

charge transfer overpotentials is attributed to mass transfer overpotential arising from

surface depletion of OH- ions and surface accumulation of O2(,q). The mass transfer
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Figure 5-5: Charge Transfer Overpotential for OER in KOH solutions

overpotential is plotted in Figure 5-6. As expected, for low current densities, diffu-

sion and/or natural convection can adequately transport reactants to and products

from the electrode surface without the surface concentrations deviating from their

bulk values appreciably. However, as the current density approaches and exceeds

100mA/cm2 , mass transfer overpotential rapidly increases. These current densities

are extremely relevant to the industrial sector and further illustrate the need to op-

timize electrochemical reactor designs. Figure 5-7 compares all three overpotentials

0.25

- 3.6MKOH

0.2

0.15

0.1

0.05

100 101 102 10

j/mA/cm
2

Figure 5-6: Mass Transfer Overpotential for OER in KOH solutions

side-by-side in 0.36M KOH, further highlighting that depending on the current den-

sity of interest, the physico-chemical processes that limit the behavior vary. Charge

transfer kinetics dominate at low current density, but as the desired rate of reaction

increases, mass transport becomes limiting. Figure 5-8 shows the estimated supersat-
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Figure 5-8: Supersaturation of 02 gas at the anode surface

uration (activity of oxygen at the surface relative to activity in the bulk) as a function

of current density during OER. The limiting value of supersaturation has not been

reached, but appears to asymptotically approach a value near 2000x the equilibrium

saturation value (0.14mM). This is level of supersaturation is within a factor of two

of the findings by Shibata for OER.[14]

5.4 Summary

Characterization of OER on nickel plate working electrodes in 0.36M and 3.6M KOHq

solutions was carried out via CI and GEIS techniques. Key findings were:
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" Mass transfer overpotentials become appreciable at nominal current densities

of lOOmA/cm2

* Supersaturation of oxygen gas was measured to be >1000x the equilibrium

value, in agreement with previous researchers measurements.

" Bubble evolution was found to increase the effective solution resistance as ex-

pected, however the relative increase was higher than expected for the lower

ionic strength electrolyte.

" Charge transfer resistance was similar between the two solutions studied and

dominated the total overpotential at low current densities.
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Chapter 6

Electrochemical Study of Chlorine

Evolution in Eutectic LiCl-KCl-CsCl

As described in the previous chapter, the combination of current interrupt and gal-

vanostatic electrochemical impedance spectroscopy enabled the deconvolution of to-

tal overpotential into its individual components, namely ohmic, charge transfer, and

mass transfer overpotentials. The values determined for the measured overpotentials

agreed well with results from previous researchers, who took great care to operate

under conditions where the effect of only one source of overpotential was dominant,

which validates the approach taken in this work of measuring simultaneously multi-

ple sources of overpotential. Molten salt electrolyte solutions offer a distinct chemical

environment for dissolved gases as compared to aqueous KOH electrolyte solutions,

namely in terms of ionic strength as well as temperature. With the end goal of

characterizing sulfur evolution in molten sulfide electrolytes, the study of chlorine

evolution in a molten halide electrolyte solution offers a strategic reference system in

that physical and electrochemical properties are still reasonably well characterized,

but also closer in nature to molten sulfides in terms of high concentration of the an-

ion species of the dissolved gas and facilitated charge transfer kinetics due to elevated

temperature.
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6.1 Background

The eutectic of LiCl-KCl-CsCl has a molar composition of 57.5% LiCi - 13.3% KCl -

29.2% CsCl. This mixture has a melting point of 538K. The ionic strength based on

molality is 12m. Physical and electrochemical properties were measured by Ito.[1, 2]

Electrochemical studies revealed near-ideal behavior of the electrolyte solution with

the measured electrochemical window being within a few millivolts of that for LiCl

at an activity of 0.575. The respective cathode and anode products were indeed

found to be lithium metal and chlorine gas. It has been shown that for simple alkali

chloride mixtures, the electroactive anion species is Cl- [31, thus the anticipated

anodic reaction is:

2C1- C12()+ 2e- (6.1)
(dis) 2g F2 61

Additionally, many researchers have shown negligible charge transfer overpotential

for chlorine evolution in simple alkali (free of organic and transition metal cations)

chloride molten salt electrolyte solutions. [4, 5 Thus the study of CER poses perhaps

the simplest oxidation reaction to study in concentrated electrolyte systems. Also im-

portant is the dissolved state of the gas. Kobolov showed using electronic absorption

spectroscopy of chlorine saturated alkali chloride melts that chlorine remains diatomic

when dissolving into these chloride melts, rather than dissociating into C1 atoms.6.

This matches the known behavior for 02 in aqueous solutions.

6.2 Experimental

6.2.1 Materials and Equipment

Reagent-grade LiCl (Wako Pure Chemical Co., Ltd., 99.0%), KCl (Wako Pure Chem-

ical Co., Ltd., 99.5%), and CsC1 (Wako Pure Chemical Co., Ltd., 99.0%) were dried

under vacuum for more than 24 h at 200'C. The eutectic mixture (LiCl)5 7 .- (KCl) 1 3.3-

(CsCl) 2 9 .2 was mixed together in an ultra-dry chamber followed by melting in a re-

sistive heating furnace inside of an argon purged glovebox. A 54mm diameter flat
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bottomed closed one end quartz tube served as the crucible. The working electrode

was a glassy carbon rod (4mm diameter, Tokai Carbon Co., Ltd.). The counter elec-

trode was a Ni wire (1mm diameter, Nilaco Corp, 99.95%), and the reference electrode

was a two-phase Li-Al alloy whose preparation has been described elsewhere.17] This

alloy has been shown to maintain a stable potential vs Li/Li+ for more than 12 hours.

An HZ-3000 potentiostat (Hokuto Denko) was used to perform electrochemical mea-

surements. A small window in the side of the furnace allowed for visualization of the

cell during the experiment. A picture of the electrochemical cell inside of the furnace

is provided in Figure 6-1. The temperature was controlled using a type-K thermo-

couple that was inserted directly into the melt. A process temperature of 348.1'C

+/- O.20C was maintained.

Figure 6-1: Electrochemical cell used in CER investigation. For dimensions, see text.

6.2.2 Electrochemical Methods

The electrolyte solution was saturated in chlorine by electrochemically generating C12

from the anode for a period of several minutes. CI measurements were conducted at

(logarithmically-spaced) current densities of 1, 2.15, 4.64, 10, 21.5, 46.4, 100, 215,
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464, and 10OOmA/cm2 . The current density was held fixed for 5 minutes to establish

a steady-state potential and allow convection to fully develop before interrupting the

current and measuring the potential decay curve. The current and potential were

recorded without the use of an external DAQ at a sampling rate of 50kHz.

6.3 Results and Discussion

6.3.1 Current Interrupt

Figure 6-2 shows a typical potential decay curve (PDC) for CER at the various cur-

rent densities studied. Due to parasitic capacitance in the potentiostat cables, it
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Figure 6-2: Potential decay curves for chlorine evolution in eutectic molten salt

was necessary to extrapolate the the PDC back to the time of interrupt. Linear and

exponential extrapolation are the most common methods. Figure 6-3 shows graphi-

cally the method of extrapolation of the PDC when a current density of 100mA/cm 2

was interrupted. It was found that the measured value of ohmic overpotential was

insensitive to the choice of linear versus exponential extrapolation. Of note is the

swift decay of overpotential back to the open circuit (equilibrium) value in Figure 6-

2. Video analysis of the electrode surface revealed that bubbles remained attached to

the glassy carbon surface for >10s after the cessation of current. Figure 6-4 is a pic-

ture of the electrode before and after a current density of 100mA/cm 2 was interrupted.

The diameter of bubbles spanned from -100pm to >1mm. The implications of this
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Figure 6-3: Linear extrapolation of the potential decay curves for chlorine evolution

in eutectic molten salt after a current density of 100mA/cm 2 was interrupted.

Figure 6-4: Surface layer of C1 2 bubbles
100mA/cm 2 in molten salt

during and after galvanostatic electrolysis at

observation are two-fold: the wettability of glassy carbon by the molten electrolyte is

poor, resulting in gas being trapped on the surface, and there are two modes of mass
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transport of Cl2(di,) away from the electrode after current interruption: convective

transport of the dissolved gas to the bulk as well as evaporation into the gas phase

present as bubbles attached to the electrode surface. This latter mode is confirmed as

the radii of bubbles attached to the electrode surface grew with time after the current

interruption. Figures 6-5 and 6-6 show the ohmic and mass transfer overpotentials,

respectively, in the measured system. The reference electrode was positioned 3cm
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Figure 6-5: Ohmic overpotential for chlorine evolution
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Figure 6-6: Mass Transfer overpotential for chlorine evolution

away from the working electrode, thus resulting in the substantially large ohmic over-

potential. The trend in overpotential with nominal current density clearly shows the

importance of solution conductivity as the ohmic overpotential grows super-linearly

with current density while the mass transfer overpotential is growing roughly loga-

rithmically with current density. The growth in solution resistance with increasing
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current density has been well documented [8, 9], and attributed to a restriction in

path of the current through the bubble layer. Video recordings did not allow for ac-

curate determination of surface bubble coverage (0), but the relative size of bubbles

was not found to vary significantly with current density. It is not unexpected for 0

to continue to grow with current density as shown by Vogt.[10-12].

Of interest is that despite the large current densities studied (up to 10OOmA/cm 2 )

the supersaturation observed for Cl 2 has not yet reached an asymptotic limit, as shown

in Figure 6-7. This finding indicates that the gas evolution efficiency, fg is still less than

one under these flow conditions. Lastly, knowledge of C1 2 saturation concentration

102

0 100 200 300 400 50 60 70 8W No 1ON

Figure 6-7: Supersaturation of C12 observed in molten salt study

allows one to calculate the mass transfer coefficient to the electrode surface based on

a simple equation of mass transport (j = neF * n" = neFhmCb(& - 1)). Figure 6-8

shows the variation of the mass transfer coefficient with current density. The rate

of increase in the coefficient increases more rapidly with increasing current density.

This is likely due to the enhanced convection by the bubble evolution rate.

6.4 Summary

Characterization of CER with a glassy carbon rod working electrode in a molten

chloride electrolyte of composition (LiCl) 57 .5-(KCl) 1 3.3-(CsCl) 29.3 at 348"C was carried

out using the current interrupt technique and video recording. Key findings were:
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Figure 6-8: Variation of mass transfer coefficient in molten salt as C12 evolution

current density increases.

" The mass transfer overpotential depended linearly on the current density over

the entire range studied.

" The concentration of Cl- in this system is -28M which is > the saturation con-

centration of dissolved chlorine (-mM) which strongly suggests that all mass

transfer limitations at the anode are associated with removal of the dissolved

gas.

" Supersaturation of chlorine grew linearly with current density, reaching a value

of >180x the equilibrium value at a current density of 10OOmA/cm 2 .There ap-

pears to be an asymptotic limit to the degree of supersaturation, but it was not

experimentally accessible.

" Large bubbles (>1mm) were found to stick to the electrode surface, indicating

poor wettability of the melt on glassy carbon.

" The calculated mass transfer coefficient increased with current density which

was corroborated with an increase velocity of the bubble layer adjacent to the

electrode surface.
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Chapter 7

Electrochemical Study of Sulfur

Evolution in BaS-La 2S 3-Cu2S

Knowledge of the physicochemical and hydrodynamic properties of molten sulfide

electrolytes as obtained using electrochemistry is an opportunity to test the hypothesis

and to better understand chemical nature of these special solvents. The previous

two chapters showed that measuring the total overpotential (via current interrupt)

and the solution and charge transfer resistances via galvanostatic EIS was sufficient

to separately determine the ohmic, charge transfer, and mass transfer overpotential

during anodic gas evolution. Molten sulfide electrolyte solutions are considerably less-

studied than the aqueous and molten salt electrolyte systems studied in the previous

chapters. Molten sulfide electrolyte solutions consisting of BaS or BaS+La 2 S3 with

transition metal sulfides have been shown as effective media in which to conduct

Faradaic reactions. However the lack of knowledge concerning their physicochemical

properties remains a challenge when envisioning large scale applications. Thus the

application of the electrochemical methods demonstrated in Chapters 5 and 6 may

help elucidate the role of transfer of charge (both ions and electrons) or mass (ions

and neutral species) on the anodic evolution of sulfur as shown in Eq 7.1.

2St S2(g) + 4e- (7.1)
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Appendix A has the results of AC voltammetry studies to demonstrate Faradaic

similarity between OER, CER, and SER.

7.1 Background

Electronic properties of binary metal sulfides span a wide range of behavior in the

composition and temperature spaces. Barium sulfide is a high melting point, large

band gap sulfide (MP = 2235'C [1], Eg = 3.92eV [21). Lanthanum (III) sulfide is also

a high melting point, large band gap sulfide (MP = 1977-2127*C [3], E9 = 2.73eV [41)

Cuprous sulfide, Cu2 S, is a transition metal sulfide that is a semiconductor,(MP =

11300C , Eg = 1.3eV [5]). In fact, most of the transition metal sulfides behave as

semiconducting or metallic liquids above their melting points. Despite this behavior,

Sokhanvaran and coworkers at MIT showed that a molten mixture of BaS and Cu 2S

could be electrolyzed to generate liquid copper metal and gaseous elemental sulfur. [6]

Stinn mapped out the complete phase diagram for the BaS-Cu 2 S system.[1] Interest-

ingly, a region of liquid-liquid immiscibility exists in the high BaS region (72-92mol%

BaS) of the phase diagram. Visualization of these two liquids using a thermal imaging

furnace revealed that one of the liquids was shiny (metallic-like) and the other dull.

Further analysis revealed that the dull component (high BaS content) was found to

be ionic, rather than semiconducting in nature. This finding motivates the decision

to use high BaS + La2 S3 content electrolyte solutions for electrolysis. Sahu and the

author showed that the addition of La2 S3 as supporting electrolyte allowed for higher

current efficiency for copper production.[7] Thus a mixture of BaS, La 2 S3 , and Cu 2S

with the mole fraction of Cu 2 S =O.1 was selected in this study.

Under the operating conditions of the melt, the anticipated anodic reaction is

written in Eq 7.1. The expectation that S2- is the electroactive anion in solution is

justified for the following reasons:

9 The oxidation state of sulfur is (-2) in the precursor powders for the electrolyte

melt.
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" Unlike the alkali sulfides which readily form stable polysulfides (e.g. Na2 So,

K 2 S,, x=2-5), the only stable compound of barium and sulfur at high temper-

ature is BaS.[8]

* Formation of polysulfide (S2-) from monatomic sulfide (S2-) is an oxidation

process. If this oxidation were to occur, another species in the electrolyte must

be concurrently reduced.

" Ba2 + is isoelectronic with Xe, thus the divalent state is energetically favored.

" La'+ has an empty f subshell of electrons thus making the trivalent state by far

the most stable oxidation state.191

" Cuprous ions can only be reduced to metallic copper, yet no metal is found after

heating the electrolyte to temperature without performing electrolysis.

" Typically <1% weight loss occurs upon melting the precursor powders without

noticeable condensation of volatile species anywhere in the reaction tube, thus

the chemical composition does not change appreciably,

7.2 Experimental

7.2.1 Materials and Equipment

As mentioned in the background section, this study would be limited to electrolyte

melts with a mole fraction of Cu 2 S under 0.2. A melt with a molar composition

of (BaS)5 4-(La 2S 3 ) 3 6-(Cu 2S)io was selected for study. The powder precursors for all

electrochemical experiments were BaS (Alfa Aesar, 99.7% metals basis), La 2 S3 (Strem

Chemical, 99.9% metals basis), and Cu 2S (Alfa Aesar, 99.5% metals basis). Due

to the hygroscopic nature of the sulfides, the sample preparation and storage was

conducted inside of an argon-purged glovebox. Powders were weighed individually

before being ground and thoroughly mixed together with a mortar and pestle inside

of the glovebox. Premelts for experiments were similarly prepared by heating in a
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graphite crucible (Beijing Great Wall Co., M2-grade purified to <50ppm ash content)

in a resistive heating furnace to 1200*C before cooling back down. Mass loss was <1%.

A schematic of the electrochemical cell is shown in Figure 7-1. The working

C, WE W, RE

IP

~2cm

2.4mm 6.35mm

*

31mm

Figure 7-1: Schematic of electrochemical cell used
SER.

for mass transfer investigation of

electrode was a graphite rod (Alfa Aesar, 2.4mm diameter, 25mm height, 99.9995%

purity). The exposed surface area was set to 1.176cm 2 and controlled by the placement

of an insulating alumina sheathe. The pseudo-reference electrode was a tungsten rod

(Ed Fagan Inc, 1mm diameter, 99.95% purity) that was sheathed with an alumina

tube so that only the flat bottomed face was exposed. The counter electrode was

a tungsten rod (Ed Fagan Inc, 6.35mm diameter, 99.95% purity) with an exposed

surface area of 6.3cm 2 . While the entire leads for the reference and counter electrode

were tungsten, the lead for the working electrode was a molybdenum rod (Ed Fagan

Inc, 1.76mm diameter, 99.95% purity). 46g of premelt were transferred to an alumina

crucible (AdValue Technology, 31mm diameter, 100mm height, 99.8% A12 03 ). The

crucible was placed in the hot zone of a resistive heating furnace (Mellen Company,
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SS15R-2.50X6V-1Z) and heated under argon flow to 1300'C (controlled by a Type-R

thermocouple). After being held at temperature for one hour, the electrodes were

lowered and allowed to thermally equilibrate for 20 minutes before commencing the

experiment.

Electrochemical measurements were made with a potentiostat (Gamry, Reference

3000).

7.2.2 Electrochemical Methods

The electrolyte melt was saturated in sulfur by electrochemically generating S 2 from

the anode for a period of several minutes. Current Interrupt (CI) measurements

were conducted at logarithmically-spaced current densities followed immediately by

galvanostatic electrochemical impedance spectroscopy (GEIS) performed at the same

fixed direct current densities as the CI measurements. Table 7.1 provides the values

of operating parameters utilized in this study.

direct current density perturbation amplitude

(mA/cm 2 ) (mA/cm 2 RMS)
1.00 0.0100
2.15 0.0215
4.64 0.0464
10.0 0.100
21.5 0.215
46.4 0.464
100 1.00
215 2.15
464 4.64
1000 10.0

Table 7.1: CI and GEIS parameters utilized during the study of SER at a graphite

working electrode. The frequency range investigated was 50kHz-lHz for all conditions.
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7.3 Results and Discussion

7.3.1 Current Interrupt

Galavanostatic electrolysis at the current density range studied showed typical behav-

ior for a gas evolving electrode: at higher current densities, the potential fluctuated

around a mean value rather than achieve a true steady state value as seen in Figure 7-

2. Because the data sampling rate for the current and potential was relatively low

3 3-

2.9-

1.5 ............. 2.75 -

2.7- fit

...... ............ ...... ... . . .. . . .2....-.
0.5-

255-

0 20 40 80 80 100 80 s8 90 98 100
tls 1/s

Figure 7-2: Left: Total overpotential during SER at 1300*C. Right: Potential fluctu-

ations are observed to increase drastically at 1000mA/cm2 .

(100Hz), no effort was made to calculate the ohmic overpotential from the potential

jump in the potential decay curve. Rather, the high frequency real impedance in-

tercept of the Nyquist curve was utilized to determine the ohmic overpotential (next

section).

7.3.2 Galvanostatic EIS

Each galvanostatic EIS measurement was performed immediately after the corre-

sponding CI measurement to ensure that the hydrodynamic conditions remained fully

developed. A larger perturbation current density than the aqueous case was required

to reduce noise during the measurement. A typical Nyquist plot collected during

this study is presented below in Figure 7-3. The key feature in all of the impedance

measurements is the complete absence of a resistive charge transfer component to

the Nyquist curve: a Warburg-like impedance immediately dominates the impedance
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Figure 7-3: Left) Nyquist curve obtained for SER at a graphite working electrode
under a direct current density of 46.4mA/cm 2 . The frequency range investigated was

50kHz to 1Hz.

behavior at lower frequencies. This behavior is quite common in molten salts and is

not unexpected given the elevated temperature of operation. Additionally, the lack

of charge transfer resistance hints at the structural nature of the electroactive sulfide

anion in the electrolyte melt. If it were to exist under the conditions present in the

molten sulfide electrolyte, a bulky, conformationally complex polyanion such as S2-

is unlikely to have a negligible activation energy upon oxidizing to S2. Figure 7-4

shows the FactSage predicted equilibrium composition of sulfur vapor (Si- 8 ) as a

function of temperature. As expected, entropy maximization favors the smaller chain

length allotropes, with the S 2 molecule being the overwhelmingly favored allotrope at

temperatures > 700"C. Thus, analogous to free oxygen (02-) in silicate slags which

also show negligible anodic charge transfer resistance [10-12], the electroactive ion in

MSE appears to be S 2 -

Using the solution resistance determined by the real impedance intercept from

the GEIS Nyquist curves, shown above, and the current under which the GEIS was

performed allowed the ohmic overpotential to be straightforwardly calculated and

is presented in Figure 7-5. Again, the established lack of charge transfer resistance

allows the remainder of overpotential to be attributed to mass transfer overpotential

for SER. The corresponding overpotential is plotted in Figure 7-6. The reference

electrode was positioned 2cm away from the working electrode, thus resulting in the
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Figure 7-4: Equilibrium composition of sulfur gas as a function of temperature.
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Figure 7-6: Mass transfer overpotential for sulfur evolution

substantially large ohmic overpotential. The resistance of the electrical leads is also

included in this measurement. The ohmic overpotential does not grow superlinearly
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with current density unlike the OER and CER cases.

The mass transfer overpotential was found to grow slowly at low current densi-

ties, increase in value rapidly at current densities near 50mA/cm 2 , before ultimately

slowing down at current densities near 1000mA/cm 2 . Given that the concentration

of S 2 - is estimated to be -30M, the entire anodic mass transfer overpotential for

SER is expected to be due to supersaturation of S 2 near the electrode surface. Eq 7.2

provides a quantitative connection between the observed mass transfer overpotential,
surf

77mt and the supersaturation of dissolved sulfur, ga :
S 2

RT asurf
mt = (IF bk (7.2)

4F (aS2

Figure 7-7 suggests a limiting value of supersaturation of 75 is being approached. At
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Figure 7-7: Supersaturation of S 2 observed in molten sulfide melt

the time of this study, the saturation concentration of S 2 is unknown in the electrolyte

under study. Assuming convective mass transport from the electrode surface (j =

neF*n" = neFhmCbuIk(,- -1)) still allows calculation of the quantity, neFhmCb, which

can be thought of as the limiting current density for S2 reduction. Figure 7-8 shows the

variation of this "limiting" current density due to natural convection with the actual

current density. The "limiting" current density grows with the applied current density

because convection is increasing with actual current density. The sudden increase at

~200mA/cm 2 likely corresponds to the onset of significant bubbling at the electrode
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surface which enhances convection. Assuming typical values of hm (10- 5 -10- 4 m/s)

suggests that the saturation concentration of S 2 in this electrolyte melt is 1-10mM.

This range is about one order of magnitude larger than what is seen for 02 in alkaline

solutions and C12 in molten halides. Given that physical gas solubility in molten salts

is attributed to "holes" in the liquid [13], it would be expected that the smaller S 2

molecule would have a higher solubility than C12 (molecular bond length of 189pm vs

199pm).
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Figure 7-8: Variation of the "limiting" current density
increases.

as S2 evolution current density

7.4 Summary

Characterization of SER with a graphite rod working electrode in a molten sulfide

electrolyte of composition (BaS) 54 -(La 2 S 3)36 -(Cu 2S) 10 at 1300C was carried out using

the CI, and GEIS techniques. Key findings were:

" galvanostatic EIS showed negligible charge transfer resistance to the anodic

reaction.

" the mass transfer overpotential initially increased quickly with current density

before the rate of increase slowed as the current density approached 10OOmA/cm 2 .

" the supersaturation of S 2 in the vertical cylindrical electrode geometry appears

to approach a limiting value of 75.
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0 solubility of S2 in the electrolyte system is on the order of 1mM.

The overpotential behavior as a function of current density for SER was observed to

have a similar magnitude but different shape compared to that in OER and CER.

The next chapter will be devoted to comparing these systems and discussing the

implications regarding hydrodynamic and thermodynamic properties of the molten

sulfide system under study.
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Chapter 8

Discussion

Anodic gas evolution was studied in three very different environments: oxygen evo-

lution at a Ni working electrode in 0.36M and 3.6M KOH aqueous solutions at room

temperature, chlorine evolution at a glassy carbon working electrode in a LiCl-KCl-

CsCl eutectic melt at 348'C, and sulfur evolution at a graphite working electrode in

a Cu2 S-BaS-La 2S 3 melt at 1300*C. Care was taken to deconstruct the total measured

overpotential into its ohmic, charge transfer, and mass transfer components, the last

of which was of the greatest interest in understanding the chemistry of sulfur in a

molten sulfide electrolyte by elucidating material properties of the sulfide melt which

included the saturation concentration of dissolved sulfur gas, the limiting current

density associated with the evolved gas, and the Schmidt number associated with

dissolved sulfur.

8.1 Overpotentials present during OER, CER, and

SER

While the mass transfer overpotential was the desired overpotential to study under

conditions of fully developed fluid flow, the total overpotential (the sum of ohmic,

charge transfer, and mass transfer overpotentials) was the measurable quantity during

galvanostatic electrolysis. Table 8.1 below displays the different faradaic reactions
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observed in the three systems studied, as well as the overpotentials measured in each

case.

OER CER SER
Rxn: 40H- - 02 + 2H20 + 4e- 2C- + C12 + 2e- 2S2- -÷ S2 + 4e-
T iR iRs iRs iR

t (Rt)- =* ~(0 ~_)
sf((< ) (nsua (FT) sur

RT 1 1 a 0  \(f f4  (C112' ~ iLi ~77mt T_ inT 0  V7~) F auk
__a a0  2F 2/F a ~

Table 8.1: Overpotentials manifested during electrochemical oxygen, chlorine, and
sulfur evolution.*the expression for jA is given in Eq 3.6

8.1.1 Ohmic overpotential

Ohmic overpotential in these three systems was shown to dominate at high current

densities as reflected in Figures 5-4, 6-5, and 7-5. Bubble evolution showed a clear

trend to increase the effective solution resistance as the nucleation rate (current den-

sity) increased. Visual confirmation that bubbles were indeed covering the electrode

surfaces suggests that the local current density near the bubble layer increased. Av-

erage bubble sizes were found to increase in the order: do2 <dcl2 <ds2 , with some C12

and S2 bubbles observed to be ~1mm in diameter. The surface tension of KOH(aq)

under these conditions is 72.7mN/m (0.36M KOH) and 83.OmN/m (3.6M KOH).

Though not measured for the eutectic chloride mixture that was studied, the surface

tensions of LiCl, KCl, and CsC1 are higher, ranging from 89mN/m-138mN/m at their

respective melting points.[1]. This suggests similar values of surface tension for sulfur

gas in the BaS-La2 S3-Cu 2 S electrolyte under study. Measurements of the contact

angle of the electrolyte on graphite indeed showed significant non-wetting behavior

of the electrolyte (see Appendix B).

8.1.2 Charge transfer overpotential

While not explicitly measured during the CER study, the charge transfer resistance

for chlorine evolution has been reported to be negligibly small in simple molten alkali
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chloride melts.[2, 3] Provided this assumption holds true, then the corresponding

charge transfer overpotential is also negligibly small. The charge transfer resistance

in the case of SER was measured via GEIS, and observed to be negligibly small

as shown in Figure 7-3. Thus for all current densities studied for SER, there was

no observable charge transfer overpotential. Unsurprisingly, low temperature OER

experienced significant charge transfer overpotential as shown in Figure 5-5. While

temperature effects can certainly explain the low rate of reaction, it is not uncommon

to see charge transfer overpotential for oxygen evolution in molten systems.[4, 51

The lack of charge transfer overpotential during CER and SER suggests that the

structure of the chloride and sulfide melts facilitates oxidation of the anions to their

corresponding gases. Studies have shown that the electroactive species in simple

alkali chloride melts is monatomic chloride, Cl-. A similar lack of charge transfer

overpotential in SER suggests that the electroactive species is free sulfide, S 2 - rather

than a polyatomic sulfide species.

8.1.3 Mass transfer overpotential

The mass transfer overpotential, as seen in Figures 5-6, 6-6, and 7-6 was found to be

of similar magnitude for all three cases of gas evolution, though in the case of OER,

was appreciably larger. This observation can be partially explained by the dilute

nature of the reactant, OH-, whose concentration was only 0.36M and 3.6M in this

study. For comparison, the concentrations of reactant anions (Cl- and S-) in the

molten salt and molten sulfide cases were ~30M. Additionally, bubbles were found to

vacate the electrode surface very rapidly such that immediately after the current was

interrupted, the surface was almost free of bubbles.

CER exhibited a mass transfer overpotential dependence that grew linearly with

the logarithm of the applied current density. Additionally, bubbles were found to

stick to the electrode surface for a much longer time than in the aqueous case.

SER exhibited the lowest mass transfer potential. Unlike the other two systems,

the rate of increase in the mass transfer overpotential with current density appear to

slow as the current density approached 10OOmA/cm 2
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Assuming that the mass transfer overpotential is dominated by the surface ac-

cumulation of gas (except in the case of aqueous OER, where mass transfer of the

OH- species was accounted for) it is possible to describe the degree of supersatura-

tion of each gas as a function of current density. This is shown in Figure 8-1. Sulfur
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Figure 8-1: Supersaturation of all gases versus current density

is found to have the lowest degree of supersaturation. The elevated temperature of

operation perhaps facilitates evaporation into the gaseous phase. The lower degree of

supersaturation agrees with the previous finding that out of the three gases studied,

the evolving sulfur bubbles were the largest in size. Considering the equilibrium of a

species at the interface between the gaseous phase and the dissolved phase indicates

that bubbles with lower radii of curvature correspond to lower degrees of supersatu-

ration in the dissolved phase.

8.1.4 Properties of sulfur in the Cu2S-BaS-La 2S 3 electrolyte

system

The mass transport behavior of anodic sulfur evolution was found to effect a mass

transfer overpotential of similar magnitude to that observed during OER in KOHq

and CER in eutectic LiCl-KCl-CsCl. To a first approximation, this suggests that the

physical properties governing fluid flow are rather similar. Considerations from the

chemical engineering literature indicate that natural convective fluid flow is governed

by two dimensionless parameters, namely the Grashof number, Gr (ratio of buoyancy
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forces to viscous forces), and the Schmidt number, Sc (ratio of momentum diffusivity

to chemical species diffusivity). Numerical simulations in Figure 8-2 show that at

a fixed current density (or mass flux), the surface concentration of the evolved gas

will decrease as the Sc number also decreases (as species diffusivity increases relative

to momentum diffusivity). Sc numbers typical of aqueous systems are close to 1000

and in the molten salt studied, -650. The Sc number for pure Cu2 S is roughly

200 at 1300"C. Given the lower observed supersaturation in SER vs OER and CER,

it appears that the Sc number remains relatively unchanged around 200-300 upon

mixing Cu2 S in the supporting electrolyte.
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Figure 8-2: Non-dimensionalized concentration vs dimensionless distance from the
electrode surface

The "limiting" current density for the reduction of S2 is shown in Figure 7-8. This

is straightforwardly calculated by dividing the applied current density by the observed

supersaturation at each current density. It was found that this limiting density grew

with current density, a result expected from natural convection driven flow where the

rate of convection increases with current density due to an ever increasing density

gradient near the electrode surface as well as the onset of bubble nucleation.

If one assumes a similar growth behavior of the convective mass transfer coefficient

with respect to current density as observed during CER (Figure 6-8, then from the

limiting current density for SER, one can approximate the saturation concentration

of S2 as this value remains fixed independent of the current density. The resulting

saturation value is -3mM in the studied electrolyte.
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8.2 Perspectives and future work

This work demonstrated the materials-blind applicability of electrochemistry to char-

acterize vastly different systems in terms of both chemistry and temperature. In

the process of understanding the underlying chemistry and hydrodynamics involved

during SER, certain electrochemical engineering considerations were obtained that

can assess the potential utility of molten sulfide electrolytes for industrial produc-

tion of metal from sulfide-based ores and guide future design of MSE cells. These

considerations are listed below:

" Graphite serves as an inert anode capable of sustaining sulfur gas evolution at

high current densities (>1A/cm 2).

" Mass transfer overpotential at the anode during SER is comparable to that of

CER in molten chlorides and OER in aqueous KOH. Due to the higher temper-

ature of operation, this implies a lower degree of supersaturation of dissolved

sulfur gas than chlorine or oxygen.

" The saturation concentration of sulfur appears to be larger than typical gas-

electrolyte systems. This suggests that the potential for back reaction with

the cathode product is higher if the metal is also soluble in the molten sulfide

electrolyte. Thus gas removal at the anode surface is of paramount importance.

This highlights the need for proper cell design with vertical electrodes.

" Charge transfer kinetics at the temperature of operation for SER are negligibly

small, thus the current density distribution will be dominated by the primary

current distribution and potentially tertiary current distribution if gas removal

is not optimized.

The author can envision many different paths down which to extend this work. A

few are mentioned below.
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8.2.1 Electrolyte composition

Extension of the electrochemical techniques and analysis to other compositions of

molten sulfides would allow for better understanding of the role of the transition

metal cations. Physical solubility of chlorine in molten salts and physical solubility of

oxygen in molten oxides span many orders of magnitudes.[6, 7] It would be interesting

to see if sulfur behaves similarly in molten sulfides where chemical solubility could be

important, such as in systems with mixed valency metal ions. One would expect the

supersaturation to decrease in such systems as homogeneous chemical reaction would

reduce the surface concentration of dissolved sulfur.

8.2.2 Cell geometry

The measurements of mass transfer overpotentials in this study were measured with

relatively ideal geometries where mass transfer at the counter electrode (cathode)

would not influence the mass transfer observed at the anode. It would be interesting

to observe the affect of anode-cathode distance on the overpotential behavior. The

amount of back reaction between sulfur and the metallic product would greatly be

influenced by the prevailing flow conditions - a critical element to designing an optimal

electrochemical cell.

8.2.3 Reference electrode

While graphite and tungsten maintained stable quasi-reference potentials on the time

scale of the measurements made, there remains a strong desire to establish a true

reference electrode, especially in sulfide melts that contain mixed valency metal ions.

8.2.4 Anode

Graphite was determined to function as an inert anode in the molten sulfide electrolyte

systems studied. Having an inert anode greatly facilitates electrochemical reactor

design as maintaining a constant anode-cathode-distance is much easier than with a
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consumable anode. However, the wettability of the electrolytes studied on graphite

was rather poor- contact angle measurements performed in the floating zone furnace

revealed three phase contact angles of >105". This finding helps explain the frequent

observation that large sulfur gas bubbles were trapped on the anode surface during

electrolysis. Finding a metal/metal composite inert anode with better wettability is

expected to improve the efficiency of sulfur gas removal.

8.3 Selectivity

Electrochemistry provides a powerful tool to discriminate against unwanted side re-

actions. One of the merits of utilizing a molten sulfide supporting electrolyte instead

of a halide based salt to electrowin a sulfide based ore is favorable selectivity - there

is no competition between sulfide and halide oxidation in the molten sulfide. Interest-

ingly, common anion impurities in sulfide based-ores include arsenides, tellurides, and

selenides. Thermodynamically, these species are less stable than sulfides and should

be oxidized at less positive potentials than the sulfide ion. Thus careful control of

the current density at the anode should allow for selective oxidation and impurity

removal. This concept was proven at the cathode where selective reduction of cation

impurities was demonstrated by Sahu and the author.[8j ReS 2 and MoS 2 were added

in addition to Cu 2 S to the supporting electrolyte. At the lowest current densities,

only metallic Re was found at the cathode. At intermediate current densities, Re+Mo

was found at the cathode. At larger current densities, all three metals were found

deposited at the cathode. This finding confirmed the Ellingham diagram predictions

for the decomposition potentials of the three transition metal sulfides involved. A

similar study involving anion impurity removal at the anode should be pursued.

8.3.1 Summary

Electrochemical impedance techniques allows for the isolation of three main sources

of overpotential (ohmic, charge transfer, and mass transfer) during electrolytic gas

evolution in aqueous KOH, molten chloride, and molten sulfide electrolyte solutions.
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By comparing the magnitude and current density dependence of the mass transfer

overpotential in all three cases, insights into the previously unknown chemical and

hydrodynamic properties of sulfur in a molten sulfide electrolyte were obtained, most

notably, the saturation concentration of S2 in the studied molten sulfide electrolyte,

the Schmidt number, as well as the "limiting" current density in an idealized geom-

etry. These finding are integral to our growing understanding of the fundamental

electrochemistry at play during molten sulfide electrolysis.
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Appendix A

AC Voltammetry Study

Without visual access to the anode surface during SER, it is quite desired to have sup-

plementary means of detecting electrolytic gas evolution to confirm that the Faradaic

reaction under study is indeed gas evolution. Large electrode double layer capaci-

tances and inductive electrical leads are quite common in high temperature electro-

chemical experiments. These non-Faradaic phenomena can complicate the analysis

of DC electrochemical techniques like cyclic voltammetry. Large Amplitude Fourier

Transform Alternating Current Voltammetry (LA-FT-ACV) provides a method to

isolate the Faradaic response at an electrode surface by catering to the non-linear

dependence of the Faradaic current on potential perturbation. The interested reader

should consult the literature [1-6] to fully understand the theoretical development of

the technique which is outside the scope of this work. While first developed in low

temperature aqueous systems, the technique has been extended to concentrated, high

temperature molten electrolytes, including chlorine evolution in a molten chloride

melt and oxygen evolution in molten oxide melts.[7J LA-FT-ACV was employed in

addition to the CI and GEIS techniques in this study to characterize SER at both the

scale of the CI and GEIS measurements, as well as in a floating zone furnace which

gave visual access to the electrodes and electrolyte during the experiment.

111



A.1 Materials and equipment

The electrolyte and electrodes and furnace were the same as those used in Section 7.2.

An additional set of experiments were also performed inside of a floating zone furnace

(Crystal Systems Corp, TX-12000-I-MIT-VPO-PC). At this smaller scale, only 100mg

of electrolyte were used. The electrolyte sample was a a 100mg solid piece broken off

the premelted rod of electrolyte. A schematic of the floating zone furnace and picture

of the sample are presented in Figure A-1. LA-FT-ACV measurements were made

with a potentiostat (Gamry, Reference 3000) coupled with an ultra-low distortion

arbitrary waveform generator (Stanford Research Systems, DS360) and high sampling

rate data acquisition (DAQ) module (Data Translation, DT9837B). A schematic of

the electrical setup is shown in Figure A-2. Coaxial cables connected the output of the

waveform generator to the external excitation input of the potentiostat. The analog

output signals of the working electrode potential and the current were connected via

coaxial cables to the DAQ and recorded using the proprietary software, QuickDaq.

A.2 Electrochemical methods

The operating parameters tested during LA-FT-ACV measurements are presented

below in Table A.1. These same parameters were used both during the large scale

experiment and small scale in the floating zone furnace.

f 3.98, 39.8, 398Hz
AE 120mV

v 3mV/s

Table A.1: ACV parameters utilized during the study of SER at a graphite working
electrode

A.2.1 Results and discussion

Identical measurements were made in both the large scale (46g) and small scale

(100mg) systems (the parameters listed in Table A.1). The 2nd and 3rd harmonic
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I

Figure A-1: Left) Schematic of floating zone furnace. (A) Xe lamp and (B) ellipsoidal
mirror (one of four shown), (C) molten droplet (O.1mL volume, typically) in the hot
zone, (D) solid metallic rod acting as cathode, (E) anode + electrolyte support, (F)
electrode leads and lower shaft, (G) electrode lead and upper shaft, (H) quartz tube,
(I) furnace shell, (J) camera. Right) Sample droplet of molten sulfide electrolyte
sitting upon graphite working electrode.

current responses for the large scale and small scale systems are shown below in

Figure A-3 and Figure A-4, respectively.
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Figure A-2: Electronic configuration for performing LA-FT-ACV measurement.
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Figure A-4: 2nd (left) and 3rd (right)
small scale molten sulfide electrolyte

harmonic current responses during SER in

There is marked similarity between the two cases. The well defined peaks are

indicative of a fast redox reaction. The wider peaks in the large scale measurement is

likely due to uncompensated resistance affecting the reported DC potential. In order

to see harmonic responses to the AC perturbation, a sufficiently high excitation fre-

quency was required. There was no signal above the noise when excitation frequencies
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of 3.98Hz and 39.8Hz were used - only 398Hz produced a non-linear response during

SER. The matching behavior evidences the ACV technique's ability to span different

length scales and geometries.

Nakanishi [7] observed similar harmonic current responses while utilizing LA-FT-

ACV to study CER in eutectic NaCl-KCl and OER in molten Al 2 03 and molten

mixtures of La2 0 3 -Y2 03 . The matching behavior gives strong evidence that the

molten sulfide electrolyte indeed enables the oxidation of sulfide anions to S2(.g)
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Appendix B

Selected properties of the studied

electrolyte systems
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Figure B-1: Pure Cu2 S Sc number vs temperature
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Figure B-2: Contact angle measurement of BaS-La2S 3 electrolyte on graphite as mea-

sured by floating zone furnace. The three-phase contact angle was measured to be

104*+/-2*, indicating poor wetting of graphite
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Figure B-3: Saturation concentration of C1 2 in select alkali chlorides
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Figure B-4: BaS-Cu 2S Phase Diagram
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Figure B-5: BaS-La2S3-Cu 2 S Phase Diagram - diamond indicates electrolyte compo-
sition under study
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