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ABSTRACT
Tantalum is a tough, ductile, refractory metal that is highly corrosion resistant.
The corrosion resistance of tantalum is evident in diverse conditions, including high
temperature and severe chemical environments. Application of a tantalum layer onto
other metal substrates would be a beneficial corrosion-resistance technique. The method
investigated for application of tantalum onto various metal substrates was via
electrodeposition from ionic liquid electrolytes. The use of ionic liquids allows the
electrodeposition process to be performed at lower temperatures (less than 200 degrees
Celsius) than the mainstream process of deposition at higher temperatures (750-800
degrees Celsius) from molten salt electrolytes. The lower operating temperature
ultimately protects the substrate from increased rates of corrosion as well as strength loss
through annealing.
Recently published literature on the electrodeposition of tantalum onto other
substrates formed the basis for this research. This investigation attempted to determine
whether previous research could be expanded upon through the variation of type of ionic
liquid, the addition of organic solvents or alkali metal salts, and destabilization of
tantalum-halide clusters. An electrochemical cell was constructed that utilizes a tantalum
foil anode and a steel or nickel cathode. The electrolyte contained tantalum salts
dissolved in various ionic liquids, with or without various organic solvents. The cell was
protected from water vapor and oxygen by being placed into a glove box containing an
ultra-high purity nitrogen atmosphere. The actual plating process was conducted
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galvanostatically, and the applied current and electrolyte composition were varied to
determine the effect on the deposition process. Electrodeposits formed during
experimental trials were analyzed through the use of scanning electron microscopy
(SEM) with energy-dispersive x-ray spectroscopy (EDS).
This study represents particular advancements in the body of knowledge on
electrodeposition of tantalum from ionic liquids. Individual ionic liquids were evaluated
that had not been previously investigated as refractory metal electrolytes. Additionally,
the thickest known tantalum electrodeposits, and electrodeposits with the highest reported
concentrations of tantalum were produced in this study.
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CHAPTER I
INTRODUCTION
The electrodeposition of refractory metals is a subject that has generated
significant interest amongst researchers in the field of electrochemistry over the past
decade. A feasible process for the electrodeposition of refractory metals, specifically
tantalum, would be extremely beneficial as an application to the metal surface finishing
or corrosion prevention industries. In the case of tantalum, the high melting point and the
excellent corrosion resistance make it a desirable metal to use as a protective coating in
high temperature or severely corrosive environments. Until recently, the only known
method to produce tantalum electrodeposits was through the use of high temperature
molten salt electrolytes. Recent developments in the field of room temperature ionic
liquids have paved the way for renewed research into the possibility of producing
electrodeposits in non-aqueous solutions at lower temperatures. The most recent research
into electrodeposition of tantalum from ionic liquid electrolytes resulted in ambiguous
results that usually neglected a discussion of the impurities contained in the deposits.
Claims of successful deposition of extremely thin layers of tantalum were made, while
using specific ionic liquids and electrochemical techniques. These layers were often thin
(0.5–1 µm) and included various impurities.
Objectives and Hypotheses
The objective of this study was to investigate possible methods that would
improve the purity and overall thickness of a tantalum electrodeposit in a technical
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plating setup. The technical setup was desired to make the transition to
commercialization easier, should improvements be realized. A number of specific
hypotheses were formulated during this study. The initial hypothesis was that through
the use of different ionic liquids than previously researched, the quality and thickness of
the tantalum deposit would be improved. Another hypothesis developed was that the
addition of molecular solvents to the ionic liquid electrolytes would produce better
tantalum deposits due to increased ion mobility in the electrolyte. The third hypothesis
developed was that a chemical or electrochemical reduction step of the tantalum salts to
an intermediate valence state prior to electrodeposition would yield higher concentrations
of tantalum in the deposit.
Thesis Organization
This thesis is organized into a total of seven chapters. Chapter 2 is a short
summary of some of the fundamental theory and calculations involved in
electrodeposition studies. Chapter 3 is an extensive literature review that discusses
tantalum and its properties, ionic liquid properties, synthesis, and advantages over
aqueous electrolytes. Additionally, the electrodeposition of tantalum from high
temperature molten salt electrolytes and recent tantalum electrodeposition developments
from room-temperature ionic liquids are discussed. Chapter 4 includes all of the
experimental methods and equipment used during this study, while Chapter 5 presents the
experimental results and discussion. Chapter 6 summarizes the results and presents final
conclusions from this study. The final chapter discusses the potential avenues of
approach in continuing research into tantalum electrodeposition from ionic liquid
electrolytes.
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CHAPTER II
THEORETICAL BACKGROUND
This chapter discusses some of the basic theory and calculations behind
electrodeposition. Although this study deals exclusively with electroreduction of
tantalum from ionic liquid electrolytes, the fundamental principles and equations derived
from aqueous solution electrochemistry can also be applied to non-aqueous systems.
This chapter is broken into three sections. The first section discusses
electrodeposition in general, and its importance in industrial applications. The second
section describes the aspects of controlled current techniques and the importance of the
potential-current relationship. The last section discusses redox reactions at the electrodes
that are of importance in this study.
Electrodeposition
Electrodeposition has been used in industrial applications for over 150 years, and
is an extremely important process in the metal surface finishing and corrosion prevention
industries, as well as all aspects of electronics manufacturing.1, 2 The terms
electrodeposition and electroplating refer to the same process, and they may be used
interchangeably.
Electrodeposition is the process of producing a coating, usually metallic, on a
surface by the action of electric current. Applying an electrical current through the object
to be coated and immersing it into a solution that contains a salt of the metal to be
deposited achieves the deposition. The metallic ions of the salt carry a positive charge
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(cations) and are thus attracted to the negatively charged object (cathode). When the
cations reach the cathode, the surface provides electrons to initiate a reduction of the
metal ions.1, 3
There are several advantages to electroplating with respect to other methods of
deposition like chemical or physical vapor deposition. Reduced cost, relative ease of
setup, and low operating temperatures contribute to the applicability of electrodeposition
in industrial settings.2, 4 Additionally, electroplated deposits do not affect the structural or
mechanical properties of the surface upon which they are deposited. Controlling specific
experimental parameters can change the thickness and the quality of the electrodeposit.4
Controlled Current Techniques
Controlled current techniques are those in which the applied current through a
circuit is externally controlled. In the special case of current control in which the current
does not vary with time, the term galvanostatic is used. In controlled current techniques,
the potential of the cell or the potential of an individual electrode is recorded over time.
In this study, the entire cell voltage was recorded as a function of plating time.
The cell voltage is the sum of individual potential differences at different
locations within the electrical circuit. These locations include the electrolyte-electrode
interface, the metal-metal junction within any electrode that is constructed of dissimilar
metals, the potential drop within the electrolyte, and potential differences between
electrodes and measuring instruments.
The cell voltage plots that were recorded in this study represent a measurement of
the potential difference within the cell itself, and are direct measurements of the potential
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difference between the anodes and cathodes, as well as the potential drop through the
electrolyte.
Electrode Reactions
Electrode reactions can be classified into one of two groups. Those electrode
reactions in which only charge is transferred across the metal/solution interface are one
class, while reactions in which charge and mass is transferred at the interface are the
other class. Electrodeposition and corrosion are examples of the latter.2
Reduction reactions are the electrochemical reactions of interest in
electrodeposition. These heterogeneous reactions occur at or very near the surface of the
electrodes in an electrochemical cell, and the transfer of ions between the electrolyte and
the electrode surface produces current.5 In particular, the reduction of a metal ion from
the electrolyte at the surface of the cathode is the reaction of main interest. This reaction
is represented by,
z+
M solution
+ ze! ""
# M lattice !

As metal ions are reduced to form metallic deposits on an electrode, the mass of
the metal that should be deposited is calculated through the use of Faraday’s law.
Faraday’s law relates the charge transferred by ions in the electrolyte and electrons in the
external circuit to the moles of chemical species reacted.5
Q = nmF !

!
where Q is the charge in coulombs, n is the number of equivalents per mole, m is the
number of moles, and F is the Faraday constant (96485 coulombs per equivalent).
The total current passed in an electrochemical cell may be representative of
several parallel electrochemical reactions at the anode and cathode. The chemical species
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production rate, wi (mass/time) is related to the current efficiency (!i) and molecular
weight (MW) for a particular chemical species.
wi =

I (! current ,i )MWi
!
nF

!
The current density (current per unit area) is calculated by,
!
I
!
j=
Aprojected
!
where Aprojected is the projected surface area of the electrode subject to the current. The
current efficiency related to oxidation reactions is the anodic current efficiency, while the
current efficiency related to reduction reactions is the cathodic current efficiency.
The current efficiency of an electrodeposition process is a measure of the
involvement of side reactions to the reduction reaction of interest. If a number of
different reactions occur simultaneously in an electrochemical process, the total current
passed is the sum of currents produced by each reaction. The current efficiency of any
individual process is defined as the number of coulombs required for that reaction
divided by the total number of coulombs passed through the cell.

!=

Qi
!
Qtotal

!
or in terms of electrodeposition of metal on an electrode,
!
w
!= i !
wtotal
!
where wi is the mass of metal actually deposited and wtotal is the mass of metal which
would have been deposited if all the current was used solely for deposition of the metal.3
During this study the mass of the cathode was recorded before and after the
electrodeposition experiments. For an experiment with a current density of -1.0 mA cm-2,
!
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a total mass of 12 mg of tantalum is expected to be deposited per unit area after 3 hours
of plating time. These calculations assume a five-electron transfer process and 100%
current efficiency.
The electrode reactions that are of most interest in this study are the oxidation of
the tantalum anode and the reduction of the tantalum ions at the cathode.

Ta !!
" Ta n + + ne_ (anode)
Ta n + + ne! ""
# Ta (cathode)
At 100% current efficiency, the concentration of the tantalum ions in solution would
remain constant over time. All tantalum ions reduced at the cathode would be replaced
by oxidation of the metal at the anode. !
!
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CHAPTER III
LITERATURE REVIEW
Introduction
It has been shown that the majority of metals can now be electrodeposited from
ambient temperature ionic liquids.6 It is likely that ionic liquid research with respect to
electrodeposition of metals will continue well into the future. This chapter provides some
insight into the recent developments and efforts with respect to ionic liquid use as plating
electrolytes.
This chapter is divided into subsections that discuss the components used in this
research individually, as well as relevant previous research done by others in the area of
tantalum electrodeposition. The first section discusses tantalum, its beneficial properties
in corrosion resistance, its valence states, and its complex chemistry. Next, ionic liquids,
their properties, suitability for electrodeposition of refractory metals, and the effect of
impurities with respect to electrodeposition, are discussed. The third section discusses
the established technique of high temperature molten salt deposition of tantalum films,
while the fourth section discusses the recent research into electrodeposition of tantalum
from ionic liquid electrolytes. Finally, the last section discusses some of the important
effects that additives have on the electrolyte.
Tantalum
Tantalum is a tough, ductile, refractory metal that is highly corrosion resistant
under high temperature and severe chemical environments. Tantalum makes up about 2
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ppm of the earth’s crust by weight7, has a high melting point (3017 °C), and is very
resistant to acids.8 Tantalum’s high melting point, ductility, toughness, and excellent
corrosion resistance make it an attractive coating material for components exposed to
high temperature, wear, and severe chemical environments. It is applied in condensers,
columns, heat exchangers, helical coils, reactors, valve linings, pipe spools, and a variety
of other components exposed to extremely corrosive fluids. Additionally, tantalum
shows a low chemical reactivity with respect to biological fluids.10 It is non-irritating to
the human body, and is used extensively in human implant materials.
The unique properties of tantalum make it useful for many applications, from
electronics to mechanical and chemical systems. Much research has been done in recent
years to develop an electroplating process for the electrodeposition of tantalum. The high
melting point, ductility, toughness, and excellent corrosion resistance of the metal make it
an attractive coating material for all of the above listed applications.11, 12
The excellent corrosion resistance of tantalum is attributed to a thin protective
oxide film that forms spontaneously in air and that exhibits a high stability in most
mineral acids, even hot and concentrated ones. Hydrofluoric acid or fuming sulfuric acid
are the exceptions, and will break the oxide layer down.4, 11, 12 The oxide of tantalum
(Ta2O5) is a relatively inert white solid.9 The oxidation layer that tantalum forms in the
presence of moisture follows the reaction,

2Ta + 5H 2O !!
" Ta2O5 + 10H + + 10e#
or in the presence of oxygen,

4Ta + 5O2 !!
" 2Ta2O5

!

#!

The spontaneity of the formation of the oxide layer results in tantalum being easily
passivated in aqueous electrolyte solutions.13
Refractory metals such as tantalum, niobium, molybdenum, titanium, and
tungsten exhibit diverse cluster chemistry. Tantalum forms many complexes in oxidation
states II, III, IV, and V. In oxidation states II and III, metal-metal bonds are common,
and there are numerous compounds in lower oxidation states where metal atom clusters
exist.9 Tantalum pentoxide has a complex structural relationship. It comprises of an
MO6 octahedra, sharing corners and edges. “The Ta2O5 phase exists with an excess of Ta
atoms from TaO2.5 to nearly TaO2.”9
In many cases of tantalum halide clusters, the common polynuclear building block
is (M6X12)2+.14 These clusters “provide compact units of known geometry that exhibit not
only metal-metal bonding and nonintegral valence, but offer for study a stable
‘monomeric’ unit, which may be taken as one of a large class of M6X12 polynuclear
complexes having M6 octahedral metal frameworks in common.”14 As an example in the
case of tantalum, the well defined [Ta6Cl12]2+ complex has been shown to have an
average oxidation state of 2.33.15 The 12 halogen atoms contribute a -12 formal charge
to the complex, and the net charge of +2 then leads to the six metal atoms contributing a
+14 formal charge. This leads to an average formal valence of the metal cations of +2
!.14 Figure 1 shows an example of this complex, where each metal ion is in an
approximately square-planar field of halide ions, with all nearest neighbor metal-halide
distances being equal.14
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Figure 1. The molecular structure of the (M6X12)2+ ions. The solid spheres represent the
metal atoms, empty spheres represent bridging halide ions.9
The halide bridges in the group 5 hexanuclear metal clusters extend along each of
the 12 edges of the octahedron, resulting in a robust M6X12 structural unit.16 To further
complicate matters, it has also been shown that tantalum pentahalide can combine with
other halide ions to form MX6- ions.9 Tantalum pentafluoride is a volatile white solid. It
has a tetranuclear structure as shown in Figure 2.9

Figure 2. The tetranuclear structure of TaF5. The dark atoms represent the metal, light
atoms represent the halide.9
Other crystalline tantalum fluoro- compounds are KTaF6, K2TaF7, and K3TaF8.9
Of the tantalum fluorides, only TaF5 and TaF3 are known to be stable compounds, other
than some non-stoichiometric TaFx compounds.4
!
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Ionic Liquids
Electrodeposition of metals from non-aqueous solutions has attracted much
attention in the last few years. Conventional aqueous solutions cannot always be used as
electrolytes due to the liberation of hydrogen and oxygen molecules during electrolysis,
caused by the narrow electrochemical window of water (1.23 V), low thermal stability,
and evaporation. These are some of the reasons why researchers have investigated new
non-aqueous solutions to electrodeposit metals.17 Good electrolytes should have high
conductivity, large electrochemical windows, excellent thermal and chemical stability,
and negligible evaporation. When using ionic liquids as an electrolyte, it is possible to
satisfy those conditions and achieve a broader range of operational conditions relative to
other conventional electrolytic media.18 As a result, the subject of ionic liquids has
garnered considerable research interest over the past few years, notably in the area of
electrodeposition of metals that cannot be deposited from aqueous solutions. The narrow
electrochemical window of aqueous electrolytes results in the fact that deposition of
metals with large negative reduction potentials, such as chromium or zinc, is hindered by
poor current efficiency and possible hydrogen embrittlement or passivation of the
substrate.6, 19 The problems associated with hydrogen ions in conventional protic
solvents can be avoided with ionic liquids because ionic liquids are normally aprotic,15
meaning hydrogen evolution does not occur in ionic liquids. Metals that can be
electrodeposited from aqueous electrolytes can also be deposited from ionic liquid
electrolytes, often with superior results.18
Ionic liquids have outstanding physical properties that make them extremely
attractive for use as electrolytes at temperatures under 200°C. In addition to their
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chemical and thermal stability, ionic liquids have large electrochemical windows of up to
6 V.15 This property allows access to elements which cannot be deposited from aqueous
or organic solutions.15 In fact, the main driving force for the use of non-aqueous
electrolytes has been the desire to deposit refractory metals such as titanium and
tungsten.6 Additionally, the need for an alternative to environmentally hazardous and
volatile organic solvents further increased the suitability of using ionic liquids as
electrolytes.18 Ionic liquids are often considered “green solvents” due to their nonvolatile properties, which makes them a viable alternative to traditional organic
solvents.20
In the 1960s and 1970s the study of ionic liquids was dominated by research into
the deposition of aluminum and aluminum alloys. The introduction of discrete anion
ionic liquids in the 1990s widened the scope of metal deposition and provided air and
water stability.6 The worldwide output of papers dealing with the field of ionic liquids
was approximately 50 per year in the late 1990s. In 2005 alone, there were over 1500
peer-reviewed papers dealing specifically with ionic liquid research.21 The focus of
current research deals with the use of ionic liquids as solvents for technological
applications, metal surface finishing, batteries, catalysis, separations, capacitors, fuel
cells, electrosynthesis, organic synthesis, and nuclear waste treatment.21, 22 The inertness
and handling capability of ionic liquids has greatly enhanced the possibilities for their
application.18
From initial research in low temperature molten salts, an arbitrary definition of
ionic liquids was developed. An ionic liquid is an ionic material with a melting point
below 100 °C.6 The principle underlying the formation of a low melting point salt is that
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the ions are large and asymmetrical thus decreasing the lattice energy.23 This low lattice
energy results in salts that have low melting points.6, 19 Small symmetrical halide anions
usually do not form ionic liquids, with some exceptions. Larger anions, such as
bis(trifluoromethylsulfonyl)imide ([TFSI]-) will form ionic liquids with a wide range of
cations.24
Ionic liquids behave very differently to traditional molecular liquids when they
are used as solvents. Ionic liquids are usually non-volatile because they consist of ions,
and in most cases they are non-flammable, are good solvents for both organic and
inorganic materials, and can be used over a wide temperature range. The key advantages
of ionic liquids with respect to electrodeposition are wide potential windows, high
solubility of metal salts, and high conductivity compared to other non-aqueous
electrolytes.6, 25 The main disadvantages of ionic liquids are low conductivity (compared
to aqueous electrolytes), high viscosity, high density, and cost of production.17
The most characteristic property of ionic liquids is their low vapor pressure. Most
ionic liquids have extremely low vapor pressures, which allows the removal of water by
simple heating under vacuum. Water contents below 1 ppm are quite easy to achieve
with ionic liquids containing the [TFSI] anion.21 Some of the important properties of
ionic liquids, as defined today, are summarized in Table 1. Significant properties are the
low vapor pressures and moderate specific conductivities.26
Table 1. Properties of ionic liquids.26
Property
Freezing point
Liquidus range
Thermal stability
Viscosity
Polarity
Specific conductivity
Electrochemical window
Use as a solvent or catalyst
Vapor pressure
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Value
Below 100 °C
Often greater than 200 °C
High
Normally less than 100 cP
Moderate
Normally less than 10 mS cm-1
Greater than 2 V
Excellent for many organic reactions
Negligible
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Ionic liquids are denser than water, with density values from 1.0 to 1.6 g cm-3.21
They are viscous liquids, similar to oils, with viscosity values from 0.20 to 4.0 Poise at 25
°C.18 Ionic liquids show good electrical conductivity and have wide electrochemical
windows.17 The main areas in which ionic liquids differ from aqueous solutions are
viscosity, conductivity, potential window, double layer structure, redox potentials, and
metal hydroxide/oxide chemistry.6
Viscosities of ionic liquids can be much higher than is characteristic for water.
The viscosity of ionic liquids is determined by van der Waals forces and hydrogen
bonding, and electrostatic forces may also play an important role. “Alkyl chain
lengthening in the cation leads to an increase in viscosity, due to increased van der Waals
forces, while the presence of fluorinated anions such as BF4- or PF6- also increases the
viscosity due to increased hydrogen bonding.”21 Typical viscosities for ionic liquids are
in the 30-50 cP range, but can be as high as 500-600 cP at room temperature in some
cases. This high viscosity can cause some difficulties with handling of ionic liquids.21, 24
This can also have an effect on diffusion coefficients of the metal species to the electrode
in an electrochemical cell as well as the counter ions and complexants away from the
electrical double layer.6 However, ionic liquids show a significant decrease in viscosity
with increasing temperature, which leads to easier handling.21
The electrochemical window is an important property and plays a key role in the
use of ionic liquids in electrodeposition of metals and semiconductors. By definition, the
electrochemical window is the electrochemical potential range over which the electrolyte
is neither oxidized nor reduced at an electrode. This corresponds to the voltage range
where faradaic currents across the electrode-ionic liquid interface are absent or relatively
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small. The faradaic currents are “any anodic or cathodic current … [that] arise from the
oxidation and reduction of the ionic liquid’s anions and cations at the positive and
negative voltages respectively.”27 These limiting values determine the electrochemical
stability of solvents. The electrodeposition of elements and compounds in water is
limited by its low electrochemical window of only 1.23 V at standard conditions. Ionic
liquids, on the other hand, have large electrochemical windows. A broad range of 2 to 6
V has been reported in the literature, although the largest specific potential window
reported was for N-methyl-N’-propyl piperidinium TFSI, which was found to be stable
over a 5.8 V window.6, 21 Incorporation of halide ions such as F- or Br-, which undergo
anodic oxidation at relatively low potentials, can be responsible for a narrowing of the
electrochemical window in ionic liquid based electrolytes. The imide anion,
bis(trifluoromethylsufonyl)imide ([TFSI]-), which is oxidized at relatively high anodic
potentials, implies a broad stability of ionic liquids that incorporate this anion in the ionic
liquid.24
Since ionic liquids consist solely of ions, it would be expected that ionic liquids
have high conductivities. This is not usually the case, as the conductivity of any solution
depends not only on the number of charge carriers, but also on their mobility. For liquids
with discrete anions, the molar conductivity is inversely proportional to viscosity of the
liquid, and this correlation is virtually independent of the cation and anion.23 The large
constituent ions in ionic liquids reduce the ion mobility, which can lead to decreased
conductivities. An increase in temperature will lower the viscosity and increase the ionic
liquid’s conductivity. At around 200 °C, conductivities of 0.1 S cm-1 can be achieved.21
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Another advantage of ionic liquids is their thermal stability. Ionic liquids can be
thermally stable up to temperatures of 450 °C, although such high temperatures can be
tolerated by most ionic liquids only for a short time. Long time exposure to such high
temperatures leads to decomposition.21 A more useful thermal operating range for
practical applications is -40 °C to 200 °C.18 Both the cation and the anion contribute to
the low melting point of ionic liquids. An increase in anion size leads to a decrease in the
melting point due to a weakening of the cation-anion interactions. Additionally, cation
size and symmetry make an impact on the melting point of ionic liquids for the same
reason; large cations and increased asymmetric substitution leads to a decrease in the
melting point.21
The constituent cation and the anion of the ionic liquid affect the properties of the
fluid. In general, the cation controls the physical properties of the liquid such as phase
behavior, conductivity, and viscosity, while the anion has a larger role in the chemical
properties and reactivity.23
The first systematic studies of ionic liquids involved chloroaluminate systems and
evolved from attempts to deposit aluminum from molten salts. The whole concept of
ionic liquids comes from concerted attempts to make eutectics of aluminum chloride with
accessible melting points.23 The first ionic liquids based on the chloroaluminate (AlCl4-)
ion are regarded as the first generation of ionic liquids. This system is still used
extensively in aluminum deposition processes. The chloroaluminate system is extremely
hygroscopic, however, so these first generation ionic liquids require preparation and
handling in an inert gas atmosphere. In order to mitigate the hygroscopic nature of the
chloroaluminate systems, ionic liquids were developed based on 1-ethyl-3-
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methylimidazolium cations with either tetrafluoroborate (BF4-) or hexafluorophosphate
(PF6-) anions that were air and water stable. These air and water stable ionic liquids are
regarded as second-generation ionic liquids, and they can be safely stored and used
outside an inert gas atmosphere.17, 21
The most commonly used classification system of ionic liquids is by anion, since
the anion is generally the major influence upon the chemistry of the system. Ionic liquids
can be divided into two major classes, those with discrete anions, and those with anionic
complexes.6, 23 First generation ionic liquids have complex anions formed between a
Lewis basic anion (like Cl-) with a Lewis acid metal salt or a Brønstead acid. Second
generation ionic liquids have discrete anions like BF4-, PF6-, and TFSI-.19 Alternatively,
ionic liquids have also been classified by their cationic structure. In this case, they can be
classified into one of seven families. Figure 3 shows a number of common cations used
in ionic liquids.

Figure 3. Common cations in used in ionic liquids.22
Some common anions used in ionic liquids include BF4-, B(CN)4-, CH3BF3-,
CH2CHBF3-, CF3BF3-, C2F5BF3-, n-C4F9BF3-, PF6-, CF3CO2-, CF3SO3-, N(SO2CF3)2-,
N(COCF3)(SO2CF3)-, N(SO2F)2-, N(CN)2-, C(CN)3-, SCN-, SeCN-, CuCl2-, AlCl4-, and
F(HF)2.3.22 One of the challenges in classification and naming of ionic liquids is in the
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lack of a standard naming convention. There has been no adopted standard with respect
to the classification of ionic liquids. As an example, the ionic liquid 1-butyl-1methylpryrrolidinium bis(trifluoromethylsulfonyl)imide ([BMPy][TFSI]), could be
denoted in any of 42 different ways.28 To add to the complexity, it has been estimated
that there are more than 1018 different ionic liquids.6
Key physical properties of ionic liquids may be controlled by selection of
appropriate cations and anions. Ionic liquids with optimum conductivity and viscosity
generally contain highly fluorinated anions, which ensures good shielding of the charge
from the cation.6 Fine-tuning can be accomplished by controlling the molecular structure
within the cation/anion of choice.29, 30 When selecting ionic liquids for electrodeposition
applications, it is important to consider the reduction potential of the metal and the
potential window of the ionic liquid.6 It is generally accepted that the cation is more
important in controlling the physical properties of the salt whereas the anion has a greater
effect upon the stability and chemical reactivity.6 The anion can affect the coordination
geometry around the metal ion, which affects the reduction potential, reduction current,
and nucleation.6
Cationic structure and size affect the viscosity and conductivity of the liquid and
hence will impact the mass transport of metal ions to the electrode surface. Cations will
also be adsorbed at the electrode surface at the deposition potential and as such, the
structure and thickness of the Helmholtz layer is cation dependent.6 As an example, an
atomic force microscopy (AFM) experiment was conducted29 with different ionic liquids,
where the effect of the cation on solvation layers of a solid substrate was investigated.
“Using [EMIm][TFSI] and [BMPy][TFSI] where the anion was kept constant, it was
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found that more coherent and more numerous solvation layers existed as the length of the
alkyl group attached to the imidazole structure was increased.” The [BMPy] cation (alkyl
chain length 4) had solvation layers that were harder to penetrate by the AFM tip than the
layers formed by the [EMIm] cation. Both ionic liquids exhibited several solvation
layers, and the difference in layer strength is attributed to the stronger electrostatic
interactions between the [BMPy] cation and the surface relative to the [EMIm]-surface
interaction.29 In this same study, scanning tunneling microscopy (STM) experiments
were performed on the same two ionic liquids. The morphology of a gold substrate was
significantly different for the two ionic liquids. It was shown that the stronger [BMPy]surface interactions promoted nanocrystalline deposition while the weaker [EMIm]
promoted microcrystalline deposition. “The strength of the [BMPy] interaction allows
the cation to adsorb to the surface of nucleation sites during deposition and hinder further
growth.”29
Imidazolium based cations have been favored due to their superior fluidity and
conductivity and of these, 1-butyl-3-methylimidazolium is the most preferred due to its
high conductivity.6 Relatively speaking, the combination of imidazolium- or
pyrrolidinum-based cations and complex halide anions results in ionic liquids with good
working conductivities.22 The cation structure also has a significant effect on the melting
point of the ionic liquid. For example, with ionic liquid containing N-methyl-Nalkylpyrrolidinium as the cation, where the alkyl group differed from methyl to ethyl to
butyl to propyl, has melting points of 135 °C, 91 °C, 12 °C, and -3 °C respectively.31
Both [EMIm][TFSI] and [BMPy][TFSI] are attractive ionic liquids for use as electrolytes
because of their wide potential windows and thermal stability over a wide temperature
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range of around -50 to +250 °C. Additionally, these ionic liquids can be easily dried to
water contents less than 3 ppm due to their low vapor pressure.29 In fact, most studies are
currently being carried out with ionic liquids that contain discrete anions, as these tend to
be more inert and have lower melting points and viscosities.23
Although ionic liquids have many attractive features for electrochemistry, they
can be exceedingly difficult to purify. The expectation is that ionic liquids will be clear,
colorless liquids with a wide, clean electrochemical window, as assessed with
voltammetry. The fact that ionic liquids exhibit virtually no vapor pressure eliminates
distillation as a purification technique.22 However, heating of the liquid under vacuum
has been shown to be an effective technique for water removal. In one such example, the
ionic liquid [BMPy][TFSI] was dried under vacuum for 12 hours at 100 °C to water
contents below 3 ppm as measured by Karl-Fischer titration.4
Ionic liquids are known to by hygroscopic and can absorb significant amounts of
water from the atmosphere.32 The properties of ionic liquids, including solubility,
polarity, viscosity, and conductivity are not only changed by, but also are dependent on
the amount of absorbed water.32 Water absorption in ionic liquid systems is complex.
Studies on the kinetics of water absorption found “that the rates did not follow first order,
pseudo first order or second order rates. In fact, it was surmised that due to the strong
water-anion interactions, the kinetics of the absorption changed as the reaction
progressed.”32
Impurities in ionic liquids, even at extremely low concentrations, have an
influence on the electrochemical stability of ionic liquids.25 Any fundamental study of
electrochemical processes using ionic liquids should ensure that impurities are reduced to
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as low a level as possible. This can be challenging when working with ionic liquids
purchased from commercial sources, as they can be of questionable purity and quality.
Pure ionic liquids with the common imidazolium or pyrrolidinium cations should be
visually indistinguishable from water.33 UV-vis spectroscopy is the simplest method to
determine optical purity in ionic liquids. If there is significant absorption above 350 nm,
then the ionic liquid is impure.33 Additionally, cyclic voltammetry can supply adequate
information as to the general purity of ionic liquids. Impurities in the ionic liquid can
contribute noticeably to the faradaic currents produced during electrochemical window
experiments.27 As an example, [BMPy][TFSI] purchased commercially was compared to
synthesized [BMPy][TFSI] via cyclic voltammetry.33 Figure 4 displays the cyclic
voltammograms, which show the effect of impurities in the commercial ionic liquid on
the electrochemical stability of the liquid. The commercial ionic liquid has a smaller
electrochemical window and the presence of additional peaks in the scan shows the
reduction or oxidation of possible impurities.

Figure 4. Cyclic voltammogram of neat 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (blue is commercial, red is synthesized in the
laboratory), platinum working electrode, platinum counter electrode, and a silver
reference electrode scanned at 50 mV s-1.33
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Data from cyclic voltammetry experiments on ionic liquids can be confusing.
Depending on the working electrode material, the electrochemical window of the same
ionic liquid frequently varies among different studies. This makes it difficult to compare
the electrochemical windows of ionic liquids, and implies that the redox reactions and the
impurity-induced currents also depend upon the electrode material.27
The addition or presence of water in ionic liquid electrolyte systems narrows the
potential window because the water molecules will aggregate, making hydrogen
evolution easier at the electrode surface.6 The electrochemical behavior of ionic liquids
under the influence of moisture has been reported by a number of different research
groups.34, 35 Even with air and water stable ionic liquids, the addition of water sensitive
compounds, such as TaF5, makes ionic liquid/metal salt electrolytes non-water stable.9
As an example, the effect of water on the potential range of an ionic liquid system was
investigated with the n-butylpyrridinium cation and chloroaluminate anion. It was shown
that the presence of water, even in small amounts, led to HCl production at a potential
much more positive than what would have been expected by the cathodic limit of the
system.35 Additionally, the interactions between water and ionic liquids are highly
dependent upon the anions of the ionic liquid. Water interacts strongly with the anions,
and the strength of the that interaction is dependent upon the identity of the anion.32
Anions such as BF4- and PF6- were initially used extensively because of their wide
potential window. However, they are susceptible to slow hydrolysis by water, yielding
HF. This has led to an increase in the use of water stable anions such as TFSI.6 The
hydrophobic nature of the TFSI anion makes ionic liquids containing this anion relatively
easy to dry.36
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The electrical double layer in ionic liquids is complex. Conventional double
layers do not form on metal electrodes in ionic liquid systems; rather a multilayer
structure is present. Ionic liquids are more strongly adsorbed on surfaces than molecular
solvents due to electrostatic forces, van der Waals forces, and the cation alkyl chain on
hydrophobic surfaces.25 “This adsorbed cation layer and inherent nanostructure of the
bulk ionic liquid lead to the formation of several well-defined interfacial layers. Up to
seven discrete interfacial solvent layers are present, significantly complicating the
understanding of the electrical double layer in ionic liquid electrolyte systems.”25
Temperature effects on solvation layers were studied in fluorinated ionic liquids. At
lower temperatures, five to seven interfacial layers are present, while at higher
temperatures, as few as four layers are present.30 This trend contributed to the decision to
conduct experiments at elevated temperatures during this study.
Although one of the main advantages of ionic liquids is their inherent stability,
little is known about the cathodic and anodic decomposition reactions of the constituent
cations and anions. Research by Ismail et al.36 into the decomposition of the TFSI anion
during anodic dissolution of copper showed that the TFSI anion is not as
electrochemically stable as often assumed. Their experiments postulated that the TFSI
anion is chemically oxidized by Cu+ ions that are liberated at the copper anode, forming a
CuF2 precipitate.
Tantalum Electrodeposition from Molten Salt Electrolytes
Generally, the physical and chemical properties of ionic liquids are the same as
those of high temperature molten salts, but the practical aspects of their maintenance and
handling are different enough to make them distinct from one another.17
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The most common and proven method for the electrodeposition of refractory
metals, especially tantalum, is through the use of high temperature molten salt
electrolytes consisting of molten alkali fluorides, alkali chlorides and/or mixed alkali
chloride-fluoride systems.4, 11, 37 Prior to 2008, the only route for the electrodeposition of
tantalum was from high temperature molten salts of alkali metal halides, and the first
specific results were from the ternary eutectic mixture LiF-NaF-KF as a solvent and
K2TaF7 as the source of Ta at temperatures between 650 and 850 °C. “In this process, the
deposited metal was dense, structurally coherent, and essentially unalloyed with the
substrate material. The current density used was between 5 and 100 mA cm-2.”4, 15
The nucleation of tantalum in molten alkaline fluoride media was investigated in
the 650-750 °C temperature range, where the objective of the study17 was to prepare
tantalum coatings for anode materials. An eutectic LiF-NaF melt (60/40 mol%) was used
and tantalum ions were introduced to the system as potassium heptafluorotantalate,
K2TaF7. “The tantalum nuclei were hemispherical and their growth was threedimensional and limited by the diffusion of tantalum ions. [An] increase [in] the current
density and temperature enhanced the nucleation rate and nuclei density.”17
The reduction of tantalum, even in simple molten salt electrolytes, is a complex
process. A summary of the main electrochemical reactions of Ta metal and Ta ions in
different molten salt solutions was developed to understand the complexity of the
process.38 It was surmised that the mechanism proceeded in five one-electron steps that
were indistinguishable from one another with respect to rates of reaction. In different
molten salt mixtures, different species of the tantalum ion existed, and the chemical
intermediates differed depending on the constituents of the molten salt electrolyte. The
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observation of different current peaks when the systems were subjected to a potential
scan led to the idea of different chemical intermediates.38
Although the use of high temperature molten salt electrolytes is a successful
technique, these high temperature baths have many technical and economic problems
such as the loss in the current efficiency of the electrolysis process. In electrolytic
processes, it is important to operate at the highest possible current efficiency. In high
temperature molten salts, the deposited metal can dissolve somewhat, leading to
decreased current efficiency. Additionally, severe corrosion problems can occur from
high temperature molten salts due to increased rates of the corrosion reactions.4, 11
Tantalum Electrodeposition from Ionic Liquids
Tantalum cannot be electrodeposited from aqueous solutions. The processes that
are useful for the deposition of tantalum films include sputtering (physical vapor
deposition) processes, chemical vapor deposition, or electrodeposition from high
temperature molten salt electrolytes.10 In the case of electrodeposition from high
temperature molten salts, the high operating temperatures may change the properties of
the substrates. This is not the case during electrochemical treatment from ionic liquids,
as the process can be conducted at lower temperatures that will not affect the properties
of the substrate.39
The electrodeposition of tantalum from ionic liquids involves complex formation,
which is not fully understood. In general, the partial tantalum-halide reduction involving
z electrons can be formulated as,

TaF5 (IL) + ze! ""
# TaF5 ! z (S) + zF ! (IL)
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where IL and S stand for the ionic liquid and the substrate respectively.10 Numerous
studies have been conducted in recent years on the electrodeposition of tantalum from
ionic liquid electrolytes. There are numerous parameters that can be varied to change
deposition characteristics. Among these is electrolyte composition, choice of cation
and/or anion in the ionic liquid, operating temperature, inclusion of other metal salts,
diluents, anode material, brighteners, applied current density, electrode pretreatment
protocol, and the addition of chelating agents.6
The ionic liquid [BMPy][TFSI] was the most commonly used ionic liquid in
previous studies, and the method of deposition was usually through potentiostatic means.
The first studies performed in this manner were conducted at room temperature, on
various metal substrates, and with TaF5 as the source of tantalum. Figure 5 shows a
typical experiment conducted with 0.5 M TaF5 in [BMPy][TFSI] on a gold substrate.11
The cyclic voltammogram shows a number of cathodic peaks, each attributed to a
different reduction process.

Figure 5. Cyclic voltammogram of 0.5 M TaF5 in [BMPy][TFSI] on Au(111) at 25 °C.
The second cathodic process (C2) is correlated to the formation of a black, brittle
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electrodeposit with a thin, shining layer underneath. Inset: cyclic voltammogram of
ultrapure [BMPy][TFSI] on Au(111) at 25 °C. The scan rates are 10 mV s-1. (from Ref.
11, with permission from Elsevier)
From this experiment, the researchers observed,
Four reduction processes (C1 – C4) and a poorly defined oxidation reaction are
observed. No film formation is observed at the first cathodic peak at -0.3 V vs. Pt
(C1) with the naked eye. As TaF3 is known to be stable, the first process (C1)
might correspond to the reduction of Ta(V) to Ta(III). At -1.1 V vs. Pt (C2) the
formation of a black deposit is observed. If the electrode potential is kept at C2
for 2 hours, a black, brittle deposit with a thin shining layer underneath is
obtained. From the cyclic voltammogram alone, it is difficult to allocate the
peaks at C3 and C4 to definite electrode reactions. The small oxidation process in
the backward scan is due to the partial dissolution of the electrodeposit.11
Also in Figure 5, the inset figure shows the electrochemical window of ultrapure
[BMPy][TFSI] on a gold electrode at 25 °C. The electrochemical window is about 6 V,
and the cathodic limit is due to the irreversible reduction of [BMPy]+ to Nmethylpyrrolidine and butyl radicals. The anodic limit is due to gold disintegration and
partially due to irreversible anion oxidation.11
Successive experiments conducted under the same conditions yielded different
results. This highlights one of the challenges in refractory metal deposition research; the
numerous variables and different operating parameters have a significant effect on the
process, and not all parameters are easily controlled. Figure 6 shows a different cyclic
voltammogram of [BMPy][TFSI] containing 0.5 M TaF5 on a gold substrate at room
temperature.
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Figure 6. Cyclic voltammogram of 0.5 M TaF5 in [BMPy][TFSI] on Au(111) at room
temperature. Scan rate 10 mV s-1.21
In this case, two reduction processes were recorded in the forward scan. The first
one started at a potential of -0.5 V with a peak at -0.75 V, which was correlated to a
reduction of Ta(V) to Ta(III). The second process started at a potential of -1.5 V and was
accompanied by the formation of a black deposit on the electrode surface. This was
attributed to the reduction of Ta(III) to Ta metal simultaneously with the formation of
insoluble tantalum compounds.21 In one case, four cathodic peaks are observed, while in
another case only two cathodic peaks are observed.
Literature based on refractory metal deposition from high temperature molten
salts indicated that the addition of lithium fluoride (LiF) or fluorides of other alkali
metals facilitated the process.12 Since the addition of LiF to the electrolyte was beneficial
to the deposition of tantalum in high temperature molten salt applications, it was
surmised that the inclusion of LiF to ionic liquid electrolytes would also facilitate the
process. Figure 7 shows a cyclic voltammogram of [BMPy][TFSI] containing 0.25 M
TaF5 and 0.25 M LiF on a platinum electrode at 200 °C. This shows that “three cathodic
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processes were observed in the forward scan before reduction of the organic cation of the
ionic liquid occurred at around -2.2 V. This observation indicates that the reduction of
Ta(V) to tantalum metal occurred in three steps, and not in two steps as in the absence of
LiF.12

Figure 7. Cyclic voltammogram of [BMPy][TFSI] containing 0.25 M TaF5 and 0.25 M
LiF on platinum at 200 °C.12
The use of different metal substrates also has an effect on the response of the
current during potentiodynamic scans. Figure 8 shows a cyclic voltammogram of the
ionic liquid [BMPy][TFSI] containing 0.25 M TaF5 and 0.25 M LiF at 200 °C on NiTi
alloy. The cathodic branch of the voltammogram displays three cathodic processes,
suggesting that the electrochemical reduction of Ta(V) occurred in three steps. This
agrees with the cyclic voltammogram performed on the platinum substrate, however, the
position of the current peaks is different. The first reduction occurred at about -1.3 V, the
second at about -1.5 V, and the onset of tantalum deposition occurred at about -1.8 V,
where a black layer was formed at the cathode.4
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Figure 8. Cyclic voltammogram of [BMPy][TFSI] containing 0.25 M TaF5 and 0.25 M
LiF on NiTi alloy at 200 °C. (from Ref. 4, with permission from Elsevier)
Since it was determined that the onset of tantalum deposition occurred at around
-1.8 V, a potentiostatic experiment was conducted with the same electrolyte, substrate,
and concentration of tantalum and lithium salts. Figure 9 shows the potentiostatic current
versus time profile for the NiTi electrode in the ionic liquid [BMPy][TFSI] with 0.25 M
TaF5 and 0.25 M LiF, conducted at 200 °C. The researchers write,
The potential was set at -2.0 V (vs. Pt) for 1 hour to deposit a thick layer of Ta on
the electrode surface. This plot shows a sharp decrease in the [absolute value of
the] current density at the beginning of the experiment, due to double layer
charging. Over the remainder of the experiment, the [absolute value of the]
current density slowly increases due to tantalum deposition. The fluctuations in
the plot are due to an increase in surface roughness of the tantalum subhalide
layer as it is deposited on the cathode.4
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Figure 9. Potentiostatic current density versus time profile of a NiTi electrode in the
ionic liquid [BMPy][TFSI] containing 0.25 M TaF5 and 0.25 M LiF at 200 °C. The
potential was held at -2.0 V for 1 hour. (from Ref. 4, with permission from Elsevier)
This experiment, and the resulting structures formed on the NiTi cathode, as
shown in Figure 10, is among the first claimed as successful electrodeposition of
tantalum from ionic liquid electrolytes. Figure 10 shows the resulting SEM micrograph
and energy dispersive x-ray spectroscopy (EDS) profile of the deposited layer from the
procedure described previously. The micrograph shows a dense layer with fine
crystallites. The EDS profile displays peaks characteristic of Ta, along with the substrate
(nickel and titanium) and oxygen. In this case, the presence of oxygen was attributed to
the oxidation of the tantalum film upon exposure to air.4
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Figure 10. SEM micrograph (top) of the electrodeposit formed potentiostatically on NiTi
alloy in [BMPy][TFSI] containing 0.25 M TaF5 and 0.25 M LiF at a potential of -2.0 V
for 1 hour at 200 °C and the EDS profile (bottom) of the area shown in the SEM
micrograph. (from Ref. 4, with permission from Elsevier)
Operating temperature also has a significant effect upon the deposition process.
Tantalum electrodeposition experiments conducted at different temperatures up to 200 °C
showed that the mechanical quality and adherence of the deposits improved at higher
temperatures.21 Figure 11 shows the effect of increasing the temperature on the cyclic
voltammograms of [BMPy][TFSI] containing 0.5 M TaF5 on a platinum electrode with a
scan rate of 10 mV s-1. At room temperature, elemental Ta is obtained in a narrow
potential window, from -2 V to -2.3 V, while at 120 °C, elemental tantalum is obtained in
a larger potential window, from around -1.4 V to around -2 V.8 The results obtained
from different ionic liquids at room temperature also showed that the deposition of thin
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layers of tantalum from TaF5 using [EMIm][TFSI] as the electrolyte is not possible at
near room temperature, while it is possible using [BMPy][TFSI].25

Figure 11. Cyclic voltammograms of 0.5 M TaF5 in [BMPy][TFSI] on platinum at
different operating temperatures. The scan rate is 10 mV s-1.12
At the higher plating temperatures, the cyclic voltammograms show two reduction
peaks on the cathodic branches and two oxidation peaks on the anodic branches. The
peak currents increase significantly with increasing temperature, which is due to the
increased mobility of the electroactive species towards the electrode surface.12
EDS analysis from this experiment showed that the electrodeposit contained
mainly granules and was analyzed as a tantalum species containing carbon, oxygen,
fluorine, and sulfur impurities. The ratio of surface concentration of Ta to F was 4.2 to 1,
by weight percent. The carbon, oxygen, fluorine, and sulfur were attributed to residual
ionic liquid remaining on the electrode surface.11, 12 These experiments led to the
conclusion that temperatures between 150 and 200 °C are optimal for electrodeposition
of Ta from TaF5 in ionic liquid electrolytes.11
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From the previous research and results referenced in this review, it appears that
the electrodeposition of tantalum from ionic liquid electrolytes is fairly straightforward.
This is not necessarily the case, as the layer of tantalum deposited is frequently nonadherent to the substrate, includes significant impurities or unintended constituents, or
deposits in an amorphous form. With all refractory metals, the challenge in depositing
micrometer thick, purely metallic layers is to avoid growth of non-stoichiometric
subhalides.21 This is a key issue that still must be addressed with respect to ionic liquid
plating systems. The coordination chemistry and concentration of the metal complex
affects the thermodynamics and kinetics of metal ion reduction and is a major factor in
deposit morphology and properties.6 The formation of non-stoichiometric subhalides
during tantalum deposition may be due to kinetic reasons. In the case of TaF5 reduction,
the liberated fluoride ions have to diffuse away from the surface to the bulk of the
solution. If deposition is too fast and F- cannot diffuse away quickly, it may become
trapped in the deposit and the reduction may stop on a subvalent level rather than on the
elemental level. The surface would be supersaturated with F-, leading to the formation of
non-stoichiometric metal halide compounds. Although refractory and rare earth metal
fluorides show a low tendency to form definite subvalent metal halide clusters, tantalum
shows a distinct tendency to form chemical bonds with fluorine. This tendency increases
with increasing layer thickness in unstirred solutions, and is also evident during long
deposition experiments.10, 11 Preparation of thick tantalum layers by long-term
potentiostatic deposition from an unstirred solution results in the deposition of subvalent
tantalum species.11
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Electrode pretreatment processes also affect the quality of the deposit. Adhesion
of deposited metal can be increased by a good pretreatment of the substrate. Removal of
the oxide layer, as well as any residual oils or grease, is the key to good adhesion.
Specifically during tantalum electrodeposition, oxygen presence in the electrolyte and on
the surface of the electrodes can be an issue. This is due to the oxidation layer that
tantalum forms in the presence of moisture or oxygen. It was reported by Moganty et al.
that even with meticulous preparation of the tantalum anodes, they were not able to keep
the oxide layer from forming, either before incorporation into the electrochemical cell, or
from within the ionic liquid itself.27 However, an anodic pulse before plating can remove
the oxide layer.6
Complete consensus has not been reached among the numerous groups
conducting studies into tantalum electrodeposition from ionic liquids. While some
researchers have claimed to produce pure metallic tantalum films, others claim that
impurities, like halogenides, have not been conclusively eliminated from those films.
The presence of oxygen in the deposits, as shown by x-ray diffraction analysis, is the
most often cited source of impurities.37 In fact, the formation of oxohalide complexes
could be a restricting factor in the electrochemical deposition of tantalum from ionic
liquids containing oxygen impurities. Cyclic voltammetric experiments on a 1-butyl-1methylpyrrolidinium trifluoromethansulfonate [BMPy][TFMS] ionic liquid with TaCl5
included showed that reduction of the oxochloride complexes (TaOCl4)- always occurred
before the first reduction step of the chloride complex (TaCl5). This indicates that codeposition of tantalum oxides cannot be avoided during electrodeposition from this
system.37 This shows that the purity of the electrolyte, especially the absence of oxygen
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impurities, is a crucial factor for tantalum deposition as the oxohalide complexes of
tantalum(V) can perturb the electrochemical reaction and degrade the quality of the
deposited metal.37 Additionally, the purity of the tantalum salt may affect the deposition
process adversely. “A known shortcoming of commercial TaF5 is that [it] can contain,
from the fabrication process, some oxo-fluoro-metallates which might influence the
electrochemical behavior of the system.”11
The applied current density plays a pivotal role in electrodeposition, from aqueous
solutions as well as from ionic liquids. In the specific case of tantalum deposition from
ionic liquids, the results have been mixed and at times contradictory. Borisenko et al.
reported that “at low current densities, of around -10 µA cm-2, metallic tantalum was
formed from a TaF5-LiF-[BMPy][TFSI] system, while at higher current densities, of
around -10 mA cm-2, only subvalent tantalum fluorides were deposited.”11 However, in
another experiment reported by El Abedin, “a tantalum film 1-2 µm thick was deposited
galvanostatically on stainless steel from the same ionic liquid/metal salt system at a
current density of -8 mA cm-2. An insoluble tantalum subfluoride deposit was formed in
this experiment, but was removed with washing to reveal an elemental tantalum
deposit.”15
Effect of Additives to the Electrolyte on the Deposition Process
From literature based on refractory metal deposition from high temperature
molten salts, it was found that the addition of lithium fluoride or fluorides of other alkali
metals facilitated the process.12 One explanation for this observation was that the lithium
ions destabilized the tantalum-halide bonds and facilitated tantalum deposition and
decreased the formation of subvalent Ta deposits.15 A study on electrodeposition using
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tantalum chloride as the source of tantalum illustrates this. The symmetric configuration
of tantalum chloride complexes makes it stable and the resulting electrodeposition of the
metal difficult. In order to vary the symmetric structure of the TaCl5 complex, as well as
the electronic atmosphere around the tantalum ions, lithium fluoride was added to replace
the chloride ligand of the tantalum complex with a fluoride ligand.40 The quality and
adherence of the electrodeposit was considerably improved upon the addition of lithium
fluoride to the electrolyte.15, 21
Alternatively, the presence of lithium ions may alter the structure of the electrical
double layer at the electrode surface, thus facilitating tantalum reduction.15 The addition
of lithium ions would have a considerable effect on the structure of the double layer. In
the double layer, the cathode is coated with a layer of cations, in which the metal to be
reduced must be incorporated, or get close enough to undergo reduction. Adding small
ions, such as Li+ to the electrolyte may decrease the thickness of the double layer and
make metal ion reduction easier.6 Additionally, since ionic liquids have significantly
lower conductivities than aqueous solutions at the same temperature, the movement of
charge through the electrolyte my be inefficient. One way to increase the conductivity of
an ionic liquid would be to add a small inorganic cation like Li+ that could have increased
mobility compared to the large organic cation.6
Another common additive in electrodeposition practice is the use of molecular cosolvents or diluents. Adding molecular diluents to ionic liquid systems will have several
effects: they decrease the surface tension of the liquid, which increases molar free volume
and facilitates ion movement. Additionally, the diluents become part of the mobile phase
and lubricate ion movement in the electrolyte.6 A dilution of neat ionic liquids with
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molecular solvents results in a decrease in the viscosity of the mixture, and could bring an
increase in the ion mobility.15 However, the addition of organic solvents to ionic liquids
could also decrease the conductivity as the ionic liquid is diluted. Previous research in
chloroaluminate ionic liquid systems showed that the addition of benzene as a co-solvent
enhanced the quality of an aluminum deposit, while the addition of benzene hindered
silver and/or nickel deposits in the same electrolyte. The effect of addition of diluents
will be specific to the metal to be deposited as well as the choice of ionic liquid.6 The
addition of any organic solvent to an ionic liquid system should conform to some specific
criteria. They should be low cost, non-flammable, and highly soluble with the ionic
liquids and metal salts. They should also have high rates of mass transfer, and be
electrochemically stable.19 Some solvents that have been used in this manner are toluene,
tetralin, and dimethylsulfoxide (DMSO).
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CHAPTER IV
EXPERIMENTAL METHODS
Introduction
This chapter describes the experimental setup and methods employed to conduct
experiments regarding the electrodeposition of tantalum from ionic liquid electrolytes.
Additionally, the materials and methods used for drying the ionic liquids, conducting
water content analysis of the ionic liquids, and investigating the deposited material on the
electrodes are also described.
Materials and Chemicals
The electrodeposition of tantalum was studied utilizing six different ionic liquids
as electrolytes. The ionic liquids used had large organic cations, which were derivatives
of imidazole, piperidine, or pyrrolidine. The ionic liquids used in this study were 1methyl-3-propylimidazolium bis(trifluoromethylsulfonyl)imide ([MPIm][TFSI]), 1-butyl1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([BMPy][TFSI]), 1,2-dimethyl3-propylimidazolium bis(trifluoromethylsulfonyl)imide ([MMPIm][TFSI]), 1-methyl-1propylpiperidinium bis(trifluoromethylsulfonyl)imide ([MPPip][TFSI]), 1-butyl-1methylpiperidinium hexafluorophosphate ([BMPip][PF6]), and 1-ethyl-3methylimidazolium chloride ([EMIm]Cl). The first two ionic liquids listed were chosen
due to their prevalence in prior research, while the second two were chosen for their large
electrochemical windows. The last two were chosen due to their difference in anion from
the other liquids, as well as a lack of oxygen in the anion structure. The first five ionic
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liquids were purchased from IoLiTec in 99% purity, while [EMIm]Cl was purchased
from BASF in >95% purity.
Tantalum fluoride (TaF5, 99.9%) was purchased from Alfa Aesar and used
without further purification. The tantalum salt was packed under argon from the
manufacturer and transferred directly into a nitrogen filled glove box before use. Lithium
fluoride (LiF, 99.98%) and potassium fluoride (KF, 99%, anhydrous) powders were
purchased from Aldrich and used without further purification. Tantalum foil (99.95%,
1.0 mm thick) and tantalum wire (99.99%, 1.0 mm diameter) were purchased from Alfa
Aesar for use as anodes during electrodeposition. Lithium metal granules (99%) that
were packed under argon gas were purchased from Alfa Aesar and used without further
purification. Steel and nickel cylinders were fabricated in-house, and used at different
times as cathode material.
Electrochemical Cell Setup
A technical setup was used for all electrodeposition experiments conducted in this
study. The technical setup utilized tantalum anodes and electrolyte containing tantalum
salts, and the electrolyte was well agitated for the majority of the experiments. All
experiments were conducted at an operating temperature of 150 ± 3 °C in the nitrogenfilled glove box seen in Figure 12, unless otherwise stated. The atmosphere in the glove
box was maintained at less than 0.5 ppm H2O and O2.

!
!

"$!

Figure 12. Glove box containing inert gas atmosphere. The atmosphere was maintained
at <0.5 ppm H2O and O2.
The electrochemical cell for the deposition experiments consisted of either a 25 or
50 mL round-bottomed, three-necked flask, into which two tantalum anodes and a
cylindrical cathode were inserted. The anodes were held in place by
polytetrafluoroethylene (PTFE) stoppers. The cathode was made of steel or nickel,
depending on the experiment. A schematic of the electrochemical cell setup is shown in
Figure 13. The cathode was attached to a rotating copper rod, and was used to agitate the
electrolyte and ensure a relatively high availability of tantalum cations to the surface of
the cathode. The electrolyte used in the experiments consisted of approximately 25 or 40
mL of dried ionic liquid, 0.25 M TaF5, 0.25 M LiF, and either no additional solvent, or
solvent added in a 1:1 molar ratio with the ionic liquid. Throughout all experiments,
there was no evidence that the fluoride ions present in the electrolyte etched the glass of
the cell wall.
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Figure 13. Electrochemical cell schematic. The entire cell was contained in the inert-gas
atmosphere, with electrical leads passing through an airtight fixture to the galvanostat.
Electrode Fabrication
Individual electrodes for the electrochemical cell were fabricated in-house, using
various materials and methods. Anodes were fabricated from tantalum foil, while
cathodes were fabricated from steel or nickel rods.
The plating surface area of tantalum anodes was 13.13 ± 0.50 cm2. The anodes
were cut directly from a sheet of 1 mm thick tantalum foil. Leads made of tantalum wire
were spot welded to individual anodes, for electrical connection outside the cell. Prior to
placement in the electrochemical cell, the anodes were mechanically polished with
sandpaper in successively finer grits, rinsed in ethanol and acetone, and weighed. Upon
addition to the glove box, the anodes were wet sanded with ionic liquid and rinsed with
electrolyte. This increased the chance that any oxide layer that was present from the
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outside atmosphere was removed in the inert gas atmosphere. Figure 14 shows a
representative tantalum anode used in this study.

Figure 14. Fabricated tantalum anode as used in electrodeposition experiments. The
tantalum wire connection was made by spot welding.
Cathodes were fabricated on a lathe, from steel or nickel rods. The cylindrical
cathodes had an average plating surface area of 2.97 ± 0.28 cm2. The cathodes were
threaded on the inside in order to attach them to a copper rod for rotation during the
electrodeposition experiments. Prior to placement in the electrochemical cell, the
cathodes were mechanically polished with sandpaper in successively finer grits, rinsed in
ethanol and acetone, dried, and weighed. Upon addition to the glove box, the cathodes
were lightly wet sanded with ionic liquid and rinsed with electrolyte. This ensured that
any oxide layer that was present from the outside atmosphere was removed in the inert
gas atmosphere. Figure 15 shows a representative nickel cathode used in this study.

Figure 15. Fabricated nickel cathode as used in electrodeposition experiments. The
inside of the cathode was threaded for attachment to a copper stirring rod.
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Instrumentation
All electrochemical cell measurements were carried out with a Solartron 1287
potentiostat/galvanostat controlled by CorrWare software. An airtight pass-through
fitting was employed to electrically connect the instrument from outside the glove box to
the electrochemical cell inside the glove box.
The water content of the ionic liquids and solvents was measured using a Mettler
Toledo C20 – Coulometric Karl Fischer (KF) Titrator without a diaphragm. The titrator
was able to measure water content as low as 10 µg. The titrant used to test water content
was “Hydranal – Coulomat AG” purchased from Sigma-Aldrich. The instrument’s
accuracy was verified using Hydranal Water Standard. A sample of the dried ionic liquid
or solvent was collected from the glove box using a glass syringe and needle and injected
into the KF titrator. The results of the initial and final water content tests are contained in
the experimental results section.
Ionic Liquid and Solvent Drying Process
Each ionic liquid was transferred into the glove box immediately upon receipt
from the manufacturer. The ionic liquids were dried in a 1000 mL round-bottomed flask
at 120°C for 16 hours, and full vacuum (2x10-5 psi) was applied for the duration of the
drying. The method used to dry the ionic liquids was the same for all six ionic liquids
studied. The drying and transfer of ionic liquids was conducted inside the glove box.
An ionic liquid was transferred from the original manufacturer’s container into the roundbottomed flask equipped with an egg-shaped magnetic stir bar. The flask was then
placed into an aluminum heating bowl on an Isotemp Hotplate/Stirrer. A picture of the
ionic liquid drying setup is shown in Figure 16.
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Figure 16. Experimental setup for removing residual water from ionic liquids. Flask was
maintained at 120 °C and full vacuum (2x10-5 psi) for 16 hours drying time.
A total of 25 solvents were identified for potential use during electrodeposition
experiments. These solvents were dried with type 3A molecular sieves. The molecular
sieves were activated in a 250 °C oven for 12 hours before use with the solvents. After
activation, the sieves were added to the glove box, where they were placed into individual
vials with the solvent to be dried. After the solvent was stored with the sieves for at least
12 hours, the water content was measured and compared with a water content
measurement of the as-received solvent. All solvents used in electrochemical deposition
experiments were stored in vials with the molecular sieves in order to minimize water
content in the electrolyte.
Electrodeposition Process
The electrodeposition experiments began by attempting to deposit tantalum onto
copper cathodes. The cathode material was later changed to steel and nickel due to
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complications encountered during surface analysis. The ionic liquid of choice was mixed
with 0.25 M TaF5, 0.25 M LiF, and either solvent in 1:1 molar ratio with the ionic liquid
or no additional solvent incorporated. The vast majority of experiments were conducted
at 150 ± 3 °C, and the plating time was usually 3 hours, although some long-term
deposition experiments were also conducted. All experiments were conducted
galvanostatically, with cathodic current densities ranging from -0.01 mA cm-2 to -10.0
mA cm-2. Two tantalum anodes and the steel or nickel cathode were weighed prior to the
start of the experiment. The tantalum anodes were positioned on opposite sides of the
electrochemical cell, with the rotating cylindrical cathode in the center of the cell. The
rate of rotation of the cylindrical cathode was 1200 rpm. This equates to a cathode
surface speed relative to the electrolyte of about 63 cm s-1. The tantalum anodes were
connected to the working electrode terminal of the Solartron, while the cathode was
connected to the counter electrode terminal. Reference electrodes were connected
directly to the working and counter electrodes. In each experiment, the cell potential
versus time was recorded.
After the prescribed deposition time, the anodes and cathode were removed from
the plating cell, removed from the glove box, and rinsed in ethanol or isopropanol,
followed by rinsing in acetone. The mass of each anode and cathode was recorded, and
the mass difference from before the experiment was noted. Each cathode and anode was
then analyzed in the scanning electron microscope (SEM).
Incorporation of Additional Solvent
In order to increase the mobility of the ions in the electrolyte, various solvents
were identified for potential use during electrodeposition experiments. Solvents
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identified as promising for this research were dried with molecular sieves to reduce the
water content, and solubility tests with the ionic liquids were conducted. Table 2 shows a
listing of the solvents that were identified for possible use.
Table 2. Solvents identified for potential use during electrodeposition experiments.
Solvents are listed in order of highest boiling point to lowest boiling point.
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The results of the solubility tests and limitations of low boiling point led to the
selection of seven “key” solvents that were considered for incorporation into the
electrolyte. These seven solvents were 1-methylnaphthalene, diethylene glycol dibutyl
ether (DEGDBE), propylene carbonate, diethylene glycol monomethyl ether
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(DEGMME), 3-methylcyclohexanone, N,N-dimethylformamide (DMF), and dimethyl
sulfoxide (DMSO).
Chemical Reduction of Ta(V) with Lithium
In order to investigate the possibility of performing a chemical reduction of
tantalum(V) to tantalum(III) before conducting an electrochemical reduction, lithium
metal was incorporated into an ionic liquid and tantalum fluoride solution. The lithium
metal was packed under argon gas from the manufacturer and stored in the glove box.
The granules of lithium metal were pressed into thin wafers and dropped into a vial
containing the ionic liquid and tantalum salt solution. The mixture was heated to 180 °C
and allowed to stir for 24 hours before use. The mixture was then decanted and the liquid
portion was incorporated into the electrochemical cell prior to an experiment.
Surface Analysis
Scanning electron microscopy (SEM) was used to characterize the postexperiment surface structure of the electrodes. A Hitachi S-3400 SEM was used for the
analysis. The anodes and cathodes from each completed experiment were separately
placed into the SEM for analysis. Pictures were taken of the entire surface of the
electrodes at various magnifications. Energy-dispersive x-ray spectroscopy (EDS) was
used to analyze the surfaces for tantalum and other elemental constituents. The EDS
analysis was conducted on the electrodes, in a large area analysis, as well as analyses of
specific areas or structures that seemed noteworthy in the SEM pictures of the surfaces.
Because of the electrolyte composition, carbon, nitrogen, oxygen, fluorine, sulfur,
tantalum, and the substrate (iron or nickel) were always included in the pool of elements
available for detection. The acceleration voltage used during EDS was 25 kV, and the
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working distance between the samples and the detector was 10 mm. With a 25 kV
acceleration voltage, the electron beam penetration depth is approximately 1.4 µm in
tantalum.
Highly polished samples of tantalum, steel, and nickel were analyzed by EDS to
obtain sample standards. The deposits formed on electrodes were compared against these
standard in the analysis of experimental results.
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CHAPTER V
EXPERIMENTAL RESULTS AND DISCUSSION
Introduction
This chapter discusses the results obtained from this study in three sections; the
first discusses water removal from the ionic liquids and solvents, while the second
highlights results from individual electrodeposition experiments with differing ionic
liquid electrolytes. The third section discusses experiments involving attempts to reduce
tantalum(V) to a lower valence state before electrodeposition.
Within the second section, each individual ionic liquid is discussed separately.
Experiments conducted with each ionic liquid in which current density, substrate
material, and presence of additional organic solvent differed, are discussed in detail. The
results of surface analyses with respect to each experiment are also included in the second
and third sections.
Water Removal From the Ionic Liquids and Solvents
The ionic liquids that were received from the manufacturer were tested for initial
water concentrations using a Karl Fischer titrator. The titrator was calibrated against a
Hydranal 100 ppm water standard. The samples taken from the stock ionic liquid
solutions were taken after the ionic liquid containers had been placed into the nitrogen
filled glove box. Table 3 shows the initial water content for five of the six ionic liquids
used in experimentation, as measured by the KF titrator. Each analysis was completed on
individual samples of the ionic liquid. The intent behind these tests was to obtain an
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estimate on the initial water content of the ionic liquids as they were received from the
manufacturer. The initial value of [EMIm]Cl was not measured, as the manufacturer
stated that it contained approximately 800 ppm water.
Table 3. Initial values for water content of the as-received ionic liquids from the
manufacturer.
Ionic Liquid
[BMPip][PF6]
[MPPip[TFSI]
[MMPIm][TFSI]
[BMPy][TFSI]
[MPIm][TFSI]
[EMIm]Cl

Water Content (Stock)
Standard
Water content (ppm)
deviation
90.0
5.3
30.1
2.3
40.2
0.2
15.4
0.1
21.8
0.1
approx. 800
---

Number of
samples
4
2
2
2
2
---

Each ionic liquid was dried as described in the experimental methods section. For
each ionic liquid, it was noted that upon application of full vacuum, bubbles formed from
within the liquid and were removed from the flask through the vacuum adapter. The
bubbles became less apparent after about 3 hours of drying time, and were not observable
after about 4 hours of drying time. After 16 hours of drying time, each ionic liquid was
transferred into a storage flask, which remained inside the glove box. A sample of the
dried ionic liquid was taken from the glove box via a glass syringe and needle. The
sample of dried ionic liquid was then immediately tested for water content. Each analysis
was conducted on a separate sample of the dried ionic liquid. Table 4 displays the final
water content of the ionic liquids achieved after drying.
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Table 4. Final values for water content of the ionic liquids achieved after 16 hours drying
time.
Ionic Liquid
[BMPip][PF6]
[MPPip][TFSI]
[MMPIm][TFSI]
[BMPy][TFSI]
[MPIm][TFSI]
[EMIm] Cl

Water Content - Dried
Standard
Water content (ppm)
deviation
53
18
3.5
0.3
5.9
0.3
4.8
0.2
5.2
2.3
170
54

Number of
samples
3
3
3
3
3
4

These results show a decrease in the water content of the stock ionic liquids
received from the manufacturer. The smallest decrease in water content after drying was
for the [BMPip][PF6], which had a 41% decrease in water content. The largest decrease
in water content was for [MPPip][TFSI], which was an 88% decrease. Assuming that the
manufacturer’s statement about 800 ppm water in the [EMIm]Cl was accurate, there was
a 79% decrease in the water content of that ionic liquid. Additionally, the larger water
content values and large standard deviation for [BMPip][PF6] and [EMIm]Cl illustrate
the hygroscopic nature of these two ionic liquids. Although the small number of samples
analyzed shows that these results are estimates, it does show that the process employed to
dry the ionic liquids was a valuable one, and resulted in large decreases in the water
content. This is important for successful electrodeposition, as a large concentration of
water in the electrolyte could have undesired consequences, such as hydrogen evolution
at the cathode, or changes in the electrochemically-important properties of the liquids.
The solvents were dried with molecular sieves as described in the experimental
methods section. Table 5 shows the results of tests performed on six of the solvents with
the KF titrator. The molecular sieves were successful in removing large amounts of
water from the solvents intended for use in the ionic liquid electrolytes.
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Table 5. Initial and final values for water content of solvents after 12 hour drying time
with type 3A molecular sieves.
Solvent
DMF
DMSO
1-Methylnaphthalene
Propylene Carbonate
DEGMEE
DEGDBE

As received (ppm H2O)
34.03
40.27
105
8.3
189.6
34.03

After drying (ppm H2O)
23.6
4.9
10.9
1.4
33.5
38.9

Electrodeposition Results
More than 60 individual electrodeposition experiments were conducted. The
variables considered for producing an adherent layer of tantalum included type of ionic
liquid used as the electrolyte, presence of solvent, presence of LiF salt in the electrolyte,
type of tantalum salt, method of electrolyte agitation, method of plating, substrate
material, and current density applied. This led to a large number of different
experimental conditions that could be used for a particular trial, and the individual
parameters for all experiments discussed in this thesis are summarized in Appendix A.
The experiments conducted are grouped together by type of ionic liquid for the sake of
clarity. Within an ionic liquid section, the comparison of different current densities,
different substrate materials, and addition of organic solvents is presented. The visual
and SEM images, along with EDS analyses are included within each ionic liquid section.
Figure 17 shows a representative cell voltage versus plating time plot with different ionic
liquids.
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Figure 17. Representative cell voltage vs. plating time plots for various ionic liquids.
The applied current density was -0.1 mA cm-2 in all cases shown.
Figure 17 is meant to display the wide variety of characteristic cell voltages
obtained during the electrodeposition experiments. Conditions that were preferred for
optimum chance of success were: a relatively low and constant cell voltage for the
duration of the experiment (top curves), a precipitation of pure tantalum at the cathode,
that the tantalum anode dissolved during the experiment, 100% current efficiency at both
electrodes, and unchanged electrolyte appearance during the experiment.
The top curves labeled 26Ta, 37Ta, and 51Ta have the best chance of successful
deposition because the cell voltage is low enough that the oxidation or reduction of the
ionic liquid constituents is not likely. However, as the cell voltage increases, the
likelihood of unwanted redox reactions increases. The shape of the curves may also
provide some insight into the physical changes happening at the cathode. The blue curve
indicates instability in the cell voltage, and could be an indication of a insulating crust
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building up on the cathode, which is continually flaking off and rebuilding. On the other
hand, the red curve indicates an insulating crust that continually builds, but does not
break off. In this case, the cell voltage is constantly increasing in order to maintain the
applied current density. The likelihood of breaking down the ionic liquid or any
molecular solvent in the electrolyte is high.
The addition of organic solvents was intended to affect the structure of the
electrical double layer, decrease the viscosity of the electrolyte and promote ion mobility
toward the electrodes.
The cell convention used for all galvanostatic experiments was to apply a negative
current, which resulted in a negative cell potential in nearly all cases.
Electrodeposition from [MPIm][TFSI]
The ionic liquids 1-methyl-3-propylimidazolium
bis(trifluoromethylsulfonyl)imide ([MPIm][TFSI]) and 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([BMPy][TFSI]) were the predominant ionic liquids
that were used for tantalum electrodeposition studies in the literature. During
electrodeposition experiments with [MPIm][TFSI], the electrolyte consisted of the ionic
liquid with 0.25 M TaF5 as the tantalum salt, 0.25 M LiF as an additive, and tantalum
anodes. The current density, the cathode material, and the presence of organic solvent
were the parameters varied during these experiments. The operating temperature was
150 °C, and the rotation of the cathode was 1200 rpm in all experiments.
The set of experiments pictured in Figure 18 show electrodeposition attempts at
-0.1 mA cm-2, -0.25 mA cm-2, and -0.5 mA cm-2. The trends from the plots of cell
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voltage versus plating time show that the value of the cell potential became more
negative as the negative current pushed through the cell was increased.

Figure 18. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[MPIm][TFSI] without solvent. The plating temperature was 150 °C with varied current
densities and steel cathodes. Curve 18Ta reveals electrical contact problems.
The absolute cell voltage for experiments 19Ta and 20Ta decreased from the open
circuit potential and became stable relatively early in the experiment. The cell voltage
leveled out at approximately -1.9 V for 20Ta (-0.1 mA cm-2) and approximately -2.5 V
for 19Ta (-0.25 mA cm-2). The absolute cell voltage for experiment 18Ta decreased
dramatically from the open circuit potential to a maximum value of -5 V, after which the
cell voltage was unstable. A cell voltage of -3.8 V was a steady state voltage after 9500
seconds of plating time. The instability of cell potential shown in the 18Ta curve was
due to electrical continuity problems encountered during the experiment. Figure 19
shows the physical condition of the cathodes from the experiments labeled 19Ta and
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20Ta. The 19Ta cathode had dark bands at the surface after the experiment, and the 20Ta
cathode was uniformly dark.

Figure 19. The visual appearance of the cathodes from the experiments labeled 19Ta
(left) and 20Ta (right). Both experiments were conducted in [MPIm][TFSI], but with
different applied current densities.
The current efficiencies relating to the mass gains on the cathodes and the mass
losses on the anodes was calculated. It was noted that the current efficiency was closer to
100% for the experiments with the higher current density. Figure 20 shows the SEM
images of the surfaces of the cathodes from these experiments, while Table 6 shows the
EDS results in terms of atomic percent.
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Figure 20. SEM images of the cathode surfaces from 18Ta, (-0.5 mA cm-2; top left)
19Ta, (-0.25 mA cm-2; top right) and 20Ta (-0.1 mA cm-2; bottom left).
Table 6. EDS results for experiments 18Ta, 19Ta, and 20Ta.
18Ta
19Ta
Element
(-0.5 mA cm-2)
(-0.25 mA cm-2)
(atomic %)
With
Without
With
Without
substrate

Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Iron
Tantalum

8.4
0.0
14.4
69.1
1.0
2.1
4.9

substrate
8.4
0.0
14.6
71.0
1.0
--5.0

substrate

25.7
0.0
12.8
33.2
6.6
20.1
1.5

substrate
28.0
0.0
16.4
46.8
7.1
--1.7

20Ta
(-0.1 mA cm-2)
With
substrate

25.7
0.3
13.7
26.6
3.1
30.4
0.2

Without
substrate
26.0
0.5
18.7
51.2
3.3
--0.2

These results show that the highest atomic percent of tantalum was deposited onto
the experiment with the highest current density and highest cell voltage. Although the
tantalum content is highest in experiment 18Ta, the fluorine content is also highest in that
experiment. It is thought that the deposit as shown in the SEM image, while crystalline,
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is a tantalum fluoride compound. The high detection of iron in 19Ta and 20Ta show that
little deposition occurred, and that the deposited layer was very thin.
When an organic solvent such as propylene carbonate or 1-methylnaphthalene
was added in a 1:1 molar ratio with [MPIm][TFSI], it was observed that the absolute
value of the cell voltage was smaller, compared to experiments run at the same current
density, but without additional solvent. This supports the intent behind the addition of
organic solvents; the decrease in absolute value of the cell voltage indicates increased ion
mobility in the electrolyte. Figures 21 and 22 show a total of six experiments with either
propylene carbonate or 1-methylnaphthalene used as an additional solvent in the
electrolyte.

Figure 21. Cell voltage versus time for 0.25 M TaF5 and 0.25 M LiF in [MPIm][TFSI]
mixed with propylene carbonate in a 1:1 molar ratio with the ionic liquid. The plating
temperature was 150 °C with varied current densities and steel cathodes.
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Figure 22. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[MPIm][TFSI] mixed with 1-methylnaphthalene in a 1:1 molar ratio with the ionic liquid.
The plating temperature was 150 °C with varied current densities and steel cathodes.
Figure 21 shows that the maximum cell voltage attained with a current density of
-0.5 mA cm-2 is only half of the value attained without solvent (18Ta, Figure 18).
Additionally, the curves for 24Ta and 25Ta (-0.1 mA cm-2) show that the voltage
becomes stable at a lower value than in the previous experiments without solvent. The
shape of the curves for 24Ta and 25Ta changed significantly with respect to previous
curves (20Ta) without solvent. This may show the inclusion of small amounts of water
impurities in the solvent that contribute to an oxide layer on the anodes, or unwanted side
reactions between the solvent and the electrolyte. The difference in cell voltage profiles
for 24Ta and 25Ta are likely due to the difference in substrate material.
Figure 22 shows two additional experiments in [MPIm][TFSI] but with 1methylnaphthalene as the additional solvent. The solvent was added in a 1:1 molar ratio
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with the ionic liquid. Again, it is observed that an initial increase in the absolute value of
the cell voltage is followed by stabilization. These curves are also different than the
curves when propylene carbonate was the additional solvent; the faster establishment of a
stable cell voltage with 1-methylnaphthalene may be due to decreased concentration of
water impurities, decreased solvent/electrolyte interactions, or the increase in current
density.
The visual appearance of all five cathodes is shown in Figure 23. The appearance
of the cathode from 23Ta was striking, and white crystals were observed in the SEM
images of both the cathode and the anode from that experiment. Since that experiment
was conducted at a higher current density (-0.5 mA cm-2), it was thought that the products
of the reduction reaction were insoluble and deposited onto the cathode. In the EDS
analysis of the crystals, the atomic percentages of tantalum, oxygen, and fluorine
suggested that a tantalum oxofluoride species was present. The visual appearance of the
two cathodes from experiments that included 1-methylnaphthalene as the added solvent
(21, 22Ta) showed no crystals or precipitates of any kind. All products of the redox
reactions remained in solution, and did not precipitate on either electrode.

Figure 23. Cathodes after plating with 0.25 M TaF5 and 0.25 M LiF in [MPIm][TFSI]
mixed with propylene carbonate (23-25Ta) or mixed with 1-methylnaphthalene (21,
22Ta) with various current densities on steel or nickel cathodes.
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The SEM images of the five cathodes are shown in Figures 24 through 26. In
these images, the surface of the substrate appears unchanged, with the exception of the
experiment labeled 23Ta. In 23Ta (Figure 25), a crystalline deposit is observed, and an
increase in the magnification to 5000x shows columnar crystal growth. These crystals
are the result of a non-dissolving reaction product being deposited onto the electrode
surface. It was thought that this was largely lithium fluoride, based on the high fluorine
concentration found in the EDS analysis. Lithium is undetectable in the EDS system
employed in this study.

Figure 24. SEM images of the cathode surfaces from 21Ta (-1.0 mA cm-2; left) and 22Ta
(-0.5 mA cm-2; right).

Figure 25. SEM images of the cathode from 23Ta (-0.5 mA cm-2). Left picture: 500x
magnification. Right picture: 5000x magnification.
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Figure 26. SEM images of the cathode surfaces from 24Ta (-0.1 mA cm-2; left) and 25Ta
(-0.1 mA cm-2; right).
The EDS analysis conducted on these five cathodes showed no clear evidence of
tantalum deposition, as shown in Table 7. Evidence of tantalum was based on a
minimum atomic percent of 3.0, as tantalum concentration values of up to 2.7 atomic
percent were obtained in analyses of pure nickel samples. The lack of tantalum was also
supported by the visual inspection, which showed non-metallic looking deposits on 23Ta,
and no apparent change, other than some discoloration, to the surfaces for the other
experiments. Large amounts of fluorine were always present in the analysis, and the
substrate was uncovered by a deposit in all but the case of 23Ta. Small amounts of
tantalum were detected, but not in a quantity that would signify anything other than
tantalum fluoride or tantalum oxofluoride clusters. The large amount of fluorine on the
surface could be from the tantalum clusters, the lithium fluoride, or the ionic liquid.
Table 7. EDS results for experiments 21 through 25Ta.
Element
(at. %)
Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Iron
Nickel
Tantalum

21Ta
(-1.0 mA cm-2)
With
Without
substrate substrate
2.3
2.9
0.0
0.0
8.1
15.3
27.4
78.6
0.1
0.3
60.4
------1.6

2.9

22Ta
(-0.5 mA cm-2)
With
Without
substrate substrate
16.0
16.6
0.0
0.0
8.6
14.3
24.3
68.1
0.1
0.2
50.3
------0.6

1.1

23Ta
(-0.5 mA cm-2)
With
Without
substrate substrate
10.7
10.4
1.7
1.7
9.7
10.0
71.1
75.1
0.4
0.4
4.1
------2.4
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24Ta
(-0.1 mA cm-2)
With
Without
substrate substrate
16.0
14.6
0.3
0.3
12.7
15.4
31.4
68.9
0.4
0.5
39.1
------0.2

0.3

25Ta
(-0.1 mA cm-2)
With
Without
substrate substrate
16.0
13.9
0.0
0.0
11.2
18.1
9.6
62.1
0.8
1.3
2.8
--57.2
--2.3

4.6
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Electrodepostion from [BMPy][TFSI]
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
([BMPy][TFSI]) was the other of the two ionic liquids that were used extensively by
previous researchers. The initial experiment with this ionic liquid was conducted at 150
°C, with 0.25 M TaF5 and 0.25 M LiF in the electrolyte. Tantalum anodes and a nickel
cathode were used. Figure 27 shows the cell voltage versus time plot for this initial
deposition experiment.

Figure 27. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[BMPy][TFSI] without solvent. The plating temperature was 150 °C with constant
current density of -0.1 mA cm-2 and a nickel cathode.
It was observed that the absolute cell voltage increased for the duration of the
experiment, and the voltage reached a value of nearly -8 V by the end of the experiment.
This result is somewhat discouraging, as the likelihood of destroying the electrolyte at the
cathode is increased as the absolute value of the cell voltage increases. A possible
!
'!#

!
explanation for the steady increase in cell voltage is that there was a layer of insulating
deposit that built up on the surface of one or both of the electrodes, and this insulating
deposit increased the resistance to current flow over time. This would not be a desired
result, as any pure metal deposition should not significantly increase the resistance at the
cathode as it is being deposited.
An attempt was made to minimize the build up of this insulating layer by
decreasing the cell voltage and plating over a longer period of time. To do this, the
current density was decreased to one-tenth of the previous experiment, while the plating
time was increased by a factor of ten. Figure 28 shows the plot of cell voltage versus
plating time for this experiment. The experiment labeled 29Ta is included in the plot for
reference.

Figure 28. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[BMPy][TFSI] without solvent. The plating temperature was 150 °C with varied current
densities and nickel cathodes.
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Again, the absolute cell voltage increased over the duration of the experiment.
Even with extremely small current densities, an insulating layer built on the electrodes,
albeit at a reduced rate. This insulating layer was likely due to the structure of the cation
in [BMPy][TFSI] which has strong electrostatic interactions with the substrate.29 The
only difference between the two experiments shown in Figure 28 is that 39Ta was
conducted with a non-stirring cathode. The electrolyte was agitated with a magnetic stir
bar in this case.
In an experiment reported by El Abedin, a tantalum film was deposited from
[BMPy][TFSI] at a much higher absolute current density (-8 mA cm-2) than employed
previously.15 For this reason, an additional experiment was conducted with
[BMPy][TFSI] in the absence of solvent. Figure 29 shows the experiment conducted
with a rotating nickel cathode and an applied current density of -8 mA cm-2. In this case
the plating protocol reported by El Abedin was used to determine if an increase in
absolute current density would produce a visible, measureable deposit using this
electrolyte.
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Figure 29. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[BMPy][TFSI] without solvent. The plating temperature was 200 °C with constant
current density of -8 mA cm-2 and a nickel cathode.
The absolute cell voltage measured during this experiment was relatively large,
but was significantly more stable than in the previous experiments. Figure 30 shows the
visual appearance of all three experiments. The cathodes from experiments 29Ta and
30Ta did not gain significant weight, while the cathode from experiment 42Ta gained
weight due to a black deposit.
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Figure 30. The visual appearance of the cathodes from the experiments labeled 39Ta (0.01 mA cm-2; left), 29Ta (-0.1 mA cm-2; center), and 42Ta (-8.0 mA cm-2; right). All
three experiments were conducted in [BMPy][TFSI], but at different current densities.
The images of the cathodes show the build up of a layer on the surface. With
experiment 29Ta, the layer is thinner and less obvious than with the other two
experiments. A white powder precipitate was created in the cell during the experiment
labeled 39Ta. This white powder was isolated and analyzed with EDS. It was concluded
that the powder, which consisted of tantalum, oxygen, and fluorine, was the result of
small amounts of the deposit flaking and falling off during the experiment. The cathode
from experiment 42Ta shows a significant black layer that was more adherent than the
other two. Figures 31 and 32 show the SEM images of the cathodes as well as the
powder from experiment 39Ta.

Figure 31. SEM images of the cathode surfaces from 29Ta (-0.1 mA cm-2; left) and 42Ta
(-8.0 mA cm-2; right).
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Figure 32. SEM images of the cathode surface from 39Ta (-0.01 mA cm-2; left) and the
white powder created during the 39Ta experiment (right).
In all three experiments, the amount of deposited tantalum was minimal. There
was a high concentration of fluorine in all three experiments, and the substrate was
apparent in the EDS analysis in all cases except for 42Ta. Table 8 shows the results from
the EDS analysis on the cathode surfaces. It was concluded that the ionic liquid
[BMPy][TFSI] was not useful as an electrolyte to deposit tantalum using a technical
plating setup.
Table 8. EDS results for experiments 29Ta, 39Ta, and 42Ta.
29Ta
39Ta
Element
(-0.1 mA cm-2)
(-0.01 mA cm-2)
(atomic %)
With
Without
With
Without
substrate

Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Nickel
Tantalum

1.0
0.0
8.9
21.7
0.2
65.6
2.6

substrate
1.2
0.0
20.2
70.8
0.4
--7.3

substrate

14.9
0.0
13.3
44.2
0.0
22.1
5.5

substrate
13.5
0.0
16.7
62.0
0.2
--7.6

42Ta
(-8.0 mA cm-2)
With
substrate

33.8
0.0
17.1
40.3
4.4
0.2
4.3

Without
substrate
33.8
0.0
17.1
40.4
4.4
--4.3

The possibility that addition of an organic solvent would enhance the performance
of this ionic liquid led to the experiments pictured in Figure 33. These experiments
included propylene carbonate as the added solvent, and varied current densities. Since
the presence of solvent should promote ion movement and affect the structure of the
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electrical double layer at the electrodes, the presence of solvent should reduce the
absolute value of the cell voltage. This was seen in the previous experiments with
[MPIm][TFSI].

Figure 33. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[BMPy][TFSI] mixed with propylene carbonate in a 1:1 molar ratio with the ionic liquid.
The plating temperature was 150 °C with varied current densities and nickel cathodes.
When the curves in Figure 33 were compared with the analogous curves without
additional solvent, (Figure 28) it was immediately observed that the cell voltage when
propylene carbonate was included in the electrolyte was significantly lower in magnitude
than the cell voltage without solvent. The cell voltage in the experiment labeled 30Ta
reached an absolute maximum value of around -1.6 V, much less than the -8 V reached
during the experiment without solvent. Increasing the absolute current density to -0.5
mA cm-2 (31Ta) resulted in an absolute maximum cell voltage of about -2.8 V. These
two curves resemble previous experiments done with [MPIm][TFSI] and propylene
carbonate as an added solvent (Figure 21) and the shape of the curves in this case could
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also be due to impurities in the solvent and/or unwanted reactions between the solvent
and the electrolyte. The instability noted in the experiment labeled 31Ta was likely due
to an inconsistent electrical connection throughout the experiment.
Figure 34 shows the visual appearance of the cathodes after the electrodeposition
experiments. The cathodes appear metallic, with some blue-gray discoloration, similar to
the experiments performed with [MPIm][TFSI] and propylene carbonate. There was no
significant weight change to either of these cathodes.

Figure 34. The visual appearance of the cathodes from the experiments labeled 30Ta
(left) and 31Ta (right). Both experiments were conducted in [BMPy][TFSI] mixed with
propylene carbonate.
Surface analysis of the low absolute current density (-0.1 mA cm-2) experiment
(30Ta) showed little surface structure other than that of the substrate. At higher absolute
current density, (31Ta) small particles were observed on the surface of the cathode.
Figure 35 shows the SEM images of both cathodes.

Figure 35. SEM images of the cathode surfaces from 30Ta (-0.1 mA cm-2; left) and 31Ta
(-0.5 mA cm-2; right).
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The EDS analysis of the surfaces, shown in Table 9, revealed little tantalum
presence. Again, the substrate was highly detected, indicating little coverage by a deposit
of any kind. The high concentration of fluorine and oxygen suggested tantalum
oxofluorides, although tantalum oxide and significant amounts of lithium fluoride from
the electrolyte could have also been present.
Table 9. EDS results for experiments 30Ta and 31Ta.
30Ta
31Ta
-2
Element
(-0.1 mA cm )
(-0.5 mA cm-2)
(atomic %)
With
Without
With
Without
Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Iron
Nickel
Tantalum

substrate

substrate

substrate

substrate

28.1
0.0
18.5
15.3
0.0
--33.3
4.8

28.7

19.5
0.0
10.4
22.4
1.0
--44.4
2.3

19.8

0.0
30.0
32.8
0.0
----8.4

0.0
18.6
55.1
1.6
----4.9

Although the presence of the propylene carbonate in the electrolyte was beneficial
from a cell voltage point of view, it remains that pure tantalum films were not produced
with this electrolyte. These experiments with [BMPy][TFSI] support the conclusion that
the ionic liquid [BMPy][TFSI] is an unsuitable ionic liquid to electrodeposit tantalum in a
technical plating setup.
Electrodeposition from [MMPIm][TFSI]
The ionic liquid 1,2-dimethyl-3-propylimidazolium
bis(trifluoromethylsulfonyl)imide ([MMPIm][TFSI]) was selected based on a large
electrochemical window, high conductivity, and high thermal stability. This ionic liquid
had not been used previously in research regarding the electrodeposition of tantalum.
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This study represents the first attempts at electrodeposition of tantalum from this ionic
liquid.
Four individual deposition experiments using the ionic liquid [MMPIm][TFSI]
are shown in Figure 36.

Figure 36. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[MMPIm][TFSI] without solvent. The plating temperature was 150 °C with varied
current densities and nickel cathodes.
The first experiment run with [MMPIm][TFSI] was 26Ta, at a current density of
-0.1 mA cm-2. The resulting curve shows a stable cell voltage response, which slowly
decreases in absolute value to about -0.1 V. There was no evidence of electrolyte
destruction or unwanted side reactions, and the electrolyte remained clear throughout the
experiment. Subsequent experiments at -0.3 mA cm-2 and -0.5 mA cm-2 were also
conducted. These results were also promising, as the maximum cell voltage attained
during the experiments was significantly less than that obtained with the same current
density in other ionic liquids. The experiment labeled 34Ta was an attempt to replicate
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the curve from 26Ta, but with the same electrolyte used from 32Ta and 33Ta. The fact
that the cell potential crosses into positive values near the end of the 34Ta experiment is
indicative of possible side reactions occurring in contaminated electrolyte. Figure 37
shows the visual appearance of the four cathodes upon completion of the experiments.

Figure 37. Visual appearance of the cathodes from the experiments 26Ta (left) and 3234Ta (right, labeled). All experiments were conducted in [MMPIm][TFSI] without
solvent.
The appearance of the cathodes was metallic, with slight discoloration in the
cathodes labeled 32Ta and 33Ta. In all cases, the cathodes did not gain weight, but the
corresponding anodes lost weight. This indicates that the reaction products at the
cathodes and anodes were soluble in the electrolyte, and did not precipitate on either
electrode. The surfaces of the cathodes showed little structure beyond the substrate itself,
although one area on the 26Ta cathode was examined in detail. Figure 38 shows the
SEM images of the surfaces of the four cathodes, and Figure 39 shows the individual area
on the 26Ta cathode that was examined at 5000x magnification.
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Figure 38. SEM images of the cathode surfaces from 26Ta, (-0.1 mA cm-2; top left)
32Ta, (-0.5 mA cm-2; top right) 33Ta, (-0.3 mA cm-2; bottom left) and 34Ta (-0.1 mA
cm-2; bottom right).

Figure 39. SEM image of the cathode from 26Ta (-0.1 mA cm-2) at 5000x magnification.
The area marked “2” shows high concentrations of tantalum, and is included in the EDS
analysis.
The EDS analysis on each of the cathode surfaces is shown in Table 10. Since the
cell voltage-time curve for 34Ta indicated problems with an impure electrolyte, the EDS
analysis is not included. However, the small area on the 26Ta cathode (area 2, Figure 39)
is included.
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Table 10. EDS results for experiments 26Ta, 32Ta, and 33Ta.
Element
(atomic %)
Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Nickel
Tantalum

26Ta
(-0.1 mA cm-2)
With
Without
substrate substrate
24.2
25.0
0.0
0.0
7.7
14.7
21.0
54.3
0.6
1.1
44.4
--2.1
4.8

26Ta
(Area 2)
With
Without
substrate substrate
29.6
33.4
0.0
0.0
5.4
6.7
2.1
3.0
0.0
0.0
15.6
--47.3
57.0

32Ta
(-0.5 mA cm-2)
With
Without
substrate substrate
16.3
22.4
0.0
0.0
5.3
14.0
15.3
53.9
1.2
2.8
59.6
--2.4
6.9

33Ta
(-0.3 mA cm-2)
With
Without
substrate substrate
0.0
21.6
0.0
0.0
4.4
13.9
9.9
57.1
1.0
2.1
83.2
--1.5
5.2

The EDS analysis for the area marked “2” on the 26Ta cathode is interesting
because it contains a high concentration of tantalum. This atomic percent of tantalum
corresponds to 86% tantalum by weight in that area. Coupled with the relatively small
concentration of fluorine and oxygen in that area, this could indicate that metallic
tantalum was deposited in at least one area of the cathode.
The corresponding anodes from these experiments showed weight loss during
plating. The visual appearance of the anodes showed small, etched areas that were shiny,
and EDS analysis on these etched areas revealed pure tantalum, with no other
constituents. This indicates that the applied current was able to dissolve tantalum from
active areas on the anodes, while inactive areas remained relatively protected by the
oxide layer. Since there was no corresponding weight gain or deposit at the cathodes, it
is possible that subvalent tantalum compounds were produced which stayed in solution
throughout the experiment.
Experiments were also conducted with organic solvents added to the ionic liquid.
Two different solvents were used, propylene carbonate and dimethyl sulfoxide (DMSO).
Figure 40 shows representative potential-time curves for experiments conducted with
these two solvents.
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Figure 40. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[MMPIm][TFSI] mixed with propylene carbonate (36Ta) or DMSO (44Ta) in a 1:1 molar
ratio with the ionic liquid. The plating temperature was 150 °C with varied current
densities and nickel cathodes.
The experiment conducted with propylene carbonate (36Ta) was significant in
that during the experiment, the electrolyte was destroyed, even though the applied current
density was only -0.1 mA cm-2. The electrolyte turned dark and bubbles were observed
from within the plating cell. Additionally, the oxygen sensor in the glove box began to
register an increasing concentration of oxygen in the system, which could be due to
propylene carbonate reduction at the cathode. If this were the case, then propylene
carbonate would not be a useful solvent in this specific application, since the reduction of
the propylene carbonate would be competing with the tantalum reduction.
The use of DMSO (44Ta) produced a stable potential-time response. The
absolute cell voltage achieved during this experiment was significantly less than the
corresponding experiment without solvent addition at the same current density (32Ta).
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This could be the result of increased ion mobility in the electrolyte, and would be
beneficial to the system, as long as the solvent itself does not take part in the reactions.
In order to gather more information about the range of current densities in which
DMSO could be applied, a series of short-term galvanostatic experiments were
conducted. In these experiments, the applied current density was approximately doubled
every 1000 seconds, starting at -0.01 mA cm-2 and ending at -10 mA cm-2. The resulting
cell potential-time curves are shown in Figure 41.

Figure 41. Galvanostatic test series with stepwise increasing current density every 1000
seconds. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[MMPIm][TFSI] mixed with DMSO in a 1:1 molar ratio.
At the beginning of the experiment shown in Figure 41, the open circuit potential
of the electrochemical cell was recorded. Each plot of cell voltage versus time had a
similar shape, and the slight increase in the absolute cell voltage before stabilizing
occurred faster at the higher current densities. As the current density increased to -10 mA
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cm-2, a significant increase in the absolute cell voltage was seen, indicating a different
electrochemical reaction occurred than at the lower current densities. It was also seen
that at current densities between -0.2 and -0.4 mA cm-2, there was a transition to a
different electrochemical reaction, as the difference between the stable cell potentials
between adjacent current densities became greater. It is difficult to determine which
region corresponds to tantalum reduction, electrolyte or solvent destruction, or lithium
reduction, although it is known that lithium reduction occurs at a more negative cell
voltage than tantalum reduction.
Figure 42 shows the visual appearance of the corresponding cathodes from these
experiments. The cathode from the experiment with propylene carbonate (36Ta) was
covered with a white powder, while the two cathodes that were used in experiments with
DMSO were covered with a dark deposit. In the case of 49Ta, it was a black deposit that
did not adhere to the surface of the cathode.

Figure 42. Visual appearance of the cathodes from the experiments 36Ta, (-0.1 mA cm-2;
left) 44Ta, (-0.5 mA cm-2; center) and 49Ta (right). All experiments were conducted in
[MMPIm][TFSI] with either propylene carbonate (36Ta) or DMSO (44, 49Ta) as an
added solvent.
Even though these cathodes were covered with deposits, the two cathodes that
were used in low current density experiments (36Ta, 44Ta) actually lost a small amount
of weight. This could have been due to oxidation of nickel at the cathode, and that the
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applied current density was small enough that the natural oxidation of nickel in this
system was not overcome by the galvanostat.
The SEM images of the cathode surfaces from these experiments are shown in
Figures 43 and 44. The surfaces of the two cathodes that lost weight (36, 44Ta) showed
evidence of corrosion, and the surface of the cathode labeled 49Ta showed the structure
of the black deposit.

Figure 43. SEM image of the cathode surface from 36Ta (-0.1 mA cm-2) at 500x
magnification.

Figure 44. SEM images of the cathode surfaces from 44Ta (top left, 100x magnification;
top right, 5000x magnification) and 49Ta (bottom left, 50x magnification; bottom right,
1000x magnification).
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From the EDS analyses shown in Table 11, it is seen that fluorine was always a
major constituent in any deposit formed. The detection of the nickel substrate was
significant in all analyses, with the exception of the 49Ta crust. This indicates good
coverage of the substrate, although the deposit contained significant fluorine impurities.
Table 11. EDS results for experiments 36Ta, 44Ta, and 49Ta. 49Ta includes analysis of
regions with and without deposits.
36Ta
44Ta
49Ta
-2
-2
Element
49Ta
(-0.1 mA cm )
(-0.5 mA cm )
(crust)
(atomic %)
With
Without
With
Without
With
Without (no crust)
Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Nickel
Tantalum

substrate

substrate

substrate

substrate

substrate

0.0
0.0
7.2
32.8
0.0
58.1
1.9

0.0

4.7
0.0
10.3
45.4
2.1
36.1
1.3

4.4

14.8
0.0
17.9
52.5
2.5
7.0
5.2

0.0
13.0
81.9
0.0
--5.1

0.0
13.3
76.9
2.8
--2.5

substrate
14.8
0.0
18.6
58.5
0.0
--5.5

6.2
0.0
10.5
36.4
0.7
43.1
3.0

In all experiments conducted with solvent in the ionic liquid [MMPIm][TFSI], a
clear advantage was not seen with respect to increasing the concentration of elemental
tantalum at the cathode surfaces. Any tantalum that was detected at the surface was
always associated with large concentrations of fluorine. The incorporation of organic
solvent can be advantageous from a cell voltage standpoint, but the lower voltage does
not guarantee increased metallic tantalum deposition. Additionally, the type of organic
solvent incorporated is important from an electrolyte stability standpoint, as seen in the
case of propylene carbonate addition.
Electrodeposition from [MPPip][TFSI]
Like the ionic liquid described in the previous subchapter, the ionic liquid 1methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)imide ([MPPip][TFSI]) was not
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used as an electrolyte for tantalum electrodeposition previously. The initial experiment
with [MPPip][TFSI] was conducted with -0.1 mA cm-2 and the standard operating
conditions described in the experimental methods chapter. The cell voltage-time curve of
the initial experiment is shown in Figure 45, and although the relatively high absolute cell
voltage seemed to discourage the use of this ionic liquid, a number of different
experiments were conducted to evaluate it.

Figure 45. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[MPPip][TFSI] without solvent. The plating temperature was 150 °C with constant
current density of -0.1 mA cm-2 and nickel cathodes.
The cell voltage observed with the initial use of this ionic liquid was an
intermediate value between the ionic liquids that produced the lowest cell voltages and
the ionic liquids that produced the highest cell voltages with the same applied current
density. The cell voltage was similar to that observed in [MPIm][TFSI], which did not
produce a tantalum deposit (28Ta), but left the substrate largely uncovered.

!
)%#

!
To determine how the electrode material acted in this ionic liquid, an open circuit
potential (OCP) experiment was conducted. In this experiment, no current was applied,
but all other normal experimental conditions were applied. The cell voltage versus time
curve was recorded, and is shown in Figure 46. This shows that in the ionic liquid
[MPPip][TFSI] with tantalum and lithium salts, the combination of tantalum and nickel
electrodes produced a galvanic cell that generated about 0.025 V of potential. This is
significant, because any attempt to move current in the opposite direction would have to
overcome this potential difference due to the metals. This explains why during some
experiments at low absolute current density (-0.1 mA cm-2) there is weight loss and
apparent etching of the nickel cathode.

Figure 46. Open circuit potential curve conducted in [MPPip][TFSI] with 0.25 M TaF5
and 0.25 M LiF. The stable cell voltage is around +0.025 V. The operating temperature
was 150 °C with no applied current and a nickel cathode.
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The physical appearance of the two cathodes from experiments 27Ta and 40Ta
was unremarkable, and the surfaces appeared unchanged. The SEM images of the two
cathodes are shown in Figure 47, and it can be seen that no apparent deposit structure was
formed on the surfaces.

Figure 47. SEM images of the cathode surfaces from 27Ta (-0.1 mA cm-2; left) and 40Ta
(0.0 mA cm-2; right).
The surface analysis conducted with EDS shows that the surfaces of the cathodes
had low concentrations of tantalum, high concentrations of fluorine, and that the substrate
was clearly detected. The EDS results are shown in Table 12. The high concentration of
fluorine may be from residual ionic liquid on the surface after post-experiment washing,
or possible crystallized lithium fluoride. Since lithium fluoride is insoluble in alcohol,
any dissolved lithium fluoride that was present on the cathode when rinsing in ethanol
would precipitate and be detected as a fluorine peak in the EDS analysis. No significant
tantalum metal deposit was formed on the cathodes from [MPPip][TFSI].
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Table 12. EDS results for experiments 27Ta and 40Ta.
27Ta
40Ta
Element
(-0.1 mA cm-2)
(0.0 mA cm-2)
(atomic %)
With
Without
With
Without
substrate

Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Nickel
Tantalum

0.0
0.0
6.7
31.0
0.1
59.7
2.7

substrate
0.0
0.0
12.6
80.7
0.1
--6.6

substrate

25.5
0.0
3.2
12.6
0.3
56.9
1.6

substrate
34.2
0.0
9.6
50.0
0.8
--5.4

The organic solvent DMSO was added to the ionic liquid [MPPip][TFSI] in order
to determine if the performance of the electrolyte was improved through the addition of a
solvent. An experiment was performed at -1.0 mA cm-2, for which the cell voltage versus
time curve is shown in Figure 48.

Figure 48. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[MPPip][TFSI] mixed with DMSO in a 1:1 molar ratio. The plating temperature was 150
°C with constant current density and a nickel cathode.
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It can be seen that the cell voltage was relatively unstable and reached nearly -3 V
during the experiment. This large absolute cell voltage is risky from an electrolyte
stability standpoint. The previous experiment run in [MPPip][TFSI] was with one-tenth
the current density and produced a slightly lower absolute cell voltage (around -1.8 V,
Figure 45). This indicates that the DMSO facilitated the movement of charge through the
electrolyte, but the cell voltage was still too large to be completely certain that the ionic
liquid or the DMSO was not being reduced at the cathode.
The visual appearance of the cathode from this experiment was interesting.
Figure 49 is a picture of the cathode, and alternating light and dark bands can be clearly
seen on the surface. SEM/EDS analysis was conducted on the surface to determine the
difference between the light and dark areas. The SEM images are included in Figure 50,
while the EDS results are shown in Table 13.

Figure 49. Visual appearance of the cathode from experiment 41Ta. Alternating light
and dark bands are observed on the surface of the cathode.
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Figure 50. SEM images of the cathode surfaces from 41Ta (-1.0 mA cm-2). The image
on the left is of a dark band at 100x magnification, while the image on the right is of a
light band at 3000x magnification.
Table 13. EDS results for experiment 41Ta.
41Ta
Element
(dark band)
(atomic %)
With
Without
Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Nickel
Tantalum

substrate

substrate

3.2
1.1
7.2
74.3
1.3
11.5
1.4

2.8
1.1
7.6
85.2
1.4
--1.9

41Ta
(light band)
With
substrate

Without
substrate

0.0
0.0
7.2
71.6
0.9
18.8
1.4

0.0
0.0
7.8
89.0
1.1
--2.1

It can be seen that the concentration of tantalum in either the dark band or the
light band was low. The concentration of fluorine was high, and the substrate was
relatively well detected. The light structure in the right image of Figure 50 showed a
higher fluorine concentration and lower nickel concentration than the darker area.
However, the tantalum concentration remained the same. It is possible that the detected
fluorine was bound to lithium, which cannot be detected by the EDS system used. The
presence of lithium fluoride could be due to precipitation of the salt after rinsing the
cathode in ethanol.
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Additional experiments with [MPPip][TFSI] at higher current densities and with
or without solvent could be conducted to better determine the performance as a plating
electrolyte. From the results obtained from the initial experiments, it was decided to
focus on other, more promising ionic liquids.
Electrodeposition from [BMPip][PF6]
The ionic liquid 1-butyl-1-methylpiperidinium hexafluorophosphate
([BMPip][PF6]) was one of two ionic liquids selected for study that did not contain the
[TFSI] anion. These were chosen due to the lack of oxygen in the liquid, as tantalum has
an extremely strong affinity for oxygen. Two experiments were conducted with the
ionic liquid [BMPip][PF6] that are shown in Figure 51. [BMPip][PF6] is a solid at room
temperature, but was in the liquid phase for our experiments, due to the operating
temperature being higher than the melting point of the ionic liquid.

Figure 51. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[BMPip][PF6] without solvent. The plating temperature was 150 °C with varied current
densities and nickel cathodes.
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The plots from the two experiments with [BMPip][PF6] show that at lower
absolute current densities, (-0.1 mA cm-2) the potential response is relatively stable and
shows promise for electrodeposition. At increased absolute current densities, (-0.5 mA
cm-2) the absolute cell voltage is still relatively low, but increases over time. This
indicates a build up of an insulating crust at one or both of the electrodes.
The visual appearance of the cathodes from these experiments is shown in
Figure 52. The cathodes gained weight, but more than they should have if the current
was used for tantalum reduction only. This could be due to inconsistent post-experiment
rinsing, or further evidence of a tantalum fluoride complex or other insoluble crust.

Figure 52. Visual appearance of the cathodes from experiments 37Ta (left) and 38Ta
(right). The dark spot on the 37Ta cathode is dried electrolyte residue.
Some of the outer white, velvet-like deposit from the 38Ta cathode was scraped
off with a razor for separate analysis. The SEM images of the two cathodes, along with
an increased magnification of the crystalline deposit on the 38Ta cathode are shown in
Figure 53. The substrate is apparent in the top images, but crystalline growth is clearly
seen in the bottom images.
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Figure 53. SEM images of the cathode surfaces from experiments 37Ta (top, left) and
38Ta (top, right). The lower images are of the surface crystals on 38Ta at increased
magnification (bottom, left) and of the crystals scraped from the surface (bottom, right).
The EDS results from the surface analysis of the cathodes and the crystals is
shown in Table 14. The surface of the 37Ta cathode was uncovered by any type of
deposit, as the nickel substrate was clearly detected.
Table 14. EDS results for experiments 37Ta, 38Ta, and the crystals from 38Ta.
37Ta
38Ta
Element
38Ta
(-0.1 mA cm-2)
(-0.5 mA cm-2)
(atomic %)
(crystals)
With
Without
With
Without
substrate

Carbon
Nitrogen
Oxygen
Fluorine
Phosphorus
Nickel
Tantalum

8.8
0.0
5.1
14.4
0.0
69.1
1.7

substrate
13.3
0.0
15.5
63.4
0.0
--6.4

substrate

21.6
0.0
8.4
44.3
0.1
24.4
1.3

substrate
18.0
0.0
10.6
69.1
0.1
--2.2

19.4
0.0
9.5
70.1
0.0
0.8
0.2

The most significant difference between the two cathodes is that at the higher
current density experiment (38Ta) there was a higher concentration of fluorine detected,
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and the surface of the substrate was somewhat more covered. The tantalum concentration
was unchanged with the higher current density. Additionally, the very large
concentration of fluorine in the 38Ta crystals indicates that the fluorine may have been
associated with lithium, and that the white crystals found on the surface of the 38Ta
cathode may have been the result of lithium fluoride precipitation from the ionic liquid
after the experiment was complete.
Electrodeposition from [EMIm]Cl
The second ionic liquid that was selected in which the [TFSI] anion and oxygen
were not present was 1-ethyl-3-methylimidazolium chloride ([EMIm]Cl). This ionic
liquid is also a solid at room temperature, but has a melting point of 85 °C. The initial
experiment with [EMIm]Cl appeared promising (see Figure 17), as the cell voltage
remained low for the duration of the experiment. An additional long-term experiment,
based on results from a galvanostatic test series conducted with this ionic liquid,
produced tantalum deposits with concentrations similar to previous experiments with
other ionic liquids. Both of those experiments are shown in Figure 54.
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Figure 54. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in
[EMIm]Cl without solvent. The plating temperature was 150 °C with different current
densities and nickel or copper cathodes.
The curve labeled 51Ta was a normal three-hour plating experiment, and was the
first experiment conducted with this ionic liquid. The absolute cell voltage remained low
during this experiment, and did not exceed -0.3 V at any time. The second experiment,
labeled 54Ta, was a long-term (74 hour) experiment with an applied current density of
-0.8 mA cm-2. The intent behind this experiment was to produce a high concentration of
subvalent tantalum in the electrolyte over time and increase the chance that the multi-step
reduction of subvalent tantalum would reduce to metallic tantalum. The applied current
density value was obtained through a different experiment, described later in this section.
The cell voltage curve for experiment 54Ta showed some regions of stability, but the
absolute value increased during the experiment to more than -2 V.
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The visual appearance of the cathode from experiment 51Ta and the copper wire
cathode and tantalum anodes from experiment 54Ta are shown in Figure 55. The cathode
from 51Ta appears unchanged, while a distinct white deposit is seen on the copper wire
cathode from 54Ta. Additionally, dark regions are visible on the surface of the anodes
from this long-term experiment.

Figure 55. Visual appearance of the electrodes from experiments 51Ta (left) and 54Ta
(right). The copper wire cathode in 54Ta is covered with a white crust.
It is believed that the dark areas on the 54Ta anodes were comprised of residual
electrolyte that was in contact with the anodes for a long time at an elevated temperature.
The EDS analysis of the anodes showed extremely high concentrations of carbon (87.5
atomic %) and the tantalum substrate, which is consistent with electrolyte destruction.
The SEM images of the cathodes from these two experiments are shown in Figure 56.

Figure 56. SEM images of the cathode surfaces from experiments 51Ta (-0.1 mA cm-2;
left) and 54Ta (-0.8 mA cm-2; right). The crust on the copper wire cathode is clearly
visible in the SEM image of 54Ta.
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The SEM images show that the cathode from experiment 51Ta was completely
uncovered by deposit, and that the copper wire cathode from experiment 54Ta had an
extremely thick deposit. The image of the cathode from 54Ta shows the crust in a region
where the copper substrate was also visible. The crust did not look uniform, and the
coverage on the substrate was also non-uniform.
The EDS results from the surface analysis of these two cathodes is shown in
Table 15. The results for 51Ta show that the substrate was free of deposits, with perhaps
a residue of fluorine from the ionic liquid trapped in the grooves made from mechanical
cleaning of the cathode. The analysis of 54Ta shows that the deposit on the copper wire
was quite thick, as the substrate was barely detected. The high concentration of fluorine,
without any other significant constituent, could indicate a lithium fluoride deposit.
Table 15. EDS results for experiments 51Ta and 54Ta.
51Ta
54Ta
-2
Element
(-0.1 mA cm )
(-0.8 mA cm-2)
(atomic %)
With
Without
With
Without
substrate

Carbon
Nitrogen
Oxygen
Fluorine
Chlorine
Nickel
Copper
Tantalum

0.0
0.0
3.8
8.5
0.2
86.8
--0.4

substrate
0.0
0.0
19.3
72.0
0.8
----6.5

substrate

11.6
2.1
5.4
79.6
0.3
--1.0
0.0

substrate
11.1
2.0
5.4
81.0
0.3
----0.2

A galvanostatic test series was conducted with this ionic liquid, in which the
absolute current density was increased step-wise from -0.01 mA cm-2 to -10 mA cm-2. In
this experiment the current density was approximately doubled every 1000 seconds while
all other plating conditions were kept constant. Figure 57 shows the cell potential
response over plating time for this test series.
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Figure 57. Galvanostatic test series with stepwise increasing current density every 1000
seconds. Cell voltage versus plating time for 0.25 M TaF5 and 0.25 M LiF in [EMIm]Cl
without solvent.
A stair step pattern can be seen in the cell voltage versus time plot in Figure 57.
At low current densities of less than -0.05 mA cm-2, the cell voltage was stable over each
1000 second experiment. At moderate current densities, between -0.05 and -0.3 mA cm2

, the absolute cell voltage increased through each 1000-second experiment. There was

another stable region between -0.4 and -0.8 mA cm-2, after which the absolute cell
voltage increased dramatically with increasing current density. This trend is also shown
in Figure 58, which is a plot of the cell voltage versus current density for the entire series.
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Figure 58. Cell voltage at each 1000 second interval versus current density for the
galvanostatic test series (52Ta) in 0.25 M TaF5 and 0.25 M LiF in [EMIm]Cl.
In the region between -0.3 and -0.8 mA cm-2 in Figure 58, there was relatively
little change to the cell voltage corresponding to a change in the current density. This
indicates another overall reaction occurred in the cell. The possible reactions in this
current density region are lithium reduction, tantalum reduction, or ionic liquid
breakdown. The most likely candidate for this reaction is tantalum reduction, since this
reaction occurs at less negative potentials than does lithium reduction, or ionic liquid
breakdown.
The ideal condition for tantalum deposition is to apply a high enough current
density so that the tantalum cation reduces quickly, but low enough that the electrolyte
does not participate in the reaction. It was believed that at the highest current densities,
where the absolute cell voltage increased to large negative values (greater than -3 V) the
electrolyte was participating in the redox reactions. At a current density of -0.8 mA cm-2,
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the cell voltage was stable around -1.2 V, and tantalum reduction should have occurred.
It was for this reason that the long-term experiment shown in Figure 54 was conducted at
a current density of -0.8 mA cm-2.
Upon completion of the galvanostatic test series, the electrodes were inspected
and analyzed. The visual appearance of the electrodes is shown in Figure 59.

Figure 59. Visual appearance of the electrodes from the galvanostatic test series (52Ta).
There is a white powder deposit on the surface of the cathode, and the surfaces of the
anodes are matte gray.
The cathode from 52Ta was covered with a white powder, much like the copper
wire cathode from the 54Ta experiment. The anodes from this experiment were a dull
gray, and did not show signs of etching. The electrodes were inspected in the SEM, and
an SEM image of the cathode surface from this experiment is shown in Figure 60.

Figure 60. SEM image of the cathode surface from the galvanostatic test series labeled
52Ta. The cubic LiF crystals can easily be seen on the surface.
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The cubic crystals that are seen in the SEM image are characteristic of lithium
fluoride. This lithium fluoride was likely the result of precipitation of the salt after
removal from the electrochemical cell. As lithium fluoride is insoluble in alcohol and
acetone, the electrode washing technique employed likely crystallized any lithium
fluoride that was in the electrolyte residue. The other possibility is that since this
experiment reached high current densities, the lithium may have been reduced in the
electrolyte and formed a layer of lithium metal, which later reacted with the fluorine in
the electrolyte.
The EDS analysis of the cathode from this experiment revealed the high fluorine
content expected when the cubic lithium fluoride crystals were taken into account. As
the EDS cannot detect lithium, the lithium fluoride would manifest itself as a high
fluorine concentration. The substrate was also slightly detected, indicating a thin layer of
deposit on the cathode. The EDS analysis is shown in Table 16.
Table 16. EDS results for the experiment 52Ta.
Element
(atomic %)
Carbon
Nitrogen
Oxygen
Fluorine
Chlorine
Nickel
Tantalum

52Ta
(various current densities)
With
substrate

1.2
0.3
3.8
81.9
0.1
12.2
0.5

Without
substrate
1.1
0.3
3.9
93.7
0.1
--0.8

After completing the series of experiments with the six different ionic liquids
presented in the previous sections, it was decided that further experimentation would
focus on the use of [MMPIm][TFSI]. This ionic liquid consistently maintained the redox
reaction products in solution, and had low cell voltages in all cases except when
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propylene carbonate was used as an additional solvent. With the other ionic liquids, the
redox reaction products had a tendency to precipitate at the electrodes, where they either
deposited loosely on the electrode surfaces or fell to the bottom of the electrochemical
cell.
Electrodeposition Starting with Lower-Valence Tantalum Species
Since previous experiments with various ionic liquids containing tantalum salts
did not produce high concentration tantalum deposits, it was hypothesized that the
applied currents produced lower valence tantalum as an intermediate step. Since the
tantalum salt began in the electrolyte as Ta5+, the reduction reaction at the cathode could
have been producing a lower valence tantalum species, like Ta3+, instead of the full
reduction to Ta0. If this were the case, the oxidation reaction at the anode would be,

Ta !!
" Ta 3+ + 3e#
where the tantalum metal was oxidized from the anode and produced a tantalum(III) ion.
The electrons liberated by this reaction would be supplied at the cathode, represented by
the reduction reaction,

Ta 5 + + 2e! ""
# Ta 3+
Here, the tantalum(V) salts would be reduced to tantalum(III) which could have
remained in solution. The hypothesis is supported by the fact that in many of the
experiments performed in ionic liquids, with or without solvent, the anodes lost weight,
while the cathodes did not gain weight. Any weight gained by the cathodes was largely
due to a crust that contained high fluorine content, with little or no tantalum content.
These crusts could have been either lithium fluoride or tantalum fluoride clusters that
were reduced at the cathode as an entire complex structure.
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Step-wise Electrochemical Reduction of Ta(V)
In order to test this hypothesis, a long-term test was conducted in the ionic liquid
[MMPIm][TFSI] mixed with DMSO. DMSO was chosen because in previous
experiments with the solvent, the cathodes emerged relatively clean, and without a
significant powder or crust-like deposit. It was thought that DMSO would be able to
retain the lower valence tantalum reduction products in solution.
In this long-term experiment, the amount of time needed to convert all
tantalum(V) to tantalum(III) was calculated, based on the initial concentration of TaF5 in
the electrolyte. In order to increase the cathodic surface area, a platinum wire coil was
used. The experiment was conducted with a current density of -5.0 mA cm-2 for 39.1
hours. The visual appearance of the electrodes after the experiment is shown in Figure
61.

Figure 61. Visual appearance of the electrodes from the experiment labeled 53Ta. The
anodes are heavily pitted and a dense black deposit is seen on the platinum wire cathode.
The most striking visual aspect after the experiment was the heavy pitting of the
anodes. The anodes lost a significant amount of weight during the experiment, and the
dissolution of tantalum metal into the electrolyte was apparent. The platinum wire
cathode accumulated a thick black deposit on the surface that did not adhere well. Figure
62 shows the SEM image of the electrode surfaces.
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Figure 62. SEM images of the platinum wire cathode surface (left) and a pitted region on
the tantalum anode (right) for the experiment labeled 53Ta (-5.0 mA cm-2).
The thick black layer can easily be seen on the surface of the platinum wire in
Figure 62. It was thought that although the black deposit on the platinum wire may
contain some tantalum, the layer was not metallic, and that the chances were good that
the concentration of tantalum(III) ions in the electrolyte had increased as a result of the
long-term experiment.
Another electrodeposition experiment was conducted immediately following
53Ta, in which a rotating nickel cathode was used in the same electrolyte. The
experiment was run for three hours, at a current density of -5.0 mA cm-2. The visual
appearance of the electrodes from this experiment (55Ta) is shown in Figure 63.

Figure 63. Visual appearance of the electrodes from experiment 55Ta. The cathode has
a thick white crust deposited on it, and the anodes are etched.
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Upon completion of this experiment, a significant white crust was observed on the
cathode surface. The crust was relatively adherent, but was not uniform over the entire
surface of the cathode. The cathode surface was investigated with the SEM and the
images of the cathode are shown in Figure 64.

Figure 64. SEM images of the cathode surface from experiment 55Ta (-5.0 mA cm-2) at
100x magnification (left) and 500x magnification (right). The presence of a cracked
deposit is clearly seen in the right-hand image.
The surface structure on the cathode was significantly different than anything
seen in previous electrodeposition experiments. At 100x magnification, there appeared to
be a thick layer that was broken up into large chunks. The nickel substrate was seen, but
there appeared to be nodular growths randomly scattered on the surface. At 500x
magnification, cracking in the deposit was seen. The EDS analysis of the surfaces from
53Ta and 55Ta are shown in Table 17.
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Table 17. EDS results for experiments 53Ta and 55Ta.
53Ta
55Ta
-2
Element
(-5.0 mA cm ; 39 hours)
(-5.0 mA cm-2; 3 hours)
(atomic %)
With
Without
With
Without
Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Platinum
Nickel
Tantalum

substrate

substrate

substrate

substrate

30.8
1.9
46.3
16.6
1.9
0.9
--1.6

30.9

15.5
0.0
53.1
22.3
0.6
--0.7
7.3

15.4

2.0
45.8
17.3
2.0
----2.0

0.0
53.5
23.2
0.6
----7.4

The results of the EDS analysis on the surface of the 53Ta cathode (platinum
wire) show that the black deposit contained mainly oxygen, with possibly some carbon
and fluorine. No significant concentration of tantalum was seen on this surface, which
supports the hypothesis that the reduction reaction was not producing tantalum metal
from tantalum(V), but some lower-valence species of tantalum that remained in solution.
The EDS analysis of the cathode surface from the following experiment (55Ta) shows the
first significant concentration of tantalum obtained. The value of 7.3 atomic percent
corresponds to 46.2 percent tantalum by weight. This seems to support the hypothesis
that by initiating an electrodeposition experiment with a lower-valence tantalum species,
like tantalum(III), the chances of the reduction reaction producing a tantalum-containing
deposit are increased. However, this deposit may contain an even lower-valence
tantalum species, such as tantalum(I). The fact that tantalum has several possible valence
states lends complexity to the determination of the form of the tantalum in the deposit.
Additional experiments intended to increase the concentration of reduced
tantalum in the electrolyte were conducted with potassium fluoride replacing lithium
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fluoride. In aqueous systems, the lithium ion reduces at a more negative potential than
does the potassium ion. This is not the case in ionic liquids; potassium actually reduces
at a more negative potential than lithium does.41 In those cases where EDS detected
fluorine on the cathodes in high enough concentrations that could not be explained by
stoichiometry with tantalum, it was thought that the fluorine was associated with the nondetectable lithium. It is possible that during the experiments, lithium was reduced at the
cathode instead of tantalum, as the lithium ion is much smaller and may be able to
penetrate the electrical double layer to the surface of the cathode easier. The addition of
potassium fluoride would be beneficial then, since the chance of potassium ion reduction
is less than that for the lithium ion. Additionally, the EDS would be able to detect
potassium and accounting for the fluorine concentration would be easier.
A long-term (96 hour) experiment was conducted in the ionic liquid
[MMPIm][TFSI] with 0.25 M TaF5 as the source of tantalum. The applied current
density was -0.1 mA cm-2. Potassium fluoride was also added, in a concentration of 0.25
M. The electrolyte was heated to 120 °C overnight to allow the salts to fully dissolve.
After the electrolyte was added to the cell, a solid nickel rod, hanging from a copper wire,
was inserted into the cell as a cathode, along with tantalum anodes. A magnetic stirrer
was used to agitate the electrolyte, and it was observed that the nickel rod swayed slightly
from side to side in the cell as the electrolyte was agitated. Figure 65 shows the visual
appearance of the cathode from this experiment.
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Figure 65. Visual appearance of the cathode from experiment 64Ta. The cathode was a
solid nickel cylinder hung from a copper wire. The area below the white stripe was the
area submerged in the electrolyte.
The cathode showed four distinct regions. From the top, there was an area of a
light brown and gray color. This area was not in contact with the electrolyte, but it was
likely that electrolyte would occassionally splash onto this area during the experiment.
The white stripe was the junction between the area of the cathode that was not in contact
with the electrolyte and the area that was in contact. This area was observed to contain
crystalline potassium fluoride. This was likely due to this area having a slightly lower
temperature than the electrolyte below, and potassium fluoride crystallized in this lower
temperature area. The area immedately below the potassium fluoride crystals was the
largest region. It consisted of a dull black deposit that uniformly covered the cathode.
Below this was a very smooth, shiny black deposit that also covered the bottom surface
of the cathode. The two regions that were in contact with the electrolyte were observed
in the SEM, and are shown in Figures 66 through 69.
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Figure 66. SEM images of the dull black region of the cathode surface from 64Ta (-0.1
mA cm-2). The image on the left is at 100x magnification and the image on the right is at
1000x magnification.
The dull region shown in Figure 66 exhibited a uniform surface that was covered
with nodular growths. It was also observed that these nodules were attached to larger
plates of deposit, as small cracks can be seen in the right-hand image. An area of this
region in which a piece of the deposit flaked off is shown in Figure 67.

Figure 67. SEM images of deposit thickness on the dull black region of the cathode
surface from 64Ta (-0.1 mA cm-2). The image on the right is an increased magnification
of the same piece of the deposit shown on the left, with a thickness measurement.
The images shown in Figure 67 provide insight into the thickness of the deposit in
the dull region of the cathode. The deposit thickness was difficult to ascertain in previous
experiments, as a coherent plate-like deposit was often lacking. Here, a measurement of
19.7 µm was recorded in the SEM.
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The glossy black region was investigated in the SEM in the same manner. Figure
68 shows the images of this region at two different magnifications.

Figure 68. SEM images of the smooth, glossy region on the cathode from 64Ta (-0.1 mA
cm-2). The image on the left is at 100x magnification, and the image on the right is at
1000x magnification.
This region shows dense, uniform plates deposited on the surface. At the lower
magnification, the cracks in the plates can clearly be seen. At higher magnification,
cracks within the larger plates can also be seen. The deposit growth in this region
appears relatively uniform, without the nodular structure seen in the dull region of the
cathode. Again, a region in which the deposit flaked off was discovered, and images of
this area are shown in Figure 69.

Figure 69. SEM images of deposit thickness on the smooth, glossy region of the cathode
surface from 64Ta (-0.1 mA cm-2). The image on the right is an increased magnification
of the same piece of the deposit shown on the left, with a thickness measurement.
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The measurement of the deposit thickness in the glossy region shows a thickness
of 18.9 µm. The structure of the top of the deposit can clearly be seen in the right image
of Figure 69. The deposit thickness measurements were essentially the same in either
region of the cathode that was in contact with the electrolyte. According to theoretical
calculations, the thickness of a pure tantalum deposit made after electroplating for 96
hours at a current density of -0.1 mA cm-2 would be about 8 µm. This shows that the
deposit thickness obtained in this experiment was larger than what would be expected of
a pure tantalum layer by theory, under the same experimental conditions. The inclusion
of small amounts of impurities increased the thickness of the deposit.
Both regions of the cathode were analyzed with EDS. Table 18 shows the results
of the analysis.
Table 18. EDS results for the two regions of the cathode from experiment 64Ta.
64Ta
64Ta
Element
(dull region)
(glossy region)
(atomic %)
With
Without
With
Without
substrate

substrate

substrate

substrate

Carbon
Nitrogen
Oxygen
Fluorine

28.6
0.0
17.6
23.2

28.6

22.3
0.0
17.7
23.6

32.4

Potassium

6.4

Sulfur
Nickel
Tantalum

5.1
0.1
19.0

0.0
17.6
23.3
6.4
5.1
--19.0

7.6

6.1
0.4
22.3

0.0
17.8
23.7
7.6
6.1
--22.4

The EDS analysis from the surface shows that a slightly higher concentration of
tantalum occurred in the smooth, glossy region of the cathode. This is likely due to
increased movement at the bottom of the cathode during plating, which resulted in
increased local current density. Additionally, since the cathode was swinging slightly
during the experiment, the local electrolyte movement around the lower portion of the
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cathode was increased with respect to the upper portion. The tantalum concentration
associated with the lower portion corresponds to 72.7% tantalum by weight. In specific
EDS measurements on individual plates of the deposit, concentrations as high as 46.7
atomic percent (87.2 weight percent) were observed. This result represents the highest
concentration of tantalum found in electrodeposits produced in this study.
The other significant aspect of this experiment was that the thickness of the
deposit was clearly observed. In previous experiments, the deposits were such that an
accurate measurement of the thickness could not be made. In the literature, deposit
thicknesses of 0.5 to 1 micron were reported. The thickness observed in this experiment
was about 19 microns in both the dull and glossy regions of the cathode.
Chemical Reduction Followed by Electrodeposition
Another possibility to improve the chance of obtaining metallic tantalum at the
cathode was through a chemical reduction of the tantalum salt, followed by
electrodeposition. This led to a hypothesis that if lithium metal were mixed with the
ionic liquid/tantalum salt electrolyte, the following chemical reduction could take place,

TaF5 + 2Li !!
" TaF3 + 2LiF
which would produce tantalum(III) fluoride in the electrolyte, and could then be used for
electrodeposition of the metal. This chemical reduction of the tantalum fluoride is similar
to an industrial process for production of pure tantalum; chemical reduction of K2TaF7
with sodium metal isolates the tantalum metal.42
A set of experiments was performed to test this hypothesis. A mixture of an ionic
liquid, along with TaF5 was heated to 180 °C and allowed to mix well enough that the
tantalum salt was completely dissolved. The ionic liquid [MMPIm][TFSI] was chosen
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for these experiments, as it was determined to be the best performing ionic liquid of the
six used previously.
Lithium metal pellets were pressed into thin wafers and added to the heated ionic
liquid/tantalum salt solution. The amount of lithium metal added was such that for every
mole of tantalum pentafluoride in the electrolyte, two moles of lithium metal were
present. This would supply two electrons to each tantalum(V) fluoride molecule and
liberate two atoms of fluorine. By the oxidation of the lithium to Li+, the tantalum was
reduced to Ta3+.
Upon addition to the solution, the surface of the lithium metal wafers turned
black, indicating a reaction had occurred. The solution with the lithium metal was
allowed to mix for 24 hours before use as an electrolyte. A small amount of black solids
were present at the bottom of the solution, and the solution was decanted as it was poured
into the electrochemical cell.
Figure 70 shows the first electrodeposition experiment conducted after the
chemical reduction of TaF5 with lithium metal.
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Figure 70. Cell voltage versus plating time for 0.25 M TaF5 and 0.5 M Li in
[MMPIm][TFSI] without solvent. The plating temperature was 150 °C with constant
current density and a nickel cathode.
The cell voltage proceeds smoothly from the open circuit potential and appears to
be leveling out at the end of the experiment. The absolute cell voltage is relatively low,
although not as low as the initial experiment in [MMPIm][TFSI] at -0.1 mA cm-2.
The cathode appeared to have a dense black deposit on the surface upon
completion of the experiment. After post-experiment treatment, it was found that the
layer was non-adhering, and pieces of the deposit were washed away with an ethanol
rinse. The resulting cathode is shown in Figure 71. The remaining deposit resembled
black hairs protruding from the surface, along with a brown crust.
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Figure 71. Visual appearance of the cathode from the experiment 57Ta. There is a
loosely adhering black deposit on the surface.
The SEM images of the surface of this cathode showed small regions where the
deposit remained and covered the substrate well, albeit with cracking. The majority of
the surface, however, showed that the deposit was loosely bound to the substrate. Figure
72 shows the SEM images of the cathode surface.

Figure 72. SEM images of the cathode from experiment 57Ta (-0.1 mA cm-2). The left
image is of an adhering deposit structure, while the right image shows a region where the
deposit flaked off.
The curling flakes shown in the image on the right of Figure 72 indicates
considerable stress in the deposit. This may be another reason why the deposits do not
adhere well; the stresses incorporated into the deposits as they are grown may lead to
flaking and crumbling.
The EDS analysis of the surface showed that where the deposit remained,
coverage of the substrate was good. Additionally, it showed a considerable increase in
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the concentration of tantalum in the deposit. The EDS analysis of the surface is shown in
Table 19.
Table 19. EDS results for experiment 57Ta.
Element
(atomic %)
Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Nickel
Tantalum

57Ta
(-0.1 mA cm-2)
With
substrate

Without
substrate

32.3
0.0
23.0
14.8
5.8
7.7
16.3

33.4
0.0
25.7
16.8
6.4
--17.8

The concentration of tantalum in the deposit was significantly higher than
previous experiments from [MMPIm][TFSI] on its own. This concentration corresponds
to 63.8 percent tantalum by weight. It seems that by chemically reducing the tantalum(V)
to tantalum(III) before electroplating, the concentration of the metal increases in the
deposit.
Additional experiments were conducted to verify this trend. Long-term
experiments were conducted to determine if a thicker deposit could be grown on the
cathode with the chemical reduction method. The chemical reduction of the tantalum salt
proceeded as described earlier, and two experiments of 15 hours each were performed.
Figure 73 shows the cell voltage versus time curves for these two experiments.
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Figure 73. Cell voltage versus plating time for 0.25 M TaF5 and 0.5 M Li in
[MMPIm][TFSI] without solvent. The plating temperature was 150 °C with constant
current density and nickel cathodes.
The experiment represented by the red curve (59Ta) was conducted first. The
absolute cell voltage increased from the OCP to around -1.8 V initially, and then
decreased for the remainder of the plating time. The absolute cell voltage decrease is
consistent with more efficient current movement through the cell, either by the removal
of the oxidation layer on the tantalum anodes, or easier electron transfer at the cathode.
Better electron transfer at the electrode could indicate deposition of metallic tantalum, as
well as increased surface area because of deposition. In either case, a decrease in the
absolute cell voltage is a characteristic that is indicative of less resistance in the
electrolyte over time.
The experiment represented by the blue curve was conducted following the first
experiment, in the same electrolyte. It can be seen that the cell voltage initially followed
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from a value at which the previous experiment ended. The subsequent increase in the
absolute cell voltage after 400 seconds was due to a mechanical failure in the rotating
stirrer. As the rotation of the cathode ceased, the agitation of the bath also decreased, and
the absolute cell voltage increased. This rise in the absolute cell voltage was due to a
decreasing concentration of species that was being reduced near the surface of the
cathode. Since the current was constant, the voltage must have increased to supply fresh
oxidized species from the bulk of the electrolyte. Eventually, the voltage reached a value
at which oxidized species from solution were moving toward the cathode at a rate that
was balanced by removal of that species by the reduction reaction. The individual peaks
in the curve were due to the periodic restarting and subsequent failure of the stirrer.
The visual appearance of the electrodes from experiment 60Ta is shown in Figure
74. No visual representation of 59Ta was recorded before destruction of the deposit by
ultrasonic cleaning in water. The figure is an adequate representation of the electrodes
from both experiments.

Figure 74. Visual appearance of the electrodes from experiment 60Ta. The cathode has
a thick, uniform, black deposit and the anodes are uniformly gray without any noticeable
precipitate on the surface.
The cathodes from these experiments were rinsed with ionic liquid to avoid LiF
precipitation, followed by ethanol and acetone. After drying, the cathode surfaces were
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investigated in the SEM. After the deposits images were recorded and EDS analysis
conducted, the cathodes were cleaned in water to remove any lithium fluoride that was
not removed during the ionic liquid rinse. Figure 75 shows the SEM images of the
cathode from experiment 59Ta before and after cleaning in water.

Figure 75. SEM images of the cathode surface from experiment 59Ta (-0.1 mA cm-2).
The uniformity of the deposit on the surface is seen in the 100x magnification image
(left) and the porous deposit is clearly seen in the 1000x magnification image (right).
After the cathode was cleaned in an ultrasonic water bath, the deposit was mostly
removed (bottom).
The top images in Figure 75 show a surface structure in the deposit that had not
been seen in previous experiments. The surface exhibited extremely uniform growth,
although this growth appeared porous in nature. Closer examination of the surface
structure revealed significant peaks and valleys in the deposit layer.
When the cathode from this experiment was cleaned in an ultrasonic water bath,
the black deposit immediately fell off of the surface and the shiny nickel surface of the
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cathode was revealed. The surface was again investigated in the SEM, and the bottom
image in Figure 75 shows the remaining deposit and the substrate. Remaining deposit
seemed limited to the inside of the grinding marks left from preparation of the electrodes.
Table 20 shows the EDS results of the cathode from 59Ta, both as the electrode
emerged from the electrochemical cell, and after cleaning in the ultrasonic water bath.
Table 20. EDS results for 59Ta before and after cleaning in water.
59Ta
59Ta
Element
(before water rinse)
(after water rinse)
(atomic %)
With
Without
With
Without
Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Nickel
Tantalum

substrate

substrate

substrate

substrate

25.4
0.0
18.3
27.0
4.5
2.8
21.9

25.5

16.7
0.0
15.4
3.1
0.6
57.6
6.6

19.2

0.0
18.9
28.0
4.6
--22.9

0.0
32.5
26.4
1.5
--20.4

The EDS analysis of the surface (before water rinse) showed a high concentration
of tantalum in the deposit. The value of 21.9 atomic % corresponds to 73.6 % tantalum
by weight. This shows significant progress in the movement of tantalum onto the
cathode surface, which could be the direct result of the chemical reduction of tantalum(V)
to tantalum(III) before attempting to electroplate the pure metal.
Although this value is an improvement over previous experiments, the adherence
of the deposit remains unsatisfactory. The EDS analysis of the cathode surface after
cleaning in water showed a dramatic reduction in the concentration of tantalum, and a
corresponding increase in the detection of the nickel substrate. Even so, the
concentration of tantalum detected at the surface after the deposit was washed away is
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higher than the values obtained when experimenting with other electrolytes that
contained the ionic liquid and tantalum(V) fluoride.
The experiment 60Ta was intended to be a replicate of 59Ta. The result was not
identical, as can be seen from the cell voltage versus time plots in Figure 73.
Additionally, the surface structure of the deposit was markedly different. Figure 76
shows the SEM images of the surface of the cathode from 60Ta, before and after rinsing
in water.

Figure 76. SEM images of the cathode surfaces from experiment 60Ta (-0.1 mA cm-2).
The deposit structure was observed at 100x magnification (top, left) and 1000x
magnification (top, right). After the cathode was rinsed in water, some of the deposit was
removed (bottom).
In this experiment, the uniformity of the deposit was less than in the previous
experiment. This was due to the inconsistent rotation of the cathode, as well as the
fluctuations in cell voltage. The surface was covered with nodular growths, and appeared
less porous. This was likely due to the lack of movement of the cathode during the
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experiment, and a higher overall absolute cell voltage. At the higher absolute cell
voltage, the likelihood of deposition of tantalum fluoride clusters was increased.
The bottom image in Figure 76 shows the resulting deposit on the cathode surface
after delicate rinsing in water, vice ultrasonic cleaning in water. This was done to retain
some of the original deposit, and observe how the structure of the deposit changed as it
was being removed by the water rinse. The deposit seemed to be peeling away from the
surface as it was being rinsed in water.
The surface was analyzed by EDS, both before and after the water rinse. Table 21
shows the EDS analysis results for 60Ta.
Table 21. EDS results for 60Ta before and after rinsing in water.
60Ta
60Ta
Element
(before water rinse) (after water rinse)
(atomic %)
With
Without
With
Without
Carbon
Nitrogen
Oxygen
Fluorine
Sulfur
Nickel
Tantalum

substrate

substrate

substrate

substrate

29.9
0.0
15.1
24.4
3.8
2.6
24.1

30.2

1.8
0.0
13.5
7.0
0.9
63.5
13.4

8.8

0.0
15.6
25.3
3.9
--24.9

0.0
26.8
31.0
1.8
--31.6

The value for tantalum concentration in the deposit is similar to the value
obtained in experiment 59Ta. The atomic percent value of 24.1 corresponds to 76.5 % by
weight. Again, this is an improvement over the previous experiments described in the
section discussing electrodeposition from [MMPIm][TFSI]. The cathode from 60Ta was
rinsed in a less vigorous manner than 59Ta was, and the result is seen in the bottom
image of Figure 76. The areas where the deposit was removed are clearly seen, and the
EDS analysis of this surface showed a significant increase in the detection of the nickel
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substrate. Detection of tantalum was still relatively high (about 37 % by weight), but this
was likely due to the incomplete rinsing of the cathode in water.
Conducting step-wise electrochemical reduction of tantalum salts or performing a
chemical reduction of the tantalum(V) salt to a lower valence state seem to be
improvements over direct electrochemical reduction. Since tantalum(V) has to undergo a
five electron transfer process, the likelihood that incomplete reduction will occur is high.
This was seen routinely in previous experiments that produced insulating deposits or
deposits with low tantalum concentration and high fluorine concentration. By
manipulating the valence state of the tantalum in the electrolyte, the electrochemical
reduction becomes a three electron transfer process, in the case of tantalum(III), and
higher concentrations of tantalum and lower concentrations of fluorine are observed in
these deposits.
Comparison of Electrodeposits Against a Tantalum Standard
The method of step-wise electrochemical reduction and the method of chemical
reduction of tantalum(V) followed by electrochemical reduction of lower-valence
tantalum salts produced relatively thick deposits that had the highest concentrations of
tantalum. The EDS spectra for all cathodes was recorded and compared against an EDS
spectrum from a sample of pure tantalum.

!
"$"#

!

Figure 77. The EDS spectrum for a polished tantalum (99.95%) sample. The three
largest peaks correspond to (left to right) the M!, L! and L" transition energies for
tantalum.
The EDS spectrum shown in Figure 77 is of a highly polished tantalum sample.
A piece of tantalum metal that was purchased from Alfa Aesar in 99.95% purity (metals
basis) was polished to a mirror finish. The EDS spectrum of the sample was considered
as the “tantalum standard,” and comparisons between electrodeposits obtained through
experimentation were compared against this standard. The EDS spectrum shown in
Figure 78 is for the cathode from experiment 64Ta. The deposit in this cathode showed
the highest concentration of tantalum and was the thickest deposit produced in this study.
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Figure 78. The EDS spectrum from the cathode that showed the highest concentration of
tantalum present in the deposit (64Ta). Small impurities are detected in the form of
potassium, sulfur, and fluorine.
It can be seen that the spectrum from experiment 64Ta and the spectrum from the
tantalum standard are very similar. The characteristic transition energy peaks for
tantalum appear prominently in the spectrum for 64Ta, although small impurities were
detected in the form of potassium, sulfur and fluorine.
A table listing all experimental parameters for all electrodeposition experiments
discussed in this thesis is included in Appendix A.
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CHAPTER VI
SUMMARY AND CONCLUSIONS
Summary of Research
The objective of this study was to investigate methods described in the literature
for tantalum electrodeposition from ionic liquid based electrolytes. A technical plating
setup, with tantalum anodes and sufficient electrolyte agitation, was used to possibly
improve the process and make an eventual transition toward commercial applications.
During this study, it was found that the methods described in the literature were
insufficient from a technical setup, and methods different from those in the literature
were explored. Six different ionic liquids were evaluated as possible candidates for use
as tantalum plating electrolytes, and various organic solvents were added to promote ion
mobility in the electrolyte. The main parameters that were varied during this study were
the identity of the ionic liquid, the presence or absence of an organic solvent, and the
production of lower valence states of tantalum prior to electrodeposition.
Each tantalum electrodeposition experiment was conducted galvanostatically, at a
constant temperature, and with agitation of the electrolyte. The electrochemical cell
incorporated tantalum anodes and cylindrical cathodes made of steel or nickel. Each
ionic liquid used was dried under vacuum to water contents of less than 10 ppm for the
four ionic liquids with the [TFSI] anion and to around 100 ppm for the two hygroscopic
ionic liquids.
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Cell voltages versus plating time were recorded and interpreted to discern the
relative performance of an ionic liquid as a plating electrolyte. Mass changes of the
electrodes were recorded to determine current efficiencies at the electrodes and the
surfaces of the electrodes were analyzed with scanning electron microscopy and energy
dispersive x-ray spectroscopy.
The ionic liquid [MPIm][TFSI], although referenced in the literature, was not a
suitable ionic liquid for use as the basis for a tantalum-plating electrolyte in a technical
setup. The experiments with this ionic liquid resulted in deposits that were high in
fluorine and oxygen impurities, with little tantalum content. The absolute cell voltages
were often high enough that it was uncertain whether or not the cell voltage was outside
the electrochemical window of the electrolyte. When solvents were added, the absolute
cell voltage decreased, but there was not a change to the makeup of the resulting deposits.
The ionic liquid [BMPy][TFSI] was also referenced in previous research. The
electrodeposition experiments using this ionic liquid also showed that it was not suitable
for tantalum plating in a technical setup. The initial experiments showed a build up of an
insulating crust on one or both of the electrodes, and the content of this crust was high in
fluorine concentration. The addition of solvent brought the resulting absolute cell
voltages down, but the deposits had a low tantalum concentration, even at a number of
different applied current densities.
The ionic liquid [MPPip][TFSI] was an ionic liquid that had not been used
previously as the basis for a tantalum-plating electrolyte. The initial experiments with
this ionic liquid showed an intermediate absolute cell voltage with respect to the other
ionic liquids, and a low concentration of tantalum in the deposit. The addition of solvent
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to this ionic liquid resulted in increased absolute cell voltages. It is thought that the
presence of the solvent diluted the ionic liquid in this case, which actually provided more
resistance to current flow. In either case, the concentration of tantalum in the resulting
deposits was low, and the concentration of fluorine and oxygen impurities was high. Due
to the low number of experiments performed, this ionic liquid merits additional study at
different current densities and with other solvents.
The ionic liquid [MMPIm][TFSI] performed the best of the six ionic liquids
studied. At various applied current densities, the electrolyte remained clear, and no
visible precipitate was observed at either electrode during the normal three-hour
experiments. The anodes showed weight loss, while the cathodes showed little or no
weight gain. The reduction products remained soluble in this ionic liquid, while highimpurity products precipitated when using the other ionic liquids. Solvent addition to
[MMPIm][TFSI] produced mixed results. The addition of DMSO produced decreased
absolute cell voltages, while the addition of propylene carbonate produced high absolute
cell voltages and likely electrolytic breakdown of the electrolyte.
The ionic liquids [BMPip][PF6] and [EMIM]Cl were investigated because of the
difference in anion from the other ionic liquids. The initial results at -0.1 mA cm-2 were
promising for both ionic liquids, but additional experiments run at slightly higher
absolute current densities showed significant precipitation of fluorine and oxygencontaining deposits on the electrodes and in the bottom of the electrochemical cell. The
tantalum concentration in the deposits was actually the lowest observed among the ionic
liquids used, which may be due to the significantly higher viscosity of these two ionic
liquids.
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Conclusions
The ionic liquids that were most often referred to in the research literature,
[MPIm][TFSI] and [BMPy][TFSI], were not the best option for tantalum-plating
electrolytes. Of the ionic liquids used in this study, [MMPIm][TFSI] was most suited to
this application due to its stability and low resulting cell voltages. The deposits formed
during the use of this ionic liquid in a technical plating setup showed the best results in
terms of tantalum concentration and dissolution of the anodes. The initial hypothesis that
a change in the identity of the ionic liquid would produce thicker and higher
concentration tantalum films was not proven, but a change in ionic liquid was responsible
for more favorable plating conditions.
The use of organic solvents in the electrolyte was useful under certain conditions.
If the solvent was stable within the potential range of the experiment, then the solvent
promoted ion movement and the resulting cell voltage was decreased. However, when
the solvent was not stable over the potential range of the experiment, then the formation
of reduced and/or oxidized species derived from the solvent was observed. There was no
evidence to suggest that the addition of the solvent increased the quality of the deposits
themselves, but conditions for plating were sometimes improved within the cell.
The chemical reduction of tantalum(V) to a lower valence species was an
alternative method to produce electrodeposits that had an increased concentration of
tantalum and decreased concentration of impurities. Although the identity of the lower
valence state was not known, the results from this type of experiment showed that by
beginning the electrodeposition process at a lower valence state of tantalum, a lower
concentration of insoluble tantalum-fluoride clusters were formed.
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The technique of conducting a step-wise electrochemical reduction of the
tantalum salts produced the best results in terms of concentration of tantalum and
thickness of deposit. For this reason, it is concluded that the best approach to producing
electrodeposits of tantalum from ionic liquid electrolytes in a technical plating setup is
through the step-wise electrochemical reduction of the tantalum to lower valence states.
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CHAPTER VII
POTENTIAL FOR FURTURE RESEARCH
Evaluation of Different Ionic Liquids
There are many additional research possibilities that can be derived from this
study and the body of work that exists relating to this problem. This study began by
investigating the possibility that the use of different ionic liquids, other than the few that
were previously used, would facilitate the deposition of thicker and more pure tantalum
layers. Although the types of ionic liquids used in this study were diverse from an ionic
constituent standpoint, there exist many thousands of different ionic liquids that could be
tested to evaluate their potential for use as a plating electrolyte.
Evaluation of Different Tantalum Salts
The use of a tantalum salt that is known to be of a lower valence state than +5
would be beneficial. The reduction process would involve the transfer of fewer electrons,
thus decreasing the chance that the reduction would stall at a stable valence state higher
than the neutral atom. Additionally, the use of mixtures of multiple tantalum salts, like
TaF5 and TaCl5, could lead to destabilization of the tantalum-halide clusters and facilitate
reduction of the metal. Finally, the use of less stable tantalum compounds, like tantalum
ethoxide, could increase the chance that the metal is fully reduced.
Evaluation of Different Solvents or Additives
Molecular solvents showed some promising tendencies in this study. The
lowering of the absolute cell voltage indicates enhanced ion movement through the
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electrolyte. There are many other solvents that could be investigated in conjunction with
different ionic liquids, but solvents in which tantalum compounds are soluble, and that
have wide electrochemical windows, would be preferred.
The use of surfactants, like sodium dodecyl sulfate (NaC12H25SO4) or
cetrimonium chloride (C19H42ClN) has been used in the aluminum plating industry to
suppress dendritic growth structure in electrodeposits of aluminum on the cathode
surface. It may be possible that the use of surfactants during electrodeposition of
tantalum would promote smoother, more uniform deposits.
Fundamental Studies of Ionic Liquid-Electrode Interactions
The fundamental mechanisms of the electrode reactions in systems with ionic
liquids as the electrolyte are not well understood at present. Future research into the
kinetics of the electrode reactions in ionic liquids, how the electrical double layer is
structured, and how partially reduced metal ions interact with the constituent ions of the
ionic liquid should be undertaken. Additionally, the numerous possible side reactions
that would decrease the current efficiency of the process are not fully known, and insight
into these other interactions would be valuable.
Progression to Commercialization
Additional studies into improvement of the adherence and uniformity of the
tantalum layer should be initiated upon successful deposition of a purely metallic
tantalum layer. For the process to reach eventual commercialization, corrosion and
hardness testing should be conducted to evaluate the properties of the coated substrate.
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APPENDICES

APPENDIX A
Tables of Experimental Conditions and Results
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APPENDIX B
NOTATION AND ABBREVIATIONS
AFM: atomic force microscopy
Au: gold
[BF4]: tetrafluoroborate
[BMPip]: 1-butyl-1-methylpiperidinium
[BMPy]: 1-butyl-1-methylpyrrolidinium
Br-: bromide ion
Cl: chloride
cm: centimeter
cP: centipoise
Cu: copper
CuF2: copper fluoride
DC: direct current
DEGDBE: diethylene glycol dibutyl ether
DEGMME: diethylene glycol monomethyl ether
DMF: dimethylformamide
DMSO: dimethylsulfoxide
e-: electron
F-: fluoride ion
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EDS: energy-dispersive x-ray spectroscopy
[EMIm]: 1-ethyl-3-methylimidazolium
F: Faraday constant
HCl: hydrogen chloride; hydrochloric acid
HF: hydrogen fluoride; hydrofluoric acid
I: current
IL: ionic liquid
j: current density
KF: potassium fluoride; Karl-Fischer
K2TaF7: potassium heptafluorotantalate
kV: kilovolt
LiF: lithium fluoride
M: molar
m: mole
mA: milliampere
mg: milligram
mL: milliliter
mm: millimeter
[MMPIm]: 1,2-dimethyl-3-propylimidazolium
[MPIm]: 1-methyl-3-propylimidazolium
[MPPip]: 1-methyl-1-propylpiperidinium
mS: millisiemens
mV: millivolt
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MW: molecular weight
n: equivalents per mole
NaF: sodium fluoride
NiTi: nickel-titanium
OCP: open-circuit potential
PC: propylene carbonate
[PF6]: hexafluorophosphate
ppm: parts per million
PTFE: polytetrafluoroethylene
psi: pounds per square inch
Q: electrical charge
rpm: revolutions per minute
s: second
SEM: scanning electron microscope
STM: scanning tunneling microscopy
Ta: tantalum
TaCl5: tantalum chloride
TaF5: tantalum fluoride
Ta2O5: tantalum oxide
[TFMS]: trifluoromethansulfonate
[TFSI]: bis(trifluoromethylsulfonyl)imide
UV: ultraviolet
V: volt
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wi: mass production rate of species i
µA: microampere
µm: micrometer; micron
!i: current efficiency with respect to production of species i
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