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ABSTRACT

The electrode-electrolyte interface in electrochemical environments involves the
understanding of complex processes relevant for all electrochemical applications.
Some of these processes include electronic structure, charge storage, charge
transfer, solvent dynamics and structure and surface adsorption. In order to
engineer electrochemical systems, no matter the function, requires fundamental
intuition of all the processes at the interface. The following work presents
different systems in which the electrode-electrolyte interface is highly important.
The first is a charge storage electrode utilizing percolation theory to develop an
electrode architecture producing high capacities. This is followed by Zn
deposition in an ionic liquid in which the deposition morphology is highly

dependant on the charge transfer and surface adsorption at the interface.

Electrode Architecture: A three-dimensional manganese oxide supercapacitor
electrode architecture is synthesized by leveraging percolation theory to develop a
hierarchically designed tri-continuous percolated network. The three percolated
phases include a faradaically-active material, electrically conductive material and
pore-former templated void space. The micropores create pathways for ionic
conductivity, while the nanoscale electrically conducting phase provides both
bulk conductivity and local electron transfer with the electrochemically active

phase.



Zn Electrodeposition: Zn redox in air and water stable N-ethyl-N-
methylmorpholinium bis(trifluoromethanesulfonyl)imide, [Conmm][NTf,] is
presented. Under various conditions, characterization of overpotential, kinetics
and diffusion of Zn species and morphological evolution as a function of
overpotential and Zn concentration are analyzed. The surface stress evolution
during Zn deposition is examined where grain size and texturing play significant
rolls in compressive stress generation. Morphological repeatability in the ILs led
to a novel study of purity in ionic liquids where it is found that surface adsorption
of residual amine and chloride from the organic synthesis affect growth

characteristics.

The drivers of this work are to understand the processes occurring at the
electrode-electrolyte interface and with that knowledge, engineer systems yielding
optimal performance. With this in mind, the design of a bulk supercapacitor
electrode architecture with excellent composite specific capacitances, as well as

develop conditions producing ideal Zn deposition morphologies was completed.
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CHAPTER 1 INTRODUCTION
1.1 Background
In addition to the focus of this thesis, | have had the opportunity to work on a
variety of different projects during my tenure, though not all were studied to
completion appropriate enough for the dissertation. Therefore, | feel it prudent to
list and very briefly discuss them:

1. Thin Film Combinatorial approach to hydrogen storage materials with
direct real-time compositional monitoring. | vacuum deposited air
sensitive thin films of Li, Na and B onto Au quart crystals where their
behavior upon hydriding was analyzed via mass changes detected by
quartz crystal microbalance, QCM. The samples were reacted in a small
vacuum chamber that | designed which included a turbo pump (capable of
10°® Torr base pressure), a hydrogen leak valve, an ion vacuum gauge, a
thermocouple vacuum gauge, a QCM, a custom designed resistive heating
unit and temperature controller.

2. Observations in the H-Pd{111} System via Stress and EQCM
Measurements. A joint project with Thomas Heaton where we
independently measured the effects of the adsorption and desorption of H
in Pd via mass balance and surface stress techniques (Appendix B).

3. Anunconventional method of ammonia production. This was an
ambitious project where | was first introduced to non-aqueous

electrochemistry.



4. Tri-Continuous Manganese Oxide Electrodes Demonstrating Ultra-High
Capacity (Chapters 2-4).

5. An extension of the manganese oxide electrode architecture work, wherein
percolation theory in the subpercolated regime was studied. The purpose
was to design an insulating anode containing a homogeneously dispersed
subpercolated amount of metal that would act as a dendrite suppressor
when metal was plated through it. 1 developed a new technique to
synthesize 0.5 -1 pum sized salt crystals (pore former) via a spray freeze /
freeze drying method.

6. Electrochemistry in ionic liquids including Electrodeposition of Zn in
ionic liquids with direct application to Zn-Air, and a study of IL purity

(Chapters 5-10).

With such a variety of research projects, | have gained expertise in a variety of
areas, which | feel has thoroughly prepared me to complete the following

dissertation, and ultimately the Ph.D. process.



1.2 Chapter Layout
Chapter 2 outlines manganese oxide supercapacitors and provides motivation for
the development of a percolated tri-continuous bulk electrode to achieve high
capacities.
Chapter 3 provides details on the supercapacitor electrode processing and
characterization by voltammetry, XRD and SEM.
Chapter 4 outlines the optimization parameters of the supercapacitor electrode,
including cycling potential and the concentrations of electroactive Mn, conducting
Ni and pore former are detailed with parallels to continuum percolation theory.
Chapter 5 gives a background, advantages and challenges of electrodeposition in
ionic liquids (ILs), as well as an introduction to Zn deposition in aqueous-alkaline
and IL systems with direct application to Zn-Air batteries. The IL used in the
majority of the study is also introduced.
Chapter 6 details the origins of overpotential by analysis of the Zn redox in
[Conmm][NTf,] where nucleation, diffusion and charge transfer overpotentials all
play mixed rolls under various conditions. Experimentally determined values for
exchange current density and diffusivity are also shown.
Chapter 7 introduces the morphology evolution as a function of overpotential and
Zn(NTf,), concentration.
Chapter 8 examines the morphological effects of water addition under various
conditions, and correlates the results with the kinetics and diffusion characteristics

found in Chapter 6.



Chapter 9 provides analysis of Zn growth in high Zn / high water solutions by in-
situ electrochemical surface stress experiments.

Chapter 10 provides an in-depth analysis of IL purity, including EA, NMR,
chromatography and electrochemical methods, and correlates the findings to
alkylation—anion exchange synthesis techniques.

Chapter 11 is a summary of the thesis work and a proposal of future work in

[Campy][ NTT;].



CHAPTER 2 SUPERCAPACITORS AND PERCOLATION THEORY
2.01 Introduction

The following chapter gives background into electrochemical capacitors,
specifically manganese oxide supercapacitors. The motivation for the following
work is introduced, which is to design an easily processed tri-continuous bulk
electrode utilizing percolation theory to achieve high capacities. Thorough
background on the general principles of percolation theory is given, defining the
percolation threshold, p.. With that knowledge, continuum percolation theory is
outlined, where a new parameter, ¢, gives insight into the design of the electrode

itself.

2.1 Manganese Oxide Supercapacitors
The ever increasing demand for higher performing electrical energy storage has
generated the need for novel storage technologies. Electrochemical capacitors
have gathered more attention over conventional energy-storage devices due to
their increased power density over batteries and improved energy density as
compared to traditional capacitors . There are two types of electrochemical
capacitors: electrical double layer capacitors and pseudocapacitors. The electrical
double layer capacitor stores charge within the double layer at the
electrode/electrolyte interface. This requires high surface area materials and
electrodes in order to achieve relevant capacitances. In contrast to double layer

capacitors, pseudocapacitors utilize faradaic redox reactions and ion intercalation,



in addition to the capacity provided by the double layer, which in total provides

for significantly significantly larger capacities.

One particular material that has shown optimal pseudocapacitive performance up
to 760 F/g and excellent reversibility is RuO, **: however, this material along
with other metal oxides are either cost prohibitive or have toxic properties that
prevent commercially viability. Other materials of interest are conductive
polymers, however the highest attainable capacities are much smaller .
Consequently, the most economical and most attractive material due to its high
pseudocapacitance and relative lack of toxicity is manganese oxide. The
mechanism for pseudocapacitance in manganese oxide is not fully understood,;
however, the most accepted theory is that ion intercalation and deintercalation
accompanies the surface faradaic redox reactions. Proton and/or cations such as
Li* and Na" are incorporated into the MnO- birnessite structure >®. Proton or
cation intercalation occurs during discharge, or reduction of MnO; to Mn,0O3,
Mn3;0O,4 and Mn(OH),, and conversely deintercalation of the positive charged ions
occurs upon charging, or oxidation. The discharge reactions of MnO, to

Mn(OH), with proton or cation intercalation **° are shown in Equations 2.1 and

2.1.
MnO, + XH" + Xe' — MnO;.x(OH)x (2.1)
(MnO2)surface + M'+¢e — (MHOO_MJr)surface (2.2)



The theoretical specific capacitance for MnO; is 1370 F/g , though the highest
values currently achieved range between 450 to 930 F/g in thin film systems **.
Due to the poor conductivity of manganese oxides (10°-10° S/cm) 7, testing is
primarily done on thin films to minimize the solid-state transport-related losses
associated with proton insertion and electrical transport. Various thin film
synthesis techniques produced well performing manganese oxide materials
exhibiting reasonable manganese specific capacities such as electrochemical

11-15

deposition ranging from 240-504 F/g , sol-gel synthesis ranging from 317-720

Fig 81%!" and electrochemical oxidation ranging from 225 to 700 F/g *8*°.
Although thin films exhibit the highest experimentally measured capacity, scaling
up to a bulk supercapacitor system with thin film electrodes is not trivial. In

recent work, some have tried to incorporate conductive materials into the

20,21 22,23

electrode synthesis process such as carbon or nickel foam to introduce an
electrically conductive pathway within the bulk of the material. A successful bulk
composite was produced by embedding manganese oxide particles in a carbon
framework producing 600 F/g normalized to the mass of the manganese oxide,

and 200 F/g with respect to the mass of the composite .

The following investigation introduces an innovative technique for designing a
bulk composite manganese oxide structure with excellent pseudocapacitive
performance. Percolation theory is used to guide the composition and processing
of an electrode architecture with a hierarchically designed tri-continuous
percolated network. The three phases include the electroactive pseudocapacitive

7



MnO,, electrically conductive Ni and a templated pore network. Careful electrode
preparation, combined with guidance from percolation theory yielded a bulk
porous system on both the micro- and nano-scale with fully percolated networks
of the active, conducting, and pore components. The micropores create pathways
for ionic conduction of the electrolyte, whereas the nanoscopic ligaments allow
for ease of electron transfer and increased surface area for redox reactions to
occur during operation. The following section will outline percolation theory

concepts and its application to electrode design.

2.2 Percolation Theory
Percolation theory studies “the effects of varying, in a random system, the
richness of interconnects present.” —R. Zallen *°. Percolation itself is a random
process. A simple illustration is the case of 1-dimensional percolation (Figure
2.1), where an infinite linear chain with lattice sites at fixed distances is defined.
Each site is randomly occupied with probability, p. As more sites become
occupied, clusters of varying sizes are formed. A cluster denotes filled sites
(shaded circles) that are bounded by unfilled sites (empty circles). The number of
s-clusters per lattice site, ns, is derived as ns=p*(1-p)>. For values of p<1, the
cluster number goes exponentially to zero if s goes to infinity, and there will be
holes in the chain. When p=1, all of the sites in the chain are occupied, and one
single cluster is formed. The chain is now continuous and has formed a
percolating cluster, defined as the percolation threshold, p.. For p<pc, an infinite
cluster spanning from one end of the system to the other does not exist, whereas

8



for p>p. (which is not possible for the 1D case since p.=1) the infinite cluster

exists and grows as p moves further from p¢ %.

9000000000000

Figure 2.1: Schematic of clusters in a 1D lattice (site percolation). The shaded
circles are the filled sites making up clusters of varying sizes, and the unshaded

circles are empty sites (adapted from Stauffer ).

There are two types of percolation: site percolation and bond percolation. The
aforementioned 1D percolation example is a site percolation process, where each
bond is connected and it is the lattice sites that control the connectivity of the
network. Bond percolation, on the other hand, takes each site to be occupied, and
the bonds connecting the sites contribute to the percolation. A cluster in bond
percolation is defined as a group of sites bounded by open bonds. The lattice
coordination relates to bond percolation in that as coordination, z, decreases, the

bond

threshold for bond percolation, p.  , increases. When the lattice sites are

connected by fewer bonds, more bonds need to be added to gain connectivity. In
the same way, the filling factor, v, is connected to the threshold for site

site. site -

percolation, p.™; as v decreases, pc> - increases.



Table 2.1: Values for bond and site percolation on various lattice up to 3

dimensions. (RCP, random close packed) Table reproduced from data in Zallen

pg. 170 %.

Dimens- Lattice p™ po™  Coordi-  Filling z vpom
ionality nation,z Factor,v  p."™

1 Chain 1 1 2 1 2 1

2 Triangular 0.347 0.5 6 0.907 2.08 0.45

2 Square 0.5 0.593 4 0.785 2.00 0.47

2 Honeycomb 0.45 0.698 4 0.680 1.80 0.44

3 FCC 0.119 0.198 12 0.7405 143 0.147
3 BCC 0.179 0.245 8 0.6802 1.43 0.167
3 SC 0.247 0.311 6 0.5236 145 0.163
3 Diamond 0.388 0.428 4 0.3401 155 1.146
3 RCP [0.25]° 0.637 [0.16]*

[0.63]*

For networks in more than one dimension, p.<1 and solving for ns and other
functions such as the percolation probability and average cluster size is dealt with
generally with the use of scaling functions governed by critical exponents unique
to each function. These exponents do not depend on the details of lattice
geometry and are the same for the same dimensionality. They are also only truly
valid near the percolation threshold, but provide at least some insight away from

the threshold. This is not a trivial exercise and for all but the simplest systems,

10



requires numerical simulation to get precise functional dependencies on p,

however the functions can be described in approximation as seen in Figure 2.2.

Site Percolation for a Random 3D Network:
® =vp,, ©=0.16; v=0.6; p =0.27

350 L L T 310
300 L(®) -
=208 o) 1062
—~< 150 s.@ ’ P
9—,% 100 - 0 —-0.4 &,’-
” - i
501 —_ 0.2
O 10.0

| 1 | 1 | 1 | 1 | 1
00 020704 06 08 10
p (site fraction present)
Figure 2.2: Modeled curves from the generalized functions for s,y, lay, P(p) and

o(p) as a function of filled sites for site percolation on a 3-D continuum

percolation model.

When p<pc, Sav, the mean cluster size, and I, the mean spanning length, are
functions that foreshadow the approaching percolation threshold. At p=0, s,,=1
and as p increases, S,y gets very large up to when p=p. at which point s,
becomes the infinite cluster and goes to infinity. While s,, denotes the volume of
the cluster, 1, measures the cluster’s linear behavior and gives insight into the
cluster shape near the threshold. It can give a measure of the graininess of the
system; far away from p. it is very fine, and as p. is approached it coarsens. This

work, however, does not focus on what is happening below p.. The main focus is

11



placed above the threshold, when all three of the phases would be continuous
networks and would be fully percolated. When p>p., two functions, P(p), the
percolation probability, and o(p), the conductance, start at p. and reach a
maximum when p reaches p=1. P(p) is defined as the probability that p, the
fraction of connected sites, is connected to the infinite cluster. Essentially, P(p) is
a measure of volume growth of the extended connected network. Table 2.2
outlines the functions of interest and their exponents and Figure 2.2 illustrates
these functions graphically. P(p) is zero when p<pc, then rises very steeply close

to pc.. When P(p) reaches a value of 1, it signals the consumption of all the finite

Table 2.2: Calculated values for the critical exponents in 2 and 3 dimensions for

Sav, lav, P(p) and o(p). Table partially reproduced from Zallen pg. 157 %.

Function close to p=p. Exponent Value of Exponent in
d=2 d=3

P(P)~(p-pc)’ B 0.14 0.4

6 (P)~(p-Pc)' t 1.1 1.65

Sav(P)~(Pc-p)-" y 2.4 1.7

lav(P)~(Pc-p)™ v 1.35 0.85

clusters into the single infinite cluster. The behavior of conductance near the
threshold is very different than that of P(p). Whereas P(p) sharply increases and
has infinite slope, o(p) has zero slope near p. and has a slow rise. Near p, a finite
cluster joining the already infinite cluster increases P(p), but does not contribute

to a new parallel path for conductance, and therefore does not cause large
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increases in conductance. When the system is fully percolated (p=1) the value of

conductance is at a maximum.

2.3 Continuum Percolation
Percolation in 1D,2D and 3D has been generally addressed in the previous
sections for networks with well defined lattice structures. However, percolation in
a random structure, which has direct application to the following work, without a
defined lattice must be addressed separately. All the relevant information needed
to discuss continuum percolation was addressed in the previous sections.
Continuum percolation allows determination of p. when the lattice is not well
defined by the use of the critical volume fraction for site percolation, ¢.. Zallen
presented a simple and convenient description of a random network, in order to
relate ¢ and p*® % Metal and glass spheres of equal size are placed into a vessel
and evenly dispersed. Electrical connection via a metal sheet is placed below and
above the spheres in order to create a circuit. We would like to predict the
concentration of metal spheres where the system becomes electrically conductive
by the formation of a spanning cluster from the bottom to top of the vessel. Or
conversely, how many glass spheres are necessary to remove all conductivity
from the system. Applying the appropriate terminology for continuum
percolation, p™* defines the fraction of conducting metal spheres within a matrix
of insulating glass spheres, and ¢ is the fraction of space taken up by the metal

site

spheres. The relationship between the two is simply ¢=vp>™, where v is the filling
factor for the random network, or the fraction of space occupied by the whole

13



system. The critical volume fraction is then, ¢.=vpc™". For defined 2D and 3D

site bond

lattices, pc™™ and p."°" vary from lattice to lattice ©°. ¢, however, is
independent of lattice structure and has been calculated to approximately 0.45 for
all 2D lattices and 0.16 for all 3D lattices (Table 2.1). A system with random
packing (RCP) has a filling factor close to 0.63, and using the ¢.=0.16 for 3

dimensions, p.*

is calculated as 0.25. Therefore, percolation of a component
occurs whenever the fraction of that material component exceeds 0.25. In the
example described above, when the fraction of metal spheres is below 0.2,
electricity will not flow through the insulating matrix; however, above 0.25 the
structure is percolated thus completing the circuit and allowing electricity to

flow . Through the use of this tremendously powerful relationship it is predicted
that if p > 0.25 for any given material, then it will be percolated. This simple
formalism allows us to begin to hierarchically design the electrode structure and
to allow us to hone in on the optimal concentrations of Mn, Ni and pore former

particles. The manganese oxide active material is the insulating component (glass

spheres) whereas the Ni is analogous to the conductive metal spheres 2.

It must be noted, that this continuum percolation model applies only to systems
containing spheres of uniform size and shape . Therefore, the formalism
outlined above is not accurate in predicting the critical percolation threshold for
the pore former which is two orders of magnitude larger than the Mn and Ni

21,28 and size

nanopowders. Others have addressed particles of different shapes
distributions * in percolation theory along with some experimental results
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showing size dependence *°. For example, a random system containing
elliptically shaped particles having a well defined aspect is considered. The
concentration of elliptical particles needed to reach the percolation threshold
decreases with an increase in aspect ratio %°. In other words, the more “needle-
like” or the longer and thinner the elliptical particles are, the smaller the
volumetric concentration required to reach a continuous spanning cluster. An
example more applicable to the system tested in this study is that of varying size
distribution. Take two separate systems, one with particles of size R and the other
with particles of size r, where R > r, that are randomly mixed. The percolation
threshold for the system containing R particles is higher than the system
containing r particles. This is due to less disordering within the system, and
consequently less branching of the particles hindering production of a continuous
spanning cluster . With this information, the percolation threshold of the larger
pore former particles is greater than for the smaller particle Mn and Ni

it it
components, Pe pore former > Pec,MnNi e
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CHAPTER 3 ELECTRODE DESIGN
3.01 Introduction

The following chapter provides a full description of electrode processing.
Manganese and nickel nanopowders, and a variety of micron sized polystyrene
powders were mixed, sintered and electrochemically oxidized forming the bulk
supercapacitor electrode. Physical characterization by SEM showed the intimate
contact between the Mn and Ni and the continuous pore network before and after
electrochemical oxidation. XRD spectra revealed the highly defected structure of
the oxidized manganese and cyclic voltammetry at varied scan rates showed the

expected capacitive response.

3.1 Experimental
3.1.1 Composite Powder Preparation
The composite electrodes were synthesized via a powder processing method. The
powders used were 20-50 nm Mn, 5-20 nm Ni (QuantumSphere), polystyrene
microspheres of various sizes (Duke/Thermo Scientific), and polyethelene glycol
used as a binder. Using various volume ratios, the powders were mixed in
isopropanol via a 500 W, 20 kHz high power ultrasonic wand in order to achieve
a homogeneous distribution. The ultrasonication was pulsed 10 s on, 10 s off for
a total of 5 minutes. Immediately after ultrasonication, the mixture was dried in a
drying oven 60 °C, then ground with a mortar and pestal to break up the dried
power. It must be noted that while the composite powder synthesis process seems
simple, it is also the most sensitive. The process must be carefully controlled in
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order to remove any possibility of particle agglomeration that compromise
consistency with a randomly packed network. Clustering of the nanopowders can
cause deleterious effects on the achieved capacity by reducing contact between
the three phases. The mixture was then weighed and pressed into a 0.25 in.
diameter dye. The pellet was then heated at a ramp rate of 150 °C/hr in 5% H,/Ar
balance to a maximum temperature of 450 °C for an hour, then set to cool to room
temperature at no defined rate. The hydrogen provides a reducing environment
that removes the polystyrene spheres through pyrolysis leaving micron-sized
spherical voids in the composite, which is seen clearly in upcoming figures. In
order to clarify the optimization of the three constituents as it relates to
percolation theory, the Ni and Mn concentration are reported as volume fractions
with respect to the total powder volume. These fractions do not include the void
space left behind by the pore-former or the space between the particles. The
polystyrene or void concentration is reported as the volume fraction with respect

to the total volume occupied by the powders as well as the pore-former.

3.1.2 Manganese Oxide Electrochemical Oxidation

All electrochemical experiments were completed with a Gamry G750 potentiostat.
Electrochemical oxidation of the Mn metal to the electroactive MnO,
(recognizing that the electrochemical redox facility in the material likely arises
from the high ionic defect density in the electrochemically formed MnO,) was
completed using a potentiostatic method and is described below. Contrary to
common technique, the oxidation occurs after the composite structure is

17



synthesized and while in direct contact with the current collecting medium (Ni
powder). Electrical contact was made by fixing two fine mesh stainless steel
screens on either face of the electrode with a Ni wire wrapped for support. A high
surface area Pt/Ir coiled counter electrode and a Hg/HgO (+98 mV vs. SHE)
reference electrode (Koslow Scientific) were used in a three electrode cell.
Oxidation took place in 1 M LiOH electrolyte at a pH=14 prepared with 18 MQ
deionized water. According to the Mn Pourbaix diagram, at a pH of 14, Mn has
four stable oxides (Mn(OH)2, Mn3O4, Mn,03, MnO5). In order to oxidize the
electrode into the MnO, region, the potential was held at 0.15 V vs. Hg/HgO for

at least 24 hours until the oxidation reached a limiting current less than 10 pA.

3.1.3 Electrode Characterization

The pseudocapacitive performance of the electrode was electrochemically
characterized by cyclic voltammetry at varying scan rates and by
chronoamperometric charging and discharging cycles. The potentiostatic
charge/discharge cycling was the primary technique for calculating the composite
and Mn specific capacitance and the capacitive behavior was analyzed from the
cyclic voltammetry curves. The electrodes were further characterized by x-ray-
diffraction (XRD) using a Philips X’pert MPD diffractometer with a Cu K,
radiation source. The working voltage and filament current was 45 kV and 40 mA,
respectively. The phase identification was based upon the Joint Committee for

Powder Diffraction Standard (JCPDS) database. Imaging was completed with a
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Hitachi s-4700 11 Field Emission Scanning Electron Microscope at 15 kV

accelerating voltage and 10 pA emission current.

3.2 Initial Characterization
3.2.1 MnO; Structure
The FESEM images in Figure 3.1a,b are of the interior of the electrode after the
polystyrene pore former has been pyrolized via heat treatment in a reducing

atmosphere, and before it has been oxidized.

2 oo RN i T o

L
L
(U)engos 1817 * 2R0um 7 100kNB. 4mm x25.0k SE(U) 9/19/08,16:51 2.00um

Figure 3.1: FESEM images of the internal structure of the electrode. a,b) Pre-
electrochemical oxidation, post-sinter. Clearly visible are three continuous phases
with spherical voids. c,d) Oxidized with MnO, active material. (Sample content:

0.45/0.55 Ni/Mn, 3 micron voids).
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Intimate contact between the Mn and Ni nanoparticles are shown in Figure 3.1b
where there is no clear separation between particles. Nano-scale pores denoted by
black arrows on the figure, or voids between the nanoparticles, are also visible
which is inherent to the powder compaction process due to the packing factor of a
random network (0.63). The spherical void space is created by the polystyrene
pore former. Figure 3.1b shows a triple point marked by a red circle, where the
polystyrene spheres were in contact during compaction. Because the polystyrene
is not rigid like the Mn and Ni, some of the spheres deform into a polyhedron
shape due to the pressure of the compact forming such triple points and other
slightly irregular shapes. A large void, pointed out by the blue arrow, is also seen
connecting void space of another polystyrene sphere, further increasing access of
the electrolyte to the metal nanoparticles. Figure 3.1c,d shows the electrode after
electrochemical oxidation to the MnO,, electroactive phase. The images display a
change in structure of the Mn to MnO,/Mn,03 along with an increase in surface
area of the active material after oxidation (green circle). The now oxidized Mn
remains in intimate contact with the conductive Ni phase. The micro (blue arrow)
and nanoscale (black arrows) porosity of the electrode is still seen, showing that
the access of electrolyte is maintained after oxidation. X-ray powder diffraction
was run on unoxidized and oxidized samples held at -0.25V and 0.3V driving
toward the Mn,O3 and MnO, phases respectively. Figure 3.2a shows the 6-260

diffraction patterns for the unoxidized sample.
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Figure 3.2: XRD of a) unoxidized sample, b) oxidized to active material at lower

potentials in the Mn,O3 region, ¢) oxidized to active material in the MnO;, region.

Peaks at a 20 of 45.1, 52.5, and 76.9 are signals from the Ni present in the
electrode and are seen in all samples. Mn peaks are located at 41.1, 59.3, 70.9
and 74.6 with a Mn30O,4 peak at 35.4. The Mn3O, is from the native oxide shell
that is formed during the powder synthesis process in the as received Mn powder.
The heat treatment of the electrode does not reach a high enough temperature to
remove this oxide layer. Figure 3.2b is a spectrum of an electrode that was
oxidized for 24 hours at -0.25 V vs. Hg/HgO in the Mn,O3 region of the Pourbaix
diagram. It is apparent that all of the Mn metal peaks are gone, with new peaks
associated with Mn,O3 or Mn3;O,4 at 37.2 as well as an Mn(OH), peak at 50.7.
The poor crystallinity of the peak at 37.2, as displayed by the low intensity and
peak broadening, makes it difficult to identify in the XRD databases. There is a

small signal from Ni(OH), at 19.5 due to the oxidation of Ni at these potentials
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and pH. Figure 3.2c is the spectrum of an electrode oxidized at 0.3 V vs.
Hg/HgO, well into the MnO, region. The Mn(OH), peak has disappeared and the
Mn,03'Mn30, peak at 37.2 is smaller and more diffusel, implying the system is
becoming even less crystalline. All of the manganes oxide peaks have also
shifted to higher values of 20, indicating a decrease in the lattice parameter, which
should occur when oxidizing to MnO, due to the removal of protons from the

structure °.

Cyclic voltammetry was used to characterize the initial performance of the
electrodes. Figure 3.3 shows the shape of the curves at varying scan rates. All
scan rates show a good capacitive response with the capacitance directly related to

half of the area within the curve and inversely related to the scan rate.
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Figure 3.3: Cyclic Voltammerty of an electrode first oxidized in the MnO; region
at ImV/s, 5mV/s and 20mV/s from -0.15 V to 0.45 V. (Sample content: 0.45/0.55

Ni/Mn, 1-50 um voids). Data collected by Allison Engstrom.
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From these relationships, the cyclic voltammogram illustrates a higher
capacitance with slower scan rates. Slower scan rates provide a longer time for
the proton insertion process; therefore, a larger pseudocapacitance is often
exhibited. Only once the scan rate was at or below 1mV/s was an oxidation wave
observed. At higher scan rates the curves are rather featureless. This type of
response is seen for bulk type manganese oxide electrodes, whereas features
develop at even slower scan rates or with thin film electrodes where each
oxidation phase is easily identifiable. Chronoamperometric holds are a better way
to analyze the electrodes as they are more relevant to standard charge/discharge
applications.

3.3 Conclusion
The electrode processing was described, where powders of nano-Mn, nano-Ni and
micron sized pore former were mixed and formed into the electrode. Sintering in
a reducing environment removed the polystyrene pore former and provided a non-
oxidizing atmosphere for the Mn and Ni. The electrode was then
electrochemically oxidized in 1 M LiOH to form the electroactive manganese
oxide. The electrochemical and physical characterization of the electrodes by CV,

XRD and SEM were displayed as well.
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CHAPTER 4 ELECTRODE OPTIMIZATION
4.01 Introduction

Optimization of the supercapacitor electrode cycling potential and the
concentrations of the three components, Mn, Ni and pore former are detailed with
reference to percolation theory. Cycling at -0.5 V vs. the open circuit potential
(OCP) was found to result in the highest capacities. Mn/Ni concentrations of
55/45 vol% manganese achieved the highest bulk capacities before losses were
introduced due to excess mass from the non-electroactive Ni. A uniform pore size

of 3um at 40 vol% yielded the highest capacities.

4.1 Cycling Potential
Holding the electrodes at constant potential was done to study the
pseudocapacitive performance. During chronoamperometric cycling, samples
were held at incremental potentials from the post-oxidation open circuit potential
(OCP) between -0.1 V to -0.8 V versus the OCP for 5000 s. charge/discharge
cycles. The integrated oxidative current for each holding potential was used to
calculate the specific capacitance in Farads/gram (using the mass of the Mn only)
The total specific capacitance is labeled as the composite capacitance which takes
into account the mass of the entire electrode. The specific capacitance of only the
oxidized manganese is calculated with the mass of just the manganese, which is
the standard practice by many in the field. Figure 4.1 is a plot of specific
capacitance of both the composite and the Mn vs. the potential held negative of
the OCP.
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Figure 4.1: Variation of discharge potential. A maximum in capacitance is found
at -0.5 V vs. the OCP in the Mn(OH) stability region. (Sample content:

0.45/0.55 Ni/Mn, 33% 1-50um voids). Data collected by Allison Engstrom.

The maximum capacitive performance occurred at -0.5 V versus the OCP which
(according to the Pourbaix diagram) corresponds to just below the Mn3O4 spinel
phase in the electrically conductive Mn(OH), phase. It is interesting to note that
decreasing the potential even lower into the Mn(OH), region does not produce an
increase in capacitance. Others have shown that a high concentration of protons,
via insertion during the reduction of MnO, to other oxide phases, causes

irreversibility of cycling of the electrode °.
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4.2 Ni Content
Considering the delicate balance between the three phases present in the electrode,
the ratio between the Ni and Mn is optimized first. The volumetric ratios were
varied from 0.05 to 0.50 volume fraction Ni to determine the ideal Ni content to
achieve the highest composite capacitance. As mentioned before, this fraction
only relates the combined volume of Mn and Ni nanoparticles; it does not include
the void space volume. Samples were held chronoamperometrically at -0.5V
versus the OCP for 5000 sec., then oxidized for the same amount of time at the
initial OCP. Figure 4.2 is a plot of specific capacitance of the Mn and composite

vs. Ni content.
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Figure 4.2: : Capacitance in F/g of the active Mn component and the total
composite as a function of the Ni content. (Samples content: varied Ni/Mn, 33%

1-50um void space). Data collected by Allison Engstrom.
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From continuum percolation theory, a percolation threshold near 0.25 Ni is
expected; Figure 4.2 verifies this prediction. At 0.20 Ni volume fraction the
electroactive material has not yet reached the critical percolation threshold, and
the capacity is near zero because the bulk of the sample is not electrically
accessed. A nonzero capacity is seen at 0.25 Ni signifying the percolation
threshold. Above the threshold, the composite capacitance gradually increases to
a maximum at 0.45 Ni, and then begins to decrease. The gradual increase in
capacity is expected near the percolation threshold and its behavior is described in
terms of conductance detailed above (Figure 2.2). At and just past the threshold,
the conductance is near zero and slowly rises as more sites are occupied by the Ni.
At this point, a finite cluster joining the already infinite cluster increases the
probability of percolation but does not contribute to a new parallel path for
conductance. Therefore, the newly Ni-occupied sites just past the threshold do
not cause large increases in conductance, or similarly capacitance. When the
system is fully percolated the value of conductance is at a maximum. The
manganese oxide capacitance increases similarly to the composite capacitance
with increasing Ni content due to increasing contact with the Ni conducting phase.
However, a transition occurs above 0.45 Ni where increasing composite mass by
adding more of the higher density nickel has outweighed the increasing
capacitance with respect to the manganese oxide component causing a lower total
composite capacitance. Therefore, the manganese oxide active component and Ni
have reached the ideal concentrations for the composite structure at 45 volume
percent nickel, 55 volume percent manganese.
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4.3 Pore Former Size and Content
The void size and fractional content was studied at a constant Ni and Mn content
of 0.45 and 0.55 respectively. The reported pore-former volume fraction takes
into account the total Mn, Ni and pore-former volumes. In contrast to the Ni/Mn
percolation threshold, the critical volume fraction of void space is difficult to
accurately predict from the above described continuum percolation model.
However, the expected the percolation threshold is above the predicted value for

site

the smaller particles, p.° = 0.25, because the size of the pore-former is much
larger than that of the Mn and Ni powders ?°. Also, the effect of the pore-former
volume fraction on the electrode capacitance is slightly more complicated than
that of the Ni and Mn powders because there is concern only with the void
volume left behind. These voids not only increase the ionic conductivity
throughout the bulk of the electrode, they also increase the surface area of the
active materials. The diameter and surface area of the produced voids will affect
the capacitance; a trend of increased performance with increasing electrolyte
access would be expected with increasing void space. However, the predicted
0.25 percolation threshold may not directly apply here. Uniform void sizes of 3
um and 11 um were tested within a range of 10-80 volume fractions. Figure 4.3

is a plot of the specific capacitance of both the composite and the manganese

oxide versus volume fraction voids for both void sizes.
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Figure 4.3: Capacitance of the active and composite components for varying void
contents and void sizes. a) Void size of 3 um reaches a maximum of 840 F/g in
Mn capacitance at 40 vol% void content and b) with a void size of 11 ym a

maximum of 720 F/g is reached of Mn at 20 vol% voids.

The 3 um voids (Figure 4.3a) show almost constant capacitance below 0.2 volume
fraction with a small increase at 0.3 then a sharp increase at 0.4. The behavior of
increasing the void content is somewhat analogous to the behavior of conductance
in Figure 2.. Just as for conductance, there is only a small increase just above the
percolation threshold, but far enough away from p. there is a substantial increase.
The percolation threshold in this case is between 0.2 and 0.3 void content, and
with only a small increase seen at 0.3, it is likely p. is closer to 0.3. This is higher
than what is predicted with the general form of the percolation model, which is in
agreement with the theory that larger spheres have higher percolation thresholds
than smaller spheres 2°. At 0.3 volume fraction, there are not enough pathways
for ionic conduction to contact all the manganese oxide present in the electrode

for both oxidation and cycling producing lower capacitances. Increasing the
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volume fraction to 0.4 provides a substantial increase in capacitance to a
maximum value, signaling that all of the manganese oxide in the electrode has
access to the electrolyte. Above this void content, if the structure was behaving
exactly according to percolation theory, the capacitance for the manganese oxide
would continue to increase, and the bulk capacitance would decrease at some
value just as what was seen for Mn/Ni concentration in Figure 4.2. This, however,
is not the case because the structure begins to lose mechanical stability and
consequently electrical connectivity to active surface area causing the capacitance
to decrease. This is clearly seen at the 70-80% void content where the

capacitance drops to below 100F/g for both the composite and manganese oxide

component.

The p. for the 11 um void case (Figure 4.3b) appears much lower than that of the
3 um void electrode contradicting previous work showing that increasing the size
of the particles increases the percolation threshold ?. This model for continuum
percolation of systems of different size particles shows that the threshold of the 11
pm voids is greater than, but still near the same as that for the 3 um voids.
However, there are several complicating factors suggesting that Figure 4.3b is not
indicative of the actual percolation threshold. At 0.1 volume fraction voids, the
capacitance for the 11 um case for both the manganese oxide and the composite is
larger than that of the 3 um case. This is because the 11 pm voids produce more
surface area than the 3 um voids, and therefore have access to more manganese
oxide. The “p.” is found at 0.2 void content; however it is approximately 100 F/g
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less than the maximum in the 3 um void case. This could be due to decreased
mechanical stability causing a decrease in connectivity to the active component.
In fact, above 0.2, the electrode becomes more unstable and at 0.50 and above, the
structures lose all mechanical stability and are unable to be electrochemically
tested. From this analysis, it is clear that Figure 4.3b is not indicative of the

actual percolation threshold.
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Figure 4.4: Specific capacitance at 40 volume percent voids for 3um, 11um and

1-50um void sizes. (Sample content: 0.45/0.55 Ni/Mn, varied void content).

Comparing different void sizes at a constant 0.4 void volume fraction is shown in
Figure 4.4b. The 3 um voids produce the highest values of capacitance as
compared to the 1-50 um and 11 um voids. Increasing the size of the voids is
expected to produce a higher surface area exposed to the electrolyte and therefore
higher capacities. However, this effect is muted by the decrease in mechanical

stability of the electrodes as the void diameter increases. Therefore, the 3 um
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voids at 0.4 void volume fraction are the optimal void size and concentration,

respectively.

4.4 Fully Optimized Electrode
The optimal tri-continuous structure has been found to maximize the composite
specific capacitance. A Ni/Mn content of 0.45/0.55 was determined to give the
ideal electrical conductivity maximizing the capacitance of the composite
electrode. Analysis of the pore-former has yielded the best performing void
content and size of 0.4 volume fraction and 3pum, respectively, allowing the
optimal access to the electroactive MnO,. The optimized tri-continuous fully
percolated electrode was cycled at varying charge/discharge times to determine
the capacity dependence on the length of the cycles (-0.5 V vs. OCP discharge, 0
V vs. OCP charge). Figure 4.5a is the current vs. log time response to cycling at
the various durations.
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Figure 4.5: a) charge/discharge current profile and b) Capacitance at varying

times for a fully optimized electrode.
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A total of 6 charge/discharge cycles were performed, but the first cycle of 10
seconds is not plotted in this figure to give more clarity to the subsequent cycles
given the log scale. At shorter times, the current shows that they are far from a
limiting value, or in other words, far from being fully saturated, whereas at the
longer holding times the current starts to reach a limiting value. Figure 4.5b is a
log/log plot of capacitance vs. discharging time. At long enough times, > 3600
seconds, the capacitance begins to level off, signaling the existence of a limiting
value of capacitance. At infinite time, the capacitance will reach this limiting
value associated with complete saturation of the pseudocapacitive effect. The
maximum specific capacitance is calculated from the 6250 second cycle and is

recorded as 844 F/g for the Mn component and 422 F/g for the composite.

4.5 Conclusion
An innovative technique for designing a bulk composite manganese oxide
electrode with excellent pseudocapacitive performance was performed and
characterized. Percolation theory was used to produce an electrode architecture
with a hierarchically designed tri-continuous percolated network. The three
phases include the electroactive pseudocapacitive MnO,, electrically conductive
Ni and a templated pore network. The result yielded an electrically conductive
percolated network allowing complete electrical access to the active component
and a bulk porous system on the micro- and nano-scale creating pathways for
ionic conduction of the electrolyte. The optimized structures yielded excellent
Mn specific capacitances of up to 844 F/g and a composite capacitance of 422 F/g.
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CHAPTER 5 ELECTRODEPOSITION IN IONIC LIQUIDS
5.01 Introduction

In the following chapter, a background of ionic liquids (ILs) used for
electrodeposition of a variety of metals is given. Advantages to working in ILs
range from low vapor pressure to a large electrochemical stability window.
However, challenges to working in non-aqueous media, such as salt solubility and
synthesis impurities, are also given. Introduction to Zn deposition in aqueous-
alkaline systems and historical problems in Zn battery applications are presented.
This history provides the reasoning behind exploring ILs as an alternative
electrolyte to aqueous systems. Background on Zn deposition in various ILs
shows a lack of characterization of the electrochemical properties and
mechanisms for the different growth morphologies seen in each system. The IL

studied in this work is also presented.

5.1 Background
The use of ionic liquids (IL) as electrolytes for the electrodeposition of metals has
gained interest in recent years. There are several advantages of electrodeposition
of metals in ILs. The most obvious benefit is that metals can be deposited that are
not stable in aqueous solutions such as Al, Si, Ge and Ti **. Another advantage is
the large electrochemical stability window allows for the avoidance of side
reactions such as hydrogen evolution during the deposition where higher quality
deposits are obtained by removing H-codeposition. Palladium, for example,
produces very brittle deposits in agueous media, whereas in an IL, shiny,
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nanocrystalline deposits are formed 3. The vapor pressure in ILs is also much
lower or even immeasurable than that of water lending itself to applications where
H,0 evaporation is an issue %*. A wider range of stable deposition temperatures
are accessible than in agueous media which allows access to a wider range of

electrodeposition conditions.

There are several challenges to working in ionic liquids including
hydrophobicity/hydrophilicity, complexation chemistries, conductivity and
organic synthesis impurities. Hydrogen co-deposition can be removed with an IL
that is free of H,O, however, the hydrophilicity of the IL as well as the metal salt
determines the equilibrium water content. Fortunately, ILs the hydrophobicity is
tunable based on the anion and cation selection to fix the water content of the
system. However, if a highly hydrophilic metal salt is introduced into the system,
a significant amount of water is likely present if care is not taken to control it. In
many ionic liquids, the solubility of the salt, can be much lower than that of
aqueous systems. This produces low limiting currents, which can require longer
plating times and can produce a lower yield. The conductivity, o, in ILs is similar
to that of organic systems such as Li-ion batteries with values on order of 1-20
mS/cm, whereas in high concentration acid/base aqueous solutions, conductivities
are on the order of magnitude higher (500-700 mS/cm) *. Due to the nature of
the organic synthesis techniques of ILs, there is some controversy regarding their
purity. Repeatability from batch to bactch of IL is challenging especially with
respect to electrodeposition where impurity adsorption can deleteriously affect the
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morphology. A variety of synthesis and purification techniques can yield
different amounts of impurities including organic precursors, halides, water and

impurities from incomplete metathesis reactions.

5.2 Zn Electrodeposition
Zn deposition in aqueous electrolytes has been extensively studied due to
advantageous properties for Zn rechargeable battery applications. Its negative
standard potential,-0.76 V vs. SHE, and large hydrogen reduction overpotential
have made Zn an excellent anode material in alkaline aqueous systems. Zn is
earth-abundant, non-toxic and inexpensive, providing an excellent renewable
energy material. There are several battery cell systems that have been highly
successful such as Zn-Ni, Zn-MnO, and Zn-air. In Zn-Ni batteries, the Ni
undergoes transformation from Ni(OH), to NiOOH (oxyhydroxide) at the
positive electrode. This system has limited cycle life due to issues related to the
shape change of the electrode as well as dendrite formation on the Zn side. Zn-
MnQO, systems require precise control over the charging voltage to ensure the
MnO,, phase is properly formed and no other oxidation state is formed which
leads to loss of capacity. There is also loss of performance related to the to Zn
ions entering the MnO,, positive electrode during cycling, significantly decreasing
battery lifetime 3*. Zn-Air systems have high specific energies and thus have
potential for electric vehicle applications. In general, a porous Zn electrode is
used at the anode and the oxygen reduction reaction (ORR) is conducted at the
cathode. However, the efficiency and cycle life of these cells is limited due to

36



H,0 reduction during Zn deposition *. One challenge in Zn-Air systems comes
from electrolyte evaporation since the cell is open to air, and with low vapor
pressure ILs this problem is removed. Another challenge is that alkaline systems
present problems with dendrite formation at the Zn electrode during recharging.
Significant effort towards decreasing the dendrite formation was done with the
use of additives and different charging methods to alter grain size and growth
morphology ***". The focus of this work is to characterize Zn deposition in ILs
and to determine what factors influence dendritic growth, while keeping in mind a
direct application to Zn-Air systems, where the anode can be subjected to ambient

air and humidity conditions.

Dendritic Zn growth in alkaline media described above, as well as other Zn
related applications such as anti-corrosion coatings have lead to significant
interest in Zn deposition in ionic liquids. Studies have shown that Zn was
successfully deposited from chloroaluminate based ionic liquids, however, these
ILs tend to react with water and air *®. While this is suitable for systems which
are fully closed off from the environment, deposition from air stable ILs is of
interest for use in ambient conditions such as Zn-Air batteries. Deposition of Zn
from ZnCl; in various chloride based ILs such as Choline Chloride and 1-ethyl-
3methylimidizolium chloride due to a high salt solubility ****'. Most of the
deposition conditions that yield good morphology are performed at high
temperatures in order to remove the H,O brought into the system by the
hygroscopic ZnCl; as well as to increase the deposition kinetics. Bakkar and
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Neubert **, however, reported good Zn morphology in both air and H,O stable
Choline Chloride/Urea — ZnCl, with significant H,O (3-7 wt%) present at lower
temperatures. It seems that a somewhat diverse selection of ILs have been studied
for Zn deposition, however, an in depth study of deposition parameters such as
overpotential dependence and H,O content has not been done in any system to

date.

Bis(trifluoromethanesulfonyl)imide or [NTf,] ™~ based ionic liquids have been
studied for use in battery technologies due to their large stability window and
non-volatility. The [NTf,]~ anion has a large negative limit making it applicable
to batteries in need of a very cathodic potential such as Li and Zn. Yamamoto
and coworkers deposited Zn in trimethyl propylammonium NTf, — Zn(NTf,), at
120 °C, although the deposits were highly rough and irregular *2. Another group
impregnated Zn(NTf;), in a conducting polymer gel with 1-ethyl-3-
methylimidazolium NTT; ionic liquid testing the battery cycling properties,
without analysis of morphology *®. Most of the metal electrodeposition work has
focused on whether or not the metal deposition is possible in a particular IL.
However, there are only a few studies determining the morphological effects of
the IL on the deposited metal or how the variations in H,O content affects the
morphology ****. Because the Zn-Air batteries are subjected to air and

humidity, an H,O analysis is absolutely necessary.

38



The goal of this research is to electrochemically characterize Zn deposition, along
with a complete analysis of the deposition morphology in the air-H,O-stable ionic
[NTf,] ~ liquid N-ethyl-N-methylmorpholinium
bis(trifluoromethanesulfonyl)imide, [Conmm][NTf;], Figure 5.1, with Zn(NTf;),
as the Zn containing salt. [C,nmm][NTf;] provides the ability to operate in a
wide temperature range and higher salt solubility (0.7 M) compared to other non-
aqueous IL electrolytes. [Conmm][NTf;] is a new IL and only some of its
properties, such as stability window, thermogravimetric data and conductivity,
have been documented by only one other group *®*’. I am the first to complete an
analysis of Zn electrodeposition in this IL.
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Figure 5.1: Structure of the ionic liquid N-ethyl-N-methylmorpholinium

a b)

bis(trifluoromethanesulfonyl)imide [Conmm][NTf;,] with a) [NTf,] ~ anion and b)

[C2nmm] cation (drawn in ChemSketch Freeware).
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CHAPTER 6 ELECTROCHEMICAL CHARACTERIZATION
6.01 Introduction

Electrochemical characterization in [Conmm][NTf,] by completing voltammetry
in neat and Zn containing solutions. Overpotentials seen on Cu{111} thin film
and polished Zn working electrodes are analyzed. It was found that nucleation,
diffusion and charge transfer overpotentials all play a roll under various
conditions. Where nucleation overpotential is substrate dependent, diffusion and
charge transfer overpotentials are influenced by the Zn complexation / solvation
and the structure of the IL itself. Experiments were done determining how the
addition of water effects the kinetics and diffusion of Zn in [Conmm][NTT;]
through cyclic voltammetry and rotating disk electrode analysis. It was found that
increasing water leads to increasing exchange current densities and increased

diffusion coefficients.

6.1 Experimental
6.1.1 [Conmm][NTTF,] Analysis
The primary ionic liquid used in this study was [C,nmm][NTf,], and was
synthesized by Fluidic Energy The [Conmm][NTf,] passed a AgCl precipitation
test for CI7, thin layer chromatography for amine consumption and the pH reached
neutrality as the first chemical tests to deem it chemically pure. The
[Conmm][NTf;] also underwent elemental analysis (EA) to further determine the
purity ***. Special measures were not taken to dry the IL specimens prior to
elemental analysis; rather, the waters of hydration are determined by Karl Fischer
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analysis in the calculated CHN values. Samples within 0.4 wt% of the calculated
C, H and N concentrations calculated for [Conmm][NTf;] are considered passing.
Table 6.1 shows the calculated and measured values for C, H and N yielding a

passing result. For more information on these testing methods, see Chapter 10.2.

Table 6.1: Elemental Analysis of [Conmm][NTf,]

C H N
Calculated 26.3 3.9 6.8
EA 26.1 4.0 6.7

The Zn salt, Zn(NTf,),, was synthesized by dissolving ZnO powder in HNTT;.
The excess unreacted ZnO was removed with a 0.2 pm syringe filter. The
Zn(NTf;), was then concentrated at 100 mbar / 60 °C initially, then at 30 mbar /

85 °C until only the solid remained.

6.1.2 General Electrochemical

All experiments in ionic liquids were done in a nitrogen glove box to better
control the experimental conditions. Voltrammetry experiments were conducted
in small volume (~1 mL) 3-electrode cells. For experiments in neat solutions
without Zn (Figure 6.1), Pt working electrode, a coiled Pt-Ir counter electrode and
a Pd-H reference electrode were used. The Pt and Pt-Ir were acid cleaned in
heated, concentrated HNO3 and H,SOy, rinsed in UPW, then flame annealed with
a hydrogen flame. The Pt working electrode was then polished down to 1 pm

Alumina. The Pd-H electrode was made by holding at —-0.5 V vs SCE in 0.1 M
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H,SOy4 electrolyte until there was visible bulk hydrogen evolution from the
surface. For experiments in Zn containing solutions, the working electrode was a
patterned Cu thin film on a 1 mm glass substrate. The sample was prepared in a
5x107*° Torr base pressure ultra high vacuum system fitted with DC magnetron
sputter sources. A 10 nm Cr adhesion layer was first deposited, followed by Cu at
1 AJs to a thickness of 500 nm. The films have a strong Cu {111} texture
confirmed by XRD. The counter electrode was a Zn wire coil and the reference

electrode was a Zn wire.

All solutions were deaerated with argon to remove oxygen and water at ~50 °C.
The water content was tested with a Karl Fischer (KF) titration method and was
found to be < 400 ppm H,O for 0.1 M Zn(NTf;), solutions, though drying down
further was difficult due to the hydrophilic nature of Zn(NTf;),. For solutions in
which the H,O content was of interest, the content was stabilized by purging with
humidified/dry Ar mixtures measured via a hydrometer, and was confirmed with

the KF as well.
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6.1.3 Rotating Disk Electrode

In order to examine the diffusion characteristics as a function of H,O content
(humidity), rotating disk electrode (RDE) system was utilized. The working
electrode was a 0.2 cm? polished Zn disk, the counter electrode was a Zn wire caoil,
and the reference electrode was a Zn wire. Due to the small amount of electrolyte
available, a small RDE cell was designed similar to that in Bartlett et. al. to use
only 8 mL of electrolyte *°. All work was done with an Ar deaerated 0.1 M
Zn(NTf,), solution, and the water controlled through humidifying. The disk was
held chronoamperometrically at varying potentials and the rotation was changed
from 100-900rpm. The limiting current in the diffusion limited regime was
recorded at each rotation rate and used to determine the diffusivity. The kinetic
parameters as a function of H,O concentration was determined by Butler-Volmer

analysis using slow scan rate cyclic voltammetry.

6.2 [Conmm][NTT;]

Cyclic voltammetry on a platinum working electrode was completed in the neat
electrolyte at 50 °C, well above the melting temperature of T,=29.2 °C “°
reported for [Co,nmm][NTf,]. The electrochemical window of [Conmm][NTf,] is
5.5 V while water has a 1.23 V stability window (Figure 6.1a). There are several
unidentified redox peaks that may be related to the adsorption of both the cation
and [NTf,] ~anion as well as impurities from the IL synthesis. These impurities
include chloride and protonated n-methyl morpholine with probable levels in the
MM and mM range, respectively. An in-depth discussion on universal impurities
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in ionic liquids is presented in Chapter 10. The addition of 0.8 M H,O to the
[Conmm][NTf,] (Figure 6.1b) shrinks the electrochemical window to
approximately 2.5 V where significant water reduction (-0.55 V) and oxidation

(+0.75 V) is present.
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Figure 6.1: Cyclic voltammetry at 100 mV/s in [Conmm][NTf,] at 50 °C on a
platinum WE a) without water, b) overlaid with 0.8 M H,O. Data provided by

Elise Switzer.

6.3 Overpotential of Zn Deposition in [Conmm][NTf;]

6.3.1 Overpotential Overview

Zn-ions were added to the neat [C,nmm][NTTf,] electrolyte to study the redox
behavior and morphology of electrodeposited Zn. Cyclic voltammetry on a
Cu{111} thin film substrate was completed in a dry solution of [Conmm][NTf;]

and 0.1 M Zn(NTf,), at two temperatures, 50 °C and 70 °C shown in Figure 6.2a.
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Figure 6.2: Cyclic voltammetry at a) 10 mV/s on a Cu {111} thin film working
electrode (50 °C and 70 °C) and b) at 1 mV/s on a polished Zn disk working
electrode (50 °C) in [Conmm][NTf;] + 0.1 M Zn(NTf;), deaerated with Ar (H,O

< 400ppm).

At 50 °C, the overpotential for Zn** + 2e” — Zn (s) increases and the kinetics
slow down as shown by the decrease in steepness of the slope as compared to
redox at 70 °C. Voltammetry on a polished Zn disk working electrode at 50 °C,
however, does not show as pronounced an overpotential for deposition (Figure

6.2b).

It is useful to introduce possible origins of overpotential in order to better
understand the differences in behavior seen in Figure 6.2a and b. There are four
typical sources of overpotentials in any electrochemical system; the charge-
transfer overpotential, the reaction overpotential, the diffusion overpotential and
the crystallization overpotential >*. The charge-transfer overpotential, described

by Marcus, is due to the change in the free energy of activation in the outer
45



sphere®®. Outer sphere electron transfer takes place when the original
coordination spheres of the reacting species are conserved in the activated
complex >. Conversely, inner sphere electron transfer occurs when the activated
complex shares a ligand. It is assumed that the reduction of Zn(NTf;), is an
outer-sphere reaction. The reaction overpotential takes place when the chemical
reaction rate constant is limiting. A chemical reaction is inherently independent
of potential, but if a chemical step is needed to complete the overall
electrochemical reaction, that reaction will be hindered if the chemical reaction is
slowed. A diffusion overpotential is related to the mass transfer to the surface
prior to the electron transfer event, involving the formation of a concentration
gradient in the diffusion layer. Finally, the crystallization overpotential, or
nucleation overpotential, takes into account the incorporation or removal of atoms
into the lattice structure. The overpotential seen for Zn deposition in
[Conmm][NTf,] come from 3 of the 4 types described above, excluding the

reaction overpotential.

6.3.2 Nucleation Overpotential

In the case of deposition on Cu {111} the magnitude of the overpotential is due to
mainly nucleation of Zn. It takes more energy to drive hexagonal Zn to deposit
on FCC Cu. This is evidenced by the lack of overpotential for Zn deposition on
Zn. Therefore, the nucleation overpotential on Cu will disappear when there is

enough Zn to fully cover the surface of the Cu.
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6.3.3 Diffusion Overpotential

There is also a contribution of diffusion overpotential which is independent of the
substrate. The diffusion overpotential involves the formation of a concentration
gradient in the diffusion layer. Figure 6.3 is a plot of Zn deposition and stripping

at 50 °C with varying H,O contents.
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Figure 6.3: Cyclic Voltammetry at 10 mV/s on a Cu {111} thin film working
electrode varying H,O concentration. [Conmm][NTf,] + 0.1 M Zn(NTf,),

deaerated with Ar at 50 °C.

When there is enough H,O in the system, (Xu20/Xzn > 6), it is more favorable for
the Zn®* to be solvated by the water than complexed with the [NTf,] ~and forms
[Zn(H,0)6] ** (see discussion below). When there is no water is only complexed
with [NTf,] ™ and is Zn(NTf;),. When the water content is low, X20/Xzn < 6,
there is a mixture of both hydrated Zn** as well as Zn(NTf.),. This difference in
solvation/complexation complicates the diffusion process. Diffusion of the

molecules takes place by moving through the voids in the IL. Zn(NTf;),isa
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large molecule and must rearrange more ions and voids to produce more space
(compared to the space needed for the smaller molecule of [Zn(H20)¢] %) in
order to move through the IL. Therefore, movement of Zn(NTf,), yields more
viscous drag and possibly a larger concentration gradient contributing to a larger
diffusion overpotential. A more in depth discussion of diffusion in the IL with

the addition of water is presented in See Chapter 6.4.1.

6.3.4 Charge-Transfer Overpotential

Binding Energy

It was previously proposed that the charge-transfer overpotential could be
contributing significantly to the decrease in overpotential with increasing H,O
content. It was suggested that solvent dynamics (Model 2 below) was playing a
large role, however, after further discussion and literature review, it was found not
to be the case. Charge transfer with respect to binding energy and electron
tunneling distance does play a role due to differences in complexation/hydration
and the structure of the double layer, though they may not be as large of a
contributor as nucleation and diffusion overpotential. For completeness, the

discussion for the basis of charge-transfer overpotential is given below.

The charge-transfer reaction is dependant on the activation energy of the anodic
and cathodic reactions separately, and the potential dependence of these energies
helps to define the relationship between current (reaction rate) and

overpotential **. In the case of the cathodic deposition overpotential, dehydration
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/ hydration (aqueous) or decomplexation / complexation (IL) of the metal cation,
and ionization energy are all included in the energy needed to deposit the metal.
In the aqueous case, where Zn?* is solvated by six H,O molecules (Figure 6.4a),
the H,O-Zn bonds are removed and replaced by coordinating metal ions before

incorporation into metal lattice as Zn°>“.

Figure 6.4: The molecular structure of a) Zn hexaaqua [Zn(H,0)s] ** where Zn is
in the center of the molecule surrounded by 6-H,O molecules and b) bidentate

Zn(NTf;), (drawn in ChemSketch Freeware).

At high enough H,0 contents (Xp20/Xz, = 6) in the IL, the Zn favors solvation by

H,0. Inthe case of Zn(NTf,),, the Zn is bidentate with each [NTf,]~ anion and
binds with two oxygen atoms per [NTf,] ™ (Figure 6.4b). The same process that
occurs in agueous media must occur with the [NTf,] ~ complexed Zn in order for
it to incorporate into the metal lattice, however, the binding energy for the [NTf;]
=% js larger than that of the [Zn(H,0)s] ** *®, which means that it is easier to

reduce the Zn** from the water than it is from the [NTf,] ".
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Marcus Theory

There are also two other possibilities effecting charge-transfer as described by
Marcus Theory. Model 1 is related to the tunneling barrier (distance and height of
the barrier) at which the species must transfer the electron, and Model 2 is related
to the effect of solvent dynamics and the reorganization of the solvent molecules
in order to transfer the electron. The expression for the kinetics of charge transfer

is necessary to in order to introduce these models 3,

k=K _x,v, exp[-(AG, + AG.)./RT (6.1)

p™el

where K, is a constant corresponding to the ratio of the reactant concentration at
the point of electron transfer and the bulk concentration, v, is the nuclear
frequency factor, kg is the electronic transmission coefficient, and 4Gos and
AGis" are the free energy of the outer-shell and inner-shell electron transfer
respectively. For the following discussion, the contribution of A4Gi  is small and
will not be considered. Marcus developed the relationship for the activation

barrier of outer-sphere electron transfer °/

2

« e (1 1 1 1
AG,, =—| - | —-—

e s ey 62)
where, a is the molecular radius, R, is the reactant-electrode image distance, and
eop and & are the optical and static dielectric constants. The Re is the distance
from the center of the reactant molecule to its mirror image in the electrode. The
gop and & are related to the electronic and orientation polarization of the solvent *,

Comparing the molecular radius of hydrated vs. the complexed Zn, and assuming

for example that R.=2a for both cases, the larger Zn(NTf,), yields a lower
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activation energy for outer-sphere electron transfer. The other terms of interest in
the Kinetics equation are v, and x¢;. The nuclear frequency factor is the effective
frequency of the reacting species at which the transition state is reached by the
rearrangement of nuclear coordinates. Or said another way, v, is the number of
attempts on the energy barrier related to bond vibrations and solvent motion. The
electronic transmission coefficient denotes the probability of the electron

tunneling when the aforementioned nuclear transition state is formed.

Model 1: Electron Tunneling

The model where electron tunneling is the dominant method for charge transfer
will be treated first with the expression for xe

Ka (X) = Kg exp(=fX) (6.3)
where x is the tunneling distance, and j is related to the height of the energy
barrier >3. The probability tunneling, therefore, exponentially decays with
increasing barrier height or distance. When «¢ < 1, the system is nonadiabatic
and the reactants weakly interact with each other. This causes the a small
potential gap between the lower and higher states on the energy curves, V1, < kT.
A consequence of this is, the probability of transitioning to the higher state
increases and there is sampling of both lower and upper energy states before the
reaction is completed and the value of k¢ < 1 °%.  Alternatively, in the adiabatic
case, the reactants strongly interact with a high probability of completion of the
reaction step allowing the system to remain on the lower energy curve, with xe| =

1. The Zn(NTf,), has a higher overpotential than [Zn(H,0)s] * shown in Figure
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6.3. By applying the preceding model, it is likely that the Zn(NTf,), is farther
away from the surface of the electrode and has a larger tunneling barrier
height/distance.

PZC/Double Layer Structure

Furthermore, the structure of adsorption of the IL as well as the double layer
structure may have an impact on the electron tunneling barrier. In order to
introduce the double layer (DL) structure, the orientation of the anion/cation on
the surface must be considered. Adsorption of ions are generally oriented at an
angle to the surface, near the potential of zero charge (PZC) and can even lie flat

>9%0 1 the surface is charged positive of the PZC, the

at excessive potentials
cation is repelled, whereas if it is charged negative, the anion is repelled. For the
case of [Conmm][NTf;] on Pt, the PZC is at ~ +1.2 VV vs. Zn. (I completed this
experiment in both [Conmm][NTf;] and [Csmpy][ NTf,] on Pt working
electrodes, however the experimental details do not give significant insight into
the double layer structure and will not be reported in this manuscript.) Therefore,
during Zn deposition, the electrode is negatively charged and the cation should be
adsorbed onto the surface, though the exact orientation is unknown. However, it
has been found by that the structure of the double layer is not just one layer thick.
It can be many layers depending on the anion/cation of the IL, as well as the
holding potential ®®%. It is also possible that in the presence of H,0, the layered
structure of the double layer may have significantly different character, allowing
the complexed or hydrated Zn to get closer to the surface decreasing this
tunneling effect.
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Model 2: Solvent Dynamics

The effect of solvent reorganization dynamics on the kinetics of electron transfer
is treated in the term for v,. In systems where the inner-sphere electron transfer is
negligible, the equation for v, is equal to v, the outer-sphere frequency factor,

given by:

* 1/2
AG,,
vV, = TL[ j (6.4)

4k, T

where 7. is the longitudinal solvent relaxation time, which is related to the Debye
relaxation time, zp, by the ratio of the dielectric constants, &4, and the &5 *,

&

7p (6.5)

The Debye model for zp considers a sphere that is large with respect to the
solvent molecule, moving in a viscous incompressible continuum ®.  This
analysis yields an expression for zp, which is proportional to the viscosity, #, and

the molecular radius, a, over the temperature, T,
ty =4xna’ IKT . (6.6)

The Debye relaxation time is defined as the time it takes, after the electric field
has been turned off, for the polarization to relax ®, and is therefore dependant on
the rotational dynamics of the molecule. Conversely, the 7., involves
translational and small hindered rotations that screen the field. Longitudinal
relaxation generally occurs faster than Debye relaxation because there is no net-
motion of molecules ®”. The derivation of v, assumed a nonadiabatic system,

where the reactants weakly interact and the energy gap is Vi, < kT and e < 1 %,
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Often the nonadiabatic case is referred to as overdamped solvent motion, referring
to the hindrance of the rotational motion (zp) of individual dipoles by the friction
applied by the surrounding solvent molecules ®®. The relaxation time, however,
was determined as too fast to influence charge transfer, therefore Model 2 does

not apply to the charge-transfer overpotential argument .

6.4 Kinetics and Diffusion in 0.1 M Zn(NTf;),
6.4.1 Zn Diffusion: RDE
In order to better understand the diffusion characteristics of Zn in [Conmm][NTf,],
rotating disk electrode (RDE) experiments were completed. RDE is a
hydrodynamic method by which an electrode is rotated with respect to the
solution producing convective mass transport of reactants to the surface of the
electrode **. Advantages to RDE include high precision and the ability to reach
steady state rapidly where double layer charging is negligible. The velocity
profile to the electrode was determined for RDE, thereby allowing for solutions to
the hydrodynamic problem and convective diffusion equation for the steady state.
From these equations, the determination of both kinetic parameters and diffusivity
are straightforward. Figure 6.5a and b are representative plots to show the
experimental method by which the diffusivity was calculated. The limiting
currents were recorded at rotation rates from 100-900 rpm at several
overpotentials in the diffusion limited regime (Figure 6.5a). A Koutecky-Levich
plot, Figure 6.5b, was constructed from the limiting current values vs. the angular
rotation rate, .
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Figure 6.5: Representative plots of a) Current density vs. time at varying rotation
rates at a potential in the diffusion limited regime (-0.3 V). b) Koutecky-Levich
Plot of 1/i vs. ® ™ to determine D. [Conmm][NTf,] + 0.1M Zn(NTf,), + 1.8 M

H,0. c) Diffusion coefficient at varied H,O contents.

The slope of 1/i versus » ™2 in units of rad/s contains the diffusion coefficient, Dg,
in cm?/s,

slope = (0.62nFAC,D2"3y "¢ (6.7)

)

where n is the number of electrons, F is Faradays constant in C/mol, A is the
surface area of the electrode in cm?, Cg’ is the concentration of Zn in solution in

moles/cm® and v is the kinematic viscosity in cm?/s.

The diffusion coefficient increased from 4.8x10® cm?/s at the lowest H,O content,
to 1.8x107 cm?/s at the highest X0, These values are lower than diffusion
values of 8.4x10° cm?/s at 23 °C in aqueous ZnCl, ° and 5.7x10°® cm%s and 9.4
x10® cm?/s in aqueous Zn acetate at 25 °C and 50 °C respectively *.  The origin
of the decrease in diffusivity at the lower water contents is due to the viscosity

and structure of the IL as it changes with additional water, as well as the
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differences in molecular structure of Zn-hexaaqua and Zn(NTf,),. Justas in
aqueous media, transport in IL systems involves the drift or diffusion of ions due
to an applied electric field, where the positive and negative ions to be oxidized or
reduced are separated at an average distance depending on concentration 2. The
difference arises from the structure of the ILs and how the redox active ions move
past the ions in the IL or IL water mixture. In aqueous solvents, the H,O
molecules do not greatly hinder the movement of these charged redox active
species, Figure 6.6a. However in the ILs, the space between the redox active
species is filled with charged IL ions as well as empty space, or voids, that are
produced by thermally generated local density fluctuations from being in the

liquid phase, Figure 6.6b ",

a
) o © &
o ® o

®
o © @

Figure 6.6: a) Charged ions in aqueous media, b) charged ions that make up an

ionic liquid illustrating voids between ions. (Figure adapted from Bockris %)

The diffusing species must move through these voids in order to reach the
charged metal surface. These voids are both random in size and location and are
constantly rearranging, growing and shrinking. The movement of voids can occur

by the movement of an ion(s) into an already existing void, creating one in its
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place. This phenomenon leads in to the concept of viscosity. The model of the
kinetic theory of gases is analogous to the fluid motion in ILs, where the fluid in
motion consists of layers parallel to the direction of the flow. The viscosity here
IS

n = 2nm({w)4 (6.8)

where <w> is the mean velocity of the particles normal to the fluid layer direction,
A is the mean free path, and n and m are the number per unit volume and mass of
the particles respectively 2. When particles (ions) jump from layer to layer, there
is a momentum transfer causing viscous drag. Voids have apparent mass and
momentum when they move between layers and also produce drag 2. Comparing
the Zn(NTf,) versus [Zn(H,0)e] > diffusing in the IL provides insight into the
structure of the IL and how the species must diffuse through it. Zn(NTf;),is a
large complex and must rearrange more ions and voids to produce more space
(compared to the space needed for the smaller complex of [Zn(H»0)¢] **) in order
to move through the IL. Therefore, movement of Zn(NTf;), yields more viscous

drag and slower diffusion. Additionally, if X20/Xz, =86, there is a large excess

of water to mix with the IL, which can change the structure of the solution.
Increasing H,O can screen, or break up , the polar IL network, and with enough
excess (> 75 mol% ) a water micelle structure can form with distinct water-IL-
water regions . This significantly complicates arguments regarding how the

ions rearrange to accommaodate the diffusing Zn-ion species.
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6.4.2 Kinetics: Butler-Volmer Analysis

Experimental analysis of the kinetics of Zn deposition is the subject of this section.
First, it is necessary to give the definition of the parameter that describes rate of
electron transfer, the exchange current density, ip. At equilibrium, where there is
zero overpotential, there exists balanced faradaic activity of i, (anodic current)
and i (cathodic current) where there is zero net current >*.  Any potentials
positive this zero net current provides enough driving force to produce anodic
currents, and vice verse for negative currents and cathodic currents. Values of
exchange current density can vary widely and range from pA to A depending on
the system. Small values of exchange current density correspond to sluggish
kinetics and larger activation overpotentials for charge transfer. However, larger

values of ig allow for very large currents at minimal overpotential.

Utilizing the RDE technique, and if the potential was held away from the
diffusion limited regime, closer to the kinetically limited regime, then the
intercept of the Koutecky-Levich corresponds to 1/ix. The current under purely

kinetic limitation only

i = FAk, (E)Cq (6.8)

allows for the determination of k¢(E), the heterogeneous rate constant which
directly relates to io, the exchange current density. The analysis to determine
k{(E) was completed, however the data was not as expected giving spurious
results. Therefore, kinetic analysis was alternatively done by fitting the Butler-

Volmer equation to slow scan rate cyclic voltammetry >*. The current at low
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cathodic and anodic overpotentials, V < 50-100 mV, where the current is less than
10% of the limiting current and there are no mass transfer effects is fit to Equation

6.9,
ﬂ’? (1—0:)~F77
i=iy-|eRT —e RT " | (6.9)

where « is the transfer coefficient, R is the gas constant and # is the overpotential,

shown in Figure 6.7.

Butler—Volmer Fitting
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Figure 6.7: Fitting the cathodic and anodic branches of the 1 mV/s CV to the
Butler-Volmer Equation 6.9 as a function of H,O content. Black: 0.04 M, Red:

0.28 M, Green: 0.47 M, Light Blue: 0.67 M and Blue: 0.85 M H,0..

The degree of inflection at # = 0 is proportional to the exchange current density.
The water content was varied at 50°C, and held constant throughout the

experiment with an overpressure of humid Ar at a relative humidity specified in
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Figure 8.1a. A hysteresis in the voltammetry is seen in Figure 6.8a due to

variation of Zn concentration at the surface.
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Figure 6.8: a) Cyclic voltammetry at varied H,O concentrations. b) Transfer
coefficient, a, and ¢) exchange current density, io, calculated by fitting to the

Butler-Volmer equation..

This effect is more pronounced in the higher H,O concentrations when the
reduction and oxidation of Zn* is easier. To remove the hysteresis, the electrode
was cycled until the voltammetry was at a steady state, or when the signal
overlaid. The electrode was then allowed to sit in solution under open circuit
conditions for 5 minutes to allow the system to come to rest, then scanned in the
anodic direction for 50mV. This same procedure was repeated for the cathodic
direction. Due to the lack of hysteresis, these scans were used to more accurately
fit the Butler-Volmer equation and are shown in Figure 6.7. The transfer
coefficient, a, is the measure of symmetry of the activation energy barrier for the
reaction. The value of « = 0.5 signifies a completely symmetric reaction. The
experimental values of a center around 0.5, ranging from 0.56 to 0.39 (Figure
6.8b). At lower H,0, it is observed that there is a larger barrier for Zn** reduction,

whereas at higher H,O the oxidation/reduction becomes symmetric and the
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activation barrier for both is almost equal. The trend observed for the exchange
current density as a function of H,O concentration is shown in Figure 6.8c.
Values range from 40-155 pA/cm?, which 2-3 orders of magnitude smaller than
values reported for 0.1 M ZnCl, in dilute aqueous acid at room temperature .
This indicates that the kinetics are much more sluggish, and that the activation
overpotential is higher in this system for a particular current density. The reason
for this trend is likely due to the solvation/complexation of Zn-hexaaqua or

Zn(NTf,), as discussed in Chapter 6.3.4.
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6.5 Conclusion
The voltammetry of in Zn electrodeposition in neat [Conmm][NTf,] on Pt showed
a 5.5V electrochemical window and redox peaks implying impurites from n-
methylmorpholine. Zn redox was analyzed on both Cu{111} thin film and
polished Zn disk substrates. The origins of overpotential were discussed in detail.
Nucleation overpotential dominated on the Cu{111} substrate, whereas the
diffusion overpotential is substrate independent. Diffusion of Zn to the surface of
the electrode is greatly enhanced by the addition of water, which changes the
complexation of the Zn from Zn(NTf,), to the hydrated [Zn(H,0)s] **, as well as
changing the structure of the IL itself. Charge transfer overpotential was
introduced in terms of binding energy of the Zn species. Marcus theory for
electron transfer was explained in terms of electron tunneling, which may be
highly influenced by the structure of the double layer. The solvent dynamic
effects were also introduced, however, are not expected to play a large roll. The
kinetics were measured by fitting the Butler-Volmer equation to slow scan rate

CV, where higher water contents produced larger exchange current densities.
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CHAPTER 7: ZN MORPHOLOGY
7.01 Introduction

A novel analysis of the overpotential dependence on morphology in the IL as a
function of temperature, Zn(NTf,), concentration and overpotential. The
morphology ranges from mossy growth with poor adherence to the substrate in
the activation regime, dendritic growth in the diffusion limited regime, and
nanocrystalline aggregates far into the diffusion limited regime. It is shown that
at the higher overpotentials the ZnO may be forming from the presence of oxygen
due to the breakdown of [NTf,] ~. The nanocrystalline structures are analyzed
using XRD to determine the crystal thickness. A comment on the cation effect on

morphology is also provided.

7.1 Experimental
All Zn plating experiments were conducted in small volume (~1 mL) 3-electrode
cells, unless otherwise specified. The experimental details are just as described in
Chapter 6.1, where a Cu{111} thin film substrate was used as the working
electrode. The water content was tested with a Karl Fischer titration method and
was found to be < 400ppm H,0 for 0.1 M Zn(NTf5,), solutions and < 10ppm H,0
for 0.01 M Zn solutions, though drying down further was difficult due to the

hydrophilic nature of Zn(NTf;),.

The Zn plating morphology was examined by x-ray-diffraction (XRD) using a
Philips X’pert MPD diffractometer with a Cu K, radiation source. The working
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voltage and filament current was 45 kV and 40 mA, respectively. The phase
identification was done referencing Joint Committee for Powder Diffraction
Standard (JCPDS) database. Miller indices for hexagonal systems often utilize
the 4-index scheme. The standard cubic (h k I) index becomes (h k i I), where a
redundant index, i = —h -k, is used and can give more insight into the structure.
However, for the following analysis, the standard 3-index scheme is sufficient for
understanding the structure. Imaging was completed with an Hitachi s-4700 11
Field Emission Scanning Electron Microscope at 15 kV accelerating voltage and

10 pA emission current.

7.2 Deposition Morphology at Low H,0
7.2.1 Temperature Dependence
The morphology of electrodeposited Zn was evaluated on a Cu{111} thin film
substrates at various overpotentials and temperatures. Conditions at -0.5 V at
50 °C and 70 °C, Figure 7.1a,c, yielded similar growths, however the kinetics are

much slower in the 50 °C case shown by the CV in Figure 6.2.

64



Figure 7.1: [Conmm][NTf,] + 0.1 M Zn(NTf;),, Dry CA holds at -0.5V and -1.5
V for 2 C/cm? at 50 °C (a,b) and 70 °C (c,d). Magnification varies from 10000x —

90000x.

This is also indicated by almost triple the time it takes to put down 2 C/cm? (Table

7.1). Both morphologies show dendritic hexagonal basal plane (002) plates of Zn.

Table 7.1: Deposition parameters for the samples shown in Figure 7.1.

0.5V 1.5V
50 °C (s) 13136 9774
mA/cm* -0.15 -0.172
70 °C (s) 5725 5588
mA/cm® -0.288 -0.354

The dendritic plates in the 50 °C case are less discrete, growing in “flowered”
bunches with the tip of the dendrite growing longer and thinner perpendicular the

(002 face). Inthe 70 °C case, the growths are broader at the base and grow
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thicker, or more parallel to the (002) facet, producing shorter growths than in the
50 °C case. Increasing the deposition overpotential to 1.5 V (Figure 7.1b,d),
yields aggregates of nanosized Zn (002) (26=36.29°) and (100) (26=38.99°)

crystals as shown by XRD in Figure 7.2.
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Figure 7.2: XRD of Zn deposition at 70 °C at-1.0 V and -1.5V in

[Conmm][NTF,] + 0.1M Zn(NTT,),.

The 50 °C morphology aggregates in smaller more diffuse bunches, whereas the
70 °C morphology are much larger and packed in tighter. This brief analysis of
temperature dependence has allowed us to choose 70 °C as the optimal
temperature for continued analysis of overpotential and concentration dependence
on the morphology. Further discussion of the mechanisms driving this

morphology is provided below.
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7.2.2 Overpotential and Concentration Dependence

A comparison of the morphology of Zn deposited from two concentrations, 0.1 M
and 0.01 M Zn(NTf,), is shown in Figure 7.3, where dramatic changes in
structure are revealed at fairly low overpotentials. The concentrations are
compared with respect to similar morphologies and overpotentials, and Table 7.2
gives the average current density and deposition time at each overpotential.

-1.0v
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Figure 7.3:Deposition at 70 °C of Zn at various potentials in [Conmm][NTf,] +
(a,b,c,d) 0.1 M Zn(NTf,), for 2 C/cm? and (e,f,g) 0.01 M Zn(NT¥,), for 0.5

Clem?, All images are at 35000x magnification.

Table 7.2: Deposition parameters for the samples in Figure 7.3.

035V |05V 10V 15V
0.1M:2 Clem? (s) 5915 5725 5440 5588
mA/cm? -0.301 -0.315 -0.326 0.3
0.0IM:05 Clem’(s) | - 19530 15370 11360
mA/cm? - -0.021 -0.028 -0.056
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Low Overpotential

The morphology in the 0.1 M case widely varies over only 1.15 V from a mossy
filament growth to dendritic then to an aggregate (Figure 7.3a-d). Deposition at -
0.35 V results in a filament type growth, also known as spongy or mossy growth.
This type of growth is also seen in aqueous alkaline zincate solutions and was
observed as a black powder that does not adhere to the substrate, as is the case
with the deposits obtained as well. Mossy growth occurs when in the purely
activation limited regime, where the current produced by the overpotential
provides only the activation energy needed to drive the reaction *%. The exact
mechanism for this, however, is still under debate "*"”. Confirmed by the
voltammetry in Figure 7.4, -0.35 V is in the kinetically limited activation regime

and has not yet become diffusion limited.
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Figure 7.4: Cyclic Voltammetry 10 mV/s in [Conmm][NTf,] + 0.1/0.01 M

Zn(NTf,) at 70 °C.
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The XRD spectrum (Figure 7.5) indicates a highly crystalline mixture of both
hexagonal (002) and (100) crystal directions present, as well as a Cu/Zn alloy
phase formation. The alloy isa Cu 0.8 /Zn 0.2, corresponding to the « phase and
will be discussed in detail in Chapter 9.3.2. There is no evidence of ZnO in the

XRD or EDX.
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Figure 7.5: XRD of the Filament growth in Figure 7.3a.

At the 0.01M Zn(NTf,), concentration, a smaller charge density of 0.5
C/cm?was plated due to small current densities and long hold times necessary
(Figure 7.3e-g). The same filament type growth observed with the 0.1 M
Zn(NTf;), at -0.35 V overpotential is seen at an overpotential of -0.5 V, however
the filaments are smaller in diameter. As seen from the CV in Figure 7.4, larger

overpotentials are needed to deposit in the activated regime.
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Diffusion Limited Deposition

When the system is driven harder into a regime that is both activation and
diffusion limited, there is a mixture of dendritic and mossy growth. Dendritic
growth becomes the primary morphology in a purely diffusion limited regime.
Dendrites form when there is spherical diffusion to a point sink, the tip of the
dendrite, rather than a planar sink which in effect creates higher current densities
at the tip. This causes a lower overpotential, lower concentration gradient and
possibly higher exchange current density at the tip causing it to grow faster than
the rest of the substrate >*™. At -0.5 V, the 0.1 M Zn(NTf,), system becomes
diffusion limited and produces dendritic growth of discrete basal plane plates. A

similar type of growth is also seen by Thomas et al. *’

in aqueous 1 M ZnCl; at
high current densities. Decreasing the concentration to 0.01 M Zn(NTf5);

increases the overpotential to induce dendritic growth to -1 V. At that potential
the system is well into the diffusion limited region, producing thin, needle-like

dendrites with an average diameter of 30 nm at the base.

Large Overpotentials

Moving now to overpotentials much further into the diffusion limited regime, it is
seenat 0.1 M Zn(NTf;), and overpotentials of -1 V and -1.5V, the system
produces aggregates of nano-sized Zn (002) and (100) crystals evidenced by small
peaks in the XRD spectra, Figure 7.2. There are also small peaks at a 20 of 31.77
and 34.43 which may corresponds to hexagonal (002) and (100) ZnO facets
respectively. Energy-dispersive X-ray Spectrometry (EDX) also measures an
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increase in oxygen concentration. The small equilibrium concentration of water
in the system could be contributing to the formation of ZnO at the higher
overpotentials. It is also possible however, that with only 400 ppm H,O present
in the system, more oxygen is needed to produce significant ZnO growth.
MacFarlane and coworkers observed that in [NTf,] ~ based ILs, the [NTf,] "~
begins to break down at -2.7 V versus Zn on a Pt electrode in a fully dry
electrolyte ®. The presence of H,0 decreases the potential for [NTf,]
breakdown, and with an increase of only 50 ppm H,O the breakdown potential
becomes more anodic by +300 mV. With 400 ppm H,O present in the 0.1 M
Zn(NTF;), solution, the potential for [NTf,] ~ breakdown could become even
more anodic, further aiding in the formation of ZnO. Analyzing the aggregates
even further yields an average crystal size at high overpotentials is in the range of
30-60 nm from SEM images, however it is difficult to precisely discern. By using

XRD spectra, the crystal thickness can be calculated using Scherrer’s formula,

094
Bcos26, (7.1)
to determine the crystal thickness, t *°. The x-ray wavelength,
A =2dsing, (7.2)

must be calculated using values for interplanar spacing, d, and Bragg angle, g, as

noted on Figure 7.2.

B =%(291 —26,) (7.3)
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The width, B, of the diffraction curve, also termed the Full Width-Half Maximum,
is calculated using value of #; and 6, also labeled on Figure 7.2. Calculations
yield a (002) crystallite thicknesses of 4.25 nm and 5.5 nm, and (100) thicknesses
of 19.4 nm and 27.7 nm for the -1.0 V and -1.5 V deposition potentials
respectively. A trend is therefore observed wherein a higher overpotential

produces larger crystallites.

Increasing the overpotential to -1.5 V with the 0.01 M Zn(NTf;) solution
produces a different kind of Zn filament with an average diameter of 10-15 nm,
intertwined within long nanometer-thin plates of Zn. There is no evidence of ZnO
in the XRD spectrum of this morphology. The EDX detected a slight increase in
oxygen signal and it is possible that ZnO is present; however, the coverage is very
small and is close to the detection limit. The low concentration of Zn also
translates to lower H,O concentration ( < 10 ppm) shifts the [NTf,] ~ breakdown
to a more cathodic potential "®. Further study through analysis at higher charge
densities in order to achieve a better XRD signal to noise ratio may clarify this
issue. Also, deposition at more negative overpotentials as discussed with the 0.1
M Zn(NTf;), system deeper into the [NTf,] ~ breakdown region to see an increase

in ZnO signal may add value.

7.3 Adsorption Effect
As a further comment on the morphology evolution in described above, it is

possible that these effects are also being influenced by adsorption of the cation at
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varying potentials discussed in Chapter 6.3.4. If the surface is screened by a large
cation ring it may increase the difficulty to both reduce and oxidize Zn?".

Previous work by Endres and coworkers deposited Al from [Campy][NTf;]
yielding nanocyrstalline deposits as well as poor redox behavior on stripping.
Deposition with a different cation, ethyl-methylimidizolium, [EMIm][NTf,]
showed excellent microcrystalline deposits and reversible deposition and stripping.
This result was attributed to stronger adsorbtion of the [C,mpy] on the surface

that hinders both redox processes. It may be interesting to continue work with
different cations to determine if there are differences in the Zn morphology, as
well as with cation mixtures to characterize the evolution with different

concentrations.

7.4 Conclusion

Dependence of morphology on temperature, Zn(NTf,), concentration and
overpotential was shown. At low overpotentials, in the activation limited regime,
both Zn concentrations yielded mossy growth. In the diffusion limited regime,
dendritic growth dominated. At even higher overpotentials, aggregates of
nanocrystalline Zn were formed in the 0.1 M Zn(NTf;), solution, with the
possible formation of ZnO due to the breakdown of the [NTf,] -, Comments on
possible effects of cation adsorption were discussed with ideas on changing the IL

cation to look at the effect it would have on the morphology.
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CHAPTER 8 H,0 EFFECT ON ZN MORPHOLOGY
8.01 Introduction

The following chapter outlines the morphological effects of humidity on the water
content under various conditions. The Kkinetics and diffusion of Zn species greatly
increases as more water is introduced into the system as shown in Chapter 6.4,
which in turn yields better Zn deposits. The lower overpotentials also yield better
morphologies as hydrogen evolution plays a large role in causing defected
structures at greater overpotentials. Systems that tend to produce the (100) type
facet are also more likely to show dendritic or abnormal growths. This fact has
lead to refining conditions around systems with a majority of the planar (002)
facets. With high Zn and high water contents (55 — 70 mol%), high charge
density deposits are obtained. A difference in only 4 M H,O gives morphologies
where the faceting is either mainly (002) for 9 M H,0 or (100) for 5 M H,O.
Since the structure of IL is dramatically changing with increasing water contents,

comments on how that may be affecting the morphology are also given.

8.1 Experimental
All Zn plating experiments were conducted in small volume (~1 mL) 3-electrode
cells, unless otherwise specified. The experimental details are just as described in
Chapter 6.1, where a Cu{111} thin film substrate was used as the working
electrode. The water contents were controlled in the solutions by bubbling with
mixtures of humidified and dry Ar and measured by a hygrometer. By changing
the ratios of these mixtures, the water content could be precisely maintained. An
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overpressure of humidified gas was used in order to maintain the water content
during the experiment.. The water content was tested with a Karl Fischer (KF)
titration method. Again, The Zn plating morphology was examined by XRD,

SEM and EDX with details regarding their operation in Chapter 7.

8.2 Viscosity and Relative Humidity
The addition of H,O into the system is of interest to further analyze the
differences in Zn complexation / hydration, and is directly applicable to Zn-Air
batteries where operation under ambient air/moisture conditions is necessary.
Water content as a function of relative humidity in the 0.1 M Zn(NTf,), solution

is shown in Figure 8.1a.
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Figure 8.1: Water content as a function of relative humidity in [Conmm][NTf;]
at 23 °C and 50 °C. At less than 1.2 M H,O the solution has a melting
temperature above 23 °C. b) Viscosity as a function of H,O content in

[Conmm][NTT,] with varying Zn concentrations from 0.1-0.6 M Zn(NTf5)..
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The black line corresponds to the solution at 50 °C, reaching a maximum water
content of 1.2 M H,0O at 100% humidity. At 23 °C, without water present,
[Conmm][NTf,] has a melting temperature of 29.2 °C *. However, if there is
enough water present, the melting temperature is reduced. When the water
content is greater than 1.2 M (red line), the solution is liquid at room temperature
and Zn deposition is possible. Knowing the viscosity of these solutions is
extremely valuable because, as discussed previously in Chapter 6.4, the diffusion
of the each Zn species is dependant on these values. Figure 8.1b plots viscosity in
mPa-s versus M H,O present in the IL. The neat [Conmm][NTf,] itself is rather
hydrophilic, and at room temperature and high water contents, its viscosity ranges
from 90-180 mPa-s. At the same water contents, the addition of 0.1 M Zn(NTf,),
increases the viscosity. Further increasing the Zn(NTf,), concentration to 0.6 M
causes huge increases in viscosity at lower concentrations of H,O to greater than
1000 mPa-s. With significantly more H,0, Xp20 > 5 M, the viscosity decreases

an order of magnitude to similar values of the neat and 0.1 M Zn(NTf;),.

8.3 Zn Deposition Morphology at 50°C

Zn deposition with 0.1 M Zn(NTf;), containing 0.9 M H,O was investigated at

overpotentials of -0.1 VV to -0.4 V at 50 °C (Figure 8.2, Table 8.1).
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Figure 8.2: Zn Deposition at -0.1- 0.4 V at 50 °C at 0.9 M H,0O contents. Images

a,b are at 35k and images e is at 10k. The red circle denotes a growth spiral.

Table 8.1 Deposition parameters for the samples in Figure 8.2.

01V 02V 0.4V
09MH,0(s) |3273 2929 2306
mA/cm? -0.291 -0.308 -0.376 — -0.5

The voltammetry in Figure 6.3 suggests higher exchange current densities for the
higher H,0O contents, as well as higher diffusion values, which affect the
morphology. At-0.1V at signs of filament growth associated with deposition in
the purely activated regime along with distinct crystallites are seen "*"". Small,
wispy type growths developed all over the crystals, due to a competition between
hydrogen evolution from the higher H,O content and Zn deposition at such a low
overpotential. At an overpotential of -0.2 V, the morphology becomes much
more clearly faceted with both (200) and (100) planes verified by XRD, Figure

8.3.
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Figure 8.3: XRD in [Conmm][NTf,] +0.1 M Zn(NTf;),+ 0.9 M H,0 at 50 °C
varying potential. -0.1 V (black), -0.2 V (red) and -0.4 V (green) corresponding to

morphology in Figure 8.2.

At the center of Figure 8.2b, a growth spiral is clearly seen. This type of smooth
growth starts from the interior of the facet and grows outward producing a flat
surface. The rate of growth is determined by step height (lattice spacing), step
separation (critical radius of 2-dimensional nucleation) and rate of the advancing
step (free energy and driving force of the step edge) ®. Increasing the
overpotential to -0.4 V produces (100) type defected dendritic growth, suggesting
that this non basal plane facet is more likely to produce dendrites. Potentials
more cathodic of -0.4 V yield run-away dendrites due to bulk hydrogen evolution,
which have poor adhesion to the substrate and fall off the sample during removal
from the solution. At these low Zn charge densities, the XRD also detected peaks
at 37.85 and 42.05 corresponding to a hexagonal Cu 0.8 /2Zn 0.2 alloy. The

relative peak intensities suggest a possible potential dependence on the formation
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of alloy crystal planes. Furthermore, -0.4 V, the intensities for both alloy facets
decrease due to decreased coverage of Zn on Cu. During dendritic growth, the
majority of Zn is deposited perpendicular to the substrate causing less coverage of
Zn on the surface, in turn, yielding less Zn to diffuse into the Cu. More

discussion on the Cu / Zn alloying will be will be explored in Chapter 9.3.2.

8.4 Zn Deposition Morphology at 23°C
The morphology was also examined at very high water contents where the IL is
liquid at room temperature. A drastic change in morphology is seen with only 0.1
V difference in potential. By first examining the voltammetry of the two water
contents in Figure 8.4a, differences in overpotential and kinetics at two water

contents, 1.7 M and 2.9 M H,0O are clearly visible.

j (mAfcmz)

-0.5 0.0 0.5 05 -04 -03 -02 -01
Vvs. Zn Vvs. Zn

Figure 8.4: Cyclic voltammetry at 50 mV/s at 23 °C with 0.1 M Zn(NTf;), a)
varying water content and b) first cathodic sweep showing a change in slope at in

the activation region, 50 mV/s.
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Figure 8.5: Zn morphology in [Conmm][NTf,] +0.1 M Zn(NTf;), at 23 °C at

varying potentials up to 1 C/cm? with a,b,c) 1.7 M and d,e,f) 2.9 M H,0.

Table 8.2: Deposition parameters for the morphologies shown in Figure 8.5.

0.1V 02V 0.4V
1.7MH,0 (s) | 9940 6380 5280
mA/cm? 0.1 -0.151 -0.227 (-0.17)
29MH;0 (s) | 3960 3287 2265
mA/cm? -0.24 -0.352 -0.495

Growth at -0.1 V (Figure 8.5a) with 1.7 M Zn yields a mixture of hexagonal (002)
and (100) crystal facets measured by XRD in Figure 8.6. Increasing the

overpotential to -0.2 V changes the morphology to solely (100) crystal facets

80



(Figure 8.5b), producing “run-away” plate growth perpendicular to the sample

surface approximately 20-50 nm wide.
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Figure 8.6: XRD in [Conmm][NTf,] +0.1 M Zn(NTf,),+ 1.7 M H,0 at 23 °C

corresponding to the growth morphology seen in Figure 8.5a,b,c.

To understand why there is such a large change in deposit morphology, a plot of
the first cathodic scan into the Zn deposition region on the Cu {111} thin film
electrode is shown in Figure 8.4b. There is a clear change in slope between -0.1
V and -0.2 V, possibly signifying a change in mechanism for Zn deposition
producing the change in facet growth. In most cases, this slope change is hard to
discern after the first scan on Cu. One possibility for this change in mechanism is
the change adsorption of the cation with increased water. With higher water
contents, the IL is increasingly screened %, which could produce the growth
observed. Increasing the potential to -0.4 V (Figure 8.5¢) into the diffusion
limited region retains the (100) facet, however, the structure is highly defected

due to a significant amount of hydrogen evolution at these high H,O contents.
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Increasing the water content to 2.9 M produces similar morphology to that of the
1.7 M H,0. The growth at -0.1 V produces smaller crystals, and more of the
filament type growth that seen in the activation regime. Figure 8.5e shows the
morphology at -0.2 V, which generates flat “dendrite-looking” (100) facets. At -
0.4 V, there is more of the (100) facet that remained in the 1.7 M H,O, however it

is much more defected due to increased hydrogen evolution with higher H,0.

8.5 High Zn Deposition Morphology
The effect of high Zn concentration on morphology is of great interest. For high
storage applications such as electric vehicles, the ability to attain high charge and
current densities is necessary. The solubility of Zn(NTf;), in [Conmm][NTT;] is
approximately 0.7 M, so 0.6 M was chosen as the high Zn concentration.
Zn(NTf,), is tremendously hydrophilic, demonstrated by IL solutions containing
0.1 M Zn(NTf;), which cannot be dried using Ar bubbling at 70 °C in a dry glove
box beyond 0.03 M H,0 (Xn20/Xz,=1.3). With 0.6 M Zn(NTf,),, the equilibrium
H,O concentration at room temperature under dry Ar is approximately 2.5M
(Xn20/X2zn=4.2), resulting in an large increase in viscosity to 1100 mPa-s. The
CV at 3.8 M H,0, Figure 8.7, shows a larger overpotential for Zn deposition as

well as much slower kinetics and rates of diffusion.
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Figure 8.7: Cyclic voltammetry of [Conmm][NTf,] + 0.6 M Zn(NTf;), varying

H,O content from 3.8-9.7 M.

This is attributed to both the Zn/H,O/NTf, complexation/hydration discussed in
the previous sections, which also produces the increase in viscosity in the system
because at low H,O contents, movement of a mixture of both species Zn(NTf,),
and [Zn(H20)6] ** in a nearly saturated Zn(NTf,), solution is very difficult. As
discussed in Chapter 6.4, diffusion of species in ionic liquids is dependant on the
movement and rearrangement of ions and voids within the IL structure. The
addition of 0.6 M Zn into solution has increased the viscous drag of the diffusing
species and slowed diffusion to the surface. This, in turn, decreases the current

density, deleteriously affecting the growth morphology, shown in Figure 8.8a.
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Figure 8.8: [Conmm][NTf2] + 0.6 M Zn(NTf;), deposited
chronopotentiometrically at -3 mA/cm? varying H,O concentrations at a,b,c) 1

Clcm? and d,e) 100 C/cm?.

Table 8.3: Deposition parameters for the deposits shown in Figure 8.8.

25M 5M OM
1C/cm?: (V) -1.9--3 -0.32—--0.54 |-0.21
100C/cm?; (V) -0.2 -0.12

At 2.5 M H,0 and -3mA/cm?, the morphology is very dendritic, with the deposit
falling off the sample when removed from the solution due to poor adhesion. The
solution could not support the current density, with the potential starting at -1.9 V,
and dropping to -3 V at the end of depositing 1C/cm? charge (Table 8.3). Upon
increasing the H,O concentration to 5 M (Xy20/X2,=8), the Zn is entirely

hexaaqua, and the viscosity has decreased by an order of magnitude to 130 mPa-s.
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The current density in Figure 8.7 has also increased for the 5 M H,0 system,
owing to a greater ease of diffusion of the completely hydrated [Zn(H,0)¢]

2* species. However, the diffusion limited regime of Zn?* is not clearly
distinguished in the CV due to competing bulk hydrogen evolution at increasingly
cathodic potentials. The morphology at a current density of -3 mA/cm? and two
charge densities of 1 C/cm? and 100 C/cm? are shown in Figure 8.8b and d,
respectively. XRD, Figure 8.9, of this growth indicates primarily non-basal plane

(100) and (110) crystal faceting.
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Figure 8.9: XRD on [Conmm][NTf,] + 0.6 M Zn(NTf;), + 5/9 M H,O0.

If the H,O content is increased again to 9 M (Xu20/Xz,=15), there is a significant
excess of H,0, decreasing the viscosity even further to 65 mPa-s. The Zn** is still
fully hydrated, though now diffusion to the surface is in a more dilute mixture of
IL producing even higher current densities (Figure 8.7). The morphology at the

same current charge densities as the 5 M system are shown in Figure 8.8c and e,
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respectively. However, the growth for this morphology, Figure 8.9, yields facets
of primarily basal plane (002) with minor signal from (102) and (103) facets as
well. Surprisingly, a change in H,O content of only 4 M has a strong effect on
the growth kinetics of this system. It is seen that the (100) facet is more likely to
form dendrites in the lower water systems, therefore understanding the

mechanism for this type of growth can lend insights into avoiding it.

Various authors have shown various electrodeposition conditions and additives
effect the developing Zn morphology ""#%. The adsorption of the additives can
cause the preferential growth of a particular facet. In the case of 5M and 9M H,0,
the IL is as acting like an additive, with adsorption of the cation on the surface of
the electrode strongly effecting the growth. Alternatively, the layered structure of
the double layer is changing significantly with these high water contents and may
also be causing the differences 3. Molar concentrations of 5 M and 9 M H,0
correspond to 55 mol% and 69 mol% H,O in the system, respectively. Jiang and
coworkers found increasing water content breaks up the IL structure and that at 75
— 80 mol% H,0O a micelle structure forms with distinctly separate IL-water
regions %, This variation of IL-water structure may be greatly affecting the facet
evolution through different adsorption processes. For example, at 55 mol%, more
adsorption (or the orientation) of the C,nmm cation could be causing the (100)
facet to preferentially form, where as less adsorption could lead to the more planar

(002) facet forming.
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Looking now to the mechanisms for preferential faceting, it is known that the rate
of electrogrowth on each crystal face is different and is attributed to the interface,
growth mechanism and driving force ®. This is attributed to ad-atom bond energy
onto the crystal planes. Stronger bonding and fast charge transfer occurs when
there is a large number of atoms on the crystal plane that are connected to the Zn
depositing cation. The growth rate is also dependant on the work function of the
specific planes and is related to the ease of electron tunneling to the depositing
cation which in turn effects the charge transfer >*. The result of this growth rate
dependence on crystal faces is that the faster growing crystal facets disappear,
whereas the slower growing facets dominate the structure. At5 M H,O0, the
slowest growing facet is primarily the (100) and (110) planes and at 9 M H,0O the
(002) basal plane has the slowest growth rate. This result is remarkable and
warrants further investigation through the completion of surface stress

measurements as a function of H,O concentration with high Zn in Chapter 9.

8.6 Conclusion
Faster kinetics and diffusion characteristics in the presence of water provide much
better Zn deposits. The best deposit morphologies are found at low overpotentials.
Conditions that produce a majority of (100) faceting are more likely to produce
dendrites or abnormal plate growth. Avoiding these conditions, planar highly
faceted (002) basal plane growth are obtained. High Zn, high water IL mixture

systems can produce very planar (002) faceting at high charge densities.
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CHAPTER 9 SURFACE STRESS
9.01 Introduction

In-situ electrochemical surface stress experiments were completed during growth
of Zn on thin film Cu {111} substrates in [Conmm][NTf,], giving insight into
possible mechanisms for specific morphological evolution. Mechanisms for
stress development are described, including alloy formation and strain relaxation
through flow of misfit dislocations. Compressive stress at higher charges may be
generated by a chemical potential difference between the surface and grain
boundaries producing a driving force for the flux of atoms into the grain
boundaries. Grain size is a factor in the magnitude of stress generated, where a
larger grain size produces less compressive stresses. The type of faceting that
develops also has an effect on the stress response, with lower surface energy
orientations in the grain boundaries generating smaller stresses. An in-depth look
into the Cu/Zn a-brass alloy is also shown, where large tensile stresses develop

upon dealloying.

9.1 Background
Deposition of thin films by any technique, vacuum or electrochemical, produces
intrinsic stresses that may exceed the tensile strength of the depositing material
itself 3. These stresses can lead to film failure through cracking, peeling and
deleterious physical properties such as electromigration. A tremendous amount of
research has been done to determine the causes of these stresses, and ultimately
find ways to grow low-stress films. In the microelectronics industry, stresses
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generated in electrodeposition of thin Cu films via the damascene process
aversely impact device reliability *>¢. Additives are used to modify the
morphology via surface adsorption during deposition and impact the stress
response, creating uniform films. In vacuum, the most common thin film growth
mode is Volmer-Weber (VW) where each stage of growth is accompanied by a
stress response. Nucleation, island coalescence, and continuous film growth are
correlated to compressive, tensile and compressive stress evolution respectively
for metallic film growth on amorphous substrates **#", For polycrystalline
substrates the stress response is system dependant 3. Other stresses can also
develop in films due to factors such as heteroepitaxy, grain size and hydrogen
incorporation though H is not a factor in vacuum deposition, it must be considered

when in electrochemical aqueous environments %%,

The following work focuses on electrodeposition of Zn in the ionic liquid, N-
ethyl-N-methylmorpholinium bis(trifluoromethanesulfonyl)imide,
[C2nmm][NTT,], in the presence of water generated by varying the humidity level.
The effect of humidity level (water concentration) on morphology and
consequently internal stresses induced in the films up to 10um thick is studied.
The stress induced by Zn cycling is also discussed, specifically with respect to the
Cu/Zn alloying and dealloying behavior. The stresses were measured by a direct
cantilever curvature technique. This high resolution, real time stress monitoring
technique has been previously used in both ultra-high vacuum and

electrochemical environments **%, This stress measurement method monitors

89



the stress induced sample curvature, which is then converted to a stress-thickness

product through the Stoney Relation

Et;

Af :A(O'f 'tf):m

Ak, 9.1)

where ot and t; are the stress and thickness of the film, E , t, and v are the
elastic modulus, thickness, and Poisson’s ratio of the substrate, and « is the

measured curvature 192102,

9.2 Experimental
9.2.1 Surface Stress Technique
The in situ electrochemical stress monitoring cell utilizes a cantilever curvature
technique that measures the deflection of the cantilever via a capacitive sensor
allowing for subnanometer sensitivity and >1kHz time base resolution %,
Previous stress measurement cells utilized a monolithic design in order to
significantly reduce drift and sample placement error *. However, the cell design
was modified to decrease the electrolyte volume. This was done by designing a
split-small cavity cell, which is comprised of two separate PEEK blocks, where a
cross sectional view is shown in Figure 9.1. The cantilever is then clamped near
its bottom between the two blocks and held in place by compressing an o-ring.
The o-ring extends to the full height of the PEEK blocks in order to seal the cell
for the small electrolyte cavity which holds 6 mL of solution. The new cell

configuration holds both the capacitance sensor and vertically oriented

cantilevered electrode in the same way the large volume cell, Figure 9.1a. To
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make contact with the working electrode, a gold contact pin was integrated into
the PEEK cell at the o-ring compression point. The contact to the capacitance
sensing electrode was made by fixing a stainless steel contact wire to the corner of

the electrode with silver paint covered by chemically inert enamel, Figure 9.1b.

2
J ‘

; | w

Figure 9.1: a) Cross Section of the split-small cavity cell where C, S and E denote
the cantilever, sensor and electrolyte, respectively. b) Cu {111} patterned

electrode defining the capacitive sense (CS), the working electrode (WE) and the
electrolyte level (C). The sample geometry is shown as W, w, L, I, and X. Figure

adapted from Heaton and Friesen .

Since the sample holder, cell, and detector are in a single unit, calibration is
performed by simply orienting the cell so that the cantilever is normal to +/-
Earth’s gravitational field. A mathematical relation for surface stress per change

in output voltage was derived in terms of the geometry and mechanics of the
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cantilever deflection 1°*'%. That deflection is related to the output voltage of the

capacitive sensor given by

Af -h, Z(Vlj[ps'agj X?(6L2 —4LX + X?) ( 1 ] ©2)
AV w /| 6(1—v) I%+|(x_|) AV, ) '

tot
where 4V is the stress voltage, ps is the substrate density, aq is the gravitational

constant, v is poisson’s ratio and W, w, X, L, and | are defined by the sample
geometry shown in Figure 9.1b. This technique removes the elastic moduli of the
cantilever and a squared term in cantilever thickness from the relation between
curvature and film stress, both of which are significant sources of error in wafer
curvature measurements. All surface stress measurements presented here are

reported as a stress-thickness in units of N/m.

9.2.2 Electrochemistry

The PEEK electrochemical cell was cleaned by rinsing with dilute sulfuric acid
and rinsed in 18 MQ-cm water. A high surface area Zn foil was used as a counter
electrode and was placed parallel to the cantilever working electrode. A polished
1mm Zn wire was used as a pseudo-reference electrode. The working, reference
and counter electrodes were placed in the cell prior to the loading of the
electrolyte. The cantilever samples used during stress monitoring experiments
consisted of a 160 um thick, acid cleaned borosilicate glass substrate and
patterned Cu{111} films (Figure 9.1b). DC magnetron sputtering was used to
deposit a 1 nm Cr adhesion layer followed by 500 nm of Cu. A custom hard-

mask was used to pattern the film creating a working electrode surface area of 2
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cm?. For all stress experiments, solutions of [Conmm][NTf,] + 0.6 M
Zn(NTf,)2. The humidity level was controlled by bubbling with varying
mixtures of dry and humidified Ar gas and measured via a hygrometer. Humidity
levels of 60% and 90% yielded solutions of [Conmm][NTf;] with 5M and 9M
H,O with corresponding viscosities of 130 mPa-s and 65 mPa-s, respectively.

For each experiment, a new cantilever was used and the IL was deaerated with
mixtures of humidified (18 MQ-cm water) and dry high purity Argon gas to
remove all oxygen and maintain the desired H,O concentration. The humidity

level was measured with a hygrometer.

9.3 Results and Discussion
9.3.1 Zn Electrodeposition
The Cu{111} thin film was held chronopotentiometrically at -1mA/cm? up to
1C/em?. The stress response for two H,O concentrations, 5 M and 9 M H,O are

shown in Figure 9.2a.
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Figure 9.2: a) Surface stress response to the constant current, -1 mA/cm?,
deposition of Zn from 0.6 M Zn(NTf;), in [Conmm][NTf,] at5 M and 9 M H,0
up to 1 C/cm? corresponding to a deposition overpotential of -0.3 V and -0.1 V vs.
Zn respectively. The numbered regions correspond to different origins of
compressive stress. b) XRD and c,d) SEM images of the 1 C/cm? deposition at 5

M and 9 M H,0 respectively at 35 kx.

The initial compressive stress response in Region 1 is due to deposition of Zn on
Cu {111} and is attributed to either heteroepitaxy or Cu/Zn alloying. Insight into
the heteroepitaxy hypothesis is found by calculation of the anticipated surface

stress from the elastic strain accommodating the lattice mismatch between the Zn
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and Cu'®. The Cu {111} lattice constant is acy1113=0.22 nm, whereas the basal
plane Zn (002) is az,=0.266 nm *°®%". The misfit strain, em=(as-as)/as, is
negative implying the formation of a compressive stress . The biaxial modulus
of Zn is 77 GPa, which yields a bulk stress, o, of 12.9 GPa. At a constant
deposition rate of -1 mA/cm?, the thickness at 1 s is approximately 1 nm and
yields a stress thickness of -12 N/m, which is an order of magnitude larger than
the value measured. The large difference may be due to several factors such as
the presence of an air formed Cu oxide on the Cu{111} surface prior to the
experiment or stress relaxation related to the alloying of Cu/Zn. The likely cause
is due to the alloying of Cu/Zn as evidenced by the XRD in Figure 9.2b. The
stress associated with the elastic strain from alloying is a driving force for the
formation of misfit dislocations near the interface *. A large enough strain in the
growing metallic Zn film and concurrently developing alloy produces a critical
stress above which plastic flow occurs. The motion of the misfit dislocations in
the film produces strain relaxation and a decrease in the stress response to further

film growth as shown by a decrease in compressive stress in Region 2 1°+1%.

The slope becomes even less compressive in Region 3 indicating further
relaxation at 400 s in the 5 M H,O case, whereas it takes longer at 700 s in the 9
M H,O case. This stress may be reaching a steady-state where further growth
imparts the same surface stress change for the remainder of growth. The origin of
compressive stress in this steady-state regime is possibly from a non-equilibrium

surface state due to growth. Chason et. al. developed a thermodynamic model
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deemed the diffusive model for thin film growth in vacuum, where the chemical
potential of the surface is higher than that in the grain boundaries in the presence
of a flux of atoms to the growth surface *. The larger chemical potential results
in a driving force for atoms to move into the grain boundaries producing a
compressive stress. As more atoms become incorporated into the grain
boundaries, the driving force decreases, or the chemical potential difference
between the surface and the grain boundary decreases, finally reaching a steady-
state. Stresses continue to increase due to the growth of the grain boundary area
with increasing film thickness. This mechanism is also valid for deposition in

electrochemical environments 8919,

While the shape and trending of the two curves Figure 9.2a are similar, the
magnitude of the compressive stress is larger in the 9 M H,O electrolyte. This
difference may come from a few possibilities including hydrogen evolution,
crystal structure and grain size. Due to the presence of H,O, the absorption of a
small amount of hydrogen is occurring in both solutions during Zn deposition,
which can lead to compressive stresses. However, it was found that a large
amount of hydrogen, (> 1 at% ), is needed to produce such large changes in stress,
and is not likely occurring in our system ®°. The crystal structures were examined
via XRD after depositing 1 C/cm® The spectra show the presence of the a-brass
Cu/Zn alloy as well as a mixture of basal plane (002) and (100) Zn, with a
stronger signal of (002) Zn in the 5 M H,0. The crystallographic texturing could
be the cause of the stress differences, however, there is also a difference in grain
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size between the two cases shown in Figure 9.2c,d. The morphology of the 5 M
H,O case (Figure 9.2c¢) is uniform throughout and yields a grain size of
approximately 400 nm. The morphology yielded by the 9 M H,O solution,
however, is much less uniform due to the lower deposition overpotential. There is
more competition between Zn deposition and hydrogen evolution producing an
average grain size on the order of 250 nm. It was previously reported that the

bulk stress in thin films is inversely proportional to the grain size as

o8 9.3)

where E is the Young’s modulus of the depositing material, A is the constrained
relaxation at the grain boundary and d is the grain size °**°. The surface stress
measured yields larger stresses for the 9 M H,0O agreeing with the theory.
However to further test the hypothesis that the majority of the stress is coming
from the difference in grain size, a comparison of the rate of stress change per
grain boundary area is useful. Taking the slopes in Region 3 gives values of -
0.005 N/m-s and -0.008 N/m-s for 5 M and 9 M H,O respectively. Normalizing
these rates of stress change to the grain boundary surface area for each of the
cases yields similar values of -6446 N/m?*.s for 5 M H,0 and -6313 N/m®.s for 9
M H,O. The similarity of the values gives significant evidence that the grain

boundaries are the primary factor in the long term compressive stresses.

In order to further study the strain relaxation during the growth of Zn, deposition

at a higher charge density was completed. The same deposition conditions used
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for the 1 C/cm? deposition were utilized, however, growth was continued up to a
charge of 10 C/cm?®  The stress response of both H,O concentrations is shown in

Figure 9.3a.
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Figure 9.3: a) Surface stress response to the constant current, -1 mA/cm?,
deposition of Zn from 0.6 M Zn(NTf;), in [Conmm][NTf,] at5 M and 9 M H,0
up to 10 C/cm? corresponding to a deposition overpotential of -0.3 VV and -0.1 VV
vs. Zn respectively. b) XRD and c,d) SEM images of the 10 C/cm? deposition at

5 M and 9 M H,O respectively at 1 kx.

The compressive stress for the 5 M H,0O case in Region 3 of Figure 9.2a had
indeed reached a steady-state, verified by the linear stress response up to 10

Clcm?. This is apparently the case for the 9 M H,0 up to approximately 5 C/cm?,
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where a gradual increase in the rate of compressive stress generated begins. The
XRD spectra for the 10 C/cm? deposit (Figure 9.3b) shows the 002 basal plane
becoming the dominant facet growing in the 9 M H,O, whereas the 100 facet is
the majority in the 5 M H,O case. The difference in morphology is also apparent
in the SEM images in Figure 9.3c,d. It is possible that the difference in crystal
orientation is causing the increase in stress. As previously stated, the mechanism
for compressive stress generation in the steady-state regime may be due to a
chemical potential difference between the surface and grain boundary under a
flow of atoms to the surface ®. As the basal plane begins to dominate the surface
morphology in 9 M H,0 at > 5 C/cm?, the flow of atoms into the grain boundaries
produces higher stresses. This suggests that the structure of grain boundaries of
the 100 faceted grains generate lower stresses than the 002 faceted boundaries.
The basal plane facet has the minimum surface energy compared to all other
crystal facets in hexagonal Zn **!. The (002) grains will have (100) grain
boundaries, which are higher surface energy causing higher stresses to develop.
Conversely, the 100 facets have (002) grain boundaries, which have a lower
surface energy producing less compressive stress. This is only conjecture at this
point, since more work needs to be done to verify the structure of the grain

boundaries through methods such as XRD pole figures.

9.3.2 Stress Generated from Dealloying Cu/Zn
The Cu/Zn 80%/20% a-brass alloy present in the XRD spectra shown in Figure
9.2b is also present in the 0.1 M Zn(NTf;), in [Conmm][NTf,] under various
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deposition conditions (Figure7.5, 8.3 and 8.6). Cu/Zn, or brass, alloys have been

14 “and is well known as the first

highly studied for a variety of applications
system describing the Kirkendall Effect **°. The phase diagram for the Cu/Zn
system is complicated, with several alloy phases and intermetallic compounds.
The most notable of the alloy phases is a-brass with concentrations of < 35% Zn.

In order to more completely study this alloy formation, FIB cross sections were

taken of the 1 C/cm? Zn deposition on Cu shown in Figure 9.4.

Figure 9.4: FIB cross-section of 1 C/cm? Zn ina) 5 M H,0 and b) 9 M H,0

solutions deposited on Cu where a Cu/Zn alloy layer is visible in each case.

The layers are described from top to bottom: Pt deposited in the FIB system to
protect the Zn surface, electrodeposited Zn, a -brass Cu/Zn alloy, Cu thin film
substrate. Both samples show Kirkendall voiding, which occurs when one species
diffuses faster than the other. In this case, the Zn is the faster diffuser, causing
voiding on the Zn side of the alloy-Zn interface *'°. Figure 9.5a shows the stress

response during cyclic voltammetry at 10 mV/s.
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Figure 9.5: a) Surface stress vs. potential during cyclic voltammetry at 10 mV/s, j-
V as inset, and b) Surface stress vs. thickness deposited as calculated from the
charge density in the CV 0.6 M Zn(NTf;), in [Conmm][NTf,] at5 M and 9 M

H,0.

Scanning cathodically, a compressive stress is generated from the deposition of
Zn in the same way as described above. Upon scanning annodically, the stress is
still compressive because the reduction of Zn®* is still occurring until it reaches a
potential near zero where the stress turns in the tensile direction due to the
oxidation of Zn. The response becomes less tensile as more Zn is removed above
0V vs. Zn. When the potential reaches ~0.25 V, most of the metallic Zn on the
surface has been oxidized, however a dramatic tensile rise is seen. This is due to
the Zn oxidation from the a-brass Cu/Zn alloy. Analyzing the stress response
between the two H,O concentrations as a function of thickness of Zn deposited,
calculated from the charge density, is shown in Figure 9.5b. For both thicknesses

shown, the 9 M H,0 has a larger stress hysteresis than the 5 M H,O, which is
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explained by the grain size arguments discussed above. However, both H,O

contents show a similar stress response from dealloying.

To further study the stress response from dealloying, deposited Zn was allowed to
remain on the Cu surface for varying times to allow for varying alloy thickness to

develop. The potential response/profile of is shown in Figure 9.6a.
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Figure 9.6: a) Potential-time profile of Zn deposition on Cu where the WE is held
at OCP, pulsed down to -1 mA/cm?for 60 mC/cm?, held at i=0 for varied times (0,
600, 3600, 6600 s), then finally swept anodically at 1 mV/s from 0 V to 0.8 V vs.
Zn. b) (Above) The current-voltage response and (Below) the corresponding
surface stress-voltage response during the anodic sweep from 0 V up to 0.8 V' vs.

Znin 0.6 M Zn(NTf;)2 in [Conmm][NTf,] at 9 M H-O0.

First the system is held at the open circuit potential of the Cu to characterized the
drift in the stress response. Zn was then chronopotentiometrically deposited at -1

mA/cm? for 60 mC/cm? on the Cu thin film, then held at zero current for varying

102



times to allow the diffusion of Zn into the Cu. Immediately following the hold at
i=0, the potential was scanned anodically at 1 mV/s from 0 V to 0.8 V vs. Zn.
Each experiment was completed on a new cantilever to remove the surface
roughening effects imparted by the dealloying step. The current response versus
potential from the anodic scan seen in Figure 9.6b (above) shows an initial
oxidation wave associated with the removal of metallic Zn on the surface, then
another oxidation wave at higher potentials associated with removal of Zn from
the Cu/Zn alloy. Longer holds at i=0 results in a decrease in the initial oxidation
wave, and an increase in the oxidation wave from the alloy. The corresponding
surface stress response as a function of potential is shown in Figure 9.6b (below).
At shorter hold times at i=0 of 0 and 600 s, a small initial tensile rise up to 0.1V is
clearly seen, which is due to the removal of metallic Zn on the surface. A large
tensile stress develops above 0.1V associated with the dealloying of Zn, with
signs of a second, more anodic peak developing in the 600 s signal. At the longer
hold times, the initial tensile rise is no longer apparent and two tensile stress rises
are seen due to the dealloying of Zn. These phenomenon are more clearly
described by examining a plot of surface stress as a function of charge density

shown in Figure 9.7.
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Figure 9.7: Surface stress vs. charge density during the anodic sweep (Figure 9.6)

from0OV upto0.8Vvs.Znin 0.6 M Zn(NTf;), in [Conmm][NTf,] at 9 M H,O0.

For the 0 s hold at i=0, the stress has a gradual tensile rise from the removal of
metallic Zn until ~40 mC/cm?, where tensile stress increases quickly from the
removal of Zn from a-brass to a maximum indicating a majority of dealloying,
then followed by turning compressive as more Zn is removed. Increasing the hold
time at i=0 to 600s yields an increase in magnitude of both the initial tensile rise
and the tensile rise from the dealloying. There is also a second peak that is
beginning to develop at the higher charge, just as was seen in Figure 9.6b (below).
A decrease in the total charge removed during the anodic scans is also observed
suggesting that some Zn is left alloyed or that significant self corrosion is
occurring. However, EDX of the dealloyed Cu film shows a Zn signal confirming
that the 1 mV/s anodic sweep does not remove all of the alloyed Zn. Further
increasing the hold time at i=0 to 3600s generates even higher initial tensile

stresses which is due to the simultaneous removal of metallic Zn as well as Zn
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from the alloy. The second peak related to the dealloying of Zn is now more
clearly discernable. At the longest hold time of 6600 s, the initial rise is difficult
to discern indicating the a majority of the Zn is now alloyed, and the majority of
the large tensile stress is coming from the dealloying of Zn from a-brass. The
origin of the two tensile stress peaks shown at longer holding times at i=0 comes
from the removal of Zn at different locations within the alloy. The first peak
comes from the removal of Zn from the alloy formed in easily accessible sites
such as the surface and the grain boundaries. The second tensile peak is
generated from the removal of Zn from the alloy formed in the bulk sites deeper
within the Cu. Therefore, longer hold times at i=0 allows more Zn to diffuse into
the Cu forming a thicker alloy layer allowing for Zn to diffuse into the bulk of the

Cu, which in turn produces higher tensile stresses on dealloying.

Under non-steady state diffusion conditions, such as this, the concentration of Zn
decreases exponentially with diffusion distance into the Cu. By simplifying a
solution to the diffusion equation, an approximate expression for the diffusion
thickness is x~(Dt)****®.  Figure 9.8 shows the distance, x, that Zn diffused into

the Cu versus time held at i=0.
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Figure 9.8: Distance Zn diffused into the Cu vs time. Thickness calculated by
taking the charge under the first stripping wave in Figure 9.6a (below) via a

Gaussian peak fit and subtracting it from the total charge deposited.

This was calculated by extracting the charge of the first stripping wave in Figure
9.6b (above). Because the charge of the first wave is convoluted by the second
Zn stripping wave, a Gaussian fit of the wave was used to get a more accurate
value of the charge. The values of each stripping charge were then subtracted
from the total charge deposited to get the amount of Zn that diffused into the Cu
forming the alloy. Fitting the curve in Figure 9.8 yields a fit of x = Dt*4, which
IS in good agreement with the approximate solution to the non-steady state

diffusion equation.

The question of the structure of the dealloyed Cu came into question due to

previous work done where porous structures were fabricated by dealloying Zn
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from alloys of Cu, Au and Ag alloys **"**°, Sieradzki et. al. developed a model
describing the phenomenon of producing porous structures by dealloying.
However, SEM images of the Cu film after dealloying Zn (Figure 9.9a) confirms

that a porous structure is not forming under the experimental conditions tested.

Figure 9.9: a) Copper surface after dealloying following 60 mC/cm? deposition
with 360 Os holding at i=0. b) FIB cross section of the Cu (with a Pt over-layer)

after dealloying showing a uniform film and a lack of porosity.

The Zn diffuses into both the grain boundaries as well as the bulk of the Cu grains.
Upon dealloying, the Zn is removed from the Cu at the grain boundaries first, and
then is pulled from the bulk of the Cu leaving thin dealloyed Cu “flakes” on the
surface. The FIB cross-section, Figure 9.9b, confirms the lack of a porous

structure.
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9.4 Conclusion
The preceding work focused on electrodeposition of Zn from [Conmm][NTT,] /
Zn(NTf;) ionic liquid/H,O mixtures generated by varying the humidity. The
H,O concentration affected the morphology in terms of grain size and preferential
grain orientation. The stresses that developed from these differences were
measured by a direct cantilever curvature technique for film thicknesses up to
10pum. Smaller grains generate larger compressive stresses and the dominant
facet in the grain boundary determines the stress magnitude that develops, where
the stress from the (100) grain boundary is larger than the (002) grain boundary,
Afooy> Afroo23. The cycling behavior was also characterized with a large tensile
stress signal developing from the Zn dealloying from the a-Cu/Zn alloy. Longer

diffusion times generated larger alloy thicknesses yielding larger tensile stresses.
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CHAPTER 10 AMINE, AMINE CONJUGATE ACID AND CHLORIDE
CONTAMINATION IN IONIC LIQUIDS
10.01 Introduction
The motivation for the study of impurities in the ionic liquids presented itself by
way of Zn deposition morphology repeatability issues in different batches of
[C4mpy][NTTF,]. The alkylation—anion exchange synthesis of ILs provided insight
into the possible types of impurities present. Methods to determine purity ranged
from elemental analysis, NMR, chromatographic techniques, cyclic voltammetry
and cathodic stripping. Redox peaks on Pt were identified as a synthesis precursor,
protonated n-methylpyrrolidine, and voltammetric experiments determined mM
concentrations present in all batches. The presence of chloride was also examined,
where UM concentrations were found, suggesting a possible alternate source of

CI.

10.1 Motivation and Background
An analysis into the purity of the ILs was spurred when morphological
irregularities between batches was found. While testing the [Conmm][NTf,],
concurrent analysis of several other ILs was done. An [NTf,] ™ IL of particular
interest was butyl-methyl pyrrolidinum bis(trifluoromethanesulfonyl)imide
[NTf,]~ [Csmpy][TfN2] due to its low melting temperature, Ty, = -18 °C ' as

well as a higher Zn(NTf;), solubility of 1.3 M, Figure 10.1.
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Figure 10.1: [Campy] cation in the [Campy][NTf,].

The IL was widely commercially available, so testing a large number of batches
from different sources was possible. Figure 10.2 shows Zn morphologies in
different batches of [C4smpy][TfN,] at -3 mA/cm? and 100 C/cm? in a solution

containing 1M Zn(NTf,)..

Figure 10.2: Zn deposition in several batches of [C.mpy][TfN-] -3 mA/cm?, 100

Clem?, 1M Zn(NTfy)s.

The deposition conditions were identical in each experiment, including water
content, cell size and counter electrode placement. Batches (4) and (5) match
fairly closely, however, batches (1)-(3) show markedly different growths

suggesting spurious adsorption processes from unknown constituents in the ILs
110



was occurring. From these results a full analysis of the synthesis and purity

analysis techniques was completed.

Literature that explicitly address the topic of ionic liquid (IL) purity *#****

addresses the following four classes of impurities, all of which are characteristic
of the typical alkylation—anion exchange synthesis of ILs, and some of which may
be present in various degrees of protonation: unreacted reagents from the
alkylation step, byproducts arising from the alkylation step, the reagent used to
affect anion exchange, and residual solvents used throughout the preparation.
With more applications where the use of ILs is beneficial, the area of IL
preparation has been revisited frequently over the years *>>**°. However, these
references generally do not insist on the necessity to prepare and work with ILs of
high purity. Rather, the overarching themes are the necessity to make a
reasonable effort to maximize IL purity either by existing methods or by methods

of the author’s creation, as well as to qualify the IL purity with respect to the

particular application. Stark and coworkers put it well when they evaluated
several quantitative and qualitative methods to detect each of the four classes of
impurities, concluding, ". . . a detailed specification of the quality of [ILs] used
for each experiment is most likely more essential than working with ultra-pure,
expensive material.” * With this in mind, an electrochemical method was
developed to qualify the ILs particularly for contamination by residual amine
building blocks, their conjugate acids, and residual chloride. To demonstrate the

universality of this technique, ILs of different anions and cations were analyzed:

111



butyl-methylpyrrolidinum bis(trifluoromethanesulfonyl)imide,[C,mpy][NTf,],

and 1-butyl-2,3-butyl-dimethylimidazolium triflate, [C4dmim][OTT].

10.2 Experimental
10.2.1 General IL Purity
The [Campy][NTf;] and [C4dmim][OTf] batches examined are from multiple
commercial sources. The purpose of this work is to provide insight as to the
quantity and impact of known impurities in the ILs with known synthesis and
processing techniques. Therefore, the vendor sources are not differentiated. Six
[Campy][NTf,] commercial batches were used in these experiments. The 'H
and *C NMR spectra (Appendix A) of all specimens, except Batch (6) were free
of peaks uncharacteristic of the IL. The *H spectrum yielded an unidentified peak
at 2.3 ppm for Batch (6). Each specimen was also characterized by elemental
analysis (EA), which is a better indicator than NMR of the absolute purity of the
sample. The IL is combusted in an O, rich atmosphere, where the combustion
products of CO,, H,0 and N, are measured to determine the weight percent of C,

H and N respectively **°.

Note the batches were not dried prior to elemental
analysis; rather, the water content was included, determined by Karl Fischer
analysis, in the calculated CHN values (Table 10.1). Samples within 0.4 wt% of
the calculated C, H and N concentrations are considered passing, though batches
(3) and (6) both failed EA. Furthermore, ethanol solutions of [Campy][NTf;]
stocks were subjected to the silver test and all passed; Stark and coworkers

demonstrated that ethanol does not interfere with the silver test ***. The resulting
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pyrollidinium-based ILs are shown in Figure 10.3, where the batches range from
clear to dark brown. The presence of color has been seen as an indicator of an

increase in impurity level %,

Table 10.1: Elemental analysis for [C,mpy][NTf,] batches. Batch (3) and (6)

failed.
Batch Analysis
C H N

Calculated 31.3 4.8 6.6
' Found 30.9 4.8 7.0
2 Found 31.2 4.5 6.3
3 Found 30.8 54 6.7
4 Found 31.3 5.1 6.7
5 Found 31.2 4.9 6.9
6 Found 314 55 6.7

Figure 10.3: Different batches of [C,smpy][NTf,] with varying color. a) Batch (1),

b) Batch (2) and ¢) Batch (3). Batch (4), (5) and (6) are indistinguishable from a).

Moving now to the imidazolium based ILs, four batches were tested. The *H

and *C NMR spectra of all specimens were free of peaks uncharacteristic of the
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IL (Appendix A). Elemental analysis was completed in the same way as
described for the [C4smpy][NTf,], where water contents determined by KF
analysis were included in the calculated CHN values (Table 10.2).

All [C,dmim][OTf] batches, except Batch (7), failed EA. The resulting
imidazlium-based ILs are shown have similar coloring to the pyrrolidinium ILs in
Figure 10.3. Batches (9) and (10) are close to Figure 10.3a, with only a slight
presence of color, and Batch (7) and Batch (8) are indistinguishable from Figure

10.3b and Figure 10.3c respectively.

Table 10.2: Elemental analysis for [C,dmim][OTf] batches. Batches (8)-(10)

failed.
Batch Analysis
C H N

Calculated 39.7 5.7 9.3
! Found 39.5 6.1 9.5
8 Found 395 6.3 9.3
9 Found 39.8 6.4 9.2
10 Found 395 6.3 9.1

10.2.2 Amine Detection

Chromatographic techniques are commonly used to evaluate amine concentrations
in the ILs. Thin layer chromatography is commonly used during the synthesis of
ILs to determine the extent of consumption of amine, however since this is a

qualitative method, the sensitivity is ill-defined ***. lon Chromatography (IC)
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and High Performance Liquid Chromatography (HPLC) can also utilized to
determine excesses, though qualification of these methods are beyond the scope
of this study *3215213 " gtark and coworkers also developed a UV-spectroscopy
technique to detect the presence of non-aromatic amines. The following work
outlines a novel electrochemical method to quantify residual amine concentration
in this study via cyclic voltammetry on Pt. A small, 1 mL three electrode cell was
designed in order to preserve IL with a Pt working electrode, a coiled Pt-Ir
counter electrode and a Pd-H reference electrode. The Pt and Pt-Ir were acid
cleaned in heated, concentrated HNO3 and H,SQOy, rinsed in UPW (ultra-pure
water), then hydrogen flame annealed. The Pt working electrode was then
polished down to 1 pm Alumina. The Pd-H electrode was made by holding at —
0.5V vs. SCE in an aqueous 0.1 M H,SO, electrolyte until there was visible bulk
hydrogen evolution from the surface. Because the Pd-H reference electrode tends
to shift with additions of acid, the results are reported versus
ferrocene/ferrocenium, Fc/Fc*. All experiments were done in a dry nitrogen
glove box in order to maintain an O, and H,O free working environment. In
order to fully remove the H,O from the ionic liquid prior to the experiment, it was
heated to 70 °C and purged with Ar (>18 hours). The water content was tested
with a Karl Fischer titration method and was found to be <1 ppm H,O for all

experiments.

10.2.3 Chloride Detection
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Various electrochemical techniques have also been implemented to determine the
presence chloride and precursor impurities “##*>***" " The standard method for
the determination of the amount of chloride present in an aqueous solution is by
the titration of excess silver nitrate. AgCI(s) is precipitated out of solution via the
following reaction **

Ag” +CI™ — AgCI(s). (10.2)
The solubility of AgCl in 100 g water is 89 pg at 10°C **®, 190 pg at 25°C **°, and
2100 pg at 100°C 158 corresponding to 6.2 uM, 13.3 pM, and 146.5 uM,
respectively. Kazarian and coworkers **° have stated that the chloride content of
an IL must be less than the solubility limit of AgCl in water when an aqueous
wash of either a hydrophobic IL or a hydrophilic IL in an organic solvent does not
respond to AgNO3. This spot test for residual halide is known as the silver test,
though as it is an indirect measure of chloride, an absolute value in each batch
cannot be determined. Additionally, there is no confidence that the partition
coefficient of the offending halide salts between water and any IL or a solution of
itis 1. Thus, it is more accurate to say that when the IL passes the silver test, it
only indicates a meaningful amount of halide can no longer be extracted from the
formulation. Therefore, it is not a determination that IL formulation is free of

halide or that the level of halide contamination to be below a certain number.

Chromatographic methods of IC and HPLC are also an an effective means for
quantification of CI™ beyond the detection limits of the silver test, where ppm

levels are easily attainable, and ppb levels are possible depending on the
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method™***>*%! Electrochemical techniques such as cyclic and square wave
voltammetry have been done to quantify larger concentrations of CI™ on order of
1mM is commonly done **°. For solutions with lower CI~ levels, cathodic
stripping of AgClI from a silver wire is much more sensitive ***. The following
work will outline a technique for the electrochemical detection of CI”. With the
same 1 mL three electrode cell design, voltammetry on a 0.5mm diameter Ag disk
working electrode was done in order to determine chloride concentration. The
Ag disk was polished in the glove box just before running in order to ensure a
clean, oxide free surface. A coiled Pt-Ir counter electrode and a Pd-H reference
electrode were also used and prepared with the same methods described for the
amine test. All experiments were done in a dry nitrogen glove box and electrolyte

was prepared in the same way as described above to remove water.

10.3 Results and Discussion:
10.3.1 Electrochemical Quantification of Amine
Cyclic voltammetry on a polished Pt working electrode in various batches of
[C4mpy][NTf,] is shown in Figure 10.4a. The electrochemical window is similar
for all batches, however there is the dramatic presence of an impurity wave at

approximately -1 V versus Fc/Fc*, which varies in magnitude.
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Figure 10.4: a) CV in various batches of dried (< 1 ppm H,0) [Csmpy][NTf,].
Additions were made to Batch (1) for the following experiments starting with the
b) titration of n-methyl pyrrolidine (mpy) with an oxidation wave at 1.5 V
increases with increasing mpy addition. ¢) Addition of HNTF; to a solution of
98mM mpy. d) Excess HNTF;, shows the oxidation of HNTF;, at ~1 V. 100 mV/s,

1% scan on Pt WE, Pt-IR CE, PdH RE.

The voltammetry of Batches (1) and (2) show the turn on of the oxidation and
reduction of PtO at 1.5 V and 1 V, respectively. The voltammetry of Batch (3)
shows the presence of an additional oxidation wave at 0.7 V and a complete

muting of PtO oxidation and reduction. In order to test the hypothesis that the n-
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methylpyrrolidine, mpy, precursor is causing the impurity wave seen at -1V, a
titration of mpy was completed in Batch (1) shown in Figure 10.4b, having the
lowest impurity signal. An oxidation wave at 0.6 V increases with increasing
mpy addition, and PtO oxidation and reduction is muted, similar to what was seen
in Batch (3) in Figure 10.4a. However, the impurity wave at -1 V is not
increasing with mpy addition alone. Figure 10.4c shows the addition of the
conjugate acid HNTF to the solution of 98mM mpy. mpy oxidation decreases
with increasing HNTF,, indicating the conjugate acid of mpy is protected against
oxidation. The impurity wave at -1 V increases with increasing HNTF, reaching
a maximum at a concentration of approximately 3:1M HNTF, to mpy where all
of the mpy is protontated to mpyH™. It is surprising that the ratio is not 1:1
HNTF,:mpy, though there is some dispute over the acid strength of HNTF,*%%%4,
To be sure the impurity wave is not due to HNTF, alone, an excess was added in
Figure 10.4d, where a new HNTF, oxidation wave is seen at 0.4 V negative of the
oxidation of mpy. This observation confirms the impurity wave at -1 V is due to
the deprotonation (cathodic) and reprotonation (anodic) of mpyH®. The
additional oxidation wave seen in the voltammetry of Batch (3) in Figure 10.4a at
0.7 V is due to an excess of unreacted mpy, which also explains the muting of the

PtO response.

In order to determine the amount of residual amine present in each batch of
[C4mpy][NTT,], controlled amounts of discrete, prepared of 3:1 HNTF,:mpy
were added to Batch (1) shown in Figure 10.5a.
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Figure 10.5: a) Additions of 3:1 HNTF,: mpy to [C,mpy][NTf,] (Batch (1)) b)
cathodic peak current density vs. mM mpy in several batches of [Campy][NTf,].
All work done in dry (<1 ppm H,0) IL at 100 mV/s, 1% scan on Pt WE, Pt-IR CE,

PdH RE.

The cathodic peak current density was then plotted against the amount of mpy
added, Figure 10.5b. The peak current densities of the impurity wave for each of
the batches were fitted to the calibration, subtracting the initial signal from the
neat Batch (1), yielding absolute values of mpy. All batches contained less than
30 mM (<1 at.%) mpy, though Batch (3) was found to have 120 mM, or 3.8 at%,
mpy. The large value found in Batch (3) is not surprising, since it failed EA with
a large mass percentage deviation (Table 10.1) and it arrived with a dark brown
color (Figure 10.3c). Interestingly, though, Batch (6) which also just barely

failed EA, yielded a similar mpy value to that of the passing Batch (2).

120



In a similar manner to the electrochemical experiments in [C,mpy][NTf;], cyclic
voltammetry was performed on a polished Pt working electrode in various batches

of [C4dmim][OTf] as shown in Figure 10.6a.
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Figure 10.6: a) Cyclic voltammograms for Pt disk working electrode in various
batches of [C4,dmim][OTf]. b) Calibration curve of cathodic peak current density
versus additions of 1:1 TfOH: imidizole to [C4dmim][OTf]. All work done at
50°C in dry (<1 ppm H,0) IL at 100 mV/s, 1% scan on Pt WE, Pt-IR CE, PdH RE.

Data provided by Elise Switzer.

The electrochemical window is similar for all batches, although an impurity wave
exists at approximately -0.5 V versus Fc/Fc™ most notably in Batch 8. In order to
test the hypothesis that the impurity wave is a result of residual 1,2-
dimethylimidazole, a titration of 1:1M 1,2-dimethylimidazole to triflic acid
(TfOH) was performed in Batch 9, which had the lowest impurity signal. In an
identical manner to the [C,mpy][NTf,] experiments, the cathodic peak current
density was plotted against the imidazole concentration resulting in a calibration

curve, Figure 10.6b. The peak current densities of the impurity wave for each of
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the batches was fitted to the calibration, yielding values of less than 3 mM (<0.1
at.%) for all but Batch 8, which has 17 mM, or 0.4 at.% unreacted imidazole.
Again mM concentrations of unreacted imidazole are seen, though levels are
lower than what was found for mpy in [C4mpy][NTf2]. This result is somewhat
unexpected since Batches (8)-(10) all failed EA, though the largest
electrochemical impurity signal is only seen in Batch (8). The signal amount
detected in Batch (7), which passed EA, is also similar to that found in failing

Batches (9) and (10).

The mM concentrations of these other batches are quite large with respect to
impurities levels normally allowed in electrochemical experiments. For example,
testing highly surface sensitive systems (e.g. catalysis and electrodeposition), mM
impurities can have a huge deleterious affect. Testing ILs with different cations
and anions shows the universality of this electrochemical testing method for
detecting residual unreacted amine. Even more apparent from these experiments
is that NMR is not sufficient in detecting impurities relevant for electrochemical
applications. EA seems to detect larger amounts of impurities quite well,
however, errors in this technique appear at lower levels of impurities as evidenced
by Batches (6) and (7) for [C4mpy][NTf,] and [C,dmim][OTf], respectively. The
electrochemical method outlined is an excellent addition to these standard testing
techniques because it is able to show the absolute amount of residual protonated

amine present in the IL.
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10.3.2 Electrochemical Chloride Detection
The chloride levels were tested in the [C4mpy][NTf,] ILs only. Figure 10.7a

shows cyclic voltammetry in Batch (1) with the addition of 270mM [C4mpy][Cl].
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Figure 10.7: a) Addition of 10 mM [C4mpy][Cl] in Batch (1) vs Ag reference
electrode. and b) Neat ILs. All done at 10mV/s WE: Polished Ag wire, CE:

Flame Annealed Pt-Ir, RE: Pd-H or Ag.

The oxidation of Ag” at 0 V vs Ag is hindered by the anodic formation of AgCl in
the presence of CI™ via Equation 10.1. Upon scanning cathodically, the AgCl is
stripped off the surface into solution. Figure 10.7Db is the voltammetry in Batches
(1)-(3) on a Ag working electrode. It is apparent that the amine is highly active on
the Ag surface (~ -2 V), however, there is no sign anodic of AgCl formation at
this scan rate. This observation only indicates that there is not enough CI™ is
present to be detectable by CV at this scan rate (< 10 mM). To determine if any
detectable CI" is present, the Ag working electrode was held at -0.1 V vs. Ag, just

below the Ag oxidation potential to anodically deposit AgCI. In order to
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maximize the AgCl formation, the solution was held this potential for 18 hours
and stirred to provide convection to the electrode surface. Following the
chronoamperometric hold to form AgCl, the stirring was stopped and the solution
was allowed to become quiescent. The electrode was then scanned using linear
sweep voltammetry (LSV) cathodically from -0.1 to -1.5 V vs. Ag at 1 mV/s. All
batches yielded a cathodic AgCl stripping wave of varying magnitudes as seen in

Figure 10.8a.

-12 10 -08 -06 -04 0 50 100
Vvs. Ag uM CI

Figure 10.8: a) LSV at 1mV/s on Ag WE after being held in AgCl region in
various [C4mpy][NTf;] batches. b) Calibration titration of [C,mpy][CI] into

Batch (2) (black line) and the fit of each batch.

This is surprising because Batch (6) was advertised as inherently halide-free.
Batch (2) had the lowest CI™ concentration, and was used to develop a calibration
curve by performing a [Csmpy][CI] titration. Chronoamperometric holds were
performed in solutions containing 0.1 uM to 200 uM [C,mpy][Cl], followed by
LSV under the same conditions described above. The charge density under the

stripping wave was calculated for each concentration, subtracting the initial CI™
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signal from Batch (2), and plotted against [C4mpy][CI] concentration as shown in
Figure 10.8b (black line). The charge measured for each batch was fitted to the
calibration curve, allowing the determination of CI” concentration. The values
ranged from 10 — 100 uM (~1-10 ppm) which is below the detection limit of the

silver nitrate precipitation test.

Just as shown in the amine levels, the amount of CI™ may also be detrimental to
extremely surface sensitive electrochemical systems. The vendor that produced
Batch (6) stated that the preparation does not expose the IL to any source of
discrete chloride, so curiosity was piqued when detectable levels of CI™ were
found. It is well known that NTf, ILs are prepared with LiNTf; as a precursor ***.
Purity and electrochemistry of this salt has been evaluated, though not with
respect to CI™ content 1%, To test whether LiNTf, may be a source of CI", a
large quantity (1.2 M) was added to Batch (2), producing a highly viscous
solution. Cyclic voltammetry on Ag revealed a large AgCIl wave, similar to that
shown in Figure 10.7a, suggesting that there is on the order of 10mM CI”
introduced into the solution by the addition of the LINTF; salt. This result may
reveal a hidden source of CI™ in the IL synthesis. As LINTf; is a widely used salt
in many IL applications, a broader study of the LINTf, may be highly useful, and

is suggested for further study.

125



Table 10.3: Summary of mpyH* and CI~ concentrations by batch.

Batch mM mpyor  at% mpy or dmim Average

dmim uM CI’
Q) 20.0 0.63 27.5
2 27.9 0.87 10.2
3) 121.7 3.80 44.8
4) 25.9 0.81 98.6
(5) 24.9 0.78 38.9
(6) 28.0 0.88 32.3
@) 2.8 0.06 -
(8) 17.4 0.41 -
9) 1.4 0.03 -
(10) 1.8 0.04 -

10.4 Conclusion:
Elemental analysis and NMR were not sufficient testing methods for impurity
levels relevant for electrochemical experiments. Electrochemical methods
allowed both the identification and quantification of residual amine building
blocks, their conjugate acids, and residual chloride impurities from the known
alkylation—anion exchange synthesis in [C4smpy][NTf,] and [C4dmim][OTf].
Impurity peaks found during voltammetry on platinum were due to excess
protonated amine, with levels in the mM range for both ILs. By testing this
method on ILs with different anions and cations, it is expected that this type of
electrochemical analysis is relevant for the ever increasing library of ILs. All
[Campy][NTf,] batches testing positive for uM chloride levels. Preliminary
results suggest that the LINTf, synthesis precursor may be an indirect source for

CI.
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CHAPTER 11 SUMMARY AND FUTURE WORK
11.1 Summary

Manganese oxide is one of the most studied systems for both primary battery and
pseudocapacitive supercapacitor technologies . The theoretical specific
capacitance for MnO, is 1370 F/g ’, though the highest values currently achieved
are from thin films with values ranging between 450 to 930 F/g *®". Despite the
large capacitance values measured from the thin film systems, they leave little
direct application for a bulk supercapacitor device. Leveraging percolation
theory to drive electrode architecture in an attempt to achieve higher specific
capacitance, while having total capacities relevant to supercapacitor applications,
an electrode structure was developed with a hierarchically designed tri-continuous
percolated network. The three percolated phases are made up of the MnO,
faradaically-active material, electrically conductive Ni nanoparticles and void
space (pore former-templated). The pores create pathways for ionic conductivity,
while the nanoscale electrically conducting phase provides both bulk conductivity
and local electron transfer with the electrochemically active phase. These
electrodes have yielded excellent composite specific capacitances of 422 F/g and

Mn specific capacitances of 844 F/g.

Deposition of Zn in aqueous alkaline electrolytes was extensively studied due to
the theoretical properties of Zn rechargeable batteries. Zn-Air batteries are of
particular interest due to high specific capacities and potential for high energy
density portable and motive applications. However, all of these alkaline systems
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present problems with dendrite formation at the Zn electrode during recharging.
These challenges in agueous electrolytes have led to our interest in Zn deposition
in ILs. Because Zn-Air batteries are open to the air, deposition from air-stable ILs
is of interest. [NTf,] ~ based ionic liquids are non-volatile and have a large
electrochemical stability window, and [Conmm][NTf,] was chosen because it
provides the ability to operate in a wide temperature range and it has a relatively
high salt solubility compared to other non-aqueous IL electrolytes.
[Conmm][NTf,] is a new IL electrolyte and only some of its properties, such as
stability window, thermogravimetric data and conductivity, have been
documented by only one other group*®*”. The preceding work provided an in-
depth electrochemical analysis of Zn deposition in [Conmm][NTf,], where the
diffusivity of Zn and exchange current density determined as a function of H,O
concentration was completed. These results were correlated to the impact of
overpotential and water on morphology. The resulting microstructure, and
degree of preferential texturing were studied in detail with the addition of surface-
stress measurements during Zn growth. A novel study of IL purity was also
provided to show the effects of the IL alkylation—-anion exchange synthesis on

precursor impurities.
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11.2 Future Work
Following the examination of IL impurities, the addition of the effect of the IL
cation on Zn deposition is also of interest. As [Campy][NTf;] Batch (1) had the
lowest level of protonated n-methylpyrrolidine present and a lack of (100)
faceting in the morphology, therefore making it the ideal candidate for the study.
Initial work was done at varying Zn(NTf,), concentrations and H,O contents.
Figure 11.1 shows the morphology at 0.1M Zn(NTf;), and 1M Zn(NTf;),

deposited chronopotentiometrically at -0.5mA/cm? and -3mA/cm? respectively.
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Figure 11.1: [C.mpy][NTf.], (Batch 1) up to 1 C/cm?with 0.1 M Zn(NTf,), at -
0.5 mA/cm? and a magnification of 70 kx (a-c), and 1 M Zn(NTf,), (d-f) at -3

mA/cm? at 10 kx magnification.
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The melting temperature of [Campy][NTf,] is below -18 °C, therefore a full range
of H,O concentrations can be tested at room temperature. The Zn(NTf;),
solubility is also higher than [Conmm][NTf,] with a limit of 1.3M. There are
some differences to the [Conmm][NTf,] deposition morphology, most notably is
the ability to deposit of the 0.1 M Zn at a higher current density of -0.5mA/cm? as
well as the ability to deposit in the 1 M Zn at low H,O concentrations without
dendrites forming. The morphologies at both Zn concentrations are compared by
the ratio of Xy20/Xz, mole fractions. Increasing the H,O concentration increases

the crystallite size in both Zn contents which is tabulated in Table 11.1.

Table 11.1: Deposition parameters and crystallite size in [C4mpy][NTf,] +

0.1M/1M Zn(NTf,), corresponding to the morphology shown in Figure 11.1.

XH20/ Xz 2M 6 M 13 M
0.1 M Zn(NTf,),: V (-0.5mA/cm®) | -0.3 - -0.3— -0.2—
26V 24V -1.2V
Ave. Crystallite Size (nm) 50 80 150
0.1 M Zn(NTf,)2 V (-3mA/cm?) 056V [-031V |-011V
Ave. Crystallite Size (nm) 400 800 500-2000

A significant difference in crystal faceting is not seen at these charge densities,
however, similar results were seen [Conmm][NTf,]. A full analysis mirroring
what has been done in the [Conmm][NTf;], including determination of kinetic
and diffusion characteristics, and morphology dependence on overpotential, Zn

concentration and water content, would be a useful comparison to study the cation
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adsorption effect on the morphology. Analysis of a different cation under the
same conditions will give insight into the adsorption characteristics during
deposition. By additions of [Compy][NTf,] into [Conmm][NTf;] the structure of
the double layer will change. The alteration of the layered structure with these
additions and change the adsorption characteristics to obtain advantageous

preferential faceting.
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APPENDIX A

NMR ANALYSIS OF [C,mpy][NTf,] [C2sdmim][OTf]

146



The **C and *H NMR spectra for [Csmpy][NTf,] and [C.dmim][OTf] batchs
analyzed in Chapter 10 are shown below. The NMR was taken by Daniel
Mahlman and analyzed by Derek Wolfe. All batches are indistinguishable, with
the exception of [C,mpy][NTf,] Batch (6) which yields a spurious peak at 2.3 in
the 'H NMR. Some finer points about the spectrum are as follows. All [NTf,]~
ILs have two carbon signals that overlay and are presented in the inset. The
proton coupling in the C,mpy ILs is weak, producing peak broadening and low
resolution for the fine structure. The fluorine-carbon coupling is a quartet and is

seen in all ILs.
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Figure A.1: [Csmpy][NTf,] Batch (1) NMR spectra for left) *H and right) *C.
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Figure A.2: [C,mpy][NTf,] Batch (2) NMR spectra for left) *H and right) *C.

SpinWorks 3: butylmethylpyrrolidinium bistrifiimide with cap. tube of ACN/TH Works 3: butylmethylpyrrolidinium bistrifimide with cap. tube of ACN/TMS, *Batch 3"
L . EEG £z
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Figure A.3: [C.mpy][NTf,] Batch (3) NMR spectra for left) *H and right) *C.
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Figure A.4: [C,mpy][NTf,] Batch (4) NMR spectra for left) *H and right) **C.
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: butylmethylpyrrlidinium bistrifimid

Figure A.5: [C.mpy][NTf,] Batch (5) NMR spectra for left) *H and right) *3C.

butylmethylpyrrolidinium bistriflimide
(A

nith cap. tubs of ACN/TMS

Figure A.6: [C,mpy][NTf,] Batch (6) NMR spectra for left) *H with an

in D20, "Batch 7*

unidentified peak is present at 2.3, and right) *3C.

ylimidszolium triflste

W W

S

Figure A.7: [C,dmim][OTf] Batch (7) NMR spectra for left) *H and right) **C
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SpinWorks 3: buryldimethylimidszolium trifiate in D20, "Batch 8

SginWorks 3: butyldimethylimidazolium triflate in D20, "Batch 10° SpinWorks in D20, “Batch 10"

Figure A.10: [C4dmim][OTf] Batch (10) NMR spectra for left) *H and right) **C.
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This following is a manuscript that was submitted to the Journal of the
Electrochemical Society in August 2011. The study focused on the stress and
mass response to the electrochemical absorption of hydrogen in palladium thin
films. The work did not contribute to the narrative of the body of the thesis and is
better suited for an appendix. | am the first co-author on this article and I have
received verbal permission from the other co-authors, Thomas Heaton, Jordan

Kennedy and Cody Friesen to include this in my dissertation.
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Observations in the H-Pd{111} System via Stress and EQCM Measurements

E. L. Engstrom (Erika L. Engstrom), Th. Heaton (Thomas Heaton), J. K.
Kennedy (Jordan K. Kennedy), C. Friesen* (Cody Friesen)

Arizona State University, School for Engineering of Matter, Transport and
Energy

Engineering Center G-Wing

501 E. Tyler Mall

Tempe, AZ 85281
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Abstract

The under-potential deposition (UPD) & absorption of hydrogen in thin film
palladium (45-75nm) was investigated electrochemically utilizing both EQCM
and thin film stress measurement techniques. The total frequency change during
H absorption (desorption) as measured by EQCM is attributed to both an increase
(decrease) in mass, Afny, as well as the associated thin film stress evolution, Afs.
In order to deconvolute these two contributions the changes in the Pd{111} thin-
film stresses were measured directly by a high-resolution cantilever curvature-
based stress monitoring technique. Mass incorporation and stress generation due
to hydrogen absorption were recorded during cyclic voltammetric scans of
increasingly cathodic potentials as well as during chronoamperometric holds in
the hydrogen UPD region. The combination of stress measurements and mass

uptake due to hydrogen provided a measure of the partial molar volume of

hydrogen in the Pd thin films, Vlﬁ:ixpd =0.44 cm*/mol. Additionally, the occurrence

of hysteresis and dramatic changes in slope of stress vs. H concentration during
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saturation loading of thin films is explained in the context of elastic-plastic

transitions that occur in the film.

Introduction

The unique interaction between hydrogen and palladium has aroused great
scientific curiosity since it was discovered in 1866 that large amounts of hydrogen
could be absorbed by palladium®. The large solubility of H in Pd and the rapid
diffusion of H through Pd have led to a significant amount of interest in Pd and
Pd-based alloys as membranes*® and hydrogen storage materials®. Furthermore,
the rapid absorption of H in Pd generates a unique electrochemical response when

Pd is used as an electrode during hydrolysis of water’.

As with many metal/transition-metal systems, a process known as underpotential
deposition (UPD) occurs in both the H/Pt and H/Pd systems ®’. In the case of a Pt
electrode in an aqueous solution, the Pt surface catalyzes the reduction of H* as
the potential is swept cathodically to ~300 mV vs RHE and a single monolayer
(ML) of adsorbed H is formed®®. In this particular system, continued reduction
does not occur because the adsorbed monolayer screens the underlying Pt
electronic structure. The UPD monolayer of H is stable until the potential is
decreased below the reversible potential of H (0 V vs RHE) where bulk reduction
occurs to form molecular hydrogen. In the case of the H/Pd UPD system, a
unique process occurs due to the high solubility and diffusion rate of H in Pd
metal. Because the kinetics of proton reduction in the UPD regime are slower
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than the absorption kinetics of the previously adsorbed H, this process prevents
the completion of a full UPD monolayer®. Thus, the reduction wave due to H-
UPD is not limited to a single ML thickness as in the H/Pt system. In the results
presented here, this two-step hydrogen incorporation process of underpotentially
deposited hydrogen followed by its subsequent absorption into the Pd bulk will be

referred to as underpotential absorption (UPA).

The H-Pd UPA process leads to the two effects studied in this work: an increase
in electrode mass and the generation of compressive stress due to the diffusion of
H into Pd octahedral interstices and defect sites'®*. Both of these effects
contribute to the modification of the frequency signal that is measured using an
electrochemical quartz crystal microbalance (EQCM). Unfortunately, there is no
empirical method to separate the two contributions without an additional
experimental measurement. Previously, several studies on Pd thin films (100 —
400 nm) were completed using the EQCM technique to track the changes in the
frequency signal during absorption and desorption of H in Pd during

electrochemical cycling >**™**

. In these EQCM studies, the mass changes were
correlated to frequency changes measured directly from a quartz crystal resonator.
However, since the measured frequency of quartz crystal resonators are affected
by a variety of physical factors, EQCM frequency measurements on Pd thin films
cannot be directly converted to mass changes. Some of these factors are changes
in mass due to hydrogen ingress and egress, molecular and ionic adsorption, oxide

formation, density and viscosity changes of the near surface solution, thin film
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stress accumulation, as well as effects associated with the roughness of the

electrode surface'®?®

. In the case of a Pd thin film immersed in dilute aqueous
acid electrolyte, changes in frequency are limited to contributions from the mass
increase (decrease) from atomic hydrogen insertion (extraction), Af.,, and the
associated thin film stress evolution, Afs. Thus the measured frequency signal of
the EQCM is the sum of these two contributions

Af o = Af, + AF (1)

total
both of which are nonlinear and dependent on the electrode potential. That is, any
measurements of H uptake into Pd film electrodes must be adjusted properly to
account for non-negligible film stress induced frequency shifts. To this end, one
must consider the theoretical predictions of the frequency changes due to each
individual contributing factor. First, the frequency shift due to the mass change is
predicted by the well-known Sauerbrey equation and can be written as

—Am- f
Af =———, (2)

Pyt
where fy is the resonant frequency in Hz, 4m is the mass change in grams, pq is
the density of quartz (2648 kg/m?), and tq is the thickness of the crystal (0.0166
cm)*’. Additionally, EerNisse introduced a relation providing the frequency shift
due to stress accumulation in the film*®. This stress-induced frequency shift is

given by
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AT, —kAS o,

t, (3)
where k is a constant (-2.75 x 10™ m%N for the AT cut crystals used in this work),
and 45 is the surface stress in N/m. The surface stress relates to the average bulk
stress, oz , by Equation (4),

AS =0, -t,, (4)

where t; is the film thickness **. The frequency shifts due to stress and mass
changes cannot be deconvoluted without an additional independent measurement.
Accordingly, many previous studies of hydrogen absorption systems have relied
on electrochemical charge measurements to determine the amount of hydrogen
absorbed into the metal films, thus allowing for an indirect measure of film stress
after subtraction of Afy, from the total measured frequency change, Afiotar-
Another method, introduced by EerNisse and demonstrated by several other
groups, utilizes a second EQCM measurement with a different quartz crystal cut
(e.g. AT & BT) under the same conditions. The different frequency-stress
responses of the different crystal resonator cuts allow for the extraction of the

stress generated frequency change***%%°.

In this study, changes in the Pd{111} thin-film stresses were measured directly by
a cantilever curvature technique. This high resolution, real time stress monitoring
technique has been previously used in both ultra-high vacuum and
electrochemical environments®?%. Previously, the palladium hydrogen system
has been studied under a variety of conditions using the wafer curvature
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techniques™®?*3L, This stress measurement method monitors the stress induced

sample curvature, which is then converted to a stress-thickness product through

the Stoney Relation®*

Et;
6(1-v,)

AS = Ao, t,) = Ax, (5)

where ot and t; are the stress and thickness of the film, E , t, and v are the
elastic modulus, thickness, and Poisson’s ratio of the substrate, and « is the
measured curvature. By dividing the surface stress, 45, by the film thickness one

arrives at the average stress in a film.

For these investigations, the stress and EQCM experiments were performed
separately under identical conditions and were subsequently correlated through
the electrode potential from the voltammetric data. The top of Figure 1 is a
representative cyclic voltammogram of UPA of hydrogen in the H-Pd{111}
system. The corresponding gravimetric and stress responses are shown at the

bottom of Figure 1.
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Figure 1: (top) Cyclic voltammetry in 0.1 M H,SO, during UPA of H in a Pd{111} thin film.
(bottom) Stress and gravimetric responses during cycling shown in red and black,
respectively. The vertical dashed line marks the potential at which the anodic current sweep
passes through zero and the blue circles denote the corresponding stress, frequency and
current values at the zero current potential. Note that the frequency axis is reversed for
clarity. Scan rate of 20 mV/s.

The adsorption and subsequent absorption of hydrogen into the film results in a
large compressive stress that increases with increasing reduction charge.
Furthermore, the cathodic sweep potential limit of +50 mV vs. RHE does not
correspond to the maxima in either the stress or EQCM signals. Rather, both the
frequency shift and stress signals continue to increase in magnitude during the
anodic scan until the current reaches approximately zero, at ~+100 mV vs RHE.

At potentials positive of ~+100mV vs. RHE, the adsorbed hydrogen begins to
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oxidize and a chemical potential driving force is established for the diffusion of
absorbed hydrogen to the surface, resulting in the egress of the absorbed H*. As
can be seen in Figure 1, both the gravimetric and stress data exhibit significant
hysteresis with respect to electrode potential. With further anodic scanning, the
desorption of hydrogen returns the film to the initial stress state and frequency
value.

By coupling mass and stress evolution during cyclic voltammetry of
increasingly cathodic limiting potentials, we show that it is possible to
appropriately account for stress-induced EQCM errors and thereby obtain
agreement with accumulated hydrogen concentrations obtained from the
corresponding electrochemical charge data. We also demonstrate that the
combination of electrochemical and high-resolution stress measurements provides
a method for the determination of the partial molar volume of H in Pd.
Additionally, direct measurements of the saturation of H in Pd{111} thin films
during potentiostatic holds during UPA are presented. An analysis of the
mechanical response of the Pd during these saturation experiments yields insight
into the origin of the stress as it relates to elastic-plastic transitions within the thin

film.

Experimental

Stress Measurements

The in situ stress monitoring is carried out via a cantilever curvature based device
described previously®. The device is unique in that the measurement is made
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using a capacitive technique that provides sub-nanometer deflection sensitivity
and >1 kHz time base resolution®?*. The stress measurement cell has a
monolithic design that significantly reduces drift and sample placement error.

The cell holds both the capacitance sensor and vertically oriented cantilevered
electrode. The sample clamp has integrated gold contact pins for both the
electrochemical and capacitance sensing electrodes. Additionally, because the
sample holder, cell, and detector are in a single unit, calibration is easily
performed by orienting the cell so that the cantilever is normal to +/- Earth’s
gravitational field. Calibrating the measurement in this way removes the elastic
moduli of the cantilever and a squared term in cantilever thickness from the
relation between curvature and film stress, both of which are significant sources
of error in wafer curvature measurements. As noted earlier, the stress
measurements are often reported as a stress-thickness in units of N/m. The choice
of unit convention, however, depends on considerations related to the analysis and
physical process occurring at the electrode. For the discussion of molar volume
and the elastic-plastic response detailed below, it is convenient to consider the
average stress in the film during hydrogen absorption in units of MPa. For all

other cases, the results are given in stress-thickness units.

Electrochemistry

The electrochemical cell, Pt counter electrode, and all glassware utilized in the
experiment were cleaned in heated, concentrated baths of HNO3; and H,SO4
followed by rinsing in 18 MQ-cm water. In addition, the Pt counter electrode was

161



hydrogen flame annealed and rinsed again in the 18 MQ-cm water immediately
before being placed in the electrochemical cell. For all experiments, a saturated
calomel electrode (SCE) reference electrode (Princeton Applied Research —
Model # K0O077) was used. The working, reference and counter electrodes were
placed in the cell prior to the loading of the electrolyte. For each experiment, the
electrolyte was deaerated with high purity nitrogen gas and an overpressure was
maintained during the experiments. In all cases either a BASi Epsilon
Potentiostat (model # E2-020000) or Princeton Applied Research 263A
Potentiostat were used. Gravimetric monitoring was performed with a Maxtek
Inc. research quartz crystal microbalance and CHK-100 Kynar crystal holder
(sensitivity of 0.4 ng/cm?). For all experiments, the system consisted of a Pd thin

film with a strong {111} texture immersed in deaerated 0.1 M H,S0Oy.

Sample Preparation

The cantilever samples used during stress monitoring experiments consisted of a
160 pm thick, cleaned borosilicate glass substrate and patterned Pd{111} films.
The EQCM samples were comprised of a 5SMHz, 1 inch, AT cut quartz crystal
substrate with an as-received Cr/Au patterned film contact, on which a patterned
Pd{111} film was deposited. The Pd film for both stress and EQCM samples
were grown simultaneously under identical vacuum deposition conditions. DC
magnetron sputtering was used to deposit a 1 nm Cr adhesion layer followed by
75 nm or 45 nm of Pd for the cyclic voltammetry and saturation experiments,
respectively. A custom hard-mask was used to pattern all metal films and the
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surface areas of the stress monitor and EQCM working electrodes were 2.00 and

1.27 cm?, respectively.

Results

Experiments in both the stress monitor cell and the EQCM cell were performed
under identical conditions. Figure 2a shows the representative cyclic
voltammograms of the H-Pd{111} UPA process for cycles of increasingly

cathodic potential limits.
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Figure 2: (a) Voltammetry of H-Pd{111} UPA at 20mV/s scan rate. Corresponding results
of (b) Afiorr from EQCM and (c) Stress-thickness responses to UPA with the colors
corresponding to cathodic limit (green: 0.2V, blue: 0.15V, red: 0.1V, and black: 0.05V vs.
RHE.) Additionally, (d) the average bulk stress vs. concentration (H/Pd) is shown for the
0.05V cathodic limit cycle.
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Figure 2b displays the total frequency response, Afioal, to UPA loading where a
negative frequency corresponds to an increase in mass according to Equation (1).
Figure 2c is a plot of the stress-thickness response to UPA. As in Fig. 1 itis
observed that the maximum stress and minimum frequency in all cases occur
during the returning anodic scan when the net current passes through zero. The
maximum observed stress-thickness change corresponds to a strain of 0.035%.
Figure 2d shows a single stress-thickness curve converted to bulk stress as a
function of the concentration of absorbed hydrogen in hydrogen to metal ratio
(H/Pd). Note that while there is some hysteresis, both the cathodic and anodic
scans have approximately constant and equivalent slopes, allowing for the

extraction of the molar volume through a constitutive relation.

Figure 3a is a plot of frequency versus potential from the measured EQCM

frequency signal, Afia1, and frequency calculated from the stress signal (Eqg. 3),

Afe.
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Figure 3: a) Frequency vs. potential for the total frequency, Afio, from the EQCM (black)
the frequency calculated from the stress-thickness, Afgyress, (red) and the mass frequency, Af,,
calculated from Equation (1) (green). b) Mass calculated from Af, (black) and 4f., (green)
using the Sauerbrey Equation (Equation (2)) and mass calculated from electrochemical
charge, Q (orange).

The EQCM measures changes in frequency that can be contributed to the mass
uptake of H in Pd. However, calculating the mass from Afi.. alone using
Equation (2), yields mass values 3-4 times higher than what is expected by
calculating the mass from the electrochemical charge (Figure 3b). By converting
the measured stress-thickness values to an expected frequency shift using
Equation (3), it is evident that the stress contributes significantly to the total
measured frequency change, Afioa. As shown in Figure 3b, correction of the

EQCM signal with simultaneous stress measurements via this subtraction method
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yields mass values that correspond very well with electrochemical charge

calculations.

Experiments to examine the saturation of hydrogen in the UPA regime were
performed by holding chronoamperometrically at +20 mV vs RHE. Figure 4ais a
plot of both the stress-thickness response and the hydrogen-palladium ratio (H/Pd)

as calculated from the electrochemical charge as a function of time.
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Figure 4: (a) Time evolution of stress-thickness (black) and absorbed H concentration (red)
as calculated from the charge in the UPA regime. First, the Pd film was held at +0.5 V vs
RHE, followed by a potential step to +0.02 V for 900 s, then the potential was scanned back
to +0.5 V at 5mV/s. (b) Stress-thickness converted to bulk stress versus H/Pd from (a) where
the blue circle corresponds to the value of o calculated from Eqg. (9). The initial regions of
loading and unloading [A] and [C] have slopes of -7.8 GPa. After significant loading of H,
the slope changes to approximately -2 GPa in regions [B] and [D].
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Note that after approximately 400 seconds of loading, both the concentration and
stress signals approach constant values. Figure 4b shows the stress-thickness
signal converted to bulk stress as a function of H/Pd concentration from Figure 4a.
The bulk stress response shows clear hysteretic behavior in the Pd film with
respect to loading and unloading of H. Upon initial loading of H in Region A,
there is large compressive stress slope of ca. -7.5 GPa until the concentration of H
reaches approximately 0.05 H/Pd. At this concentration, there is a transition in
slope to a smaller value of -2GPa, which remains constant for the remainder of
saturation loading (Region B). Upon saturation of H in the Pd film, the
concentration is approximately 0.4 H/Pd. Unloading of H occurs in Region C and
Region D, which have slopes that are numerically equivalent and correspond to

Regions A and B, respectively.

Discussion

The results represented in Figure 1 and Figure 3 demonstrate the advantage of
using coupled electrochemical thin film stress and EQCM measurements.
Whereas most of the previous studies have published apparent molar mass or
average film stress measurements that have been inferred from electrochemical
charge and EQCM experiments, we show that stress-corrected mass
measurements agree well with mass increase associated with electrochemical
charge >**™. The agreement of these two measurements confirms the validity of
Equation (1) by adequately accounting for the total change in frequency as

measured by the EQCM. Similarly, Stafford and Bertocci applied a similar stress-
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corrected analysis to potentiodynamic scans of Pd overlayers on Au{111} films
using surface stress measurement and both AT- and BT-cut quartz crystal
resonators™®. They found that for even ultrathin Pd films, the EerNisse treatment
was in good agreement with the electrochemical charge. An additional advantage
associated with real time film stress measurements is the further insight that is
provided with respect to the potential dependent responses of the thin films to a
variety of physical processes and experimental details, including the partial molar

volume of hydrogen and elastic-plastic film stress behavior.

Partial Molar Volume of Hydrogen

The molar volume of an absorbate is an important thermodynamic parameter as it
describes the volumetric excess associated with the uptake of the species into the
absorbant. Figure 2d shows the bulk stress response as a function of H
concentration due to loading in the UPA regime. The change in instantaneous
elastic equibiaxial stress during loading is ca. -49 MPa at a change in
concentration of approximately ¢ = 0.01 H/Pd. The corresponding strain is

calculated using the appropriate equibiaxial modulus for the textured Pd{111}
. Pd _ . {113 -4 . . .
film (Myy; =287.7GPa)andis ¢;,” =1.7x107". The dilatation as a function

of concentration normally provides the partial molar volume of the interstitial
species, however, in the case of a thin film deformed in the elastic regime on a
thick substrate, the film is nominally ‘clamped’ in the plane. In this sense,

111} . o : :
€§,y }IS comparable to an epitaxial strain and is only observed through the
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associated stress. The Pd{111} film is not constrained in the out-of-plane
direction and with the boundary condition of o =0 the strain in the out-of-

plane direction can be calculated as

iy 2(011 +2C), - 2‘344) Q11
eyt =— Chanadl (6)
Cjp +2Cy, +4Cy,

where c;; are the components of the elastic stiffness tensor of Pd*. The ratio of
strain in the z to the strain in the x,y directions for Pd is calculated to be

ng} / 8%1} =1.006. The zero-stress dilatation is then A = 0.00051. Thus, the

effective partial molar volume of H in Pd for this case of a biaxially constrained

thin film is
\ 7 biax - A 3
V5% =Voq o 0.44cm” /mol (7)

where Vpd is the molar volume of Pd (8.56 cm®mol) and C is the atomic

concentration (c=0.01 H/Pd) of hydrogen in palladium®. The partial molar

vqume,VH_pd , of the unconstrained H-Pd system has been reported in the

literature to be 1.7 cm*/mol, although at greater concentrations of H, e.g. in the p-

phase region, a value of 0.4 cm*/mol was reported *. The difference between the

number calculated from our data, V"%, = 0.44 cm®mol, and the value reported in

Iiterature,VH_pd =1.7 cm®/mol, is related to biaxial clamping of the film to the
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substrate. In the case of a constrained film with ideal biaxial clamping, the
expected molar volume can be calculated as **

L o Qi .
VHbia;&theor :VPd%(VPd +Vi_pg )%{82 %{111& —Vpg = 0.59cm’* /mol .

X,y

(8)

Using the literature value for partial molar volume of the unconstrained H-Pd
system (Vi _pg = 1.7 cm®mol) and calculating the strain ratio WD from

Equation (6) using the known elastic constants, cjj, the theoretical value of the

—biax,theor

biaxially constrained partial molar volume of Hin Pdis Vh_ps = 0.59 cm*/mol.
The difference between the measured value and this predicted value is due to the
nanocrystalline nature of the Pd{111} thin film samples (D grin~45nm). Upon
absorption, H can occupy both grain boundaries or the interior region of the
grain®**°. H stored at grain boundaries exists as atomic hydrogen and induces
less deformation than hydrogen in the interior region®. Using the measured value
of 0.44 cm®/mol and an average grain size of 45nm, approximately 40% of the
absorbed hydrogen is likely stored at the grain boundaries. This is similar to the
findings of Weissmuller et. al. for hydrogen stored at the grain boundaries of

nanocrystalline Pd of grain size ~10 nm*.

Hysteresis During Saturation Loading/Unloading
Hysteresis of the type shown in Figure 4b is similar to the stress responses that
have been observed during temperature cycling of thin metal films “>*%. For

example, Nix demonstrated this type of behavior for Al and Cu films on Si
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substrates. In these investigations, the biaxial film stress is plotted as a function
of temperature (o-T), where thermal expansion mismatch between film and
substrate causes a change in thin film stress state. Similarly, the stress associated
with H loading and unloading of Pd is also dependant on the dimensional
constraints imposed by the substrate as well as the volumetric change associated
with H-uptake. In the case of the thermally induced strains, there is a point as the
temperature is increased beyond a critical value where the slope of o-T decreases
with increasing temperature, indicating a decrease in the rate of compressive
stress generation. This behavior is similar to that observed in transition from
Region A to Region B in Figure 4b where the stress-concentration slope changes
from -7.8GPato -2 GPa. Similarly, the unloading of H in Regions C and D
results in stress-concentration slopes that are identical to those in Regions A and
B, respectively. In the case of films constrained only by the substrate, the
dislocations are stored near the interface and at a large enough strain, the onset of
plastic flow occurs. The onset is indicated by the point at which the slope
changes in the o-T hysteresis and defines the critical yield stress for the

dislocation motion. This is given by

_ A3 2h) (3
% or-0-n)t, {(4_”'09(?)_(5)} (®)

where 4 is the elastic modulus, v is the Poisson’s ratio, t; is the film thickness and
b is the Bergers vector*’. From the data presented in Figure 4b, the value of o
was calculated using t; =45 nm and assuming the <011>{111} slip system. For

the case of H absorption induced stress accumulation, o, was found to be
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approximately -320 MPa and corresponds to a concentration of ¢ = 0.045 H/Pd
(denoted by a blue circle in Figure 4b). As shown in the figure, this stress value
coincides with the transition in the slope between Region A and B which occurs at
ca. -350 MPa and ¢ = 0.05 H/Pd. Furthermore, this behavior occurs at
concentrations of hydrogen that approach the transition from a purely a-phase Pd-
H to a mixture of both a- and p-phases of Pd-H. Recently, Shin et al. made
similar arguments related to the plastic behavior of a 1 nm thick Pd film, based on

observations in the stress response of the film to H saturation®".

Conclusion

Stress measurements and electrochemical quartz crystal microbalance
measurements were performed to study the response in the under-potential
deposition and absorption of hydrogen on thin films of Pd {111} (tr=45 &
75nm). The total frequency changes during H absorption and desorption are
attributed to changes in mass, Afy,, as well as thin film stress evolution, Afs. The
value Afs was determined directly from a high resolution, real-time cantilever
curvature stress monitoring technique in order to correct the total frequency signal
measured by EQCM. It was found that this method agrees well with hydrogen
uptake as determined from electrochemical charge measurements. Utilizing the

hydrogen mass and film stress measurements, a direct measure of the molar

volume of hydrogen in Pd, Vzafpd =0.44 cm®/mol, was obtained. Finally, the
existence of hysteresis and dramatic slope changes in the film stress

measurements during saturation of hydrogen in Pd films was correlated to elastic-
172



plastic transitions in thin films as observed previously during thermal cycling

experiments.
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