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ABSTRACT

Modeling and Characterization of Rate Phenomena in Complex Electrochemical
Systems: Sodium-Metal Chloride Batteries and Ni/SiC Co-Deposition

Damla Eroglu

In the first part of the dissertation (Chapters 3-5), the effect of a cationic
dispersant, polyethyleneimine (PEI) on the co-deposition of micro and nano SiC particles
with nickel is characterized and modeled. A major challenge in Ni/SiC co-deposition for
wear-resistant coatings is that the dispersants that are used to stabilize the particles in the
electrolyte to ensure high and uniform particle incorporation into the deposit can
significantly affect the electrodeposition kinetics. To overcome this challenge, studies of
particle dispersion and electrodeposition are integrated. The effect of PEI on the
electrodeposition of Ni/SiC composites is characterized as a function of SiC and PEI bath
concentration, current density, rotation speed, molecular weight of PEI and particle size.
A pre-coating procedure, in which SiC particles are pre-coated with PEI in a different
electrolyte prior to plating, is described. With the pre-coating procedure, high particle
stability in the plating bath is obtained. In addition, a significant increase on the SiC
incorporation rate is seen without any substantial decrease on the current efficiency for
both micro- and nano-composites. Furthermore, using pre-coated particles in the presence
of a leveling agent is found to be advantageous relative to the direct addition of PEI into
the electrolyte. The efficacy of employing the pre-coating procedure in manufacturing,
where plating baths need a long life, is also found to be satisfactory. The use of pre-

coated SiC particles changes the morphology, decreases the surface roughness and



increases the hardness of the deposits for both particle sizes. Finally, a mathematical
model of the co-deposition is proposed. The rate of incorporation is proportional to the
residence time, inversely proportional to the burial time, and is proportional to the
number density of particles on the surface. These times are influenced by the
hydrodynamics, particle size, current density, and concentration of dispersants. SiC
incorporation increases with the introduction of PEI due to an increase in the residence
time of the particles on the surface.

In the second part of the dissertation, a sodium-metal chloride battery, which is
another important complex electrochemical system, is studied. A one-dimensional
mathematical model of the porous cathode of a sodium-iron chloride battery for an
isothermal, constant-current discharge-charge cycle is presented. In sodium-iron chloride
batteries, it is desirable to maintain low FeCl, solubility to minimize redistribution of
active material in the cell. However, the iron chloride is sparingly soluble, and with
increased cycling, it does redistribute. None of the previous models can predict this
movement of the metal that takes place in the cell with increased cycling that can cause
the failure of the cell. An advance offered by the model presented is that it accounts for
the change in the solubility of FeCl, within the cell and predicts the relocation of the iron
by including the flux of a sparingly soluble ferrous complex. For instance, the model
predicts that at the end of the fifth cycle, the iron amount decreases by ~1% near the

sodium tetrachloroaluminate reservoir.
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CHAPTER 1

INTRODUCTION

1.1. Ceramic Particle Incorporation Into Electrodeposited Films

1.1.1. Ni/SiC Co-Deposition Overview

The use of nickel/silicon carbide composites as coatings has attained a great
significance in the last decade as a result of their high anti-wear, hardness, and anti-
corrosion properties [1-17]. Electrochemical deposition of nickel and silicon carbide as a
means of producing these composites has the advantage of low cost and operating
temperature [13].

The schematic diagram of the co-deposition process can be seen in Figure 1.1.
During co-deposition, SiC particles are incorporated into the growing Ni film in the
presence of dispersants and plating additives. Dispersants are added to stabilize the
ceramic particles in the electrolyte whereas plating additives are present to control the
final film properties [18]. The hydrogen evolution reaction is inevitable during Ni
deposition because of its thermodynamic potential. Therefore the current efficiency,
which is the percentage of the total current that goes into nickel deposition, is significant
[18]. The reactions on the electrode surface are:

Ni** +2¢” —Ni (1)
2H" +2¢” —H, 2)
with thermodynamic cell potentials of -0.46 V and -0.49 V vs Ag/AgCl at a pH of 4.4,

respectively [19].
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Figure 1.1. Schematic diagram of Ni/SiC co-deposition. SiC particles are incorporated

into growing Ni film in the presence of dispersants and plating additives.

The amount and uniformity of the SiC particles in the deposit have an effect on a
film's tribological and mechanical properties. Therefore, improving the dispersion of SiC
particles in the plating bath and controlling the amount of SiC particles co-deposited with
nickel are two keys to obtaining enhanced composite properties [13]. Previous studies
show that the amount of SiC particles in the deposit depends on the particle
characteristics (size, surface properties, concentration), operating parameters (current
density, temperature, hydrodynamics, electrodeposition technique) and plating bath
properties (bath type, concentration, pH, presence of dispersion and plating additives)

[10, 16].



The effect of ceramic particle concentration in the plating bath is one of the most
commonly investigated variables [1, 3-9, 11, 14]. In most of the studies, it is observed
that the volume fraction of SiC in the film increases with increasing SiC bath
concentration up to a point, and does not change any further at higher concentrations.
Current density has also been widely investigated [1, 7, 8, 12, 14]; however, its effect
depends on the other system variables such as particle type and size and rotation speed,
and generalized trends have been difficult to ascertain. Agitation in the plating bath also
has a significant effect [7, 8, 20]. It is seen that the amount of ceramic particle in the
deposit increases with increasing stirring rate up to an optimum value, and beyond this
rate of stirring, any further increase in mixing causes the SiC incorporation to decrease.

The size of the ceramic particle is another variable that affects the co-deposition
significantly; nano-particle composites often have superior mechanical and tribological
properties compared to micro-particle composite films [5, 10, 21, 22]. However, lower
SiC fractions in the deposit have been seen for these smaller particles [5, 10]. Decreasing
the agglomeration of the particles in the electrolyte and increasing the particle

incorporation into the deposit are two main challenges for nano-composites.

1.1.2. Previous Studies on Ni/SiC Co-Deposition in the Presence of Dispersants

The type and concentration of the dispersion additive plays a crucial role in co-
deposition. Stabilization of the particles in the plating bath can result in higher and more
uniform ceramic particle incorporation [5, 6, 8, 11, 12, 14]. Both cationic and anionic
dispersants are investigated in the literature for Ni/SiC co-deposition as shown in Table

I1.1.



Cationic additives not only prevent the agglomeration of the ceramic particles but
also result in more positively charged SiC particles with higher affinity to the cathode [5,
11, 12, 23]. In most of the studies it has seen that ceramic particle amount in the deposit
increases with increasing dispersant concentration in the plating bath [1, 5, 6, 14, 23].
However, some of the studies show that increasing the additive concentration beyond an

optimum leads to a decrease in SiC volume fraction [11, 12].

Table 1.1. Dispersants investigated in the literature for Ni/SiC co-deposition.

Anionic Dispersants Cationic Dispersants
Sodium dodecylsulfate [1, 23] Cationic surfactant AZTAB [11, 12]
Sodium hexanitrocobaltate [14] Cetyltrimethylammonium bromide [5, 6]
Xanthan gum [8] Hexadecylpyridinium bromide [23]

Polyethyleneimine (PEI) is a cationic polymer that was previously investigated as
a dispersant for aqueous SiC suspensions [24-28]. These studies indicate that PEI is an
effective dispersant for SiC particles in aqueous media [24, 26, 28]. In addition to
dispersion studies, PEI has also been investigated as a suppressor in copper and nickel
electrodeposition [29, 30]. However, the effect of PEI on Ni/ceramic particle co-

deposition has not been investigated.




1.1.3. Previous Studies on the Modeling of Ceramic Particle Incorporation into
Electrodeposited Films

Although there are many experimental studies on ceramic particle incorporation,
mechanistic studies have been somewhat limited [8, 14, 31-37]. The effect of critical
variables such as ceramic particle bath concentration, current density, hydrodynamic
conditions, and particle size are known as described in the previous section. Yet,
qualitative experimental trends may be difficult to predict, and explaining these effects
theoretically is still a major challenge [8, 14, 31-37]. The existing models in the literature
explain the incorporation mainly through the emphasis of (1) electrophoresis, (2)
mechanical entrapment, (3) particle adsorption, or (4) mass transfer [16, 36].

Guglielmi has proposed a mechanism based on a two-step adsorption process
[32]. In the first step, the particles are loosely adsorbed on the cathode. This step is purely
physical in nature. Guglielmi proposed that the loosely adsorbed particles are in
equilibrium with the suspension and therefore the loose adsorption coverage can be
expressed with a classical Langmuir adsorption isotherm. In the second adsorption step,
some fraction of these loosely adsorbed particles is incorporated irreversibly into the
metal film. This second step takes electrophoresis into account and depends on the
electrode overpotential [32]. Guglielmi's model has been adopted by many researchers.
For instance, Celis and Roos [34] have suggested that the model is valid for the
incorporation of Al,Oj3 particles into copper films. In their study, it was concluded that
the second adsorption step is rate-determining [34]. Guglielmi's model describes the
effect of ceramic-particle bath concentration and current density on the incorporation

rate, however it does not include hydrodynamic effects and is not readily extended to



account for particle characteristics [16]. Bercot et al. [31] modified Guglielmi's model by
incorporating a corrective factor which is a function of the rotation speed and particle
bath concentration. Hwang and Hwang [36] also developed a mechanism based on the
work of Guglielmi. The model proposed that the particles in the suspension are
surrounded by an adsorbed layer of ions. These particles are incorporated into the metal
film through a three-step process: (1) forced convection to the electrode, (2) loose
adsorption on the electrode surface and (3) irreversible incorporation as a result of
reduction of the adsorbed ions on the particle [36].

Celis et al. [34] have also described the incorporation process by the formation of
an adsorbed layer of ions around the particles, mass transfer, and irreversible
incorporation of the particles by the reduction of adsorbed ions. The model is based on a
statistical approach; with a probability of particle incorporation assumed to be a function
of the amount of adsorbed ions on the particle.

Fransaer et al. [35] have used trajectory analysis to model the incorporation of
non-brownian particles on a rotating disk electrode. In their model, a force balance on the
particle near the surface defines the incorporation rate. If the sum of the stagnation and
adhesion forces on the particle is larger than the shear force, the particle is immobilized
and gets incorporated. Maurin and Lavanant [8] also adopted the Fransaer model to
explain the effect of rotation speed on the incorporation rate.

Vereecken et al. [33] developed an incorporation model based on convective-
diffusion of the particles to the electrode surface. At low current densities, a particle on
the surface is either incorporated or desorbs, whereas at large current densities all the

particles on the surface are assumed to be buried in the growing metal film. Shao et al.



[37] modified Vereecken's mechanism by accounting for a gravitational force acting on

the particles in the reverse direction of the diffusion force.

1.1.4. Scope of Current Work

A key challenge in electrolyte design for Ni/SiC co-deposition is that dispersants
that improve the stability of the particles may also have a significant effect on the
electrodeposition kinetics. This may impact the robustness of the process especially for
complex geometries and may lead to hydrogen embrittlement, a concern for many
applications. To overcome this challenge, studies of particle dispersion and
electrodeposition need to be integrated.

In the first part of this dissertation, the effect of a cationic polymer,
polyethyleneimine (PEI) on Ni/SiC co-deposition is discussed. An integrated research
methodology that considers both particle dispersion and electrodeposition in the presence
of PEI is described. Chapter 3 discusses the incorporation of micron-sized (1 pm) SiC
particles into Ni film in the presence of PEI. The effect of PEI concentration and
molecular weight on the SiC incorporation in the deposit is examined. In addition, the
effect of system variables such as SiC bath concentration, current density, and rotation
speed on the SiC incorporation in the deposit is explored. A pre-coating procedure, in
which significant increase in SiC incorporation and high particle stability in the plating
bath is seen without any decrease in the current efficiency, is described. In addition, the
efficacy of the pre-coating procedure after significant bath aging and in the presence of a

leveling agent is discussed.



In Chapter 4, the pre-coating procedure described in Chapter 3 for micro-particle
composites is extended to nano-particle incorporation. The effect of pre-coating on
Ni/SiC co-deposition is characterized based on current efficiency measurements and the
SiC fraction in the deposit. Finally, the morphological properties of the micro- and nano-
composites are compared.

After the effect of PEI on the incorporation of micro and nano SiC particles into
Ni is discussed in Chapters 3 and 4, a model that describes the Ni/SiC co-deposition in
the presence of PEI is proposed in Chapter 5. Although previous mechanisms proposed in
the literature explain the effect of system variables such as current density and SiC bulk
concentration, none discuss the effect of a dispersant on the incorporation rate. In Chapter
5, a mass-transfer/adsorption model of Ni/SiC co-deposition on a rotating disk electrode
that provides a framework to interpret the increase of the incorporation rate due to a
cationic dispersant is proposed. The effect of current density, rotation speed, SiC bath
concentration and particle size on the incorporation rate is used to test and validate the

model.

1.2. Modeling of Reaction Kinetics and Transport in the Positive Porous Electrode

in a Sodium-Iron Chloride Battery

1.2.1. Sodium-Metal Chloride Batteries Overview
Advanced secondary battery technologies have been investigated for well over a
decade due to diverse applications, which appear to be continuously increasing. Sodium-

beta batteries are high-temperature secondary battery systems, with significant promise



for high-energy density applications requiring long cycle life [38-49]. The main
characteristic of these cells is the use of liquid sodium and a "-alumina (B"-Al,O3) solid
electrolyte [38-50]. The two most common sodium-beta batteries are the sodium-sulfur
battery [51] and the sodium-metal chloride battery [38]. Sodium-metal chloride batteries
have superior properties over sodium-sulfur batteries such as higher open-circuit cell
potentials, wider operating temperature range, safer reaction products, less risk of
metallic corrosion, more tolerance to overcharge and overdischarge and a safer failure
mode [43, 49, 50]. Sodium-metal chloride batteries also have zero self-discharge and are
unaffected by the ambient temperature [44, 48].

The sodium-metal chloride battery contains a liquid sodium electrode and a B"-
alumina solid electrolyte, like the sodium-sulfur battery [38-49]. It also contains a
second, molten salt electrolyte, sodium tetrachloroaluminate (NaAlCly), and a porous
metal/metal chloride electrode [38-49]. The B"-alumina solid electrolyte only allows Na"
ions to pass and it has essentially zero electronic conductivity [47-49]. The liquid
electrolyte connects the ceramic electrolyte to the metal-chloride electrode for the rapid
transport of Na™ [38-49].

The schematic diagram of a sodium-metal chloride cell is seen in Figure 1.2.
There is a positive current collector in the middle of the cell surrounded by the cathode,
which consists of the electrode matrix (metal/metal chloride and NaCl) impregnated with
molten NaAlCly. The cathode fills the f"-alumina tube, which separates the liquid sodium
anode from the cathode. The sodium anode resides between the B"-alumina tube and the

steel outer case, which also acts as the negative current collector [38-50, 52, 53].
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These batteries operate in the range of 270-350 °C since high temperatures are
needed to melt the sodium tetrachloroaluminate [38, 41, 48, 49]. In addition, the
resistance of the solid electrolyte is low in this temperature range [41, 47-49]. An
important feature of these batteries is that even at these high temperatures, the electrodes

and the liquid electrolyte do not cause high pressures inside the cell [38].

© ®

S~

+ current collector

cathode

~_ (metal/metal-chloride matrix
+ molten NaAlICl, electrolyte
+ NaCl precipitates)

T~ beta-alumina ceramic electrolyte

™ anode (liquid sodium)

S~

steel cell case (- current collector)

Figure 1.2. Schematic diagram of a sodium-metal chloride cell.

Metal chloride cells are assembled in the discharged state by mixing the metal
powder with NaCl in the positive electrode and adding the salt electrolyte as a dry
powder to the mixture. After heating the cell to the operating temperature, it is then

charged to generate the liquid sodium and metal chloride [42-46, 49]. Iron chloride and
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nickel chloride are the most common electrodes used in these cells [38, 40, 41, 49]. In the
second part of this dissertation, the iron chloride electrode is considered.

During discharge, sodium ions migrate through the ceramic electrolyte from the
negative electrode and then transferred to the positive electrode through the sodium
tetrachloroaluminate. Sodium reacts with iron chloride on the electrode to produce
sodium chloride and iron. The battery is fully discharged when there is no iron chloride
left in the cell [38-49, 52, 53]. The reverse of this process occurs during charging. The

overall cell reaction is (1):

DISCHARGING

2Na + FeCl, o 2NaCl + Fe 3)

GING

with a thermodynamic cell potential of 2.35 V at 250 °C [38, 39, 41, 44, 49, 54, 55].
Sodium tetrachloroaluminate is a mixture of two binary molten salts, NaCl and
AICls, and the apparent concentration ratio of NaCl to AlCl; determines the solubility of
FeCl, in the electrolyte [56]. NaCl-rich melts are typically used [52, 54, 56], in part
because it is desirable to maintain low FeCl, solubility to minimize redistribution of
active material. Nevertheless, the iron chloride is sparingly soluble, and with increased
cycling, it does redistribute. The migration of the metal in the cell results in a loss in the

performance of the battery, and may be a crucial failure mechanism [46, 49, 54, 57, 58].

1.2.2. Previous Studies on the Modeling of Sodium-Metal Chloride Batteries

In the literature, there are many studies on battery modeling [52, 53, 55, 59-67].
Modeling of the reaction kinetics and transport processes in the cell is critical to predict
the change of cell potential with the depth of discharge and to evaluate the outcomes of

the changes in design parameters that affect the battery performance [52, 65]. Although
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there are many studies on the modeling of secondary lithium batteries [59, 60, 62-64], the
modeling of sodium-metal chloride batteries is more limited [52, 53, 55, 65]. Sudoh and
Newman [52] discuss a very detailed model of a discharge-charge cycle of a Na/B"-
AL O3/NaAlCly/FeCl, battery based on the macroscopic theory of porous electrodes [68]
and concentrated solution theory [69]. In their model, the precipitation/dissolution rate of
NaCl is taken into account. In addition, the mass transfer of the soluble ferrous complex
is included in the electrode rate reaction [52], however they do not allow for
redistribution within the cell via transport of the iron species through the electrolyte.
Bloom et al. [55] simulated the discharge of sodium-nickel chloride cells with a
model that does not include the solubility of NiCl, and NaCl. Orchard and Weaving [65],
also published a model describing the discharge of sodium-iron chloride cells. In this
study, the solubility of FeCl, and NaCl were not considered. Vallance and White [53],
modified Sudoh and Newman's model and created a two-dimensional model for a fluted

B"-alumina tube.

1.2.3. Scope of Current Work

In sodium-metal chloride batteries, the important battery characteristics such as
the battery performance, reliability and cycle life, depend mainly on the porous cathode.
Therefore, in order to improve these properties, a better understanding of reaction
kinetics and transport processes in the cathode is essential. The degradation mechanisms
in the cathode, which cause the battery to fail with increased cycling, also need to be
studied. Because of these reasons, electrochemical models of the porous cathode with

improved reaction and degradation mechanisms and transport processes are required.
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In Chapter 6, a mathematical model of the porous cathode of a Na/B"-
Al,O3/NaAlCly/FeCl, battery during a discharge-charge cycle is presented. The cathode
is modeled using the macroscopic theory of porous electrodes [68]. Transport processes
are modeled using the Pollard and Newman's [69] concentrated-solution theory for a
mixture of two binary molten salts in a porous electrode. Although the previous models
[52, 53, 55, 65] are successful in defining the kinetics and transport in the cathode, none
of them can predict the redistribution of material in the cathode [46, 49, 54, 57, 58]. An
advance offered by the model described in this dissertation is that it accounts for the
change in the solubility of FeCl, within the cell and predicts the relocation of the iron.
Therefore, it provides an insight into one of the degradation mechanisms in the metal-

chloride batteries.
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CHAPTER 2

EXPERIMENTAL

2.1. Characterization of Watts Nickel Bath Containing SiC and PEI

All experiments were conducted on a platinum rotating disk electrode (RDE) with
a diameter of 0.5 cm. Before each experiment, a thin layer of nickel was deposited on the
RDE at a current density of -10 mA cm™ for 30s. The cell used in the experiments was a
250 mL jacketed beaker. A nickel rod (99.5%) was used as the counter electrode. The
reference electrode was a Ag/AgCl (3M NaCl) electrode. Watts solution (300 g L™
NiS04.6H,0, 35 g L™ NiCl.6H,0, 40 g L™ H;BOs) was used as the plating bath. The pH
of the solution was adjusted to 4.4 at room temperature using 1 M NaOH. The
temperature was kept constant at 50 °C during experiments by the use of a circulating
water bath. The experiments were conducted with 1 um SiC particles (Alfa Aesar, beta-
phase, 99.8%) at concentrations of 20 or 50 g L™ in the plating bath [1-11].

In order to investigate the effect of PEI on the electrochemical kinetics, a Watts
solution with 20 g L' SiC and two different molecular weights of polyethyleneimine, M,
60000 (Acros Organics, 50 wt% aqueous soln, branched) and M,, 1200 (Sigma-Aldrich,
50 wt% soln in water) were characterized through linear sweep voltammetry and current
efficiency experiments. PEI concentrations of 0-20 g L™ were added to the Watts bath
containing SiC particles. The solutions were stirred for 1 h followed by sonication for 12
min prior to each experiment. Linear sweep experiments were conducted between -0.6 V
and -1.2 V with a sweep rate of -0.5 mV s"'. The experiments were carried out with a

rotation speed of 2500 rpm. Current efficiency was determined from stripping
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experiments in 0.2 M HCI solution using Faraday's law by measuring the time to strip the
nickel film at a current density of 50 mA cm? [12].

The zeta potentials of the SiC particles were measured using a Zeta-meter 3.0+
unit. The measurements were done at a pH of 4.4 in 0.01 M NacCl solution for PEI 1200

and PEI 60000 concentrations of 0 and 1000 ppm.

2.2. Co-deposition of Ni/SiC Micro-Composites

Table 2.1 summarizes the experimental parameters used in the co-deposition
studies for micro-particles. The electrolyte was stirred for 1 h at 300 rpm and then
sonicated for 12 min prior to plating since uniform deposits could not be obtained with
less stirring. Before each experiment, a layer of Ni was deposited on the cathode by
applying -10 mA cm™ for 30 s. The films were sonicated for 5 min in distilled water after
each plating experiment to eliminate any loosely incorporated SiC particles. The
composites were characterized by scanning electron microscopy (SEM) with an energy-
dispersive X-ray spectroscopy (EDX) system in order to measure the weight percentage
of the ceramic particles in the deposits. The measurements were done at 5 different points
on the same deposit to get an average SiC wt%.

The effect of preparation of the plating solution was also investigated in the
presence of PEI 60000. The plating solution was prepared by the addition of 200 ppm
PEI 60000 to a Watts solution containing 50 g L™ SiC and stirred for 1 h and sonicated
for 12 min as described above. To test the ability of making solutions in advance, the
prepared solution was shelved for a day. On the second day, the plating experiment was

conducted after 15 min of stirring. The incorporated SiC amount of this experiment was
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11.9 vol% (and was 11.6 vol% from a fresh electrolyte). This result suggests that the
solution can be prepared in advance, possibly an important consideration in a

manufacturing environment.

Table 2.1. Experimental parameters in Ni/SiC co-deposition studies.

Electrolyte Composition (Watts bath)

NiSO,.6H,0 300 gL
NiCl,.6H,O 35g L7
H;BO; 40gL"
SiC powder (1 pm) 20,50 g L

Electrodeposition Conditions

pH 4.4

Temperature 50 °C

Substrate Brass disc (diameter 1 cm)
Anode Nickel rod (99.5%)

RDE rotation rate 100, 400, 900 rpm

Magnetic stirring rate 200 rpm

Current density 10, 25, 50, 100 mA cm™ (DC)
Duration of plating 50, 20, 10, 5 min

PEI concentration 0, 10, 50, 75, 100, 200, 1000 ppm




22

In some experiments, the SiC particles were pre-coated with PEI 60000 or PEI
1200 prior to introduction into the plating bath. Here, 20 g L™ SiC was stirred for 1 h and
sonicated for 12 min in the presence of 1000 ppm PEI in a Watts bath or 0.1 M Na,SO4
solution at room temperature. After the SiC particles are pre-coated with PEI, the solution
was centrifuged and the supernatant was removed. Then, fresh Watts solution was added
to the PEI-coated SiC particles, pre-coated in Watts bath (W-PEI-coated SiC) or in 0.1 M
NaSO4 bath (SS-PEI-coated SiC), to make a 20 or 50 g L SiC solution. The solution
was then stirred again for 1 h and sonicated 12 min at 50 °C prior to the plating

experiments. Figure 2.1 describes the procedure for this particle-preparation method.

PEl-coated SiC in

20 g LtSiC 1000 ppm PEI 60000/ PEI 1200
, Watts Bath
/ (W-PEIl-coated SiC)
. Centrlfugatlon * +
+
= Supernatant
+

is removed

Pre-coating SiC in Watts Bath
1 h stirring & 12 min sonication

PEl-coated SiC in
1000 ppm PEI 60000 0.1 M Na,SO, Soln

/ (SS-PEl-coated SiC)

20 g L1SiC

= Centrlfuga‘non

= Supernatant
is removed

Pre-coating S|C in 0 1 M Na,SO, Soln
1 h stirring & 12 min sonication

Figure 2.1. Experimental procedure of pre-coating SiC micro-particles with PEI.
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In order to test the suitability of pre-coated particles in a manufacturing
environment where the electroplating process is not used continuously and caking of the
particles would render their use unacceptable, a plating bath containing 50 g L' W-PEI-
coated micro SiC particles was stored for a week. On the second and seventh day, plating
and CE measurements were conducted after just 15 min stirring at 300 rpm.

In some of the experiments, coumarin, which is a commonly used leveler in Ni
plating, was used in the plating bath [13]. In the first series of studies, 100 ppm of
coumarin was added to the plating solution at the same time with 200 ppm PEI and 50 g
L SiC micro-particles. In the second set, 100 ppm coumarin was added to the plating
bath containing pre-coated SiC micro-particles (50 g L™ SS-PEI-coated SiC). The effect

of coumarin on SiC incorporation was investigated and compared for the two cases.

2.3. Co-deposition of Ni/SiC Nano-Composites

All plating experiments were performed on a brass rotating disk electrode (RDE)
with a diameter of 1 cm. A thin layer of Ni (=10 nm) was deposited on the brass RDE
before each experiment by applying -10 mA cm™ for 30 s. A nickel rod (99.5%) and
Ag/AgCl (3 M NaCl) electrode were used as the counter and reference electrodes,
respectively. A Watts solution (300 g L™ NiSO4.6H,0, 35 g L' NiCL.6H,0, 40 g L™
H;BO3) was used as the plating bath. The pH of the Watts bath was adjusted to 4.4 at
room temperature using 1 M NaOH. The solution temperature was kept constant at 50 °C
during electroplating using a circulating water bath. The experiments were conducted
with 45-55 nm SiC particles (Alfa Aesar, beta-phase). Polyethyleneimine of 60000

molecular weight (Acros Organics, 50 wt% aqueous solution, branched) was used as a
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dispersant. All plating experiments were conducted at a current density of -50 mA cm™, a
rotation speed of 100 rpm and a magnetic stirring speed of 200 rpm. The thickness of the
films was around 10 pm.

Nano-particles were washed with ethanol before each experiment, since the
highly hydrophobic surfaces of these particles otherwise caused them to float on the
surface of the bath. The effect of PEI on nano-particle incorporation was investigated for
two different cases. In the first scenario, PEI was added directly to the plating bath with
the nano-particles. The plating was conducted after stirring the electrolyte for 1 h at 500
rpm, followed by sonicating for 30 minutes. In the second approach, nano-particles were
pre-coated with PEI prior to plating. The pre-coating procedure that was described for the
micro-particles in the previous section was modified for nano-particles. Here, 20 g L™
SiC and 500 ppm PEI were stirred for 1 h at 500 rpm and sonicated for 30 min in either
0.1 or 0.5 M Na,SOy solution or in ethanol at room temperature. After the nano-particles
were pre-coated with PEI, the solution was centrifuged and the supernatant was removed.
The pre-coated particles (0.1SS-PEI-coated SiC, 0.5SS-PEI-coated SiC and EtOH-PEI-
coated SiC) were then added to a fresh Watts solution to make a 50 g L' SiC solution.
The solution was then again stirred for 1 h at 500 rpm and sonicated for 30 min prior to
plating. Figure 2.2 is a schematic diagram outlining the pre-coating procedure for the
nano-particles.

The SiC fraction in the deposit was measured using energy-dispersive X-ray
spectroscopy (EDX) connected to a Hitachi 4700 scanning electron microscope (SEM).
The SiC fractions were measured at 5 different points on the same deposit to get an

average value. Si mapping of the composite films were also done using the EDX. The
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surface roughness of the deposits was measured using an Alpha-Step 1Q surface
profilometer. To calculate the average roughness R,, surface roughness measurements
were conducted at 3 different points on the same deposit with a scan speed of 20 pm s™
over a scan length of 2 mm. The Vickers hardness of the films was measured using a
Leco LM 100 microhardness tester with a load of 25 gf. The average of 10 measurements

was taken for the same deposit.

PEl-coated SiC in

20 g L'1 EtOH Na,SO, Soln
washed nm SiC 500 ppm PEI (0.1MSS-PEl-coated SiC)
0.5MSS-PEl-coated SiC)

= Centrifugation - +
— +
= Supernatant

+

is removed

500 ppm PEI PEl-coated SiCin
Ethanol
(EtOH-PEl-coated SiC)

= Centrifugation +
—_—>

= Supernatant
is removed £

Pre-coating nm SiC with PEI
1 h stirring & 30 min sonication

Figure 2.2. Experimental procedure of pre-coating SiC nano-particles with PEI.
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CHAPTER 3°
ELECTRODEPOSITION OF Ni/SiC MICRO-COMPOSITES IN THE

PRESENCE OF POLYETHYLENEIMINE

In the first part of this dissertation, Ni/SiC co-deposition, a complex
electrochemical system that caries significant importance for industry, is explored. The
enhanced mechanical and tribological properties of Ni/SiC composites depend to a great
extent on the amount and uniformity of the ceramic particles in the deposit. High and
uniform SiC incorporation is a strong function of the stability of the particles in the
plating solution. A major challenge in these studies is that the dispersants that are used to
stabilize the suspensions can affect the electrodeposition significantly. In this chapter, the
effect of PEI on the co-deposition of 1 um SiC particles with Ni is discussed as a function
of SiC and PEI bath concentrations, molecular weight of PEI, current density and rotation

speed. Finally, a pre-coating procedure for SiC particles with PEI is described [1].

3.1. Results and Discussion

3.1.1. Effect of PEI 60000
The polarization curves for a Watts bath containing 20 g L' SiC and varying PEI
60000 concentrations are shown in Figure 3.1. From the figure, it can be seen that the

addition of the polymer at low concentrations does not create any significant inhibition of

" D. Eroglu, A. Vilinska, P. Somasundaran and A. C. West, Journal of the
Electrochemical Society, 160, D35 (2013).
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nickel deposition except at small overpotentials. In contrast, when the polymer is added
at concentrations of 1000 ppm or more, there is a significant shift in the potentials
presumably due to adsorption of the polymer onto the electrode, effectively reducing the
number of available sites where charge transfer can occur. Above this concentration of
PEI, the inhibition saturates and remains nearly the same for all PEI concentrations. This
suppression of PEI on nickel deposition rate has also been explained in the literature by
an ion-pairing interaction between the cathode and the polymer that blocks the electrode
surface [2]. Another reason of this inhibition may be the interaction between charged

imine groups on PEI and the nickel ions [3].
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Figure 3.1. Polarization curves for a Watts solution containing 20 g L™ SiC and different

PEI 60000 concentrations. In all cases the disk rotation speed was 2500 rpm.
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In order to further quantify the inhibition of PEI on nickel deposition, current
efficiencies at different current densities were measured, and results are shown in Figure
3.2. It can be observed that for both current densities, for concentrations higher than 200
ppm current efficiency decreases significantly, with the majority of the current resulting
in hydrogen evolution instead of nickel deposition. These low current efficiencies are
unlikely to result in optimal films especially when implemented on parts with complex
geometries, and therefore the polymer should only be added into the plating solution up

to 200 ppm without affecting the electrodeposition in a negative manner.
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Figure 3.2. Current efficiency as a function of PEI 60000 concentration in a Watts bath

containing 20 g L™ SiC for different current densities (2 = 400 rpm).
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Figure 3.3 shows the effect of PEI 60000 concentration in the plating bath on the
SiC incorporation for two SiC bath concentrations. Experiments were conducted at a PEI
concentration range from 0-200 ppm where the current efficiency remains high. The
trends are the same for both SiC bath concentrations: a slight decrease at low
concentrations followed by a significant increase at PEI concentrations of 100 and 200
ppm. This increase in the SiC fraction in the deposit at these concentrations may result
from an affinity of the SiC particles to the cathode when PEI is adsorbed on the particle

surface.
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Figure 3.3. SiC fraction in the deposit as a function of PEI 60000 concentration for
different SiC bath concentrations at a current density of -50 mA cm™ and rotation speed

of 100 rpm.
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Increasing the SiC concentration in the plating bath from 20 to 50 g L' increases
the SiC fraction in the deposit, however this increase it not very significant. Previous
studies have also shown that SiC fraction in the deposit saturates after a certain SiC bath

concentration [4, 5]. Most probably saturation has been reached for these conditions.
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Figure 3.4. The effect of PEI 60000 concentration on the dispersion of SiC particles in

the Watts bath containing 20 g L™ SiC after 3 and 120 min.

The effect of PEI 60000 on the dispersion of SiC particles in the plating bath can
be seen in Figure 3.4 for different PEI concentrations. The percentage of SiC particles in
the suspension that is settled after 3 and 120 min after the solution is prepared was

measured. For the 3-min results, there is a slight improvement in dispersion for very low
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PEI concentrations (5-25 ppm). However after 50 ppm, the polymer adversely affects
dispersion. Increasing the PEI concentration further dramatically improves dispersion,
and the best result is obtained for PEI concentration of 1000 ppm. The effect of PEI on
dispersion after 120 min is negligible for low concentrations, however addition of 1000
ppm PEI 60000 still contributes to the stability of SiC particles in the plating solution.
Therefore it can be concluded that significant improvement in dispersion can only be
obtained at high PEI 60000 concentrations such as 1000 ppm. When Figures 3.3 and 3.4
are compared, it can be seen that for the PEI concentrations of 100 and 200 ppm where
SiC fraction in the deposit is high, dispersion of SiC particles is at a minimum. This
indicates that the increase in SiC fraction is not due to the increased stability of the
suspension, and can be contrasted with previous studies. Since the suspensions were
stirred by a magnetic stirrer from the bottom of the beaker in addition to the rotation of
the disk, the effect of the stability of particles on the incorporation may not be seen
directly.

The effect of rotation speed for a Watts bath can be seen in Figure 3.5. A
significant increase in SiC vol% is seen with increasing rotation speed for a Watts bath
without PEI. However when PEI is present, the resulting SiC fraction in the deposit is not
a strong function of rotation speed. It is also apparent from the figure that addition of 200
ppm PEI 60000 results in an increase in SiC vol% for all rotation speeds.

SiC incorporation as a function of current density is shown in Figure 3.6 for a
Watts solution. It can be seen that there are two different regimes. At current densities up
to 50 mA cm?, the change in current density does not significantly affect the SiC

fraction, implying that SiC incorporation rate is proportional to current density. However,
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as the current density is further increased, the SiC fraction in the deposit decreases. Most
probably in this second regime, the nickel deposition rate increases more than the rate of

SiC incorporation, causing its volume percentage to decrease.
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Figure 3.5. SiC fraction in the deposit as a function of rotation speed for a Watts bath

containing 50 g L™ SiC at a current density of -50 mA cm™.

It can also be seen from the figure that the systems containing 200 ppm PEI show
higher SiC loadings for all current densities. Therefore, it can be concluded that PEI
60000 at a concentration of 200 ppm increases incorporated SiC volume fraction,

apparently independent of other system variables.
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Figure 3.6. SiC fraction in the deposit as a function of current density for a Watts bath

containing 50 g L™ SiC at a rotation speed of 100 rpm.

In order to further explore the effect of these system variables on the SiC
incorporation rate, the study of Vereecken ef al. [6] who analyzed the rate of alumina-
particle incorporation into Ni by plotting Np/Q"” (Np is the particle flux to the surface in
mol cm™ s and @ is the rotation speed of RDE in rad s™) as a function of current density
is analyzed. This method allows one to infer whether the incorporation rate is governed
by mass transfer of particles to the surface. Np was calculated for volume fraction data
assuming that the ceramic particle fraction in the deposit is proportional to the ratio of

particle flux to the total flux of particles and metal ions to the surface.



35

6x107° : : : .
—® =509 L" siC
5x10° | * 20gL’sic |
—®—50¢gL" siC
o A 1 a.
o 4x10° | 209L SiC 200 ppm PEI 60000
o (2=100rpm)
= (€2=400rpm) 4
(&)
S 3x10° | (©=900rpm) ]
£
o o No PEI
"o 2x10° | m(Q=900rpm) (@=100rpm) |
~a B (Q=400rpm)
2
1x10° | i
0 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1

i (A cm’?)

Figure 3.7. The particle flux divided by the square root of rotation speed as a function of
current density. Np/Q"”? was calculated from experimental data. Current densities are

corrected according to current efficiencies.

Figure 3.7 shows that the measured NP/QI/ ? increases with increasing current
density until a saturation value is reached. After this point, the rate of particle
incorporation is independent of current density. This plateau in the figure corresponding
to the maximum value of Np/Q"? (and may indicate a mass-transfer limitation) can be
used to estimate the diffusion coefficient of the particles in the electrolyte. It can be seen
that for the data with no PEIL the plateau is reached at a current density of 50 mA cm™.
The diffusion coefficient for the particles predicted by the model is 1.8 x 10° cm® 5™,

which is around 5 times smaller than the diffusion coefficient calculated by the Stokes-
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Einstein equation. This suggests that a mass transfer limitation may not be the cause of
the plateau. When the data with PEI 60000 is used, the effective diffusion coefficient is
4.5 x 10° cm® s, in relatively close agreement with the Stokes-Einstein prediction.
However, increasing the particle bath concentration from 20 to 50 g L™ does not result in
a 2.5 times increase in Np/Q"”. This suggests that also for this case the incorporation
plateau is not mass transfer controlled. The data shown in the figure for different rotation
speeds at 50 mA cm™ also do not follow the curves. All these suggest that mass transfer
limitations are not dominant. A model that takes into account the adsorption of the
particles on the electrode [5] will probably be more successful in explaining the co-

deposition mechanism.

3.1.2. Effect of Molecular Weight of PEI

Figure 3.8 shows the effect of concentration for two molecular weights of PEI on
the measured current efficiency. The lower molecular weight PEI inhibits deposition
much more significantly at lower concentrations. For example, PEI 1200 suppresses
nickel deposition even at 50 ppm.

Given the large suppression caused by PEI 1200, it was maintained at a low
concentration (100 ppm) in the plating studies. Experiments were conducted at -50 mA
cm™ and 100 rpm. The lower MW PEI results in SiC amount of 16.6 vol%, which is
significantly higher for the same concentration of PEI 60000 (9.45 vol% SiC in the
deposit). However it should be kept in mind that, even at 100 ppm, the current efficiency
of PEI 1200 is much lower than PEI 60000. In addition to the molecular weight

difference there is a difference in the structures of the two polymers: PEI 60000 is
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branched whereas PEI 1200 is linear. Therefore there could be a difference in the amount

of charge on SiC particles as a result of adsorption of the polymers.
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Figure 3.8. The effect of concentration of PEI on the current efficiencies for different
molecular weight PEI in a Watts bath containing 20 g L' SiC at a current density of -50

mA cm™ (2 = 400 rpm).

The effect of PEI 1200 on the SiC particle stability in the plating bath can be seen
in Figure 3.9. The percentage of SiC particles that is settled after 3 min is compared for
the two molecular weight polymers in the figure. It can be seen that addition of PEI 1200
does not result in a significant change in dispersion even at very high concentrations. The

stability of the suspension even after 1000 ppm PEI 1200 is not sufficient.
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Figure 3.9. The effect of PEI 1200 concentration on the dispersion of SiC particles in the

Watts bath containing 20 g L™ SiC after 3 min.

In order to quantify the dispersion characteristics of the two polymers, their zeta
potentials are measured and reported in Table 3.1. The zeta potentials are measured in
0.01 M NacCl solution (pH=4.4) instead of Watts solution since at very high ionic
strengths, the electrical double layer on the particle surface collapses resulting in very
low zeta potentials making the measurements very hard [7]. Therefore, in order to be able
to observe the trend of how zeta potential changes with PEI concentration, a lower ionic
strength solution is used. The zeta potentials of the particles get more positive with the
adsorption of the cationic PEI as expected. It can also be seen that the addition of PEI

60000 results in a higher zeta potential supporting the higher stability of the suspension
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with this polymer. The increase in the zeta potential of the particles with the addition of

PEI may also be a reason of the increased SiC fraction in the deposit.

Table 3.1. Zeta potentials of SiC particles in 0.01 M NaCl solution at a pH of 4.4.

Zeta Potential (mV)
0 ppm 6.4
1000 ppm PEI 1200 29.4
1000 ppm PEI 60000 60.7

3.1.3. Effect of Pre-Coating SiC Particles with PEI 60000 Prior to Plating

In the previous sections, PEI 60000 concentration is always kept at 200 ppm or
lower to prevent a large shift in overpotential that leads to excess H, evolution. However,
the dispersion of SiC particles in the Watts bath is the best for the system containing 20 g
L' SiC and 1000 ppm PEI 60000. The importance of dispersion on co-deposition may
not be that significant in a beaker in laboratory, however in manufacturing of large
complex parts, dispersion may be crucial to obtain uniform and high SiC loadings.

In order to gain the advantage of dispersion without decreasing the current
efficiency, a novel means of preparing the particles was designed. In the pre-coating
procedure described here, 20 g L' SiC particles are stirred with 1000 ppm PEI 60000 or
PEI 1200 for 1 h and sonicated for 12 min in either a Watts bath or 0.1 M Na,SOg4
solution. Various other pre-coating recipes were considered as documented in reference

9, but these electrolytes were the most successful. The solution is then centrifuged and
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the supernatant containing the excess PEI is removed. Fresh Watts solution is added to
the PEI-coated SiC particles to make a 20 or 50 g L™ SiC solution. The fresh Watts
solution containing the PEI-coated particles are then stirred for 1 h and sonicated 12 min
prior to plating. The details of this procedure are described in Chapter 2.2.

Dispersion studies show that PEI60000-coated SiC particles are still highly
dispersed in a Watts bath after the pre-coating procedure. Zeta potential of SS-PEI60000-
coated SiC particles is measured to be 45.3 mV in 0.01M NaCl solution at a pH of 4.4.
This result shows that SiC particles are still highly positively charged after the pre-
coating procedure.

The effect of pre-coated SiC on the polarization curves can be seen in Figure 3.10.
When the two polarization curves for the samples containing PEI-coated SiC particles are
compared with the additive-free Watts solution in the figure, it can be seen that except at
very low current densities, the shift in potentials obtained under normal bath formulations
(Figure 3.1) can be eliminated by the pre-coating procedure.

The current efficiency results also support this conclusion. Current efficiency of
13.5% that is measured for the plating solution containing 20 g L™ SiC and 1000 ppm
PEI 60000, is 93.7% when pre-coated SiC particles (W-PEI60000-coated SiC) are used.
The pre-coating procedure with PEI 1200 also results in high efficiencies as 92.1%. The
addition of 200 ppm PEI 60000 to the plating bath after particle preparation decreases the
current efficiency to 47.6%, however this decrease may still be in the acceptable range
[8]. The current efficiencies of the samples that contain 50 g L™' PEI-coated SiC in the

plating bath are also similar to these results.
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Figure 3.10. The effect of pre-coating SiC particles with PEI on the polarization curves

for a Watts bath containing 20 g L' SiC (Q=2500 rpm).

The fraction of SiC in the deposit for the plating solutions containing 50 g L™
PEI-coated SiC is shown in Figure 3.11. It can be observed that all samples have high
SiC loadings. When the results for PEI 60000 and PEI 1200 are compared in Column 1 in
Figure 3.11, it can be seen that the resulting SiC fractions in the deposit are nearly the
same. The polarization curves and current efficiency results also show no difference as
mentioned above. However as discussed in the previous section, the dispersion with the
lower MW polymer is much worse than PEI 60000. Therefore, PEI 60000 may be
beneficial when attempting to implement on a larger scale, where intense mixing may not

be feasible.
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Another significant result is that the addition of PEI 60000 to the plating solution
after pre-coating does not result in an increase in the SiC fractions. Therefore, the best
results are obtained for solutions containing 50 g L' W-PEI60000-coated or SS-
PEI60000-coated SiC without any additional PEI (Columns 1 and 3 in Figure 3.11).
These systems have high current efficiencies and SiC loadings higher than 13% in

addition to high ceramic particle stability in the plating solution.
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Figure 3.11. SiC fraction in the deposit for different pre-coating and plating conditions.
Plating conditions - Experiment 1: 50 g L' W-PEI-coated SiC in Watts bath, Experiment
2:50 g L' W-PEI-coated SiC and 200 ppm PEI 60000 in Watts bath, Experiment 3: 50 g
L' SS-PEI-coated SiC in Watts bath, Experiment 4: 50 g L™ SS-PEI-coated SiC and 200

ppm PEI 60000 in Watts bath.
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3.1.4. Long Term Bath Efficacy

25 T
50 g L' W-PEl-coated-SiC
CE=81.4%
o 20 L CE=78.6% _
8 CE=92.1% |
4 )
Q
Q 15 L i
(<)
=
e}
=
X 10 | - -
o
>
o
o 5 L _
0 | 1
Day 1 Day 2 Day 7

Figure 3.12. The effect of aging is shown through results obtained on 1%, 2" and 7" day
the particle-laden electrolyte is prepared. All micro-particles were pre-coated in Watts

bath.

The pre-coating process is effective in part if the PEI does not desorb from the
SiC after immersion into the Watts bath. It is possible that desorption times are much
longer than in a typical lab experiment, where the pre-coated SiC is added on the same
day. Thus, the long-term efficacy of this approach requires studies on longer time scales.
In addition, settling of the particles in an unstirred electrolyte may result in caking,

severely limiting the utility of the approach. In order to evaluate these possible issues, a
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plating bath prepared with 50 g L' W-PEI-coated micro-particles was stored for a week.
On the second and seventh day, the plating and current efficiency measurements were
performed after 15 min of stirring. The results can be seen in Figure 3.12. It is apparent
from the figure that the SiC incorporation rate is not affected; SiC vol% is still very high
after a week. The current efficiency decreases to 81% on the second day, however there
is no further decrease seen with increasing time. It is speculated that the shorter polymer
chains desorb, increasing the free PEI concentration in the plating bath in a short period
of time. It can be concluded that the pre-coating procedure is still effective after a week,
since SiC incorporation rate is not reduced and the decrease in the current efficiency is

not significant.

3.1.5. Effect of a Leveling Agent in the Presence of PEI

Figure 3.13 shows the effect of coumarin on the SiC vol% in the deposit for two
different cases. When coumarin is added into the plating bath at the same time as the PEI,
the SiC incorporation decreases significantly. However when coumarin is added with the
pre-coated SiC particles, there is no change in the SiC fraction. This may suggest that
when coumarin and PEI are introduced to the particles at the same time, coumarin is
more quickly adsorbed on the SiC surface, hindering the adsorption of PEI. Therefore the
effect of the cationic dispersant is not realized. However when pre-coated particles are
used in the solution, the SiC surface is already covered with PEI, therefore the
incorporation rate is not affected. This result has importance in providing a framework on

the use of pre-coated particles in the presence of other plating additives.
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Figure 3.13. Effect of a leveling agent on SiC fraction in the deposit for micro-
composites for two different cases: (a) 100 ppm coumarin is added into the plating bath
with 50 g L' SiC and 200 ppm PEI and (b) 100 ppm coumarin is added into the plating

bath with 50 g L' SS-PEI-coated SiC.

3.2. Summary

It is concluded that the addition of PEI of 60000 molecular weight at a
concentration of 200 ppm increases the SiC vol% in the deposit significantly without
decreasing the current efficiency. SiC incorporation increases with rotation speed for a
Watts solution without any PEI whereas it is less dependent on mixing when PEI is
present in the system. SiC fraction decreases at high current densities. PEI 1200

suppresses nickel deposition even at 50 ppm however the SiC incorporation is
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significantly higher for the lower MW polymer. Importantly, it was seen that by pre-
coating SiC particles with 1000 ppm PEI 60000 in either Watts bath or 0.1 M Na,SO,,
the suppression of PEI on electrodeposition is eliminated while high dispersion is
achieved. In addition, high SiC incorporation is obtained for all of the samples containing
50 g L' PEI60000-coated SiC. Pre-coating SiC particles with PEI 1200 also yields high
SiC incorporation without decreasing the current efficiency however the dispersion of the
particles in the solution is not improved with the addition of the lower MW PEI unlike
PEI 60000. It has seen that using pre-coated particles in the presence of a leveling agent
is favorable since the plating additives can alter the effect of dispersants when they are
introduced to the particles at the same time. Finally, the life of a plating bath with pre-
coated particles is at least one week without obvious caking and deterioration in
composite properties. As a conclusion, the SiC pre-coating procedure described in this

work is of significance.
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CHAPTER 4"
ELECTRODEPOSITION OF Ni/SiC NANO-COMPOSITES IN THE

PRESENCE OF POLYETHYLENEIMINE

The effect of PEI on the co-deposition of SiC with Ni is presented in Chapter 3
for micro-particles, and the incorporation of 45-55 nm SiC particles into Ni in the
presence of the dispersant is discussed in this chapter. The pre-coating procedure that is
developed for micro-particles in the previous chapter is extended to nano-particle
incorporation. The surface morphology and roughness are also discussed and compared

for micro- and nano-composites [4].

4.1. Results and Discussion

4.1.1. Effect of PEI on Nano-Particles

SiC vol% and current efficiency as a function of PEI concentration in the plating
bath can be seen in Figure 4.1 for the nano-composite films. When there is no PEI in the
electrolyte, the SiC fraction is very low (1.7 vol%). Under otherwise identical conditions,
micro-particle incorporation results in a 5.9 vol% film. With increasing PEI
concentration, the SiC vol% in the deposit increases significantly. It can also be seen that
the current efficiencies are not affected until a PEI concentration of 500 ppm. Further

increase in the PEI concentration causes a significant decrease in the current efficiency.

" D. Eroglu, A. Vilinska, P. Somasundaran, A.C. West, Electrochim. Acta. (submitted).
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Figure 4.1. SiC fraction in the deposit and current efficiency as a function of PEI
concentration in the plating bath for nano-composites. In all experiments, SiC bulk

concentration was 20 g L™.

The pre-coating procedure developed for the micro-particles (discussed in
Chapter 3) was successful in both increasing the SiC vol% in the deposit and in enhanced
particle stability in the electrolyte without decreasing the current efficiency. In the micro-
particle study, pre-coating the particles with 1000 ppm PEI did not cause any significant
decrease in the current efficiency during plating. However the current efficiency for the
nano-particles pre-coated with 1000 ppm of PEI is around 30%. This may be because the
PEI that is adsorbed on the nano-particles during pre-coating desorbs more easily causing

a high free polymer concentration in the plating bath. Or the PEI may substantially
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increase overpotential even while remaining attached to the nano-particle. Regardless,
500 ppm PEI was used in the pre-coating procedure of the nano-particles as it provided

stability without impacting current efficiency.
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Figure 4.2. SiC fraction in the deposit for different pre-coating conditions for the nano-
composites. SiC particles pre-coated with 500 ppm PEI in 0.1 M Na,SO, (0.1SS-PEI-
coated SiC) or in 0.5 M Na,SO4 (0.5SS-PEI-coated SiC) or in ethanol (EtOH-PEI-coated

SiC) are compared with nonprecoated particles.

The SiC fraction in the deposit for different pre-coating baths can be seen in
Figure 4.2. It is apparent that the pre-coating process results (columns 2-4) in a

remarkable increase in the SiC incorporation. A SiC vol% as high as 23% is obtained.
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This enhanced particle-incorporation rate is even greater than the increase seen for micro-
composites. The current efficiencies are also indicated in the figure; there is no

significant decrease for any of the pre-coating procedures shown here.
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Figure 4.3. The dispersion of the nano-particles in the plating bath after 5, 60 and 120

min for different pre-coating procedures. In all experiments, SiC bulk concentration was

20gL™"

The effect of pre-coating on the dispersion of nano-particles in the electrolyte can
be seen from Figure 4.3. The dispersion of the suspensions is calculated by the evaluation
of the settled volume after the solutions are prepared. The nano-particle suspensions are

more stable compared to micro-particle suspensions (Chapter 3) when there is no PEI
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present in the electrolyte with dispersion around 90% after 120 min. Although the settling
results do not show significant differences, the sulfate pre-coated nano-particle (0.1SS-
PEI-coated SiC and 0.5SS-PEI-coated SiC) dispersions are finely dispersed when
observed under optical microscope compared to the heavily aggregated and entangled
nano-particles without any PEI or the dispersions of EtOH-PEI-coated SiC particles.
Therefore even though it is not apparent from the dispersion results, the agglomeration of
nano-particles can be reduced with the pre-coating procedure.

Prevention of the agglomeration of the particles in the electrolyte may not be the
only reason for the enhanced particle incorporation. In Chapter 6, it is proposed that
particle incorporation rate depends on the residence time of an individual particle on the
electrode. According to one interpretation of the mechanism, the residence time of nano-
particles increases due to the pre-coating procedure because the PEI helps tether the
particles to the electrode, resulting in high SiC loadings in the deposits.

In conclusion, with the pre-coating procedure described, good dispersion and very
high incorporation rates can be achieved for the nano-particles without affecting the

current efficiency.

4.1.2. Surface Morphology and Roughness of Micro- and Nano- Particles

SEM micrographs of micro-composites are presented in Figure 4.4. The pure Ni
deposit shows pyramidal morphology as seen in Figure 4.4a. The addition of micro-
particles alters the morphology; micro-composites have a rough and nodular surface
(Figure 4.4b) perhaps because the Ni grains surround the SiC particles by forming

globular aggregates [1]. It has been discussed that the introduction of the ceramic
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particles disturbs the grain formation and decreases the grain size [1-3]. The introduction
of 200 ppm PEI into the plating bath did not cause any significant change in the
morphology of the composite films (Figure 4.4c). However from Figure 4.4d it is
apparent that the pre-coated particles modify the surface morphology remarkably. The

nodular surface structure is not observed, and the surface looks much smoother.
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Figure 4.4. SEM micrographs of micro-composites at a magnification of 1500 for (a)
Pure Ni deposit, (b) 50 g L™ SiC in the plating bath (6.4 vol% SiC in the deposit), (c) 50
g L' SiC and 200 ppm PEI in the plating bath (11.6 vol% SiC in the deposit) and (d) 50 g

L' W-PEI-coated SiC in the plating bath (14.0 vol% SiC in the deposit).
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Figure 4.5. SEM micrographs of nano-composites at a magnification of 1500 for (a) 20 g
L' SiC in the plating bath (1.7 vol% SiC in the deposit), (b) 50 g L™ 0.1MSS-PEI-coated
SiC in the plating bath (18.8 vol% SiC in the deposit), (c) 50 g L™ 0.5MSS-PEI-coated
SiC in the plating bath (21.4 vol% SiC in the deposit) and (d) 50 g L' EtOH-PEI-coated
SiC in the plating bath (23.1 vol% SiC in the deposit). Microscopic cracks were seen

when ethanol was used for pre-coating.

Figure 4.5 shows the effect of nano-particles on the surface morphology. The
nano-composites (Figure 4.5a) show similar morphology to micro-composites in the
absence of PEI. In addition, the SEM micrographs for the pre-coated nano-particles are
very similar to each other showing a less rough surface. However, for the nano-composite

films obtained from EtOH-PEI-coated SiC, cracks are observed on the surface (Figure
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4.5d). These cracks may result from internal stresses due to high SiC loadings or because
of residual ethanol on the pre-coated particles.

The nano-composite films obtained in the presence of 500 ppm PEI in the plating
bath showed major cracks (visible to eye) on the deposit surface. These cracks were
different than the ones shown in Figure 4.5d. Thus, even though the addition of 500 ppm
PEI directly into the plating bath does not decrease the current efficiency, it resulted in
undesired film properties; perhaps excess adsorption of the polymer on the deposit makes

it very brittle. This detrimental effect of PEI is eliminated with the pre-coating procedure.

Figure 4.6. Si maps of micro-composites at a magnification of 250 for (a) 50 g L™ SiC

and (b) 50 g L' W-PEI-coated SiC in the plating bath.

Figures 4.6 and 4.7 show Si maps for the micro- and nano-composites with pre-
coated SiC particles. For all cases, micro-composites are homogeneously dispersed,
showing a uniform Si map (Figure 4.6). Nano-composites containing pre-coated particles
(Figure 4.7) show some SiC aggregates although the majority of the films are uniform.

Possibly, the agglomeration of the nano-particles in the electrolyte may not be fully
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prevented, causing the particles to incorporate as bigger sizes at some positions on the
electrode.

The surface roughness of the micro- and nano-composites are presented in Figure
4.8. Consistent with the SEM micrographs, the addition of the SiC particles increases the
surface roughness for both the micro- and nano-composites. While the addition of 200
ppm PEI does not change the surface roughness (Figure 4.8a), the pre-coating procedure
results in much lower surface roughness for both micro- and nano-composites especially

for the nano-composite with EtOH-PEI-coated SiC.

Figure 4.7. Si maps of nano-composites at a magnification of 250 for (a) 20 g L™ SiC, (b)
50 g L 0.1SS-PEI-coated SiC, (c) 50 g L™ 0.5SS-PEI-coated SiC and (d) 50 g L™ EtOH-

PEI-coated SiC in the plating bath.
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Finally, the Vickers hardness measurements show that with the pre-coating
procedure hardness of the films increases significantly; incorporation of 14 vol% W-PEI-
coated SiC micro-particles (50 g L' in the plating bath) into Ni film increases the

hardness from 280 HV to 503 HV.

4.2. Summary

The addition of 500 ppm PEI into the plating bath increases the SiC fraction in the
deposit without affecting the current efficiency. However at this concentration, the
mechanical properties of the films are poor showing cracks that are visible to eye. When
pre-coated nano-particles are used SiC fractions as high as 23 vol% are obtained in the
composites. In addition, the nano-particles are well dispersed in the electrolyte. The pre-

coating procedure also leads to smoother and harder deposits.
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CHAPTER 5"
MATHEMATICAL MODELING OF Ni/SiC CO-DEPOSITION IN

THE PRESENCE OF A CATIONIC DISPERSANT

In Chapters 3 and 4, the effect of a cationic dispersant, PEI on the incorporation
of 1 um or 45-55 nm SiC particles into Ni is discussed as a function of different system
variables. In this chapter, a mathematical model of Ni/SiC co-deposition is proposed. The
model provides a framework to explain the increase of the SiC incorporation rate due to a
cationic dispersant. This is significant since none of the previous mechanisms discuss this
effect. The effect of current density, rotation speed, SiC bath concentration and particle

size on the incorporation rate is also analyzed according to the model developed [8].

5.1. Model of Particle Co-Deposition

The proposed mechanism describes the incorporation of SiC particles in three
steps: (1) mass transfer of the particles to the electrode surface, (2) adsorption of the
particles and (3) incorporation of the particles into the film. The proposed mechanism is
illustrated schematically in Figure 5.1.

In the first step, the particles in the bulk solution are carried to the electrode
surface through the diffusion layer as discussed in the Vereecken model [1]. By inserting
the Nernst-diffusion layer approximation and a Levich-diffusion layer thickness for the

RDE into Fick’s law, the particle flux N, is assumed to be given by equation 1:

N, =062107"°D,*%(c,.. ~c,,)Q" (1)

" D. Eroglu and A. C. West, Journal of the Electrochemical Society, submitted.
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Figure 5.1. Schematic diagram of the diffusion layer. (1) The particles are carried to the
electrode surface through the diffusion layer by convective-diffusion. (2) The particles
are adsorbed on the electrode; they are in equilibrium with the particles on the surface.
(3) If an adsorbed particle stays on the surface long enough, it gets incorporated by being

buried into the growing Ni film.

The diffusion coefficient of the particles D, (which are implicitly assumed to be
Brownian) can be estimated according to the Stokes-Einstein equation. A value of 8.7 x
10° cm® s is obtained from an estimate of the particle radius and viscosity of water at 50
%C. However, a value reduced by a factor of 1.5 allowed for a better agreement with
experiment. This slightly lower value may be justified in part because the Watts solution
has high ionic strength (2 M) and its viscosity can be higher than the assumed value. For
instance, in the literature a 25% increase in viscosity is obtained for a 2 M NaCl solution

[2]. In all calculations, the radius is assumed to be 500 nm. This value is based on TEM
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images of the particles. However, the actual size of the particles in the Watts solution at
high particle concentrations may be on average slightly higher due to agglomeration. This
could also be a reason of the lower Dp value. In addition, Stokes-Einstein equation is
valid for dilute suspensions, therefore high particle concentrations could be another factor
decreasing the diffusion coefficient [3].

Particles near the electrode adsorb onto the electrode surface. The equilibrium
surface coverage 6 of the particles is assumed to be given by a Langmuir adsorption
isotherm, where 6 depends on the surface concentration of the particles ¢, y, which may
differ from the bulk because of mass-transfer limitations (c.f., equation 1).

ch’o

“Tike,, ()

Equation 2 gives equilibrium coverage of particles, with an understanding that on
and off rates are equal and individual particles are continually exchanged between the
surface and the electrolyte. The average residence time of any individual particle on the
electrode depends on the forward or backward rate. It is hypothesized here that
incorporation occurs when the burial rate exceeds the residence time. Therefore the rate
of incorporation, R;,. (particles cm s'l) should be proportional to the residence time 7.,

inversely proportional to the burial time 7, and proportional to the average number of

particles on the surface  x I

R o<t x

inc res T
burial

x0xT 3)

The flux of the particles to the surface is equal to the rate of incorporation of the

particles into the deposit:

N =R 4)
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The parameter 7;,., can be anticipated to be inversely proportional to the rate of
Ni-electrodeposition, which is proportional to the total current through in; = ixCE.
Additionally 7,4 depends on the size of the particle since it takes longer for a bigger
particle to be engulfed by the co-depositing metal. Combined, we get:

r
P

Tburial x |l | (5)
Ni

A particle that is adsorbed on the surface can only be incorporated if its residence
time is large relative to burial time. Fransaer et al. [4] also implied this concept in their
model by suggesting that a particle has to be immobilized on the surface to get
incorporated. In their model, as long as the shear force on the particle Fijeq, 1s smaller
than the normal forces, the particle will get incorporated. A force balance on a particle on
the surface shows that adhesion force F,4, which is proportional to this immobilization
force, increases with the rotation speed [4]. This effect of immobilization of a particle is
incorporated into our model by the residence time, 7,.;. Therefore, it is proposed that 7.
increases linearly with increasing rotation speed as the normal force on the particle
increases. In addition, 7., may depend on the current density since high Ni deposition
rates can interfere with the particle incorporation because the integration of the reduced
Ni into the substrate lattice necessarily requires displacement of other molecules,
including possibly “anchors” of the particles. The residence time is thus assumed to be as
in equation 6. The parameters that affect the burial and residence times of an individual

particle adsorbed on the electrode are summarized schematically in Figure 5.2.

T, % (c, - |iu)(Q@+d) (6)
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Figure 5.2. The burial and residence times of an individual particle on the surface. Burial
time depends on the growth rate of Ni film and the particle size. Residence time is
affected by the hydrodynamic forces, the presence of tethering molecules adsorbed on the

particle surface and the disruption by incorporating Ni at high current densities.

In addition to the dependence of the burial time on r,, the number of adsorption

sites on the surface /" also depends on the particle size as in equation 7:

Dec— Q)

Defining the incorporation rate constant k;,., the proportionality in equation 3 can be

written as

k.
r";c (¢, = liup@+d)iy|o (8)

p

N, =

In summary, in the model proposed, the incorporation rate of SiC particles
depends on rotation speed £, current density iy; bulk particle concentration c,. and

particle-radius r;,.
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5.2. Results and Discussion

Fitting equation 8 to the experimental N, data, (derived from experimental x, data
in Chapter 3) gives the parameters shown in Table 5.1. The effect of the PEI on these
parameters and on the incorporation rate is perhaps the most interesting practical
outcome, as discussed below. The diffusion coefficient of the particles was estimated as

discussed in the previous section.

Table 5.1. Values of the parameters used in the model.

cap =0 ppm cap =200 ppm Pre-coated SiC
K 10° 10° 10°
¢l 0.16 0.16 0.16
Kine 7.5 %10 6.3 x 107 9.0 x 10*
d; 54.0 108.0 108.0

The simulated incorporation rate as a function of the current density is shown in
Figure 5.3. It can be seen that the model predictions of N, are in good agreement with the
experimental data. The model predicts that the particle incorporation increases with iy; at
lower current densities and passes through a maximum. This nonlinear dependence of
incorporation rate on iy; results because both 7,.; and 75, are functions of iy;. However,
the impact of iy; on burial time is more significant than its impact on residence time, as is

evidenced by the fitted value of ¢;= 160 mA cm™.
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Figure 5.3. The incorporation rate predicted by the model as a function of current density
for ¢,= 0 ppm. SiC bulk concentration is 50 g L™ and rotation speed is 100 rpm for all of

the results.

Figure 5.4 shows the simulated effect of rotation speed on the incorporation rate.
For these conditions, N, increases linearly with increasing rotation speed. Increased
rotation speed enhances the incorporation rate not only by increasing the SiC surface
concentration through convection but also by affecting the residence time. The agreement
of the model predictions with the experimental data on Figure 5.4 supports the linear
dependence of N, on the residence time, which is anticipated when the shear force is
smaller than the normal forces acting on the particle. At very high rotation speeds, large

shear forces can remove the adsorbed particles and therefore decrease the incorporation



66

rate, as discussed in the Fransaer model [4]. While it is beyond the scope of the present

model, studies on particle incorporation rates in shear flow would be interesting.
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Figure 5.4. The incorporation rate predicted by the model as a function of rotation speed
for ¢, = 0 ppm. SiC bulk concentration is 50 g L' and current density is -50 mA cm™ for

all of the results.

The predicted incorporation rate as a function of SiC bulk concentration can be
seen in Figure 5.5. The model predicts N, to increase significantly with ¢, until a
saturation point is reached in particle surface coverage. The experimental data suggest

that surface coverage is saturated at 20 g L™, since the change in N, for an increase in ¢,
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from 20 to 50 g L' is insignificant. The model predictions show close agreement to the

experimental data.
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Figure 5.5. The incorporation rate predicted by the model as a function of SiC bulk
concentration for ¢, = 0 ppm. Current density is -50 mA cm™ and rotation speed is 100

rpm for all of the results.

5.2.1. Effect of PEI on the Mechanism

A cationic dispersant, polyethyleneimine (PEI) stabilizes the particles in the
electrolyte as discussed in Chapters 3 and 4. Effective dispersants may prove crucial for
implementation of co-deposition processes in manufacturing of complex parts, as they

allow for mitigation of sensitivity in film loading to flow. PEI also impacts the SiC
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incorporation rate as discussed within the context of the present model. In one means of
dispersing particles, 200 ppm PEI was added directly to the plating solution, along with
the particles. In the second, more effective approach, SiC particles were pre-coated with
1000 ppm PEI in a different electrolyte and then introduced into the plating bath, without
any additional PEI. The details of the pre-coating procedure are given in Chapter 2.2. The
pre-coated particles display far superior stability in the electrolyte in terms of settling
times. In addition, when these pre-coated particles are used in the plating bath, the SiC
fraction in the deposit increases significantly without any decrease in current efficiency.
The parameters obtained in the model for ¢, = 200 ppm and pre-coated particles are
shown in Table 5.1.

In Chapter 3, it was hypothesized that the increase in the incorporation rate with
PEI is due to the adsorption of the polymer on the particle resulting in a higher affinity of
the particles to the electrode. With the model, this statement can be refined. According to
the mechanism, PEI increases the residence time of an individual particle. This can be
due to the multiple additional binding sites between the particle and electrode,
presumably through a PEI tethering mechanism. We have therefore assumed in fitting the
model that only 7, is changed by the PEI. The new values of k;,. and d; were determined
by fitting the experimental N, vs © data. It can be seen that the change in £;,., is relatively
small however d; increases by a factor of two with the addition of PEI. Practically, this
implies that the residence time is less sensitive to rotation speed.

The experimental incorporation rates calculated using the experimental volume-
fraction data for dispersant (PEI) concentrations of ¢, = 0 and 200 ppm and pre-coated

SiC particles are tabulated in Table 5.2. It can be seen from the table that N, increases
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with increasing PEI. In the proposed mechanism, this increase in N, in the presence of the

dispersant is explained through the residence time of the particles.

Table 5.2. The effect of PEI on the experimental incorporation rate, N, for the micro-
particles for ¢,..= 50 g L', i=-50 mA cm™ and Q = 100 rpm (N, 1s calculated through

the experimental x, data presented in Chapter 3).

N, (particles cm?s?)
ca=0ppm 2.0 x 10°
ca= 200 ppm 3.8 x 10°
Pre-coated SiC particles 4.8 x 10°

The model predictions for the effect of disk rotation speed in the presence of PEI
is presented in Figure 5.6 for ¢, = 200 ppm. At very low rotation speeds £, mass-transfer
limitations play a significant role and simulations suggest that rotation speed has an effect
on @, resulting in nonlinear 2 dependence. Figure 5.7 shows the model predictions for the
incorporation rate as a function of the current density in the presence of PEI for two
different cases. The model predictions are in fair agreement with the experimental data
for both of the figures.

The model predictions for the effect of bulk particle concentration in the presence
of PEI can be seen in Figure 5.8. For the two cases, the incorporation rates are predicted
to be the same at low ¢, ... However, with increasing SiC bulk concentration, the use of

pre-coated SiC results in higher incorporation rates. The improved stability of SiC
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particles in the plating bath by the pre-coating procedure (zeta potentials and settling time
results were reported in Chapter 3) suggests that the surface of the SiC particles are much
more fully covered with PEI than when particles and PEI are simply introduced as is.
This apparently results in a higher increase at the residence time of the particles on the

surface. The experimental data shows good agreement with the model predictions.
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Figure 5.6. The incorporation rate predicted by the model as a function of rotation speed
for ¢, = 200 ppm. SiC bulk concentration is 50 g L™ and current density is -50 mA cm™

for all of the results.
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Figure 5.7. The incorporation rates predicted by the model as a function of current
density for ¢, = 200 ppm and pre-coated SiC particles. SiC bulk concentration is 50 g L™

and rotation speed is 100 rpm for all of the results.

5.2.2. Effect of Particle Size on the Mechanism

Particle size has a significant influence on the incorporation rate, and nano- to
micro-particles are compared in this section. It is known that nano-particles tend to
agglomerate in the solution and act as bigger sized aggregates during incorporation [6, 7].
The radius of the nano-particles used in the simulations is therefore taken as 75 nm
instead of 25 nm estimated from TEM (dynamic light scattering measurements also

suggest this increase in the particle size).
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Figure 5.8. The incorporation rate predicted by the model as a function of SiC bulk
concentration for ¢, = 200 ppm and pre-coated SiC particles. Current density is -50 mA

cm™ and rotation speed is 100 rpm for all of the results.

Assuming a particle size of 150 nm, the diffusion-coefficient D, that is estimated
as 5.8 x 10” for the micro-particles increases to 3.8 x 10 cm” s™' for the nano-particles
(these values are 1.5 times smaller than D, calculated by Stokes-Einstein as discussed
before). The burial time and 7" are also affected by particle size according to equations 5
and 7, respectively. However the particle size may also change the residence time, and
the two constants, ki, and d; were fit to N, vs  data to get 4.1 X 10 and 20.0,
respectively. This suggests that residence time of nano-particles is smaller than micro-

particles. This could possibly be explained by the immobilization force acting on a single
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particle on the surface being lower for smaller particles [4]. Therefore, the hydrodynamic
forces acting on the SiC particle adsorbed on the surface is less significant for the nano-
particles.

When the experimental incorporation rates are compared for nano and micro SiC
particles (c, = 0 ppm), it has seen that N, increases from 1.8 X 10° to 1.5 x 107 particles
cm? s'; more than 80 times. According to equation 8, N, is proportional to rp'3
suggesting that the incorporation rate may increase by around 300 times for the nano-
particles if all other parameters are unchanged since the ratio of micro- (7, micro = 500 nm)
to nano-particle size (7y,,a0 = 75 nm) is 6.7 in the model. The smaller increase seen for
the experimental data may be partly due to a decrease in 7., of the nano-particles.

To examine the effect of PEI on nano-particle incorporation, experimental N,
values for the two cases with PEI are compared with ¢, = 0 ppm. The incorporation rate
N, increases from 1.5 x 10" to 4.7 x 107 particles cm™ s with the addition of 200 ppm
PEI into the plating bath. The increase in the incorporation rate with the pre-coating
procedure is even larger; N, increases to 1.6 10® particles cm™ s™'; a factor of ten. This
may indicate that the increase in the residence time with the addition of the polymer is
much higher for nano-particles than micro-particles, especially when the pre-coating
procedure is used. Another possible explanation for this may be the reduction of
agglomeration of the nano-particles in the bulk, in the presence of PEL.

The incorporation rate predicted by the model as a function of rotation speed is
compared with the experimental data in Figure 5.9. It can be seen that, although the
dependence of 7,.; on the rotation speed has changed (significantly different d;), the linear

dependence is still a fair approximation for the nano-particles.
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Figure 5.9. The incorporation rate predicted by the model for nano-particles as a function
of rotation speed for ¢, = 0 ppm. SiC bulk concentration is 20 g L and current density is

-50 mA cm for all of the results.

5.2.3. Model Predictions for the SiC Volume Fraction in the Deposit
The volume fraction of the particles in the deposit x,, which is a parameter that is
perhaps the most easily measured, can be calculated from the ratio of the flux of particles

to the metal ions according to:

I-x, N,

v

X, N, (MprNi) ©)

MWNipp

where the flux of the metal ions into the growing film N,, is calculated by Faraday's law:
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N, =% (10)

In the calculation of the metal flux, the CE is assumed to be constant at 90%. This value
is close to the experimentally measured current efficiency for all of the data considered

here.

Simulations can predict the SiC incorporation rate as a function of operating
conditions, iy;, £ and c,. as described in the previous sections. In addition, by using
equation 9, the volume fraction of SiC in the deposit can be estimated. The volume
fraction may be of interest for prediction of film properties. The model predictions for
SiC volume fraction as a function of current density and rotation speed for the micro- and
nano-particles at different PEI concentrations can be seen in Figures 5.10 and 5.11,
respectively. These figures summarize the effects of PEI and particle size on the SiC
fraction in the deposit.

It can be seen in Figure 5.10a that the volume fractions are appreciably higher in
the presence of PEI. Although the incorporation rate increases with the current density,
the volume fraction x, does not because N,, increases at a higher rate than N,,. It can also
be seen that for the pre-coated particles, the change in 6 is more significant, resulting in a
nonlinear decrease in x,, unlike the other cases. The conclusions made in Figure 5.10a
about the effect of PEI are also valid in Figure 5.10b. The predicted SiC fraction in the
deposit for nano-particles as a function of current density and rotation speed can be seen
in Figure 5.11. The model predicts that the pre-coated nano-particles to give the highest

volume fractions.
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Figure 5.10. The model predictions for SiC volume fraction in the deposit as a function of
(a) current density and (b) rotation speed for micro-particles at different PEI

concentrations (¢, =50 g L and (a) 2=100 rpm and (b) i =-50 mA cm?).
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The proposed mechanism provides a framework for explaining the effect of a
cationic dispersant on the incorporation rate of ceramic particles. However the present
model cannot predict the change of the model parameters with the addition of the
dispersant. Thus, further theoretical progress is required to allow for an a priori
prediction of the impact of dispersant on incorporation rates. Likewise, experimental
investigations of the impact of hydrodynamic effects (impingement vs. shear flows) will

allow for further refinement of the model.

5.3. Summary

In this chapter, incorporation of SiC particles into Ni in the presence of a cationic
dispersant PEI is described with a three-step model: (1) mass transfer of the particles to
the electrode surface, (2) adsorption and (3) incorporation by burial in the growing Ni
film. The incorporation rate depends on the residence and burial times of particles and is
proportional to the average number of particles adsorbed on the surface. Current density
affects the incorporation rate through both the residence and burial times. The residence
time is also dependent on flow conditions as well as the current density. For a rotating
disk electrode, increasing the rotation speed enhances the incorporation rate not only by
increasing the transport of the particles to the surface but also increasing the residence
time of the adsorbed particles. The increased incorporation rate with the addition of PEI
is explained through an increase in the residence time due to the adsorbed PEI on the SiC
surface. Finally the effect of the particle size on the incorporation rate is discussed.
Smaller particles are transported to the surface more readily, adsorb at higher number

densities, have smaller burial times, but also decreased average residence times.



5.4. List of Symbols

cq- bulk concentration of PEI (ppm)

Cp - bulk concentration of the particles (particles cm™)
cps - surface concentration of the particles (particles cm™)
CE - current efficiency (%)

¢; - constant (A cm™)

d; - constant (rad s™)

D, - diffusion coefficient of the particles (cm®s™)

F - Faraday's constant (C mol™)

i - current density (A cm?)

ini - current density for Ni-deposition (A cm'z)

K - Langmuir adsorption constant (cm’ mol™)

kinc - incorporation rate constant (s'l)

MW, - molecular weight of SiC (g mol™)

MWy; - molecular weight of Ni (g mol™)

N,, - metal ion flux (mol cm™ s™)

N, - particle flux (particles cm?s™)

n - number of electrons transferred per ion

r, - particle radius (cm)

Rine - rate of incorporation (particles cm™ s™)

X, - volume fraction of particles in the deposit

79
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Greek letters

v - kinematic viscosity of the electrolyte (cm? s™)

Q - rotation speed (rad s

6 - surface coverage

I - total number of particles on the surface per area (particles cm™)
Tres - Tesidence time (s)

Thurial - DUrial time (s)

pp - density of SiC (g cm™)

pui - density of Ni (g cm™)
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CHAPTER 6"
MATHEMATICAL MODELING OF REACTION KINETICS AND
TRANSPORT IN THE POSITIVE POROUS ELECTRODE IN A

SODIUM-IRON CHLORIDE BATTERY

In the second part of this dissertation, a sodium-metal chloride battery, which is
another important electrochemical system, is studied. In this chapter, a one-dimensional
mathematical model of the porous cathode of a sodium-iron chloride battery for an
isothermal, constant-current discharge-charge cycle is presented. In sodium-iron chloride
batteries, it is desirable to maintain low FeCl, solubility to minimize redistribution of
active material in the cell. However, the iron chloride is sparingly soluble, and with
increased cycling, it does redistribute. None of the previous models can predict this
movement of the metal that takes place in the cell with increased cycling that can cause
the failure of the cell. An advance offered by the model presented in this chapter is that it
accounts for the change in the solubility of FeCl, within the cell and predicts the

relocation of the iron [1].

6.1. Model of Reaction Kinetics and Transport in the Cathode

The isothermal, constant current discharge-charge of a Na-FeCl, battery is
represented using a one-dimensional, cylindrical model. As seen in Figure 6.1, the cell is
composed of six parts: the cathode current collector (<ry), the positive porous Fe/FeCl,

electrode (between 7y and 7;), the sodium tetrachloroaluminate reservoir (between r;, and

"D. Eroglu and A. C. West, Journal of Power Sources, 203, 211 (2012).
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rs), the B"-alumina solid electrolyte (between rs and r,4), the negative liquid sodium
electrode (between r4 and r¢) and the anode current collector [2]. In this study, only the

positive porous electrode is modeled.

Molten Electrolyte (AlCl,, Cl;, Na*, Al,Cl, AIC;, Al,Cl,, Fe(AICl,),>)

® O

(o
(@)
'—
(@]
|
|
o
(@]
O
'—
=
L
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o Fe FeCl, NaCl T fa fc

Figure 6.1. Schematic diagram of the sodium-metal chloride cell in the model.

The positive porous electrode (between 7y and r;) is composed of a matrix, which
consists of NaCl crystals and porous iron particles partially coated with FeCl,, and a
molten electrolyte, a mixture of AICl; and NaCl. Transport equations are derived from
Pollard and Newman's [3] study for a mixture of two binary molten salts with a common
ion in a porous electrode. As in their study, A and B are used for NaAICl, and NaCl salts

and 1, 2 and 3 are used for AICl, CI"and Na' ions, respectively.
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The electrolyte is a concentrated solution of AICl,, Cl" and Na™ [3]. From
solvent-equilibria studies of AICI3-NaCl melts, it is known that the electrolyte also
contains Al,Clg, AICl; and AI,Cl; ions at low concentrations [4]. In addition to these
ions, there is the soluble ferrous complex, most probably in the form of Fe(AlCL),” [2,
5]. The concentrations of this ferrous complex on FeCl, and Fe surfaces and in the bulk
may not be the same depending on the interfacial reaction rates. The schematic diagram
of the Fe/FeCl, electrode defining the equilibrium, bulk and surface concentrations of the

soluble ferrous complex can be seen in Figure 6.2.

Molten Electrolyte
(AICl,, CI, Na*, ALCl,, AlCL,, AlLCl,, Fe(AlCl,),%)

k

S

FeCl, Surface
Fe Surface

Figure 6.2. Schematic diagram of the Fe/FeCl, electrode showing the equilibrium, bulk

and surface concentrations of the soluble ferrous complex, F e(AlCl4)42'.

6.1.1. Solubility of FeCl,

The equilibrium concentration of the complex on the FeCl, surface is dictated by
the solubility of FeCl,. In the previous models [2, 6], it was assumed that the solubility
concentration of iron chloride, ¢, ., is constant within the cell. In this model, it is allowed

to change within the cell as a function of radial position and time.
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In a previous study [4], the solvent equilibrium of AlCl3-NaCl melts is described,

and three mole fraction equilibrium constants, Ky, K>, and Kj; were found. In this study,

another equilibrium constant, K, r.c;, 1s defined for the solubility of FeCl,. Therefore, the

equilibrium is now defined with the reactions 1, 2, 3 and 4:

2AICL,,, < ALCl,, Ko
AICE; + AICL, < ALCL K>
2AICI <> ALCL; +CI” Ky

FeCl

2s) + 2A12Cl7_ <> Fe(AlCl4)4_ KGp,FeCl

(1)
2)
3)
4)

107 | i
5 - T
£ 10* L -
o B i
© 10° | -
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Figure 6.3. Solubility of FeCl,, ¢, as a function of NaAlCl4 mole fraction, x4 for different

values of K, rec; in a semi-log plot.
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The solubility of FeCl,, ¢,., which is determined by these four equilibrium
reactions, is only a function of the NaAlCls mole fraction, x4, and the assumed solubility
constant, K, rec;. In Figure 6.3, the solubility as a function of x4 is shown for K, rec;
values between 10* and 10%. It can be seen that, as Ky, rec; Increases, the solubility of
FeCl, also increases. The model predicts a significant change in the solubility, especially
for x4 values between 0.6 and 0.9. The assumed relationships for ¢, . are given in the

Appendix.

6.1.2. Concentration of the Soluble Ferrous Complex in the Electrolyte

The redistribution of iron in the cell as a result of cycling indicates there is a
movement of the soluble ferrous complex within the cell. For this reason, the flux of
Fe(AlC14)42' was included in the model. The electrolyte is a concentrated solution
composed of AICly, CI, Na', ALCls, AlICl;, ALCl; and Fe(AlCl4)42' tons. Since the
concentration of the species 1, 2 and 3 are very high compared to the other ions, in the
derivation of the flux equation for the ferrous complex, the presence of Al,Clg, AICIl; and
ALCl; ions were neglected. Thus the multicomponent diffusion equation [7] for the
ferrous complex, equation 5, only contains species 1, 2, 3 and the ferrous complex,

denoted with the subscript :

RT(c ,c c.,.C
Crbvtu’r =" ﬂ( l_vr)+ﬁ
’ c; \ D D,

rl

(v2 - vr) + —C;’)Z’CS (v3 —vr) (5)
r3

where u, is the electrochemical potential of the ferrous complex, cr is the total
concentration, ¢, , ¢;, ¢2 and c; are the concentrations of the species and v,, v;, v, and v;

are the velocities of the species.



87

Since we do not have independent measurement of the diffusion coefficients of
the species, D,;, we assume D,; = D,» = D,; = D,. Also since ¢, << c¢;, ¢z and c¢;, we
assume:

Cp=C +Cy+Cy (6)
and
c,v =N, +N,+N, (7
where v is the molar-average velocity and N, N, and N; are the fluxes of the species.

With these assumptions, equation 5 is rewritten to give the flux of ferrous

complex, N,:

D,
Nr = Cr,bvr == RT Cr,bvlur + Cr,bv (8)

Inserting the Gibbs-Duhem equation, using the definition of the effective
diffusion coefficient of the electrolyte, D.=De¢’’, and neglecting electrical migration since
the transference number of the iron species is essentially zero, equation 9 is obtained:

N, =-De"Vc , +c,,v’ 9)

A material balance of the soluble ferrous complex in the electrolyte enables
calculation of the bulk concentration of Fe(AlCly)s”, ¢.». When the quasi steady-state
assumption is applied, the mass transfer rate of ferrous complex from the FeCl, surface to
the bulk is equal to the flux of ferrous complex in the electrolyte and the electrochemical

reaction rate. The material balance for ¢, is shown in equation 10:
J
0=-V-N +——+ka(c,, - 10
r 2F sas (Cr,c Cr,b ) ( )

where j is the local transfer current, k; is the mass transfer coefficient of ferrous complex

between FeCl, and bulk and a; is the specific surface area of FeCl,.
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6.1.3. Concentration of the Soluble Ferrous Complex on the Fe Surface
The surface concentration, ¢, is calculated by equating the mass transfer rate of
ferrous complex from the bulk to the Fe surface to the electrochemical reaction rate as
given in equation 11:
J

ﬁ =-k,a,(c.,-c,,) (11)

where k,, is the mass transfer coefficient of ferrous complex between Fe and bulk and a,,

is the specific surface area of Fe.

6.1.4. Reduction/Oxidation Reaction Rate
The reaction that takes place at the cathode is shown in equation 12:

FeCl,,,

+2e” <> Fe , +2CI" (12)
The reaction rate accounts for the mass transfer of ferrous complex from the bulk
to the Fe surface as described in equation 13. This rate expression is a modification of the
equation 13 in reference [2], with the appropriate changes for estimation of ¢, . and ¢, .
All the other mass transfer rates and areas are the same with the previous studies [2, 6].

. p( a,F 77) Cro p( a.F 77)

X — "L exp| -

_ RT c,,

J= ' (13)

1 1 1 ex( o F )
k,a, P R K

—+
iha, 2Fc,,
where the total overpotential, 7, is given by:

n= ¢1 - ¢2 (14)
At any point in the cell where the volume fraction of iron chloride is zero during

the discharge, the transfer current is set to zero.
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6.1.5. Precipitation Rate of NaCl

The second reaction taking place inside the porous cathode 1is the
precipitation/dissolution reaction of NaCl, which is given by equation 15. The rate of this
reaction is shown in equation 16 [2]. When x4 is equal to its saturation value, the rate is
equal to zero. When it is lower than the saturation value, Ry.cj, 1s positive indicating

there is precipitation of NaCl in the cell.

Na* +CI” <> NaCl ,, (15)
I-x,
RNaClp =kp - 5 _K‘vp,NaCI (16)
Ve

where the average molar volume of the electrolyte, V.:

V. =(VA_VB)xA Vs (17)

6.1.6. Precipitation Rate of FeCl,
The precipitation rate of iron chloride is given by:
Ricr, = -ka/c,, —c,,) (18)
The precipitation/dissolution rate is zero when the equilibrium and bulk
concentrations of the ferrous complex are equal to each other. The rate is positive
showing there is precipitation of FeCl, when the bulk concentration of the ferrous

complex is higher than its equilibrium concentration.

6.1.7. Material Balances on Iron, Iron Chloride and Sodium Chloride
The equations used for the calculation of the volume fractions of iron, iron

chloride and sodium chloride are shown in equations 19, 20 and 21, respectively. The
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total solids porosity, &, given in equation 22 is calculated based on the fact that the

summation of the porosity and the volume fraction of the matrix is equal to 1.

‘987 ~ Vit Ry, (20)
% — Vet Ry (21)
% - Z;f 7=V naci kp(l ;;A o v Vreci, kay(c,, —c,,) (22)

6.1.8. Material Balance on Electrolyte
The mole fraction of NaAICly, x4, is the variable in the model used to set the

composition of the electrolyte. A material balance is the same as given in reference [6]:

o - Va-va)
e b =Vox Ry, +V e, % —v'Vx, + V- (De"*Vx, ) - De"* ~——~(Vx,)
V.
_ (23)
Ve ]
AL Vx,
2F

6.1.9. Current Densities in Electrolyte and Matrix Phases

Ohm's law is used to define the current densities in the matrix and electrolyte
phases, i; and i,, that are shown in equations 24 and 25, respectively [2, 3, 6]. The
summation of these two variables is equal to the apparent current density, / (measured at
rs) at any point in the cathode [2]. Effective conductivities of the metal and electrolyte are

defined as O'e=0'81'5 and x,=xe'” [2, 6]. In the derivations, the transference number of
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sodium ion, tg* 1s assumed to be 0.5 since the sodium-ion concentration is half of the total

concentration, and ¢,° and ¢, are taken as x4 and xp, respectively [2].

i =-0V 24
1 e 1
I RT dl
i = —2eKe Jype By L SR gy 25)
(Ge+Ke) o,r F(l—xA)xA dlnx,
I
i+i, =8 (26)
r

where ¢, is the potential in the matrix phase and y, is the activity coefficient.

6.1.10. Local Transfer Current
The definition of the local transfer current is [2, 6]:

j=V-i, 27)

6.1.11. Molar Average Velocity
The change in the porosity with time and position creates a velocity field inside
the cell, which is given in equation 28 [2, 6]. This velocity within the cell results in the

convective mass transfer of the species, therefore it must be considered in the model.

. (Ve+2V) . - . -
Vo' = -% J+Vnacr=V )Ry, + (Va= V)V [Dg‘-S(cA +c, )VxA]
(28)

VA %, VB %, il
+?V (tl l2) - ?V (t2l2) - VFeCZz ksas(cr,e - Cr,b)

6.1.12. Total Iron Amount
In order to describe the movement of the iron in the cell, a parameter for the total

iron amount is used to show iron redistribution within the battery:
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€rect,

Total,,, =~ + "% ¢ | (29)

Iron

VFe VFeC12

6.1.13. Cell Potential

One of the most important features of battery modeling is the prediction of the
external cell potential. Reference [2] discusses the calculation of the terminal voltage in
detail. In this study, a simplified version of their equation is used under the assumptions
of constant reservoir and ceramic electrolyte resistances and constant negative electrode
overpotential. With these assumptions, the change in potential with time can simply be

calculated using:

V= Voc + (¢1)r=r0 - (¢2)r=rL + (30)

F d-x,)

RT (1-
0 n( xAsut))

where Voc is the open-circuit cell potential and ¢; and ¢, are the potentials in the matrix

and electrolyte phases, respectively.

6.1.14. Initial Conditions

Since the cell is fully charged before the first discharge, the initial conditions for
& €re, €rect and en,cy, are 0.546, 0.184, 0.26 and 0.01, respectively [2, 6]. For the mole
fraction of A, x4, the saturation value of 0.8972 [6] is used. It is assumed that j is constant
throughout the cell initially, and the initial conditions for the other 5 variables, @;, @,, i,
i> and 7, are calculated using this assumption. Finally, equation 31, which is derived

using the fluxes of species 1, 2 and 3, is used for the initial condition of v" [2].

v* _ Vg—2‘_/B—VFe+ ‘_/FeClz l
- 2oF 2 (31)
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6.1.15. Boundary Conditions

The boundary conditions at 7 are given in equations 32-38:

i,=0 (32)
I

i= (33)
Ty

Vb, =0 (34)

V=2 (35)

O'Er‘O

Vx, =0 (36)

v =0 (37)

Ve,, =0 (38)

The boundary conditions at 7, are:

I
= (39)

rL
i =0 (40)
@, =0 @41)
Vx, =0 (42)

* y e_2 Y - y e Y e

b =V V=Vt V ke, i (43)

2F
Ve,, =0 (44)

The 14 variables in the model, @;, @, iy, i, ], §, X4, & EFer EFeCl, ENaCl v, cr. and
crp, are calculated solving the equations 10, 13, 14, 19-28 and A6 using a block tri-
diagonal matrix algorithm in FORTRAN [7]. The simulations were carried out with 501

node points and time-step sizes of 20.61 s during discharge and 9 s during charge. For
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continuous cycling, time-step sizes of 6 s and 9 s are used for discharge and charge,
respectively. In order to test the convergence, time-step size was halved, resulting in
negligible changes in the results. In a similar manner, doubling of node points did not

change the results to any appreciable extent.

6.2. Results and Discussion

Results are discussed assuming an operating temperature of 300 °C. The values of
parameters used in the simulations are shown in Table 6.1. Most of these values are taken
from previous work for sodium-iron chloride battery modeling [2, 4, 6]. For the electrical
conductivity and activity coefficient equations, the equations in the Appendix of
reference [2] were used. The full discharge time is calculated as 46040 s (12.8 h) with -30
mA cm” constant current discharging and the depth of discharge (DOD) is computed as
the ratio of the actual discharge time to the full discharge time. The charge time is taken
as 18000 s (5 h) in the simulations. In all of the results given for the model, K, roc; 1s

taken as 106, unless otherwise stated.

6.2.1. Solubility of FeCl, and Bulk Concentration of the Ferrous Complex

The change in iron chloride volume fraction, NaAICls mole fraction and solubility
of FeCl, within the cell during discharge can be seen in Figures 6.4, 6.5 and 6.6,
respectively. Initially (DOD=0), the solubility is constant along the cell since x4 is equal
to its saturation value at every point in the cell. With increasing time (DOD=0.2), the
solubility begins to decrease at the electrode-reservoir interface, ;. This is expected since

x4 has the same trend at DOD=0.2 (Figure 6.5) with the minimum value at 7;.



Table 6.1. Parameters in the model.

70 0.25 cm

7L 2.5cm

V'Middie 1.3705 cm

rs 2.8 cm
H 30 cm

T 573 K

1 -30 mA cm™ discharge/10 mA cm™ charge
Vi 7.1 cm® mol™

V recr, 40.1 cm’ mol™

Vi 27.0 cm’ mol™!

V. 121.6 cm® mol™

Vs 37.06 cm’ mol”'

k, 0.1 cm’ mol™ s

Koy Nacl 8.06 x 10° mol” cm™®
=0, 1

D 5135x10°cm’s™
o 3.5x 10" Scm™

Ky 3.85x 10°

K> 10°

K 2.37x10°

Voc 232V
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Figure 6.4. The change of iron chloride volume fraction, &g.c;, with radial position at

different DODs during discharge (K, Fea:lOé).

For larger discharge times (DOD=0.7 and 0.9), the minimum value of x4 shifts
inward to 7 (Figure 6.5) and the solubility decreases throughout the cell with the same
trend (Figure 6.6).

The bulk concentration of the ferrous complex with respect to position and time is
shown in Figure 6.7. As it can be seen in the figure, at low discharge times (DOD=0.2)
the bulk concentration follows the equilibrium concentration; it decreases with increasing
r. As discharge time increases (DOD=0.7), although iron chloride is depleted near the
electrode-reservoir interface (Figure 6.4), the concentration of the soluble ferrous

complex in the electrolyte is not zero. This result shows that the flux of the ferrous
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complex becomes more significant with increasing depth of discharge in part because
FeCly) 1s no longer present to buffer variations in the bulk iron concentration. As the
discharge time increases further (DOD=0.9), the electrolyte concentration of iron
approaches zero near the r;, boundary. At this high depth of discharge, iron chloride is
depleted in the majority of the cell (Figure 6.4), and the electrolyte concentration of the
ferrous complex is very low, even near ry. Therefore, the flux of the ferrous complex is

negligibly small; it is not enough to create nonzero bulk concentrations near 7;.
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Figure 6.5. The change of NaAlCls mole fraction, x4, with radial position at different

DODs during discharge (K, Fec=100).
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Figure 6.6. The change of solubility of FeCl,, ¢, ., with radial position at different DODs

during discharge (K, Fec;=106).

The discontinuities seen in Figure 6.7 (DOD=0.7 and 0.9) occur at the points

where the iron chloride phase is calculated to disappear. It is confirmed that the

discontinuities do not propagate numerical errors.

6.2.2. Relocation of Iron Within the Cell

The change in the total iron amount at 7y, 744 and r; during a discharge-charge

cycle is shown in Figure 6.8. In the figure, it can be seen that there is a sudden increase in

the total iron amount at 7, during the early stages of discharge. This increase in total iron

amount can be explained by a sharp increase in Fe concentration. This sharp increase
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shows that there is a significant flux of the ferrous complex present towards 7, during the
early stages of the discharge. After this initial increase, the total iron content does not
change at r; until the end of discharge. As the iron chloride is depleted near r;, the
reaction front migrates inward towards 7y, and the increase in Fe concentration also ends.
This suggests that unlike the initial stages, the flux of the ferrous complex is not enough
to create a change in Fe concentration or total iron amount. As discharge proceeds, ¢,
also goes to zero and the total iron amount reflects only the Fe concentration at r;. At
Fyiddle and 7y, the iron amount decreases slightly during discharge. These results show that

there is a net flux of ferrous complex from 7y to 7.
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Figure 6.7. The change of bulk concentration of ferrous complex, ¢, 5, with radial position

at different DODs during discharge (K, Fec1=106).
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The flux of the ferrous complex is reversed during charging of the cell, causing

the total iron amount to decrease at r; and increase at risgz. and ryp. As a result of a

discharge-charge cycle, the total amount of iron is reduced slightly at ;. This small

change in the total iron amount as a result of one cycle may become significant after

several dozen cycles.
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6.2.3. Significance of Solubility of FeCl, Variation and Flux of the Ferrous Complex in
the Model

In order to examine the role of the iron chloride solubility change and ferrous
complex flux in the prediction of iron redistribution inside the cell, four model
predictions are compared. In the first model, the solubility of iron chloride is constant
throughout the cell at its saturation value. In addition, the flux of the ferrous complex is
not included in the material balance of the ferrous complex in the bulk. This first model is
essentially identical to Sudoh and Newman's model [2, 6]. In the second model, the
solubility of iron chloride is constant throughout the cell, but the flux of the ferrous
complex is included. In the third model, the variation in FeCl, solubility is taken into
account, but the flux is not included. Finally, the fourth model is the one described in this
chapter; counting for both the solubility change and ferrous complex flux inside the cell.
In order to compare these four models, the bulk concentration profile at DOD=0.7 is
chosen as shown in Figure 6.9.

When the models with no flux (models 1 and 3) are compared with the models
accounting for the flux of the ferrous complex (models 2 and 4) in Figure 6.9, it can be
seen that the presence of the flux in the model resulted in prediction of higher bulk
concentrations near the »;, boundary. For instance, the bulk concentration is non-zero for
model 4 near the ;, boundary although it is zero for model 3. From these results it can be
concluded that the effect of the flux of the ferrous complex is significant at moderate

DODs near r;, where iron chloride is depleted.
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Figure 6.9. Comparison of bulk concentration results for the complete model (model 4 -
flux, variable solubility) and different simplifications (model 1 - no flux, constant

solubility, model 2 - flux, constant solubility, model 3 - no flux, variable solubility). For

all cases DOD=0.7 and K, rec =108,

The effect of variation of FeCl, solubility on the electrolyte concentration is also
apparent in Figure 6.9, especially near r), where solid iron chloride is still present.
Electrolyte concentration does not change near ry for the models with constant solubility
(models 1 and 2) whereas it decreases with radial distance for models with variable
solubility (models 3 and 4). The variation in c¢,. results in lower electrolyte

concentrations near this boundary.
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Figure 6.10. Comparison of total iron amount results for the complete model (model 4 -
flux, variable solubility) and different simplifications (model 1 - no flux, constant

solubility, model 2 - flux, constant solubility, model 3 - no flux, variable solubility). For

all cases DOD=0.7 and K, rec =108,

In Figure 6.10, the total iron amount at 7, as a function of discharge time for these
four models are compared. This figure clearly displays the importance of the flux of the
ferrous complex in the redistribution of the iron inside the cell since models 2 and 4
exhibit a significant change in the total iron amount. The increase in total iron amount
predicted by model 2 is higher than model 4 since in model 2, solubility of FeCl, is

constant at its maximum value. It can be concluded that although the variation in the
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FeCl, solubility is important, the addition of the flux of the ferrous complex into the

model has a more important effect on the results.

6.2.4. Effect of Ky, reci on the Discharge-Charge Cycle of the Cell

01 |

0.05 |-

Iron Chloride Volume Fraction

r (cm)

Figure 6.11. Comparison of iron chloride volume fraction profiles for different K, recs

values during discharge.

The solubility product, Ky, reci, has not been previously reported in the literature.
Sudoh and Newman [2] assumed a constant equilibrium ferrous complex concentration of
4.1 x 10®* mol cm™ in their study. This value of ¢, corresponds to K, rec; of 2.7 x 10*

calculated at the saturation value of x4 according to our model. We have carried out
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simulations for assumed values of 104, 105, 106, 107 and 10%. When Keprect < 105, model
predictions are not in accord with the previous results reported, most probably because
Cre 18 too low in the system, seriously affecting the kinetics. The results show consistent
behavior for all Ky, rc; values only when it is equal or higher than 10°. Ky reci values
higher than 10® are not considered since the main assumption in our model is that iron
chloride is sparingly soluble in the electrolyte and this range leads to too high of a
concentration.

Iron chloride volume fractions with respect to position and time for K, r.c; values
of 10°, 106, 107 and 10® are shown in Figures 6.11 and 6.12, for discharge and charge,
respectively. During discharge, for all K, roc; values, the same trend is seen; er.cs
decreases with time throughout the battery and it becomes depleted for positions
approaching r; at high DODs since the reaction front migrates inwards towards the
positive current collector [8]. When the curves for different solubility products are
compared, it can be seen that there is a significant difference in the results only when
K reci 18 equal to 10° (Figure 6.11). The results for the other three Ky, r.c; values are very
similar. The difference between the 10° curve and the others increases with increasing
DOD. For K, reci values of 10° and higher, iron chloride is depleted faster than
Ky rect = 10° near the r; boundary due to higher reaction rates. When comparing curves
with the same DOD, a higher local transfer current at 7, must result in a lower local
transfer current at ry. Therefore the iron chloride volume fraction is lower at »y for
Ky rect = 10° relative to the higher K, rec; values.

In contrast, during charge, the value of K, rec; appears to affect behavior near the

r; boundary. As it can be seen in Figure 6.12, there is a sudden decrease for eg.c; at 7, for
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10%. This result suggests that the equilibrium value of the ferrous complex has a
significant effect on er.c; at the 7, boundary when Ky, roc; 1s higher than 10. This effect is
not seen during discharge at the r; boundary because FeCly is depleted for any value of

the solubility product.
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Figure 6.12. Comparison of iron chloride volume fraction profiles for different K, recs

values during charge.

The change in the cell potential with time during discharge for different values of
Ky, reci can be seen in Figure 6.13. The trend for all of the curves is the same; it starts
with a slight decrease in the cell potential at small DODs, then a significant continuous

decrease is observed, and finally at very high DODs, a very steep decrease occurs. All
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four curves are the same until 35000 s. After this point there is a clear difference among
the curves; they have the steep potential decrease at different times. As for the previous
results, Ky, reci = 10° has the most significant distinction from the others. The reason why
the steep potential decrease is seen earlier for lower K, ro.c; values can be explained by
the slower kinetics at the reaction front in these systems due to the low electrolyte
concentration of ferrous complex. The reaction rate at the reaction front is significantly

lower for lower Ky, roc; values, especially for K, rec; = 10°.

26 1 1 | 1 |
24 |- L -
< 2.2 |- -
2
©
= 2+ 5
c
Q
° S 5
1.8 |- = -
o Ksp,FeCI 10 Q-
3 “—k a0 ‘
(&) 16 | sp,FeCl |.l" -
g
1.4 F | ceeeeeeee —108 .
sp,FeCl E
12 1 1 1 1 1 '
0 10000 20000 30000 40000 50000
Time (s)

Figure 6.13. Comparison of cell potentials for different K, r.c; values during discharge.

The effect of K, rec; on the cell potential is observed only at very high DODs,

suggesting that the sharp potential decrease occurs when reaction rates at the reaction
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front decreases to very low values. In terms of the cell potential, increasing the solubility
product higher than 10’ does not have a great impact on the simulated cell potential

except near the end of discharge.

6.2.5. Effect of Continuous Cycling

Continuous cycling simulations were conducted to study whether iron
redistribution continued beyond the first cycle. Here, the cycling conditions are taken as
discharge for 12000 s at -30 mA cm™ and charge for 18000 s at 10 mA cm™. The effect

of continuous cycling was investigated for five cycles.
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Figure 6.14. The change of discharge cell potential with time for each cycle during

continuous cycling (K, Fec,=106).
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In Figure 6.14, the change of cell potential with time during discharge is given for
each cycle. It can be seen that under these cycling conditions, the cell potential is
predicted to decrease even after 5 cycles. In addition, with cycling the trend of the
potential curve also changes; there is a steep decrease in the potential at first followed by
a slighter continuous decrease. This sudden potential decrease starts to occur around the
same DOD at each cycle. As a result of the simulation, it has been calculated that after
the 5th discharge, the cell potential decreases by nearly 10%. The change in the discharge
potential curve and decline in discharge potential with continuous cycling has been
reported previously [9]. The redistribution of iron inside the cathode with continuous
cycling plays an important role in this potential loss. It should be kept in mind that the
discharge/charge current densities and simulation times also have a great impact on the
calculated potential loss. Therefore, this extreme of potential decrease may not be seen
with different cycling conditions. In addition, it has seen that cell design has a critical
effect on the calculated potential loss. For instance, simulations suggest that the initial
volume fraction ratio of iron to iron-chloride creates a significant difference in the
calculated potential loss.

The change in total iron amount at 7y, 7y444. and r;, with continuous cycling can be
seen in Figure 6.15. In the previous section, a single discharge-charge cycle was
investigated and, as a result of the simulations, it was seen that iron amount increases at
r; during discharge and decreases during charge. The same trends can be seen for each
individual cycle in Figure 6.15. As explained in the previous section, the initial increase
is mainly due to the sharp increase in iron volume fraction because of the significant flux

of the ferrous complex. After iron chloride is depleted, the increase in the total iron
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amount ends and the curve stabilizes. During charging, the ferrous complex diffuses
away from r;, causing the Fe concentration to decrease more than the FeCl, amount and
the bulk concentration to increase. The figure also shows that with increased cycling, the
iron depletion at r; at the end of charging becomes more and more significant. For
instance, as a result of the simulation, the total iron amount decreases by ~1% at r; at the
end of the fifth cycle. This result suggests that iron may be depleted at r, around the end
of 500th cycle causing perhaps the failure of the cell. The change in the iron amount at ry

and 7421 With continuous cycling is not as significant as the change in 7;.
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Figure 6.15. The change of total iron amount with time at different radial positions during

continuous cycling (K, Fec,=106).
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Since the molar average velocity at r;, is not zero, there is a net flux of the soluble
ferrous complex into the sodium tetrachloroaluminate reservoir as a result of continuous
cycling. However it was calculated that the amount of iron that is lost into the reservoir
due to this flux is negligible compared to the total decrease in the iron amount at this
boundary. Therefore, the redistribution of iron within the electrode must be the main
reason of the iron loss at 7;.

Minimizing the transport and redistribution of iron inside the cathode should be
considered in the cell design in order to prevent the power loss seen as a result of
continuous cycling. The model proposed in this study is able to predict the iron
redistribution inside the cell as a function of design parameters. For instance, it has been
seen that one of the design parameters in Zebra cells, the initial ratio of iron to iron-
chloride volume fraction, has a significant effect on iron redistribution inside the cell.
Simulations suggest that increasing the initial ratio of iron to iron-chloride volume
fraction decreases the amount of iron depleted at 7;.

The results reported in this chapter show that incorporation of the variation of iron
chloride solubility and the flux of the ferrous complex into the model of the porous
cathode is important to predict the redistribution of the metal inside the cell. For future
work, the iron chloride solubility as a function of x4 would be valuable to measure
directly. Furthermore the metal distribution inside the cathode at different positions at
different DODs would allow for direct testing of model predictions. In addition,
extending the model proposed to a Na/NiCl, cell would be of value since it is known that
Na/NiCl, batteries have some superior properties over Na/FeCl, batteries, such as higher

open-circuit potential [8, 10].
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6.3. Summary

In this chapter, a mathematical model for the positive cathode in a sodium-iron
chloride cell with P"-alumina ceramic and molten NaAlCly/NaCl electrolyte was
extended by accounting for variable solubility of FeCl,. In addition to the solubility of
iron chloride, this model also predicts the movement of iron inside the cell with time. It
has seen that during discharge the solubility of FeCl, decreases near 7, as x4 decreases.
The flux of the soluble ferrous complex becomes significant at moderate DODs leading
to a non-zero electrolyte concentration of the complex although solid iron chloride is
depleted near r,. When the relocation of iron is considered, it was concluded that the net
movement of iron is from 7y to r; during discharge, whereas the reverse happens during
charge. The effect of solubility constant K, r.c; was also studied, and effects increase
with increasing solubility, until 10°. Finally, the effect of continuous cycling was
examined. It was predicted that there is a deficiency of iron at 7;. As a result of the 5th
cycle, there is nearly a 1% decrease in the total iron amount at the electrode-reservoir

boundary.

6.4. Appendix - Calculation of the Equilibrium Concentration of the Ferrous
Complex

The equilibrium concentration of the ferrous complex is calculated using the
equations A1 through A6. The concentrations of AICl;, Cl" and Na" are all expressed in

terms of x4.

Ky x,
Xy =—F—2— Al
AlCl, X, (1 ~ XA) (Al)

2
Xancl, = K oXalcy, (A2)



113

K, x:
_ MA
xAZZCl{ - - (A3)
CT(I - X, ) Ve
2
xFe(AlCl4 o KspyFeClezza; (A4)
2
Vell- Xancty, = Xaic, =X g0 ™ Xreicr, )
Cre =Cr &gy mic, - (A6)
6.5. List of Symbols
am specific surface area of Fe, cm™
ag specific surface area of FeCl,, cm’!
Ca concentration of NaAlCly, mol cm™
CB concentration of NaCl, mol cm’

) 3
Crb bulk concentration of ferrous complex, mol cm
eger . 3
Cre equilibrium concentration of ferrous complex, mol cm
. . 3
Crpsat  Saturation bulk concentration of ferrous complex, mol cm

. eqer - . 3
Cresat  Saturation equilibrium concentration of ferrous complex, mol cm

Crs surface concentration of ferrous complex, mol cm™
CT total concentration, mol cm™

D diffusion coefficient of electrolyte, cm® s™

D. effective diffusion coefficient of electrolyte, cm? s’
F Faraday's constant, C mol™

H height of the cell, cm

I apparent current density at separator, A cm™
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Ksp,FeCl

Kspnact  solubility product of NaCl, mol® cm”
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exchange current density, A cm™

superficial current density in matrix phase, A cm™
superficial current density in electrolyte phase, A cm™
3

local transfer current, A cm’

mole fraction equilibrium constant for the solubility of FeCl,

6

Ko, K», Ky mole fraction equilibrium constants for AICI3-NaCl solvent equilibrium

K
ks

k

o

N:
R

Ry, , precipitation/dissolution rate of FeCl,, mol cm” s

RNa
To
ra
I'c
o

I's

t,°

cp Precipitation/dissolution rate of NaCl, mol cm” s

mass transfer coefficient of ferrous complex between Fe and bulk, cm s™

mass transfer coefficient of ferrous complex between FeCl, and bulk, cm gt
rate constant for NaCl precipitation/dissolution reaction, cm® mol™ 5™
flux of ferrous complex, mol cm™ s™

gas constant, J mol” K

1

1

radial distance from the center of current collector, cm
outer radius of the current collector, cm

outer radius of the separator, cm

outer radius of the negative electrode, cm

outer radius of the positive electrode, cm

outer radius of the electrolyte reservoir, cm
temperature, K

time, s

transference number of AlICl, relative to the common ion velocity



t,°

t3

V Fect,

V naci

Voc

XA
X Asat

XB

X aicty »

Greek
aa, aC

N

EFe

EFeCl

xAlzCIs > X ALCI;? xFe(AlCl4 )3
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transference number of CI  relative to the common ion velocity

transference number of Na' relative to the molar-average velocity
molar volume of molten NaAICly salt, cm® mol™

molar volume of molten NaCl salt, cm’® mol™!

molar volume of electrolyte, cm® mol™

molar volume of Fe, cm® mol™

molar volume of FeCl,, cm® mol™!

molar volume of NaCl precipitate, cm® mol™
cell potential, V

open-circuit cell potential, V

molar-average electrolyte velocity, cm s
mole fraction of NaAICl4

saturation mole fraction of NaAICl4

mole fraction of NaCl

mole fractions of AICl;, Al,Cls, A1,Cl; and Fe(AlCl4)42'

anodic and cathodic transfer coefficients
NaAlICly activity coefficient

porosity

volume fraction of Fe

volume fraction of FeCl,
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enacl  volume fraction of NaCl precipitate

n total overpotential, V

K Electrolyte conductivity, S cm™

Ke Electrolyte effective conductivity, S cm™
o Iron conductivity, S cm™

Ge Iron effective conductivity, S cm’!

d1 potential in matrix phase, V

b2 potential in electrolyte phase, V
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CHAPTER 7

CONCLUSIONS

In the first part of the dissertation, Ni/SiC co-deposition in the presence of a
cationic dispersant, PEI was discussed. In Chapter 3, the effect of the dispersant on
micro-particle incorporation was investigated. It has seen that the addition of PEI 60000
into the plating bath up to 200 ppm increases the SiC incorporation without decreasing
the current efficiency. SiC fraction in the deposit increases with increasing rotation speed
whereas it decreases at high current densities. PEI 1200 suppresses nickel deposition
even at very low concentrations, however the SiC vol% is higher for the lower MW
polymer. The stability of the SiC particles in the electrolyte was improved significantly
with 1000 ppm PEI 60000. The pre-coating procedure developed for the SiC particles
leads to high particle incorporation without significant suppression of Ni deposition. In
addition, the stability of the suspensions was highly improved. Using these pre-coated
particles was also beneficial in the presence of a leveling agent since the plating additives
may change the impact of dispersants when they are introduced to the particles at the
same time. Finally, it has seen that the efficacy of the pre-coating procedure at longer
time scales was still satisfactory.

Ni/SiC co-deposition for the nano-particles was presented in Chapter 4. It has
seen that the addition of 500 ppm PEI into the plating bath increases the SiC
incorporation without suppressing Ni deposition. However the mechanical properties of
the films are poor at this PEI concentration. Pre-coating SiC with PEI prior to plating is

highly beneficial also for nano-particles; SiC vol% as high as 23% was obtained with
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high particle stability in the electrolyte and high current efficiency. Both the SEM
micrographs and surface roughness measurements show that pre-coating also resulted in
smoother films.

Following the experimental characterization of Ni/SiC co-deposition for both
micro- and nano-particles, the incorporation mechanism of the ceramic particles was
described in Chapter 5 with a three-step model: (1) mass transfer of the particles to the
electrode surface, (2) adsorption and (3) incorporation into the growing Ni film. In the
proposed model, a particle on the electrode surface can only get incorporated if it stays
long enough to get buried by the growing Ni film. Therefore, the incorporation rate
depends on the residence and burial times of the particle and the number of particles
adsorbed on the surface. According to the proposed model, the burial time of a particle is
a function of current density and particle size. The residence time of a particle increases
with rotation speed whereas it decreases with current density. Cationic dispersants also
increase the residence time; in the modeling framework the enhanced SiC incorporation
rate with PEI is through this increase in the residence time due to the tethering of the PEI
molecules that are adsorbed on SiC surface to the electrode. The effect of particle size on
the incorporation rate was also explained through the model; nano-particles are
transported to the surface more readily, adsorb at higher number densities, have smaller
burial times, but also decreased average residence times.

In the second part of the dissertation, a mathematical model for the porous
cathode in a sodium-iron chloride cell was presented. A method to predict the FeCl,
solubility as a function of NaAlICl4 mole fraction and a defined solubility constant K, r.c;

was described. It has seen that FeCl, solubility decreases within the cell with increasing
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depth of discharge. The flux of the soluble ferrous complex was also included in the
model; it has seen that the flux is significant at moderate depth of discharges near 7
resulting in a non-zero electrolyte concentration of the complex although iron chloride is
depleted near this boundary. The model can also predict the relocation of iron within the
cell. During discharge, the net movement of iron is from 7y to r;, whereas the reverse
happens during charge. The effect of the solubility constant on the model predictions
were also investigated to conclude that increasing K, r.c; does not affect the results
significantly after K, rec: =10°. Finally the effect of continuous cycling was examined.
The model predicts the iron to be depleted near r; with continuous cycling. Simulations
suggest that after the 5th cycle there is nearly a 1% decrease in the total iron amount at

this boundary.



