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ABSTRACT OF THE DISSERTATION

In situ Studies of Zn and ZnO Growth Kinetics during Electrodeposition

by

Dian Yu
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2017

Professor Suneel Kodambaka, Chair

Electrodeposition of Zn and ZnO have attracted attention from both academia and industry
because of their broad applications in energy storage and optoelectronic devices. The goal of this
dissertation work is to develop fundamental understanding of the growth kinetics of Zn and ZnO
during electrodeposition.

In situ characterization techniques are employed for the investigation of Zn and ZnO
electrodeposition kinetics. First, Zn dendrite formation and oscillatory growth were analyzed using
in situ optical microscopy. Second, the morphological evolutions of Zn and ZnO during
electrodeposition were studied with in sifu atomic force microscopy. Finally, the phases involved
in and the mechanism underlying the ZnO electrodeposition were revealed by in situ wide-angle
X-ray scattering and in situ electrochemical quartz crystal microbalance measurements.

In this dissertation, I investigated the morphological evolution of Zn dendrites during
electrodeposition and developed fundamental insights to the growth behavior, which then set the
foundation for the study of Zn growth kinetics under oscillatory conditions. A growth model for

spontaneous oscillatory Zn dendrite growth was suggested based on the considerations of growth
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dynamics and structural characteristics. The understanding of Zn growth kinetics was then
achieved by direct monitoring the nucleation and growth on both poly- and single- crystalline
substrates. In addition, a pH-dependent morphological evolution was observed during Zn growth,
triggering the studies of ZnO electrodeposition, whereby ZnO formation was demonstrated to be
an electrochemical induced chemical precipitation process. In situ observations of ZnO nucleation
and growth allowed me to understand the electrochemical reaction pathways leading to the

formation of ZnO during electrodeposition.
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Chapter 1

1 Introduction

Rechargeable batteries have been an integral part of our society since the invention of lead-
acid batteries in the mid-1800s." Recently, with the growing demand for clean and sustainable
energy, recyclable and rechargeable batteries have received renewed attention.’

A rechargeable battery is an electrochemical storage device, where electrical energy is
stored and released in chemical bonds via redox reactions. When a battery discharges, the metal
electrode oxidizes and releases electrons. To restore electrical energy in a rechargeable battery, an
external current is applied to reverse the reactions and reduce the metal ions. As a result, each
charge-discharge cycle involves deposition and dissolution of metal at the electrode.

Among the rechargeable batteries, metal-air batteries are considered promising because of
their high energy density, reliable lifetime, minimal environmental impact, and low cost. In metal-
air batteries, metal is the anode and oxygen gas is the cathode with an aqueous, non-aqueous, or a
solid electrolyte. Of all the metal-air battery systems, Li-air and Zn-air are extremely attractive
because of their high energy densities.” While Li is highly reactive with water, Zn is relatively
more stable and desirable because of its mild response to moisture, low cost, abundance, and easy
manufacturability. However, the drawbacks associated with Zn-based batteries include relatively
low operating potential, poor stability of the air electrode, and poor recyclability. One of the critical
factors affecting the rechargeability of zinc-air batteries is the formation of unstable growth
morphologies during deposition, notably dendrites -- highly anisotropic and porous structures.”
These dendrites are fragile and wvulnerable to mechanical vibrations and can cause

catastrophic failure by shorting the anode and cathode.



In the literature, the study of dendrite formation during Zn electrodeposition has focused
on growth kinetics, additives, and impurities. The formation of ZnO was found to be a crucial
factor affecting Zn morphology. In the electrochemical community, ZnO first attracted attention
due to its contribution to interesting phenomena, such as oscillatory growth’ and Hecker’s effect”,
observed during electrodeposition. ZnO is known to the materials science and device physics
communities as a semiconductor with a wide and direct band gap. ZnO is widely used in
applications including but not limited to optoelectronic devices (e.g., light emitting diodes, lasers,
etc.), sensors, and piezoelectric devices.” The potential for low-cost, large-scale production of ZnO
with tunable morphologies has generated considerable interest in electrodeposition of ZnO.*’

The aims of my doctoral thesis are: to investigate the dendrite formation during Zn
electrodeposition in aqueous solutions, to examine the growth behavior and morphological
evolution of ZnO during electrodeposition of Zn, and to study the growth mechanisms of ZnO

electrodeposition.



Chapter 2

2 Overview of Zn and ZnO electrodeposition
This chapter overviews the Zn and ZnO electrodeposition in two separate sections. These
two sections introduce the theory, growth morphologies, and unique growth behaviors that have

been reported in literature. At the end of this chapter, a scope of my dissertation work is presented.

2.1 Zn electrodeposition

This section starts with a background of electrochemistry associated with Zn
electrodeposition and a discussion of dendrite formation. The section continues with an overview
of morphological studies based on quasi two-dimensional (2D) cells. Finally, this section discusses
the morphological transitions discovered within the 2D cell geometry such as oscillatory growth

and the Hecker’s effect.

2.1.1 Zn electrochemistry and dendrite formation

Zn is one of the most commonly used battery electrode materials because of its low
equilibrium potential, high specific energy, high energy density, abundance, and low toxicity.
Primary Zn batteries are widely used in the applications, where moderate specific energy and low
manufacturing cost are main considerations. However, Zn electrodes have found limited use as
secondary (rechargeable) batteries due to their poor cyclability and unpredictable life time. State-
of-the-art Zn rechargeable batteries operate only up to 1000 charge-discharge cycles'’. This
problem of rechargeability has been attributed to the redistribution of Zn active material, and more
importantly, the formation of detrimental growth instabilities during charging cycle. These highly
directional and anisotropic growth instabilities, also known as dendrites, can grow outward and

short circuit the battery cell.



Dendrites are multi-branching tree-like structures that develop during crystal growth at far-
from-equilibrium conditions. (A classic example of far-from-equilibrium growth is the formation
of dendritic crystals during rapid solidification of an undercooled melt.) The shapes of crystals
grown at near equilibrium conditions is mainly governed by the crystal surface free energies and
can be determined using the Wulff construction. Typically, the equilibrium crystal shapes are
simple and compact with well-developed facets that minimize the total surface energy of the crystal.
As the system is driven farther from equilibrium, surface and bulk mass transport kinetics play a
major role in determining crystal shapes. These kinetic processes often result in complicated
growth structures such as dendrites, which are energetically not necessarily the most stable
geometries. The dendritic growth at far-from-equilibrium conditions has been a subject of great
interest for the past several decades with many theories describing the formation of fractals and
diffusion limited aggregates (DLA).""""

During electrodeposition of Zn, growth instabilities occur, and dendrites form, when the
growth rate is limited by the Zn(I) mass transport rate.'*'® As the growth rate increases, minor
fluctuations in the growth front lead to steeper concentration gradients and the deposition at the
interface becomes more anisotropic resulting in the formation of dendritic structures. The charging
current density, which is directly related to the growth rate, plays a crucial role in the formation of
these detrimental morphologies. The higher the current density, the more likely dendritic
morphologies will form. Furthermore, Zn is a hexagonal closed packed (HCP) crystal, where the
c axis serves as the main axis for rotational symmetry, and gives rise to its inherent anisotropy.
The anisotropic nature of Zn has been reported as one of the major contributions in forming

dendritic structures'’, because growth occurs preferentially along (1010)'®, which is the direction

of prismatic planes and normal to the basal {0002} planes (see Fig. 2.1).



(1010)

(1010)

Figure 2.1, Schematic of Zn hexagonal close packed (HCP) crystal structure. Basal plane (0002)
is aligned with the plane of the paper. The arrows indicate the prismatic planes.

2.1.2 Thin-layer electrochemical cell

Thin-layer cells have been extensively employed in studying electrodeposition pattern
formation during electrodeposition, since they allow direct visualization of individual dendrite
branches and eliminated the influence of gravity.*** A thin-layer cell is typically a few hundred
micrometers in thickness and consists of two electrodes and a thin layer of electrolyte solution.
Cells with thickness below 300 um are considered as quasi two-dimensional cell, because gravity
and convection have negligible effect. Most studies use either a linear cell, where the cathode is
parallel to anode, or a radial cell, also known as a Hele-Shaw cell, where cathode is concentric

with anode.

10 mm

oy

Figure 2.2, Optical micrographs showing typical morphologies of (a) diffusion limited aggregate
(DLA), (b) dense branched, and (c) dendritic structures of Zn electrodeposited in Hele-Shaw
cells."”



One of the main applications of a thin-layer cell is to understand the morphological
variations associated with pattern formation. Morphologies described as DLA type, dense-
branching, and fractal structures have been observed under various conditions (Fig. 2.2)". A
morphological diagram was reported based on a survey of potential and ion concentration.”**® A
thin-layer geometry also facilitated studies of measuring concentration fields based on laser
interferometry and optical absorption.”” In addition, the quasi two-dimensionality of thin film
geometries is amenable to numeric and analytic solutions™® for the spatial distribution of ion
concentrations. These calculations are useful in predicting the onset and the rate of growth.
Experimentally, the roles of electrical and diffusion fields are also determined by altering anode
geometry.” Modified versions of such quasi-2D cells were also to study the effects of

32,33
d 5

temperature’’, solution viscosity’', and even with applied magnetic fiel on electrodeposition

process.

2.1.3 Hecker’s effect and oscillatory growth

During the morphological studies of zinc electrodeposition in a thin-layer cell geometry,
Hecker et al.® observed rapid and dramatic morphological transitions that occurred under various
experimental conditions.>* The Hecker’s effect was originally used to describe a sudden change in
color, roughness, and number of deposited branches at a certain distance from cathode to anode.
In electrodeposition, the morphological transition associated with the Hecker’s effect has been
shown to result from either impurities (dissolving anodic metal ions) or a change in solution pH
that alters metal growth.

Oscillation or alternating morphological transition is another interesting finding that can
occur during electrodeposition. The phenomenon of oscillatory growth in electrodeposition was

first reported during electrodeposition of Zn within a thin-layer cell geometry.”>*® As the dendrite



grew, the current (voltage) and the dendrite growth rate exhibited periodic oscillations at a constant
applied voltage (current). Similar oscillatory behavior has also been observed during
electrodeposition of other metals such as Sn*’, Cu, and Pb*® and is often accompanied with ordered
microstructures or even nanostructures’”.

The mechanisms leading to oscillatory behavior are not well understood. One of the
original theories related this oscillatory behavior to side-branching nature of the dendrites.”
Fleury® suggested that oscillatory growth arose from the combination of repetitive nucleation and
a subsequent recovery phase needed for reconstructing local electrical field. Kuhn and Argoul®
addressed the Zn oscillatory growth with interfacial chemical variations resulting from H+

41,42
L

reduction. Fukami et a suggested that alternating and self-catalytic growth processes caused

the oscillatory behavior. Ming’s group observed that a periodic change in the concentration field

-4 They also postulated that a thin-layer of

in front of the dendrite tip played an important role.
ZnO electrodeposited alternatingly with Zn due to the reduction of dissolved oxygen.**® A similar
mechanism was postulated in the study of oscillations during Cu/Cu,O electrodeposition and its

39,4
layered nanostructure.”” *’

2.2 ZnO electrodeposition

The first part of this section overviews the theory of ZnO electrodeposition and discusses
what has been reported in previous studies involving various aqueous electrolytes. Later part of
this section presents potential benefits of using electrodeposited ZnO for device applications. The
last part of this section overviews the current techniques used to study ZnO electrodeposition in

literature.



2.2.1 Overview of ZnO electrodeposition

Zn0O is a direct wide band gap (3.37 eV) semiconductor, which has gained substantial
interest during the past decade,” due to its potential use in electronics and optoelectronics among
other applications.” The piezoelectric property of ZnO also makes it promising for applications
such as sensors and energy generators. Nanostructures and thin films of ZnO were extensively
studied for their controllable enhancement of electroluminescence, sensing, photocatalytic, and
photovoltaic characterizations.® Optically transparent ZnO thin films are also attractive for
transparent display technologies.

Many methods have been developed to synthesize ZnO with various grain sizes and

48,49 : "
™ and a variety of vacuum based deposition

morphologies, including chemical vapor deposition
methods™” ', hydrothermal®® >*| sol-gel™, and electrodeposition processes™. Among all of these
methods, electrodeposition of ZnO is considered to be a low-cost process that is uniquely suited

1.°6°% Existing literature indicates that the

for thin film preparation and morphological contro
electrodeposition of ZnO from solution requires precursors, such as dissolved oxygen, nitrate ions,
or hydrogen peroxide. Therefore, most of the ZnO electrodeposition experiments have been carried
out in Zn(NO3); or ZnCl, electrolyte solutions. The role of additives or buffer solutions, such as,

KCI”, hexamethylenetetramine (HMT)®, and ethylenediamine (EDA)®' on the development of

ZnO nanostructures has also been investigated.

2.2.2 Mechanistic study of ZnO electrodeposition

A widely accepted reaction pathway for ZnO electrodeposition involves the reduction of

oxygen to hydroxyl ions, followed by chemical precipitation using the following reactions®
0, +2H,0 + 4e¢” = 40H" [2.1]

Zn** +20H" = Zn(OH), = ZnO + 2H,0 [2.2]



The overall reaction is

Zn** +0.50,+ 2¢” = ZnO [2.3]
However, the mechanistic understanding of ZnO formation remains unclear due to the complexity
of chemical reactions in aqueous systems. For example, discrepancies exist on the discussion about
the formation of intermediate phase Zn(OH),.*’ Systematic studies are necessary to understand the
growth process the results of which can help develop methods for precise control of the

morphologies and nanostructures for desired applications.

2.3 Scope of dissertation

The aim of my doctoral thesis is to develop mechanistic understanding of the
electrodeposition kinetics of Zn and ZnO. To achieve this goal, I carried out a suite of in situ
experiments and followed the electrodeposition of Zn and ZnO at length scales ranging from
nanometers up to centimeters. In situ techniques offer many advantages over ex situ
characterization tools for understanding the electrodeposition of Zn and ZnO. In situ
characterization can not only enable direct observation of the growth and accurate measurements
of growth kinetics, but also eliminate artefacts caused by ex situ characterization of air-exposed
samples.

I used in situ optical microscopy and electrochemical atomic force microscopy (AFM) to
directly observe the growth and to measure the growth kinetics. /n situ electrochemical quartz
crystal microbalance (EQCM) and wide-angle X-ray scattering (WAXS) techniques facilitated the
mechanistic study by providing compositional and structural information. From all of these results,
I developed a comprehensive model for Zn and ZnO morphological evolution.

Chapter 3 describes in situ optical microscopy studies of morphological evolution in

electrochemical cells at millimeter and micrometer length scales. The following chapter (Chapter



4) focuses on the spontaneous oscillatory growth behavior during electrodeposition with the help
of in situ optical microscopy. Next, Chapter 5 describes the role of pH on the dynamics of Zn
electrodeposition by in situ AFM coupled with in situ EQCM. In Chapter 6, the prior in situ AFM
investigation is extended to ZnO electrodeposition and its role on Zn electrodeposition
morphology. This chapter also discusses the mechanism of ZnO electrodeposition. In the final
chapter, summary and conclusions are presented followed by a discussion on future work (Chapter

7).
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Chapter 3

3 In situ optical microscopy studies of dendrite formation during Zn electrodeposition in

sulfate solution

Dendrite formation is one of the major obstacle in developing reliable rechargeable zinc-
air battery. In electrodeposition, dendrite formation has attracted lots of attention because dendrites
exhibit various morphologies and unique growth behaviors. Thin-layer liquid cell was used to
study the growth morphologies and pattern formation during electrodeposition. This chapter
focuses on the dendrite formation of electrodeposited Zn within the zinc sulfate (ZnSO4) system
and sets the foundation for my study on the Zn and ZnO electrodeposition in the following chapters.
The first part of this chapter overviews the methods and experimental procedure. Section 3.2
includes the results from dendrite growth experiments. This section also discusses the influence of

zinc salt concentration and applied voltage on the resulting dendrites.

3.1 Methods
This section starts with an introduction to the Hele-Shaw cell followed by an overview of
the electrochemical techniques including chronoamperometry and ends with a description of the

experimental procedure and characterization tools.

3.1.1 Electrochemical Hele-Shaw cell

The Hele-Shaw cell is a device that originated from investigations of growth instabilities,
also known as viscous fingering, in fluids. This geometry is composed of a thin layer of liquid
sandwiched between two parallel plates. The Hele-Shaw cell was widely used to simulate 2D flow
in porous media. In the studies of electrodeposition, Matsushita et al.*° first reported utilizing this
geometry and demonstrated that the Hele-Shaw cell has several advantages in studying

morphological evolution during electrodeposition. The first advantage is that in a thin layer of
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electrolyte, the growth of the electrodeposit can be considered to be two-dimensional. Second
advantage is that, within this thin cell, concentration gradients can be measured using laser
27,31,

interferometry or optical absorption”””; the knowledge of concentration gradients helps establish

relationship between the growth behavior and Zn** concentration.

3.1.2 Electrochemical setup during electrodeposition

Two-electrode and three-electrode cell

An electrochemical cell is defined most generally as two electrodes separated by one or
more electrolyte phases. In most cases, study focuses on only one of these electrodes, and it is
known as the working electrode (WE). The other electrode is called counter electrode (CE), which
is used to close the current circuit. The reference electrode (RE), which has a stable composition
and fixed potential, provides a standardized potential for the potential control and measurement.
Two-electrode and three-electrode configurations are two commonly used electrochemical cell
setups. A two-electrode cell is built when the CE and RE are shorted. The three-electrode cell setup
is the most common electrochemical cell setup in electrochemistry. In this case, the RE is placed
in close proximity to the WE and used to measure the potential difference between the WE and
the RE. In this chapter, the Hele-Shaw cell is built as a two-electrode cell, where the WE and
RE/CE were reconfigured as the center and circular electrodes, respectively. In Chapters 5 and 6,
applications of three-electrode geometry will be described in detail.
Chronoamperometry

Chronoamperometry is an electrochemical method, where the current response is measured
versus time when the applied potential is maintained at a constant value or stepped from one
constant value to another. In this chapter, all of the electrodepositions are carried out under

constant applied potential and the current response is monitored as a function of time.
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3.1.3 Instrumentation and procedure

All the in situ optical microscopy experiments are carried out using home-built

electrochemical Hele-Shaw cells, schematically shown in Fig. 3.1 below.

(a) (b)

. & glass slide

<— electrolyte

<— chip cell
> / <— gold coating

zinc cathode ————— <— epoxy holder

e Qﬁ)?
10 mm

zinc anode ' 100 mm —~ > (c)

PDMS spacer %
Plexiglas —> & )
Pt anode

Pt cathode
-/

7.5 mm

Figure 3.1, Schematics of electrochemical Hele-Shaw cells custom-designed for in situ optical
microscopy observations at (a) millimeter and (b) micrometer length scales. (c) Pt electrode
designed for micrometer length scale optical experiments. Similar designs were also used in in situ
atomic force microscopy (AFM) experiments.

The larger cell [Fig. 3.1(a)] consists of a circular electrode (100 mm in diameter, CE/RE,
anode) made from Zn wire (99.994% purity) sandwiched between two Plexiglas plates, separated
by a 200-um-thick polydimethylsiloxane (PDMS) spacer. A vertical Zn electrode (1 mm in
diameter) is placed at the center of the cell through a 2-mm-diameter hole in the upper plate and
served as the WE (cathode). Electrolyte is introduced carefully through the hole in order to prevent
bubble formation in the thin layer of electrolyte. To ensure quasi-2D growth and under conditions
similar to those used during in situ AFM experiments, a small-scale Hele-Shaw cell [Figs. 3.1(b)
and (c)] with ultra-thin electrolyte film is also used to inspect the growth process. In this design,

Pt thin films sputter-deposited and patterned on a 0.5-mm-thick glass substrate served as electrodes.

The Pt pattern consisted of two parts: a circular pattern [left half in Fig. 3.1(c)], which was pre-
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coated with zinc and served as CE/RE (anode); and a line pattern connected to the right half, which
served as the WE (cathode). Pt layers are also deposited on the back-side and on all edges of the
glass substrate to allow electrical contact from the back. In addition, the surface of the epoxy holder
in contact with the glass is coated with a gold thin film. By placing a transparent glass slide on top,
~10-um-thick liquid film can be confined within the cell because of capillary forces.

In situ optical experiments are conducted by placing the Hele-Shaw cell under an optical
microscope (Leica M80). Images are acquired every 3 s. The images are digitally processed and
morphological evolution data extracted using ImageJ, an image processing software.
Electrochemical experiments are conducted using a Bio-Logic SP-200 potentiostat. For all
experiments, the electrodeposition conditions are the same: the potential applied to the WE is -3
V with respect to the CE/RE. The ZnSO, electrolyte is prepared using distilled water and
anhydrous ZnSO4 powder (Aldrich). The solution concentration varied from 0.01 M to 1 M.

Morphologies of the electrodeposits are determined ex sifu using a FEI Nova Nano 230
scanning electron microscope (SEM). In order to preserve the structure, the electrodeposited

samples are carefully collected from the solution and then rinsed using deionized (DI) water.

3.2 Data analysis and discussion
Zinc sulfate solution is used as the electrolyte for Zn electrodeposition. At the cathode,
Zn(1II) ions are oxidized and are deposited on the electrode through the following reaction:
Zn** +2¢" — Zn, E=-0.76 V vs. NHE [3.1]
At the anode, Zn(0) wire is reduced and dissolved into electrolyte as Zn(II) ions by the reaction:

Zn-2e — Zn* [3.2]
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In an electrochemical Hele-Shaw geometry, the Zn electrodeposits are observed to form on the
center cathode with various morphologies as a function of concentration. In Chapter 4, oscillatory

growth behavior during the electrodeposition is discussed.

3.2.1 Morphological evolution
In situ optical microscopy movies (e.g., Movie 3.1) acquired during electrodeposition of
Zn using 0.01 M ZnSOy solution in the large Hele-Shaw cell show the growth of dendrites from

the center electrode. Fig. 3.2(a) is an individual frame extracted from the movie 3.1.

Y _
Figure 3.2, Morphologies of Zn dendrites electrodeposited from 0.01 M ZnSOy solution. (a) In situ
optical microscopy image of a portion of the growth front extracted from Movie 3.1 acquired in
situ during electrodeposition. (b) Photograph of the entire electrodeposit obtained ex situ after the

deposition. (c¢) Scanning electron microscopy (SEM) image of the dendrites. (d) Higher
magnification SEM image of a dendrite highlighted by a green box in (c).
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As observed in the movie, the dendrite morphologies are qualitatively similar to the DLA-
type growth structures. The individual dendrites are flexible and porous. As the branches grow and
spread out, they interact with each other. The overall shape of the deposit is circular [Fig. 3.2(b)],
as expected for the growth in a Hele-Shaw geometry with radially symmetric diffusion and
electrical fields. Microscopic morphology of these dendrites is investigated through ex situ SEM
imaging [Figs. 3.2(c) and (d)]. The porous branches are found to be highly faceted structures.
Higher magnification SEM images revealed that the faceted branches are composed of platelets

with hexagonal shape, consistent with the hexagonal crystal structure of Zn.

Figure 3.3, Growth morphologies of Zn structures electrodeposited from 0.1 M ZnSO, solution.
(a) In situ optical microscopy image of growth structures, part of Movie 3.2, acquired during
electrodeposition. (b) Photograph showing the overall shape of the electrodeposit obtained after
the deposition. (c) SEM image obtained from one of the branches. (d) Higher magnification SEM
image of Zn crystallites visible in (c).
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In situ optical microscopy movie (e.g. Movie 3.2) of Zn electrodeposition using 0.1 M
ZnSQOy, solution in the larger Hele-Shaw cell shows the growth of more compact and leaf-like
structures [Fig. 3.3(a)], different from the Zn dendrites formed in 0.01 M ZnSO, solution. Edges
of each dendrite manifest six-fold symmetry with 120° angles. The overall macroscopic shape of
the entire deposit is circular [Fig. 3.3(b)], similar to the dendrites in Fig. 3.2, due to the radially
symmetric electrical and diffusional fields. However, the deposits composed of fewer but larger
branches with several sub-branches, each of which is at 60° with respect to the parent branch. From
the SEM image in Fig. 3.3(c), the midribs of these branches appear to be a superposition of multiple
Zn crystallites, based upon which I speculate that the branch formation is a consequence of
repeated nucleation along the growth direction. Fig. 3.3(d) is a typical higher magnification SEM
image of an individual Zn crystallite. The observed hexagonal shape of the Zn crystallites can be

attributed to the preferential lateral growth of basal {0001} planes bounded by {1010} prism facets.

center hole

Figure 3.4, Growth morphologies of Zn dendrites electrodeposited from 1 M ZnSO, solution. (a)
Optical micrograph acquired in sifu during electrodeposition. The image is part of the
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measurement sequence recorded as Movie 3.3. (b) Photograph of the entire dendrite obtained after
electrodeposition. (c and d) Lower and higher magnification SEM images of the dendrite.

Figure 3.4(a) is an individual frame extracted from an in situ optical microscopy movie
(e.g. Movie 3.3) acquired during electrodeposition of Zn using 1 M zinc sulfate solution. Within
this field of view, I found four dendrites. Fig. 3.4(b) is a photograph taken after deposition, which
shows the growth of only one dendrite. Figs. 3.4(c) and (d) are lower and higher magnification
SEM images obtained from a portion of the dendrite. These images indicate that the Zn dendrite
is made up of thick hexagonal platelets stacked along the basal planes on top of each other as
shown in Fig. 3.4(d). These hexagonal platelets appear to be even more compact than those
obtained from 0.1 M solution. Crystal anisotropy of Zn is well pronounced in this growth

morphology.

(a) | mm

Figure 3.5, Comparison of morphologies of Zn structures electrodeposited in the large (millimeter-
scale) and small (micrometer-scale) Hele-Shaw cells. In situ optical microscopy images of growth
structures acquired during Zn electrodeposition in the large cell using (a) 1 M and (b) 0.01 M
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ZnSOy solutions. (c) and (d) are optical photographs of the electrodeposits obtained in situ in the
smaller cell with 1 M and 0.01 M ZnSOy solutions, respectively.

Figures 3.5(a)-(d) present a comparison of the morphologies of Zn structures
electrodeposited from 1 M and 0.01 M ZnSO;, solutions in large (millimeter-scale) and small
(micrometer-scale) Hele-Shaw cells. Figs. 3.5(a) and (b) are optical micrographs acquired in situ
during electrodeposition in millimeter-scale Hele-Shaw cells [Fig. 3.1(a)] from 1 M and 0.01 M
ZnSOy, respectively. Figs. 3.5(c) and (d) are optical micrographs showing the growth
morphologies obtained after electrodeposition using 1 M and 0.01 M ZnSO,, respectively in
micrometer-scale cell [Fig. 3.1(b)]. In both the large and small cells, overall shapes of the
electrodeposits are radially symmetric. In all the deposits, a primary trunk and side branches
(orientated 60° with respect to the trunk) are observed. At higher electrolyte concentration, i.e. 1
M, the electrodeposition of Zn is highly anisotropic resulting in higher aspect ratio and more
compact structures. The hexagonal crystal symmetry is evident in the structures. At lower
concentration, i.e. 0.01 M, hexagonal crystal symmetry is no longer observed and the

electrodeposited structure in Fig. 3.5(d) appears to be flimsy and porous.

3.2.2 Growth Kkinetics

In situ optical microscopy data facilitate accurate measurements of growth rates because the
images of growth structures are acquired during electrodeposition as a function of time. Figs.
3.6(a)-(c) are series of outlines of the growth deposits measured from in sifu optical microscopy
images acquired during electrodeposition in (a) 0.01 M, (b) 0.1 M, and (c) 1 M ZnSOy solutions.
For each set of data presented in Figs. 3.6(a)-(c), the shapes of the growth deposits are extracted
from individual frames and overlaid to form the stacks of outlines as shown. From the time-
dependent changes in projected areas of the deposited material, areal growth rates are determined.

However, one should note that the projected area represented the lateral growth in 2D, and does
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not account for the growth along the third dimension. The projected areas of the deposits obtained
at the three different electrolyte concentrations are plotted as a function of time in Fig. 3.6(d).
Electrodeposits in 0.01 M grew the fastest. The growth in 0.1 M was slower, and the growth in 1
M was found to be the slowest. Growth rates obtained by linear least-squares fits to the
experimental data are 1.27 X 10*,0.67 x 10*, and 0.18 x 10" umz/s for 0.01 M, 0.1 M, and 1 M,
respectively. In Fig. 3.6(e), the amount of material deposited (mmol), as calculated using the
amount of charge transferred, dQ(C), is plotted as a function of time. In this plot, the fastest growth

is obtained from 1 M solution followed by 0.1 M, with the slowest growth in 0.01 M solution.
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Figure 3.6, (a-c) Stacks of dendrite shape contours extracted using ImagelJ software from in situ
optical microscopy movies acquired as a function of time during electrodeposition. The electrolyte
concentration and the number of images stacked in the panels (a-c) are: (a) 0.01 M, 33 frames, (b)
0.1 M, 46 frames, and (c) 1 M, 50 frames. (d) Plots of two-dimensional (2D) projected area of the
deposits as a function of deposition time. (e) Plot showing the expected amounts of
electrodeposited Zn, calculated using the amount of charge transferred, as a function of time.
3.2.3 Discussion

At low electrolyte concentration (0.01 M), I found that the electrodeposits resembled DLA-
type structures, i.e. disordered fractals with no apparent symmetry. Since 1980s, DLA
morphologies have been observed during electrodeposition of Cu and Zn under conditions

promoting 2D growth and are expected when the depositing species (atoms, molecules, radicals,

etc.) undergo random walk before attaching to an existing cluster in the vicinity.
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At 0.1 M concentration, the electrodeposits exhibit pronounced crystal anisotropy, such as,
straight edges, 60° splitting angles, and parallel secondary branches [Fig. 3.5(c)]. At higher
concentration of 1 M, the electrodeposits are acicular with hexagonal shapes due to the HCP
structure of Zn. Fig. 3.7 shows a morphological diagram developed by Grier ez al.** based on the
growth structures observed during Zn electrodeposition, where the terms DLA, transition region,
and dendrites are used to describe the different fractal or needle-like morphologies. My results are

consistent with their observations and fit well within the categories defined in their work.

Dendrites
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Figure 3.7, Morphology diagram by Grier et al.** for Zn electrodeposited from ZnSOy solution.

Based on my SEM images, I noticed that that crystal anisotropy plays a role in the
nucleation and growth of both the dendrites and DLA-like patterns. The hexagonal shaped
crystallites are observed to be the building blocks of porous DLA structure. In addition, these
crystallites form an ordered structure instead of agglomerating randomly as predicted in DLA
model. Therefore, throughout all concentrations, crystalline nature of Zn plays an important role

in the formation of electrodeposition morphologies.
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The experimentally measured variations in growth rates as a function of electrolyte
concentration are opposite to the expected behavior. Theoretically, the growth rates of
electrodeposits at higher concentration are expected to be higher than those obtained in lower
concentrations. However, in my experiments, the growth at lowest concentration exhibited the
highest rate. I attribute this discrepancy to the measurement procedure, where I measure the 2D
projected areal growth rates and ignore the 3D nature of the electrodeposits. Even though my
experimental design is based on the assumption that the growth is quasi-2D, my observations of
the microstructure have demonstrated that variations in thicknesses cannot be neglected for
quantitative description of the electrodeposition in different solution concentrations. In addition,
side reactions, such as, hydrogen evolution, which tend to occur at higher concentration, could
cause a lower deposition efficiency. As a result, the amount of Zn deposited, and hence the growth
rate, at higher concentration are less than those theoretically expected based on the charge

transferred.

3.3 Conclusions

In this chapter, I introduced different morphologies obtained during electrodeposition of
Zn in electrochemical Hele-Shaw cells. At low Zn*" concentration, the macroscopic growth
morphology reflects the radially-symmetric diffusion and electrical fields. As the Zn*'
concentration increases, Zn crystal anisotropy manifested in macroscopic structures. Detailed
investigation of the microstructures indicated that even at low electrolyte concentration, where
DLA-type structures are observed, crystal anisotropy plays an important role during
electrodeposition.

My in situ optical microscopy studies helped improve the understanding of

electrodeposition of Zn in zinc sulfate solution. During the course of these investigations, I
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discovered interesting phenomena such as Hecker’s effect and oscillatory growth, described in

Chapter 4.
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Chapter 4

4 In situ optical microscopy studies of spontaneous oscillatory growth of Zn dendrites
4.1 Overview of oscillatory behavior in electrodeposition

In the study of growth morphology and pattern formation during electrodeposition,
morphological transitions were observed in various experimental conditions. Oscillatory growth,
an alternating morphological transition, was first discovered during the dendrite formation in Zn
electrodeposition. The growth rate along with the current (voltage) exhibit spontaneous
oscillations when a constant voltage (current) is applied. Spontaneous growth oscillations were
also observed during the electrodeposition of Sn*’, Cu, and Pb*® with ordered micro/nanostructures.
Theories of the growth mechanism have been developed to relate the oscillatory behavior to

variations in interfacial chemistry*’, nonlinear interfacial kinetics*, crystal nucleation’ and growth

35,41,42 43,44

kinetics , and mass transport

In this chapter, I present the phenomenon of spontaneous oscillation as studied using in
situ optical microscopy along with other ex situ characterization tools. The growth oscillations are
monitored in situ and the optical microscopy images are used to quantify the behavior. The
morphology and crystallinity of the electrodeposits are determined using SEM, cross-sectional

transmission electron microscopy (XTEM), and x-ray diffraction (XRD) techniques. Based on the

growth dynamics and structural information, a growth model is suggested.

4.2 Methods

4.2.1 Experimental procedure
Electrochemical deposition is carried out in a Hele-Shaw electrochemical cell [Fig. 3.1(a)].

All the results presented in this chapter are obtained using ZnSOj as the electrolyte and the most
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commonly used concentration is 0.1 M adjusted to pH = 3.0. The pH values are adjusted by adding
small amounts of either KOH or H,SO4 and are measured using an Accumet gel-filled pH electrode.

Electrodeposition is carried out at a constant potential, E, using a Bio-logic SP-200
potentiostat. In the Hele-Shaw geometry, the constant potential is applied on the center electrode
(WE) with respect to the circular electrode (CE/RE). Current (I) response versus time (t) is
measured with a time resolution of 0.05 s. The Ohmic drop across the cell is not compensated
during these experiments. After growth, the electrochemically deposited Zn dendrites are extracted

from the electrolyte and rinsed carefully in distilled water to remove the dissolved salts.

4.2.2 Digital image processing

In situ optical microscopy videos are acquired during electrodeposition at a rate of 28
frames/s using aVHX-1000 digital microscope (200X). Pixel resolution in the frames is 800 % 600
pixels. Image processing macros customized for ImagelJ software are employed to batch-process
the frames extracted from the videos and to determine the contours and projected areas of the

deposits from the images.

4.2.3 Characterization techniques

Free-standing, air-dried, dendrite samples required for characterization are collected from
the electrolyte since all of the electrodeposition experiments are carried out in a Hele-Shaw cell.
Special care was taken during rinsing and drying to avoid damage to the fragile samples. The free-
standing samples are then transferred onto a carbon tape for SEM imaging and for TEM sample
preparation. Morphology, composition, and crystallinity of the dendrites are determined ex situ
using a Nova Nano 230 SEM, a focused ion beam (FIB) Nova 600 Nanolab-DualBeam equipped
with SEM, a 300 kV FEI Titan scanning TEM (S/TEM), and a Jordan Valley DI x-ray

diffractometer.
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TEM sample preparation

XTEM samples are prepared using the FIB system. Prior to ion beam milling, the sample
surface [Fig. 4.1(a)] is protected by sequential deposition of 0.5 um and 1-um thick layers of Pt
from trimethyl platinum (CyoH;¢Pt), a metalorganic precursor, using 5 kV, 6.3 nA electron beams
and 30 kV, 0.3 nA ion beams, respectively. The XTEM sample is prepared by removing materials
above and below the region of interest (ROI). First, trenches are milled on two sides of the ROI
using 30 kV and 20 nA ion beams [Figs. 4.1(b) and (c¢)]. Then the sample is cut out, attached to a
Kleindiek nanomanipulator needle using electron-beam-deposited Pt, and transferred onto a 4-post
Cu grid, where the sample is secured using electron-beam-deposited carbon. The final thinning
step is carried out carefully so as to minimize mechanical damage to the thin (<100 nm) sample

[Fig. 4.1(d)]. The sample is then stored in a vacuum desiccator until TEM examination.

Figure 4.1, Representative SEM images acquired during a typical cross-sectional transmission
electron microscopy (XTEM) sample preparation. (a) Top view of the original dendrite. A green
box highlights the desired region of interest from which XTEM sample is extracted. (b) Top and
(c) 52° tilted views of trenches created by focused ion beam (FIB) milling of the sample. (d) XTEM
sample removed from the bulk and adhered to a TEM grid before thinning to the final electron
transparency. The green dashed box shows the area of interest for TEM observation.
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X-ray diffraction and pole figure measurements

X-ray diffraction (XRD) spectra are obtained using a Jordan Valley D1 diffractometer with
copper Ka, radiation and a parallel beam source. The out-of-plane and in-plane orientations of the
electrodeposits are determined using the Bragg (0), rocking (), tilting (), and azimuthal rotation
(p) angles. The incident beam aperture is a | mm diameter hole. Electrodeposited dendrite samples
(~1 mm in width and 2-4 mm in length) are attached to a Si(001) wafer using amorphous carbon
tape. First, the x-ray source and detector (8)are aligned to achieve maximum intensity. Then, ®
and ¢ are calibrated with respect to the Si(004) peak. The sample is aligned visually with the help
of a laser pointer. Rocking curves (o scans) are obtained around Zn(0002) peak, 26 = 36.32°. 26-
o data are acquired with a step size of 0.05° from 26 = 20° to 100°.

In Chapter 5, I present X-ray pole figure measurements used to examine crystallinity of the
electrodeposited Zn film on single-crystalline Cu(111) substrate. Pole figure measurements are
performed using the same diffractometer. The incident aperture size is 4 mm in diameter and Soller
slits are used as the receiving slits with an acceptance angle of ~1°. The sample is mounted
vertically on a Si(001) wafer to eliminate any background signal from the diffractometer stage.
Pole figure data are collected at a given diffraction angle 20 by varying tilt angle y (measured with
respect to the sample surface normal) from 0° to 90° with a step size of 2° and azimuthal rotation
angle ¢ (measured around sample surface normal ) from 0° to 360° with a step size of 1°. The
dwell time at each data point was 0.5 s. Pole figures are plotted with the obtained diffracted

intensity data as a function of y and ¢.
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4.3 Data analysis and discussion

4.3.1 Oscillatory behavior

I discovered oscillatory growth behavior during my study of electrodeposited Zn
morphologies as a function of pH. I observed leaf-like growth morphologies consistently in all the
electrodeposited samples from 0.1 M ZnSQOj solutions with pH values between 3 and 4.3. Through
a series of electrodeposition experiments carried out while systematically varying the parameters
(electrolyte concentrations from 0.01 M to 1 M, pH from 3 to 4.3 in 0.1 increments, and applied
voltage from —0.5 V to 3.5 V), I found that stable and sustained periodic oscillations occur at pH

=3+0.1,0.1 £ 0.025 M ZnSOy solution with applied potential at -2 £ 0.1 V.

Figure 4.2, Optical micrograph of an electrodeposited Zn leaf acquired during oscillatory growth
from 0.1 M ZnSO4 (pH = 3.0) at a constant applied potential E=-2.0 V.

Movie 4.1 is a typical in situ optical microscopy video showing the oscillatory growth of
dendrites during electrodeposition of Zn at a fixed potential of -2 V from 0.1 M ZnSOy solution
with pH = 3. In this measurement sequence, the tips of the dendrites grew alternatingly at faster

and slower rates and the growth rates varied periodically with time. Although the in situ movie
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focused on one of the many branches, the oscillatory growth is a global phenomenon and will be
discussed later in section 4.3.1. Fig. 4.2 shows an optical microscopy image of a dendrite, grown
under the same conditions as in Movie 4.1, taken after it was removed from the solution. The shape
and dimension observed under optical microscope are similar compared to other dendrites that
grew without oscillatory condition (Fig. 3.3). Detailed morphological studies will be discussed

later in this chapter.

4.3.2 Growth rate analysis

In this section, I present quantitative analysis of oscillatory growth phenomenon. Contours
and 2D projected areas of the dendrites observed in situ are extracted from the optical microscopy
image sequences and analyzed. Figs. 4.3(a) and (b) are 2D and 3D plots, respectively illustrating
the shape evolution as a function of time. Note that the midrib of the leaf grows in the direction

aligned with electrical field. The side branches are oriented at a 60° angle to the midrib.

(a)

Figure 4.3, Evolution of the growth front during potentiostatic electrodeposition of Zn in ZnSO4
solution. (a) Representative stack of contours of a typical dendrite extracted from an in sifu optical
microscopy video (Movie 4.1). (b) 3D plot of the same dendrite showing its 2D projected shape
on x-y plane as a function of time (z axis). This data was generated from 380 image frames, part
of Movie 4.1, captured at a rate of 28 frames/s.
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In Fig. 4.3(a), I observed the development of protrusions into independent side branches.
In both the plots, the white space between any two contours corresponds to the time period during
which the dendrite growth was minimal. As shown in Fig. 4.3(b), within each rapid-slow growth
cycle, the contour of the dendrite remained stationary for about 10 frames and then a sudden
growth spurt was observed within 2 or 3 frames. The nearly even spacing between any two
successive contours indicated that the rapid-slow growth cycle is periodic in time, at least during

the early stages of growth.
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Figure 4.4, Plots of (a) 2D projected areas of the dendrite, and (b) normalized velocity (black curve)
of the dendrite tip, and measured current response (blue curve) as a function of the deposition time.
Figure 4.4(a) is a plot of the change in 2D area of the electrodeposits as a function of
deposition time. A step-wise increase in area with time is observed. Fig. 4.4(b) shows plots of the
normalized growth velocity and current as a function of time. (In these experiments, the applied
potential is maintained constant at -2.0 V with respect to CE during the growth.) I found that both
the growth rate and the current oscillated periodically. The frequency and phase of current
oscillation are in sync with oscillatory areal growth; the current increased in magnitude as the
deposited area increased rapidly and the current was at its minimum when the area grew slowly. I

also found that the average frequencies of both areal growth rate and current oscillations are equal

and increased from ~0.59 s™ to 0.91 s™ with increasing applied potential from 2.0 V to 2.5 V.
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4.3.3 Layered morphology analysis

Scanning electron microscopy (SEM)

Figures 4.5(a)-(d) are ex situ SEM images of the leaf-like Zn dendrites electrodeposited
under conditions, where the growth oscillations are observed. The dendrites appear similar to those
seen in optical micrographs, with a periodic microstructure composed of parallel flakes with
similar lengths growing out of main trunk [Fig. 4.5(b)]. A higher magnification image and the inset
in Fig. 4.5(c) show the orientation of the flake with respect to the trunk. I speculate that the flake
grew outward at an angle with respect to the trunk. I have also observed that main trunk is faceted
and composed of hexagonal crystallites that are a few hundreds of nanometers in size. SEM image
[Fig. 4.5(d)] obtained from cross-sectional samples prepared by FIB confirmed the layered
structure. The image also demonstrated that the trunk extends across the field of view, suggestive
of continuous growth without any interruptions, while the flakes are discontinuous and grow at an

inclination to the trunk.

Figure 4.5, SEM images of leaf-like Zn dendrites electrodeposited under conditions, where
oscillatory behavior was observed. (a) Top view of a typical dendrite tip, the growth front. (b) The
growth front as viewed along angle labeled 1 in (a). This particular SEM image was acquired with
the sample tilted to 52°. (c) Higher magnification image of the tip in (b). Inset is a schematic
showing the off-axis growth at the tip. (d) Cross-sectional view, as seen along angle 2 in (a), of
the midrib of the dendrite highlighted by a dotted line in (a).

Transmission electron microscopy (TEM)
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Figure 4.6(a) is a bright-field TEM image of a portion of the Zn dendrite sample in Figs.
4.2 and 4.5. Dashed green lines depict the boundaries between darker and lighter grey contrast

regions in the image, which correspond to thicker and thinner sections of the dendrite, respectively.

(0002)

Figure 4.6, TEM characterization of the Zn dendrite structure shown in Fig. 3. (a) Representative
bright-field TEM image of a Zn dendrite. The dashed green lines highlight periodically alternating
darker and lighter grey contrast, corresponding to thicker and thinner regions respectively, within
the dendrite. (b) Selected area electron diffraction (SAED) pattern acquired from one of the thin
regions. The diffraction spots are identified as hexagonal close-packed structure. (c) A schematic
of Zn hexagonal crystallite. Basal {0001} and prismatic {1010} planes are labeled as shown.
Given that the TEM image is acquired from one of the dendrite tips, i.e. the growth front,
the nearly equal spacing between the dashed lines along the tip suggests that these thickness
variations occur periodically during electrodeposition. Selected area electron diffraction (SAED)
pattern obtained from one of the thinner regions indicated that the dendrite is a {0001 }-oriented
single-crystal with [0001] normal to the plane of the paper. As demonstrated from previous SEM
images, the dendrites are made of hexagonal Zn crystallites, stacked in the same orientation as
illustrated in Fig. 4.6(c). From the TEM image [Fig. 4.6(a)] and the SAED pattern, I determined
the tip direction as [1120]. In the SAED pattern, I observed additional diffuse arc-shaped

reflections radially along the {1010} spots but closer to the central reflection. I attribute these

additional spots to the presence of ZnO. The formation of ZnO is unavoidable and could occur
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during electrodeposition due to the presence of dissolved oxygen in the electrolyte and/or upon
air-exposure prior to TEM characterization. The arc-shaped reflections are indicative of texture
(preferred orientation) rather than epitaxial growth of the oxide. As shown in Fig. 4.6(a), the
dendrites are generally too thick for TEM imaging. In order to accurately determine the crystal
orientation relationships within the dendrite, I utilized FIB and milled out a single repeating unit
of the periodic structure. SEM image in Fig. 4.7 shows the FIB sample containing an out-of-plane
flake and the supporting continuous main trunk. SAED patterns of the flake (area labeled A in the
SEM image) and the trunk (area labeled B) showed that they are both single-crystals and with the
same zone axis (0110). However, the two patterns are rotated by ~19° with respect to each other
indicating that the out-of-plane flake is oriented at ~19° to the basal plane. SAED pattern acquired
from the area C containing both the flake and trunk is a superposition of the two patterns. Streaks
visible in the pattern are likely due to mechanical deformation of the dendrite during the

preparation of TEM sample via FIB milling.
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Figure 4.7, SAED patterns acquired from regions labelled A, B, and C in a SEM image of the FIB-
milled TEM sample of the dendrite.
X-ray diffraction analysis

TEM studies have been useful in the determination of local crystal structure, crystallinity,
and crystallographic orientation within the dendrites. X-ray diffraction (XRD) can help determine
the crystallinity and the orientation relationships between the flakes and trunks over larger sizes of
the sample and hence verify whether the TEM data is representative of the entire electrodeposit.
Fig. 4.8(a) is a typical 20-w scan obtained from a millimeter-sized electrodeposited dendrite. Only
0002 and 0004 reflections of HCP-Zn are observed indicating that the dendrites are single-crystals
with the basal planes parallel to the substrate plane. Fig. 4.8(b) shows representative w-rocking
curve obtained around 20 = 37.62° from the same sample. Two peaks are observed, a higher
intensity peak around ® = 0° and a secondary peak around ® ~ 18°. Full width half maximum of
the higher intensity peak was about 2.3° indicating that the deposit has a fairly good single

crystalline nature. I attribute the second peak to diffraction from the out-of-plane flake.
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Figure 4.8, X-ray diffraction (XRD) data, (a) 26-» and (b) o scans, obtained from a millimeter-
scale electrodeposited dendrite sample.

As demonstrated in the TEM SAED patterns, the out-of-plane flakes and the trunk are both

{0001}-oriented single-crystals whose (0110) are rotated by ~19° with each other. This

relationship is further verified by XRD data.

4.3.4 Discussion

In our experiments, oscillations in the current (I) and in the growth rate occurred during
electrodeposition at a constant potential [Fig. 4.9(a)]. Out-of-plane flakes are found to be growing
in sync with the current oscillations. Based on these observations, I propose a model for the growth
of Zn dendrites. The schematics A, B, and C in Fig. 4.9(b) illustrate three different stages
corresponding to stages I, II, and III, respectively of the dendrite growth process. While a constant
potential is applied to the electrodes, Zn(II) ions near the vicinity of cathode are driven towards
the electrode surface by the electrical field. The maxima in current [I| (stage I), coincide with the
maxima in the rate of Zn electrodeposition. I suggest that this fast growth occurs on the prism
planes of the Zn, as illustrated by the arrows in the image labeled A in Fig. 4.9(b). This is plausible
since higher current density is known to favor electrodeposition along the prism planes. The fast

growth causes a rapid depletion of the Zn ions and consequently the electrodeposition process
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becomes diffusion limited. As Zn ions are depleted, the current values begin to decrease. In the
diffusion-limited regime, the depletion layer width reaches its maximum. And it takes longer time
for Zn ions to reach the electrode surfaces. Thus, the current and growth rate are both low. When
the stage II is reached, the Zn concentration at electrode surface becomes zero, which leads to a
sudden decrease in the current. During this period, the electrodeposition continues to occur as
indicated by a secondary growth peak in the black curve in Fig. 4.9(a) and results in the out-of-
plane flakes, as shown in image labeled B. However, the reasons leading to growth at an angle are
not clear. After stage II, when current density is low, the trunk growth with basal plane orientation
is favored but the growth rate is low due to the low flux (current density). Zn ion concentration
gradually recovers, and greater Zn flux is reestablished in stage III and the growth on the prism
plane is recovered (image C). By repeating this process, the current oscillates synchronized with

the flake and the trunk growth.
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Figure 4.9, (a) Plot of growth rate and current oscillation as function of deposition time. (b) A
schematic showing the oscillatory growth mechanism.

During electrodeposition at constant voltage, I observed oscillatory growth of Zn dendrites
with periodic changes in both morphology and current. From in situ optical microscopy data in
combination with the measured current responses, I determined that the oscillations in the dendrite
growth rates are in sync with those in the current. Using electron microscopy and x-ray diffraction,
I identified the three-dimensional microstructure of the dendrites. Based upon my data, I propose
that at higher current densities, electrodeposition occurs at a fast rate along the prism direction. As
the Zn ions are depleted, electrodeposition continues in the diffusion-limited regime during which
nucleation occurs on the basal plane and leads to the formation of out-of-plane flakes. This

oscillatory phenomenon is observed over a certain range of pH and overpotential values. The future
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aspect of this study aims to understand the kinetics of nucleation of the out-of-plane flakes, which

will provide new insights into the factors leading to the formation of high aspect ratio dendrites.

4.4 Conclusions

In summary, spontaneous oscillatory growth behavior is observed during Zn
electrodeposition under specific conditions. I used in situ optical microscopy coupled with
electrochemical Hele-Shaw cell to investigate the Zn dendrite growth behavior. From the analysis
of in situ optical microscopy movies and concurrently measured current signals, I verified that the
growth oscillations are synchronized with the current fluctuations. Cross-sectional SEM and TEM
measurements demonstrated that the oscillatory growth resulted in a multi-layer growth
morphology. In addition, the layered structure originated due to branching in a new
crystallographic direction. Electron diffraction data in combination with XRD omega scans helped
establish that the dendrites are made of {0001}-oriented Zn crystallites and the layered

microstructure is a consequence of growth along two directions.
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Chapter 5

S In situ atomic force microscopy studies of Zn electrodeposition and the effect of pH

In situ atomic force microscopy (AFM) enables direct observation of Zn nucleation and
growth during electrodeposition. With resolution capable of imaging atomic steps, AFM has
demonstrated itself to be the one of the best tools for the determination of surface morphology. In
addition, AFM operation is noninvasive and requires minimal sample preparation, which makes it
an ideal in situ technique for studying a variety of surface dynamical phenomena including

nucleation and growth of thin films, surface phase transitions, reactions, etc.

5.1 Introduction to in situ atomic force microscopy (AFM)

5.1.1 In situ AFM imaging

AFM is a scanning probe technique that involves rastering a fine tip over the surface of
sample, measuring the local tip-sample forces. An AFM is typically built on four components,
namely, a cantilever, a piezoelectric transducer, a position sensitive photodetector, and a feedback
control loop. To acquire an AFM image, the deflection of cantilever is measured using the optical
lever. The optical lever operates by reflecting a laser on the back of cantilever and being received
by a position sensitive photodetector. As a result, the deflection of the cantilever is measured by
the position of the laser spot on the position sensitive photodetector. The height of the AFM
cantilever is controlled by the piezoelectric transducer, which expands under applied potential.
The feedback loop is used to adjust the height of the cantilever holder to restore the deflection to
a constant and pre-defined value. Therefore, the height of the cantilever driven by the piezoelectric
transducer represents the sample surface topography.

AFM scanning probes are sharp pyramidal-shaped, a few micrometers-high, tips, typically

made from silicon and silicon nitride, fabricated at the end of a cantilever, which is also typically
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made of silicon or silicon nitride. The aspect ratios of AFM tips may vary depending on the
application. When the tip is brought into proximity of a sample surface, the cantilever deflects due
to repulsive forces between the tip and sample surface. This force is measurable using Hooke’s
Law when the length and spring constant are known for the cantilever.

AFM can be operated in two major modes: contact mode and tapping mode. During contact
mode imaging, the AFM tip is in direct contact with the sample. The surface topography is
measured using the deflection of the cantilever (constant height) or the feedback responses
required to keep the deflection at a constant value (constant force). In tapping mode, the cantilever
is driven to oscillate at resonant frequency. A known driving signal near resonant frequency results
in a constant cantilever oscillation amplitude. When the tip is brought closer to the surface, the tip-
surface interaction causes the amplitude to change. This change in amplitude is then used as the
feedback to restore the tip-sample distance via feedback loop. AFM tapping mode is therefore a

dynamic imaging mode with reduced sample damage.

5.1.2 In situ AFM analysis

AFM images are not just pictures; they reflect accurate topographic information that can
be used for quantitative surface analysis. AFM images are typically presented as color maps, where
the intensity of each pixel represents a measured height value at that position.

Surface roughness is one of the measurable parameters, accessible through AFM image
analysis. Among all the different forms of roughness expressions, the most commonly used one is

root-mean square roughness (RMS) that can be calculated by formula:

RMS = '3, [y2], [5.1]

where n is the number of data points and y is the height measurement of the data point i. Higher

RMS value implies a greater variation in surface roughness.
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Topographic measurements such as grain sizes, step heights, and particle shapes can be
obtained from the AFM images. Gwyddion 2.45 software is employed to process the AFM images

and to extract the data presented in this chapter.

5.2 In situ AFM experimental

This section overviews the experimental procedure for in situ AFM analysis of Zn
electrodeposition. First, a detailed description is given of the electrochemical cell assembly.
Second, the instrumentation is briefly described. Third, this section introduces the preparation

methods for various types of substrates used in my experiments.

5.2.1 Electrochemical cell assembly

All the in situ AFM experiments are carried out in a commercially available
electrochemical cell fabricated by Asylum Research using a MFP-3D original AFM. The
electrochemical cell is made of polyether ether ketone (PEEK), which is known for its excellent
chemical resistant. The reservoir for electrolyte is about 7 mL in volume. On the sidewall of the
PEEK cell, four ports are designed for multiple purposes. One is used as a feedthrough for CE, a
Zn wire (Alfa Aesar, 99.995%). Prior to assembly, the CE was cleaned in 0.5 M H,SO4 for 10 s to
remove surface oxide and then dried using nitrogen gas. Another port is connected to a solution
reservoir that serves as a salt bridge connecting a RE. The other two ports are used to allow flow
of solution in the cell. Figure 5.1 is a photograph showing the final electrochemical AFM cell

assembly.
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Figure 5.1, In situ electrochemical AFM cell assembly.

5.2.2 Instrumentation

Atomic force microscopy (AFM)

Tused an Asylum MFP-3D AFM system to conduct my experiments. In most of the studies,
I used a silicon nitride cantilever with a silicon nitride tip (OLYMPUS TR800PSA). These tips
have a thin gold coating on the back-side of the cantilever to enhance the reflection of the laser.
All the in situ electrochemical experiments are carried out using a Bio-Logic SP-300 potentiostat
with a three-electrode cell with a stable RE.

Reference electrode (RE)

A mercury sulfate electrode (MSE) is employed as RE during in sifu electrochemical
experiments. The MSE potential is E = 0.64 V with respect to the normal hydrogen electrode
(NHE). Prior to use, the MSE potential was calibrated with respect to silver chloride electrode
(Ag/AgCl). In this chapter and following chapters, MSE will be the used as the primary RE.
Flow apparatus

When the pH needed to be precisely controlled, a pump (Harvard Apparatus PHD 200) is

connected to provide a constant flow of solution at an adjustable flow rate. In cases where the
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electrolyte needed to be changed (for example from pH = 3 to pH =4), 36 mL (~5 times of reservoir

volume) of new solution is purged through the cell.

5.2.3 Substrates and sample preparation

In the first set of pH experiments described in this chapter, polycrystalline copper and
platinum are used. Later experiments will describe deposition on single-crystalline Cu(111)
substrates.

Polycrystalline Cu foil

Polycrystalline Cu foils (10 mm x 10 mm X 25 pm) are used as working electrodes. Prior
to the experiments, substrates were plasma cleaned for 10 minutes and submerged in 0.5 M H,SO4
for 2 minutes to remove the surface oxide. Subsequently, the electrode is well rinsed with Millipore
water and dried with nitrogen gas. In order to prevent oxidation, the substrate is placed without
delay in the cell and immersed in electrolyte solution.

Cu(111) single-crystal

Single-crystalline Cu(111) (MTI) (10 mm % 10 mm % 1 mm) substrates are also used as
working electrodes. Electropolishing was carried out to prior to the experiments in 85% phosphoric
acid. Detailed operating procedure is given in section 6.2.1.

Sputter-deposited Pt microelectrode

Pt thin films are also used as electrode material. Approximately 600-nm-thick layers of Pt
are sputter-deposited within a 1-mm-diameter circular pattern on a 0.5-mm-thick, square-shaped
glass wafer (see Fig. 5.2). Electrical contacts are achieved by depositing Pt on all the edges and on
the backside. The cleaning procedure for Pt electrodes involves 10 minutes of plasma cleaning,

followed by rinsing with ethanol, and Millipore water.
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Figure 5.2, Pt electrode used in in situ AFM experiments.

5.3 Electrochemical methods

This section starts with an introduction to cyclic voltammetry (CV) technique followed by
a presentation of the CV results obtained in the electrochemical AFM cell. With the help of the
CV results, the electrochemical procedure used during in situ AFM is described in detail in this

chapter.

5.3.1 Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical method during which current response is
measured while applying a linearly swept potential. CV analysis is often applied to obtain
fundamental information about the redox reactions occurring in an electrochemical cell. It can also
be useful in determining the reversibility of a reaction, the electron stoichiometry of a system, and
the presence of intermediate products.

In this chapter, CV is primarily used to measure the formal reduction potential of Zn in
ZnSQy electrolytes at various pH values. The cathodic (negative) current corresponded to the
reduction of Zn(II) to Zn(0), while the anodic (positive) current corresponded to the oxidation of
Zn(0) back to Zn(II). Figs. 5.3(a) and (b) show representative CVs of Zn electrodeposition in 0.1
M ZnSO, solutions with various pH. All the data are collected at a scan rate of 10 mV/s. The

anodic peak positions are all approximately -0.9 V vs. MSE. Fig. 5.3(b) shows a portion of the plot

45



in Fig. 5.3(a) magnified around the zero current position, where I hold the electrodeposition
process and acquired AFM images. At the zero current position, the surface is neither reducing nor

oxidizing and thus I do not expect any deposition or dissolution.
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Figure 5.3, Cyclic voltammogram of (a) 0.1 M ZnSO4 at pH = 3, 4, and 5. (b) Magnified view of
the same data presented in (a).

5.3.2 Electrodeposition procedure

All the Zn electrodeposition experiments are carried out in 0.1 M ZnSOy solution prepared
by dissolving anhydrous ZnSO,4 powder (Aldrich) in Millipore water. The solution pH is adjusted
to 3.0, 4.0, and 5.0 by adding droplets of concentrated H,SO4 or KOH. Electrodeposition pulses
are applied at a constant potential Ewg =-1.70 V vs. MSE [Fig. 5.3(a)]. The duration of each pulse
is set to electrodeposit 100 monolayers (ML) of Zn. In Table 5.1, calculated amounts of charge
transferred assuming 100% efficiency are presented. During electrodeposition, Zn>" ions adsorb
onto the electrode surface and subsequently reduce to Zn. In this chapter, the term 'pulse' will be
used to refer to deposition thickness. During pulsing, the AFM cantilever is raised above the
solution to prevent possible screening effects. AFM images are acquired between the pulses while
holding the working electrode at a small reducing potential with negligible cathodic current

passing through the cell. This holding potential is -1.42 £ 0.5 V vs. MSE [Fig. 5.3(b)] and is
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determined from the zero current position in CV data at which point the deposit neither grows nor
dissolves.

Table 5.1, Charge transferred in 100 ML of Zn electrodeposition.

Polycrystalline Cu Sputtered Pt
Area (mm") 31.7 0.785
Charge transferred (mC) 16.5 0.41

5.4 In situ electrochemical quartz crystal microbalance (EQCM)

5.4.1 Introduction to EQCM method

Quartz crystal microbalance (QCM) allows measurements of mass variations (Amgcym)
through changes in oscillation frequency (Af) of the crystal using Sauerbrey equation, which can
be simplified as:

Af=-CyAmgcy, [5.2]
where Cr is the sensitivity factor of the crystal. QCM combined with the capability of measuring
electrical response is known as electrochemical quartz crystal microbalance (EQCM). Using
EQCM, mass variations and electrical responses can be measured simultaneously. The ratio of

mass deposited during electrodeposition to the total charge transferred can be determined in situ.

5.4.2 Instrumentation and calibration

A Stanford Research QCM200 quartz crystal analyzer equipped with a 5 MHz AT-cut
quartz crystal sputtered with Ti/Au is used for in situ EQCM measurements during
electrodeposition at a constant current density -4 mA/cm” with a three-electrode setup in a beaker
cell. The active electrode area is 40 mm®. The quartz crystal holder is made of Teflon.

In order to ensure accurate measurements in my electrochemical setup, I first calibrated the

QCM using the following method. Zn is electrodeposited in 0.1 M ZnSO,4 with pH = 3 at a constant
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current of -4 mA/cm” for 10 minutes and the corresponding Af recorded. Then the crystal is
carefully rinsed in Millipore water and dried with nitrogen. The mass Amqcwm of the resulting Zn
film is measured by analytical balance (Mettler Toledo XP2u). The sensitivity factor, Cr is then
determined using equation [5.2] and is found to be 105.81 Hz pg!. This Cy value is used in the
analysis of all the results obtained for electrodeposition in 0.1 M ZnSOj solutions with pH = 3.0,
4.0, and 5.0. Cris considered as a function of electrolyte concentration, however, the concentration
varied little with pH in my experiments.

From Faraday's law, the change of mass (Amry,y) is proportional to the total charge (Q)

QMW

transferred during electrodeposition and is given by the relation Ampye, = ———, where

MW = 65.38 gmol'1 is the molecular weight of Zn, z = 2 is the valence number of Zn ions, and
F =96485.33 Cmol ™' is the Faraday’s constant. Using these values, I calculated Amrpeory and
Amgcm measured from electrodeposition of Zn in pH = 3 solution as described above; the ratio
sets the electrodeposition efficiency, N1 = Amgem/Amtheory, Which for pH = 3 is found to be 91.92%.

I assume the same 1 for electrodeposition of Zn in pH =4 and 5 solutions.

5.5 Results and discussion

This section describes the use of in situ AFM along with ex situ SEM to study the
morphological evolution of electrodeposited Zn and in situ EQCM to quantitatively relate the
amount of material deposited to charge transferred. The section begins with description of surface
morphologies and growth characteristics associated with pure Zn deposition in pH = 3, ZnSO4

solution. The effects of substrate crystallinity and structure on the growth morphologies and

48



surface roughness evolutions are then discussed. Later part of the section deals with the change in

surface morphology at higher pH and is shown to be associated with co-deposition of Zn and ZnO.

5.5.1 Morphology evolution

Polycrystalline Cu substrate

Figure 5.4 shows morphological evolution of Zn during electrodeposition on a
polycrystalline Cu substrate from 0.1 M ZnSO, solution. The solution pH is maintained at 3.0 by
continuously flowing the electrolyte. Electrodeposition is carried out in pulses at a potential of -
1.7 V vs. MSE. Each pulse contained a fixed amount of charge needed to deposit 100 ML of Zn
as shown in Table 5.1, assuming 100% efficiency. (However, the experimentally measured
efficiency is 91.1%, which corresponds to deposition of ~91 ML per pulse.) Thickness labels in
Fig. 5.4 are values expected for 100% efficiency. Between the pulses, the AFM tip is carefully
relocated to image the same area so that the surface features can be followed across the scans.

After 100 ML of deposition, small (<100 nm in diameter) crystallites are observed over the
field of view. These nuclei grow and coalesce to form a polycrystalline film. Fig. 5.4 shows the
growth morphologies at thicknesses between 700 ML and 2900 ML. At 700 ML thickness,
individual grains are clearly visible. With increasing thickness, I found that larger crystallites
covered the entire surface, which either coalesced with or outgrew neighboring smaller crystals.
Crystallographic orientation plays an important role in crystal growth behavior because of

anisotropic growth rates and surface energies.

49



10 pm x 10 um

g g
=) =
=) o
- <
< a
o o

g
g =)
= o
o <
S =)
o) —
o o

g
g =
= o
=) S
v —
O o
o o

g
g =)
= o
o A
S —_
o~ o
o o

g
g =
= =
o Q
) N
o~ —
o o

. \ v, 4 \
Figure 5.4, Sequential AFM images (height channel) acquired during electrodeposition of Zn on a
polycrystalline Cu electrode. Arrows indicate the evolution of two crystallites with different

orientation.
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To gain more insight into the role of orientation, I tracked individual crystallites with
different orientations. Basal oriented crystallite, such as the one highlighted by a black arrow, grew
laterally but became covered by surrounding faster growing crystallites. In contrast, crystallite
oriented with the prism facets pointing out of the substrate plane, such as the one highlighted by a
blue arrow, grew at a much faster rate than the basal oriented crystallites. The fastest growth
direction is the vector sum of the facet velocities and thus for hexagonal plates will be near the

apex between two prismatic facets as is observed here.
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Figure 5.5, Plots of (a) number of crystallites per unit area (black) and mean size (red) and (b)
root-mean square (RMS) roughness as a function of deposition thickness.

In Fig. 5.5(a), the areal number density and mean size of crystallites are plotted as a
function of deposition thickness. As the growth progressed, the number of crystallites in the same
field of view decreased, indicating that the existing Zn crystallites selectively grew instead of
nucleating new crystallites. Fig. 5.5(b) is a plot of RMS roughness vs. thickness, which shows that
the Zn surfaces become increasingly rougher with increasing thickness. I attribute this behavior to
the out-of-plane growth of crystallites bounded by prismatic facets.

Single crystalline Cu(111) substrate
In order to investigate Zn electrodeposition kinetics and to minimize the role of substrate

structure influencing the results, I chose Cu(111) single-crystals as the substrates. During in situ
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AFM experiments, [ observed two types of growth morphologies, island nucleation and step flow,

depending on the step density of the underlying copper substrate.

Figure 5.6, In situ AFM images (gold color: height channel, grey color: amplitude channel)
acquired during Zn electrodeposition on a single-crystalline Cu(111) electrode. The image (2 x 2
um?) bounded by a dotted green box is a magnified view of the area highlighted in green.

Figure 5.6 shows island nucleation on relatively flat substrates. After 200 ML of deposition,
the single-crystalline substrate surface is covered by crystallites with sizes around 100 ~ 200 nm
in diameter. These small crystallites are all oriented in the same direction across the entire field of
view, and some of them appear to be hexagonal in shape. With continued deposition, the
crystallites increased in size with more pronounced hexagonal symmetry; this suggests that the
basal facet is orientated parallel to the substrate. During growth, no new nuclei with different

orientations are observed. At a thickness of 2500 ML, the surface appears to be smoother as the

individual crystallites grew to similar heights and began to merge with each other. Because the
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islands are crystallographically aligned, atomic steps are able to flow from one crystallite to
another. Zooming in on a flat domain shows a more detailed view (green-boxed image in Fig. 5.6),
where Zn atomic steps are clearly visible. At the center of this domain, steps are generated either
from a surface-terminated screw dislocation or two-dimensional island nucleation. These steps
then continuously grew out to the edge of the crystallites. Coalescence of domains can occur when

steps from one domain propagate to its neighboring domain with a similar height.

1000:ML

4

Ommm 120 nm
Figure 5.7, In situ AFM images (gold color: height channel, grey color: amplitude channel)
acquired during Zn electrodeposition on a single-crystalline Cu(111) electrode. Left column shows
the growth morphology on a larger scale. The center and the right columns show magnified views
of central regions.
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Figure 5.7 shows the second type of morphological evolution, which occurred on vicinal
copper surfaces. In this case, growth is dominated by Zn steps that template the underlying copper.
At a thickness of 800 ML, Zn surface with terraces and steps is observed (Fig. 5.7). After 1000
ML of deposition, wider and flatter terraces separated by steps or step bunches are visible. As
shown in the higher magnification AFM images, steps appear less kinked and the surfaces
increasingly smoother with increasing thickness.

In the same experiment, small 3D mounds with similar sizes (~250 nm in diameter, ~50
nm in height) are observed on the surfaces during deposition. Between 800 ML and 1000 ML,
lateral or vertical sizes of these mounds did not change substantially. Figs. 5.8(a) and (b) show
higher resolution images of two such mounds. The mound in Fig. 5.8(a) retained the same size
although terrace steps around it continued to grow. This particular mound has a regular hexagonal

shape; however, other mounds exhibit more complex polyhedral morphologies.

Figure 5.8, (a) In situ AFM image (amplitude channel) of a Zn mound. Image: 1 pm % 1 pm. (b)
SEM image of the Zn mound.

As previously observed in the AFM images, electrodeposited Zn film appears to be
crystallographically well-aligned both in-plane and out-of-plane with respect to the single-
crystalline Cu(111) substrate. XRD data are obtained to determine the crystallinity of the as-
deposited Zn layers. Fig. 5.9(a) shows a typical 20-o scan obtained from the electrodeposited Zn

film on Cu(111). In this plot, only the (0002) and (0004) reflections of HCP-Zn are present
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indicating a strong out-of-plane [0001] orientation. Fig. 5.9(b) shows a w-rocking curve for (0002)
Zn reflection; the full width at half-maximum (FWHM) value of the (0002) peak is found to be
1.26°. In comparison, the FWHM value for the (111) peak of the single-crystalline Cu(111)
substrate is measured to be 0.89°, indicating that mosaic spread of Zn film is fairly small and the
crystallinity of the Zn film is comparable to that of the single-crystal Cu substrate. Fig. 5.9(c)
shows x-ray pole figure generated by tilting () the sample from 0° to 90°, and rotating (¢) the
sample in 360°. To obtain this data, the diffractometer is set to a 20 value, at which the Bragg
condition for diffraction is satisfied. The pole figure data provides further evidence that the Zn

films electrodeposited on single-crystalline Cu(111) are also single-crystalline.
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Figure 5.9, X-ray diffraction (XRD) measurements performed on a Zn film electrodeposited on
single-crystalline Cu(111) substrate. (a) 20-o spectrum. (b and c) rocking curve and pole figure
for Zn(0002) reflection, respectively.
Sputter-deposited Pt microelectrode

I have also carried out Zn electrodeposition on sputter-deposited Pt microelectrodes using
0.1 M ZnSOy solution with pH = 3 under conditions similar to those used for the growth on

polycrystalline Cu substrates. Fig. 5.10 shows a comparison of morphological evolution of Zn

films on polycrystalline Cu and Pt microelectrode substrates.
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Figure 5.10, In situ AFM images acquired from the surfaces of the sputter-deposited Pt
microelectrode and polycrystalline Cu substrate (left column), and from the surfaces of
electrodeposited Zn at a thickness of 100 ML (middle column) and 1500 ML (right column).

The RMS roughness of bare Pt microelectrode is 2.0 nm, less than the value (5.7 nm)
measured on polycrystalline Cu substrates. After the deposition of first 100 ML, I observed fewer
crystallites and lower coverage on the Pt microelectrode compared to homogeneous deposition on
polycrystalline Cu substrates. With increasing thickness, both the surfaces become progressively
rougher. However, Zn layers on Pt electrodes appear less dense with higher aspect ratio features.
The AFM images of Zn films deposited on Cu substrates reveal more basal {0001} facets covering
the surface, resulting in relatively smoother surfaces. Fig. 11 is a plot of RMS roughness values
obtained as a function of Zn film thickness on both Pt and Cu substrates. Clearly, Zn layers on Pt
microelectrodes are rougher than on Cu. On Pt, roughness increases sharply during early stages of
growth and up to a deposition thickness of 1000 ML beyond which the roughness varies little with

increasing thickness. In comparison, roughness of the Zn layers on Cu substrate increase

56



monotonically with increasing thickness. The observed differences in roughness evolution can be
attributed to the differences in the nucleation density and crystallite orientation on the two
substrates. On Pt, fewer nuclei form, which then grow into larger crystallites. It is also likely that
the Zn layers grow with non-basal facets oriented normal to the substrate. Surface coverage
continues to increase as new nuclei form. I speculate that these factors contribute to a sharp
increase in roughness during the first 1000 ML of deposition. Within the 1000 ML of deposition,
nucleation density becomes saturated and all the deposited material is captured by existing
crystallites. As a result, the roughness values vary little at thicknesses above 1000 ML. On Cu
substrate, nucleation density is high and preferential growth of basal facets from the onset of
deposition leads to relatively smoother films. I attribute the steady increase in roughness with
increasing thickness to the polycrystallinity of the Zn layer and the anisotropic out-of-plane growth

rates of facets with different orientations.
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Figure 5.11, RMS roughness plotted versus deposition thickness for the electrodeposited Zn film
on sputter-deposited Pt microelectrode (black) and polycrystalline Cu (blue) substrates.

5.5.2 pH effect on Morphology

Solution pH and the formation of ZnO are suggested as the factors contributing to
oscillatory growth observed in Hele-Shaw experiments (e.g., Fig. 4.4). In this section, I take the

first step towards understanding the effect of pH on the electrodeposited Zn morphology. Base
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solutions of 0.1 M ZnSO4 have a pH of approximately 4.3. The solution pH can be modified in
two ways: either directly by adding acid or base to the starting solutions, or dynamically by
electrochemically reducing dissolved oxygen, which in turn generates OH™ at the electrode
interface. As I will demonstrate, higher pH values stabilize ZnO, which will precipitate above a
threshold pH value (theoretically 6.3). I found that solutions with pH > 5 are difficult to make
because ZnO would spontaneously precipitate (due to locally high supersaturation) while the pH
is being adjusted. Therefore, I compare electrodepositions from starting solutions with pH = 3, 4,
and 5. In situ electrochemical AFM observations presented in this section are acquired in ZnSO4
solutions without flow. The lack of flow allows the surface pH (relative to starting solution) to
increase with time due to the reduction of dissolved oxygen to OH'.

Figure 5.12 shows in situ AFM images of the surface morphological evolution during
electrodeposition of Zn on polycrystalline Cu substrate in 0.1 M ZnSO, with starting pH = 3, 4,
and 5 in the left, center, and right columns, respectively. In the pH = 3 solution, during the first
100 ML of deposition [Fig. 5.12(a)], I observed small Zn crystallites, which appear to nucleate
uniformly across the substrate. I note that Zn alloys with Cu during the electrodeposition process;
however, at a deposition thickness of 100 ML, the observed morphology is primarily due to
nucleation and growth of Zn. With increasing number of deposition pulses, i.e. increasing
thickness, the smaller crystallites grew and coalesced into larger hexagonally-faceted crystals
oriented randomly with respect to the substrate [Figs. 5.12(b) and (c¢)]. Although the surface pH is
increasing with time (due to the lack of flow), the observed morphological evolution behavior is
qualitatively similar to that observed in Fig. 5.4, where the electrodeposition was also carried out
in solution with pH = 3 but with a flowing electrolyte to maintain the electrode pH at 3. I will show

later that these morphologies correspond to pure Zn.
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Figure 5.12, (a-i) In situ AFM images obtained from polycrystalline Cu samples during
electrodeposition of Zn from 0.1 M ZnSO, solutions with pH adjusted to (a-c) 3.0, (d-f) 4.0, and
(g-1) 5.0. The AFM images in the first, second, and third rows show surface morphologies after
deposition thicknesses equivalent to 100, 2500, and 3000 ML, respectively.
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In contrast to the growth morphologies obtained at pH = 3, AFM images obtained from the
Cu foils after the deposition of the first 100 ML in solutions with higher pH, i.e. pH = 4 [Fig.
5.12(d)] and pH = 5 [Fig. 5.12(g)] show the formation of vertical flake-like features with higher
aspect ratios. As the film thickness increases, clusters of multiple flakes appear, highlighted by
dashed yellow squares in Figs. 5.12(e) and (h). The cluster size and number density increased with
increasing deposition thickness and with the pH from 4 to 5.

In 3000-ML-thick Zn films deposited in both pH =4 [Fig. 5.12(f)] and pH = 5 [Fig. 5.12(1)]
solutions, I observed larger and thicker hexagonal plates with 120° vertices, highlighted by dashed
yellow lines in Figs. 5.12(f) and (i); the hexagonal plates are larger when deposited from pH = 5
compared to those grown in pH = 4 solution. Growth of these large plates is fast compared to the
AFM image acquisition times in my experiments. I was not able to capture the nucleation of these

large plates, which appear over the entire field of view (30 x 30 pm?) upon formation.
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Figure 5.13, Ex situ SEM images acquired after electrodeposition of Zn from 0.1 M ZnSOy, solution
with starting pH = (a) 3.0, (b) 4.0, and (c) 5.0.

Using energy dispersive spectroscopy (EDS) in the SEM, I determined composition of the
deposits. Fig. 5.13 shows typical SEM images along with EDS-measured oxygen contents in
selected regions on the surfaces of the electrodeposits. Both the AFM and the SEM images [e.g.,
Figs. 5.12(c) and 5.13(a)] of surface grown in pH = 3 are consistent and show polycrystalline

surfaces composed of blocky hexagonal crystals. Point-mode EDS data acquired from the surface
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revealed low (< 2 at.%) oxygen concentration, which I interpret as equivalent to a pure Zn surface
that is exposed to air after growth. The AFM and SEM images [e.g., Figs. 5.12(f) vs. 5.13(b) and
5.12(i) vs. 5.13(c)] of surfaces electrodeposited from solutions with higher pH values (= 4 and 5)
differed from one another. The AFM measures the true topography of the surface, which is
dominated by the high aspect ratio flakes. In contrast, the SEM image contrast depends on electron-
surface interactions and electron penetration depth. Because the flakes are electron-transparent,
the SEM images display the underlying film. Regions with high density of high aspect ratio flakes,
for example, those highlighted by a yellow dashed circles in Figs. 5.13(b) and (c), have high
oxygen content (>12 at. %). I suggest that these high aspect ratio flakes are likely ZnO and the
measured values of oxygen content (which are considerably lower than 50 at.% expected for O in
Zn0O) reflect the fact that the ZnO flakes sit on top of a Zn film. I provide supporting evidence
below that the formation of ZnO is favored in higher pH solutions. EDS data acquired from regions
bounded by green dashed circles in Fig. 5.13 show fairly low oxygen concentrations suggesting
that these regions are composed of pure Zn. As seen in Fig. 5.13(c), the large hexagonal plates

have negligible oxygen content and are consistent with pure Zn.

5.5.3 EQCM

I used EQCM to perform quantitative analysis on mass changes during electrodeposition.
Fig. 5.14 shows typical plots of mass changes measured during and after electrodeposition under
conditions similar to those used in my in situ AFM experiments. When a constant current (-4
mA/cm?) is applied [Fig. 5.14(a)], the mass of the quartz crystal (electrode) started to increase
linearly as a function of time (t) and charge transferred (Q = It). The growth rate given by the

slopes of the curves increased with solution pH. To be specific, the electrodeposited mass growth
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rates Ry measured in solutions with pH = 4 and pH = 5 are higher by 0.15 pg/s and 0.27 pg/s,
respectively than the rate obtained from pH = 3 solution (see Table 5.2 below).

Table 5.2, Quantitative analysis based on EQCM measurements of mass deposited in ZnSO4

) . p
solutions with pH = 3, 4, and 5. R, = Z.‘;?.Cal\g :

(Z = 2) is the mass deposited per 2 mol of electrons
omQcMm
I-ot
R - Ry pu = 3) 1s the difference in deposition rate measured with respect to the rate of deposition in
pH = 3 solution; M is the mass deposited during 10 minutes of constant current electrodeposition;

r is the average rate of mass deposited in the first 30 s after turning off the current.

transferred; Rqy* is Rq corrected using 91.92% efficiency; R, = is the deposition rate; AR (=

pH | Ry(ng/2 mol of ¢) | Ry*(ng/2 mol of e) | R(ng/s) (AR(ng/s)) M (ng) | r (ng/s)

3 60.90 65.54 1.69 - 1028.44 | -0.08
4 64.35 70.00 1.84 0.15 1130.88 0.15
5 68.74 74.78 1.96 0.27 1208.59 0.27

From EDS analysis (and in situ WAXS data in Chapter 6), I demonstrated that only Zn is
deposited from pH = 3 solution and both Zn and ZnO co-electrodeposited from pH = 4 (and higher)
solutions. Based on these results, I suggest that electrodeposition in pH =4 and pH = 5 solutions
is a dual deposition process. The first process is Zn electrodeposition, where Zn*" ions are reduced
and Zn is deposited. The second process is consistent with ZnO precipitation because my EQCM
data indicated that mass gain increases with increasing solution pH. To identify the mechanism
leading to ZnO formation, I carried out the following experiments. After electrodeposition, the
coated electrode was left in electrolyte for 10 minutes under open circuit condition. In pH = 3
solution [Fig. 5.14(b)], the mass decreased with time indicative of Zn dissolution. In pH = 4 and
pH = 5 solutions, however, I observed an increase in mass at initial times. The deposition rate
decreased gradually with increasing time. At later times, there are no detectable changes in the
mass of the sample. This demonstrates that ZnO formation continued after the current stopped,
and likely prevented Zn dissolution in pH = 4 and pH = 5 solutions. I obtained the ZnO deposition

rates under open circuit potential conditions from the QCM data in the first 30 s after the current
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was stopped. The average growth rates are 0.15 pg/s and 0.27 pg/s in pH =4 and pH = 5 solutions,
respectively. These ZnO formation rates (in the absence of current) are identical to the rate
differences AR, obtained during electrodeposition (see Table 5.2). That is, ZnO deposition rate
when the current is on is the same as the rate measured during a short time period after the current
is stopped. These EQCM results show that the process of ZnO formation is not a direct redox
reaction because it does not require a current but rather a pH-dependent chemical reaction.

The pH is a function of both the starting solution and electrochemical drive. To address the
influence of electrochemical drive on the growth rate, I made a fresh Zn-coated electrode using
pH = 3 solution (using the same conditions as above) and promptly transferred it into fresh pH =
4 solution right after the current stopped. Fig. 5.14(c) shows the mass change after current is
stopped. EQCM measurements for 60 minutes under open circuit condition showed that the mass
increase obtained from the fresh pH = 4 solution was much less than in pH = 4 solution, where
electrodeposition had already occurred. In addition, the mass increase eventually stopped in fresh
solution as indicated by a plateau observed in the black curve in Fig. 5.14(c), while in the other
case, the mass gain increased although at a declining rate. This suggested that a pure Zn surface
does not dissolve in solution with pH = 4 or higher, presumably due to the formation of a
passivating ZnO layer. Additionally, a pH = 4 solution modified by an electrodeposition current
would have a higher concentration of OH" built up leading to a higher precipitation yield of ZnO

compared to fresh pH = 4 solution.
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Figure 5.14, Electrochemical quartz crystal microbalance (EQCM) measurements of mass change
on active area plotted as a function of time (a) during electrodeposition at a constant current of -
5.48 mA (-4 mA/cm®) for 10 minutes and (b) after electrodeposition, i.e. with the current turned
off, in pH = 3 (black), 4 (red), and 5 (blue) solutions. The data in (b) is obtained when a freshly
deposited substrate is soaked in the original setup. In (c), time-dependent changes in mass
deposited after a substrate deposited in pH = 3 was transferred to a fresh pH = 4 (black) solution
are compared with those measured from a substrate deposited and kept in pH = 4 (red).
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5.5.4 Discussion

Morphological Evolution

In the study based on polycrystalline substrates, the number of crystallites in the same field
of view decreased indicating that the deposited Zn crystallites are selectively growing larger
instead of nucleating new crystallites. Each crystallite is composed of atomically-flat surfaces with
few steps or islands, typical for growth conditions, where the nucleation rate is slow compared to
the step propagation rate. Once an island nucleates, the atomic steps quickly propagate to the
crystal edges leaving behind a smooth, step-free terrace. In addition, Zn grew faster in the prismatic
direction. The differences in growth rate lead to the final morphology and aspect ratios of the
features shown in Fig. 5.4.

In the study of Zn electrodeposition on single-crystalline Cu(111), two types of growth
morphologies are observed. In the first type, electrodeposition of Zn occurred via nucleation and
growth of 2D islands and/or surface-terminated screw dislocations (spiral steps) and resulted in
morphologies observed in Fig. 5.6. In the second type, step flow dominated the growth of Zn layers.
Furthermore, polyhedral crystallites appeared on the single-crystalline surfaces. The size and
orientation of these 3D crystallites did not seem to change with time and the fact that they did not
interact with the terraces during growth indicated that these features are misaligned with respect
to the epitaxially deposited Zn layers.
pH effect on morphology

My AFM studies demonstrated that the surface morphologies of electrodeposited Zn
depend on the pH of the solution. In order to understand this phenomenon, I focused on the
determination of chemical composition of the electrodeposits as a function of solution pH, which
is difficult for two reasons: differentiating Zn from ZnO based on in situ AFM images of the

surface morphologies is challenging because both Zn and ZnO have hexagonal symmetry; ex situ
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EDS data obtained from air-exposed samples is not conclusive because Zn oxidizes readily when
exposed to air and can form ZnO (particularly if high surface area features such as flakes retain
some moisture after removal from solution). To address this aspect, I performed in situ WAXS
experiments (details are presented in chapter 6) and unambiguously determined that ZnO formed
during deposition rather than upon exposure to air. Interpretation of my results is made difficult
by the fact that gradients in solution concentration and pH can develop over time because the
electrolyte is not actively flowed during deposition. To systematically study the effect of pH, I
carried out in situ electrochemical AFM experiments using a flow cell to maintain a constant pH.
The in situ WAXS and AFM results are presented in the following Chapter 6.
EQCM

I demonstrated that ZnO deposition rate is the same with and without current. This
indicated that ZnO formation is not governed by electrodeposition reactions but is consistent with
electro-precipitation process. In the following section, I present a plausible pathway for ZnO
formation.

Hydroxyl ions created by reducing dissolved oxygen, can raise the surface pH initiating

the chemical precipitation ZnO via reaction 5.3:
Zn** +20H = ZnO + H,0 [5.3]
or the hydroxyl ions can initiate the precipitation of Zn(OH),, which can then convert to ZnO via

reactions:
Zn®* +20H = Zn(OH), and Zn(OH), & ZnO + H,0 [5.4]
Both possible precipitation paths are related to hydroxyl ion concentrations through equilibrium

reactions

Zn(OH), or (ZnO + H,0) & 70t +20m [5.5]
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In Eq. (5.5), B represents the equilibrium constant for both paths:

B=1v,.2[Z0" v, 2[OHT, [5.6]
where v is the activity coefficient. y, >+ = 0.3 (according to Davies equation and with ionic strength
u = 04 M for the solutions used here) and v,,,-=1. Near the cathode surface, a higher

concentration of OH" builds up through reduction of dissolved oxygen resulting in a shift of
equilibrium towards ZnO precipitation. Similarly, higher bulk solution pH (higher OH’
concentration) leads to an increase in ZnO precipitation. (This is consistent with the experimental
result of higher ZnO yield in pH = 5 than in pH = 4 solution, when Zn>" concentration remained
the same.) After turning off the current, the supersaturation remained the same for a short time
period. As time progresses, the supersaturation decreases as the OH™ concentration near the surface
is depleted, because there is no new supply of OH™ from the cathodic reaction. Consequently, the
precipitation rates of ZnO decrease gradually with time in both pH =4 and pH = 5 solutions [Fig.
5.14(b)]. In a separate experiment, as further evidence of OH" build-up at the interface, I observed

a continuous weight gain during the first 60 minutes after the current was stopped.

5.6 Conclusions

During the in situ AFM study, 1 observed the morphological evolution during Zn
electrodeposition on poly- and single-crystalline Cu substrates and on sputter-deposited Pt
microelectrodes. For the electrodeposition on polycrystalline Cu and Pt substrates, Zn
electrodeposition formed polycrystalline films and prismatic facets were preferred growth facets.
On single-crystalline Cu(111), 2D island formation and step flow are found to be the two major
growth modes. XRD analysis demonstrated the growth of single-crystalline Zn(0002) films on

Cu(111).
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During the study of the effect of pH on electrodeposition, I first observed that the growth
morphologies are sensitive to solution pH when Zn is electrodeposited from 0.1 M ZnSOj4 solutions.
I found that both Zn and ZnO co-deposited at high pH values leading to both morphological and
compositional changes in the film. I further clarified the co-electrodeposition process using in situ
EQCM. I found that ZnO continued to precipitate after the electrodeposition current is stopped and
the precipitation rate is the same during and for short times after the electrodeposition. Based on
the electrochemical reactions, I propose that ZnO precipitation originates from increased
supersaturation, which is caused by local OH- concentration built-up through the reduction of
dissolved oxygen. To conclude, ZnO precipitated simultaneously with Zn electrodeposition

through a chemical rather than electrochemical reaction when pH fell within in a certain range.
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Chapter 6

6 In situ studies of ZnO electrodeposition kinetics

Electrodeposition has received increasing attention as a promising method for synthesizing
ZnO films with controllable nanostructure. Methods to electrodeposit in several different
electrolytes have been developed but are based on empirical investigations. In this chapter, I
describe the use of three in situ techniques, in situ AFM, EQCM, and WAXS, to investigate the
growth mechanisms operating during electrodeposition of ZnO and thereby develop fundamental
understanding of the ZnO electrodeposition process. The insights gained from my study will

ultimately lead to more precise control of the ZnO nanostructure and hence desired properties.

6.1 Introduction to ZnO electrodeposition
ZnO is a promising wide band gap material for a range of applications that include optical,
photovoltaic, and photocatalytic devices. There has been recent interest in the solution-phase
synthesis of ZnO because it is a low cost and versatile method to integrate thin films onto substrates.
The prevailing mechanistic models for ZnO growth from neutral or acidic solutions describe two
different crystallization scenarios. The first scenario proposes that metastable phases such as
Zn(OH), form initially. These metastable phases serve as reservoir rich in Zn and oxygen from
which ZnO nucleation is driven by dehydration reaction:
Zn** + 20H" — Zn(OH), — ZnO + 2H,0 [6.1]
The second scenario proposes that ZnO growth occurs via solution precipitation of ZnO; ZnO
colloids nucleate in the solution and then attach to the substrate.
Zn** + 20H — ZnO + 2H,0 [6.2]
Nucleation and growth behaviors impact the microstructure and morphology, and hence

electrical and optical performances, of the deposited material. Fundamental understanding of the
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nucleation and growth mechanisms often requires tools capable of accurate measurements of 2D
island formation and atomic step propagation rates. However, there have not been such systematic
studies of ZnO nucleation and growth kinetics. In this chapter, I present results from the use of
three in situ tools: in situ AFM to image ZnO nucleation and growth dynamics, in situ WAXS to
verify material phase and structure, and in situ EQCM to measure film growth rates.

To understand the interplay between Zn and ZnO growth, it is helpful to lay out the
chemical potentials for important reactions (Fig. 6.1). During ZnO electrodeposition, oxygen is

the source of oxidation from the solution and the associated reaction is
0, + 2H,0 + 4¢ = 40H", E’ o = -0.24 V vs. MSE, [6.3]
where the MSE standard potential E = 0.64 V vs NHE. In the literature, the formation of ZnO is

typically reported in terms of an overall reaction:

Zn*" +0.50, + 2¢” = ZnO, E,,o Y = 0.29 V vs. MSE. [6.4]
In Eq. (6.4), Ezuo™” is derived based on the thermodynamic data®’. Theoretically, at potentials
more reducing than Ez,0™°”, ZnO electrodeposition will occur. However, experimentally, ZnO is
only observed to grow with measurable rates at significantly more reducing potential values
ranging from -0.8 V to -1.3 V vs MSE®**. Here, I chose Ez,0™ = -0.8 V vs MSE, since most
controlled growth is carried out below this deposition potential. Additionally, Zn electrodeposition
based on Zn(II) ion reduction follows:
Zn*" +2¢ — Zn, E°, =-1.44 V vs. MSE [6.5]
Thus, at a potential more reducing than E’z,, Zn(II) ions will be deposited in the form of Zn(0).
Conversely at a potential more oxidizing than E’,,, preexisting Zn(0) will dissolve. This provides
an opportunity to explore three cases as exemplified by potentials labeled E;, E>, and E; in Fig.

6.1(a): at E;, both Zn and ZnO deposit as has been described in chapter 5; at E,, Zn neither grows
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nor dissolves but ZnO grows; at E3, Zn dissolves but ZnO grows. In all the cases, ZnO deposition

is pH dependent and will only grow if the pH is sufficiently high. I would like to point out that all

of my experiments are carried out at potentials well above the copper oxidation potential.
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Figure 6.1, (a) Schematic representation of the electrochemical reactions during ZnO and Zn
electrodeposition. (b) Cyclic voltammogram and (c¢) magnified view of the plot in (b) for 0.1 M

ZnSOy at pH = 4.

6.2 In situ AFM method

This section describes the experimental procedure based on the previous experimental

design used in chapter 5 for in situ AFM observations during ZnO electrodepositions. In addition,

a detailed procedure of single-crystalline substrate preparation is provided.

6.2.1 Electropolishing: single-crystalline substrate preparation

Electropolishing is a process that gradually removes material through electrochemical

etching. During the process, the sample will serve as anode, where material gets oxidized and

dissolved into the electrolyte.
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In this chapter, single-crystalline Cu(111) (MTI) (10 mm x 10 mm x 1mm) substrates
electropolished using 85% phosphoric acid. First, the Cu substrate is mounted on a customer
designed sample holder. The sample holder is assembled into a rotating disk electrode. Electrical
connection to the substrate is achieved through a gold pin touching the backside of the Cu electrode.
A two-electrode arrangement is used with the Cu substrates serving as the anode, and a Pt wire as
the cathode. A potentiostat (Bio-logic SP300) ias used to apply a constant current density 10

mA/cm” for 10 minutes while the anode is rotated at 500 rpm.

6.2.2 In situ AFM experimental procedure

The AFM instrumentation and image acquisition procedure are the same as described in
section 5.2 of the previous chapter. Here, I present only the essential electrochemical parameters
that are used in these experiments. The standard electrode potentials for Zn (EZHO =-1.44 V) and
both theoretical and experimental values for ZnO are indicated by blue arrows in Fig. 6.1(a). Fig.
6.1(b) is a CV diagram acquired in the AFM cell with the pH = 4, 0.1 M ZnSO, solution at 10
mV/s. E; =-1.7 V, is the potential used for Zn electrodeposition. Figure 6.1(c) is a portion of the
CV diagram in Fig. 6.1(b) magnified to show the plot details at potentials from -1.55 V to -1.30 V.
Ez." = -1.44 V is where cathodic current became zero. E, = -1.465 V is under a small reducing
current (J, = - 0.22 mA/cm?), where Zn growth is expected to be minimal. E; = -1.42 V is under

an oxidizing current, where an existing Zn surface would dissolve.

6.3 In situ wide-angle X-ray scattering (WAXS)
This section overviews the WAXS technique and experimental methods used to show
unambiguously that ZnO formed under my experimental conditions and to determine whether

other crystalline intermediates were also present as is hypothesized in literature®. This section
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starts with a brief introduction to the theory and synchrotron facility and ends with a detailed

description of the experimental design.

6.3.1 Introduction to WAXS

Wide-angle X-ray scattering is an X-ray diffraction technique that is used to determine
crystalline structure based on Bragg’s law. WAXS provides the same structural information as the
more commonly used XRD technique. WAXS differs from a related technique, small-angle X-ray

scattering (SAXS), in that the detector is positioned to acquire larger angle diffraction peaks.

6.3.2 Facility and specification

The WAXS data are acquired using 24 keV (A = 0.5166 A) photons in sector 9 of the
Advance Photon Source (APS) located at Argonne National Laboratory, Illinois, USA. In the APS
WAXS experimental geometry, the X-ray beam first passes through a monochromator, two mirrors
for harmonic energy reflection and beam defining before it is scattered by the sample. A 2D WAXS
detector (PILATUS 300K.W) is employed to acquire diffraction patterns. The sample to detector

length is calibrated to be 328.00 mm using silver behenate as a standard reference material.

6.3.3 Experimental design

The electrochemical experiments within the WAXS instrument are carried out using a coin
cell made using PDMS housing and glassy carbon window. The working electrodes (WE) are
made from the same copper foil used in the AFM experiments, and the CE/RE is a Zn wire (Alfa
Aesar, 99.995%). The WE is positioned normal to the incident beam. The beam is transmitted
through the glassy carbon window, solution reservoir, and then the WE foil. The thickness of the
solution layer is 2 mm, and the total volume of solution is about 0.22 mL. Electrodeposition is

conducted by applying a constant potential Ewg = -1 V vs. Zn (-2.4 V vs. MSE) for 10 min. In
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order to maintain current density similar to -4 mA/cm?, which is used in my other experiments, I
chose to use higher potential for this setup. Time series data are acquired by exposing the sample

to X-ray beam (spot size 1.5 mm % 0.8 mm) for 10 s at 30 s intervals.

6.4 Data analysis and discussion

This section deals with studies of ZnO formation during electrodeposition using different
in situ techniques. First, in situ WAXS results identified ZnO as an electrodeposition product from
0.1 M ZnSOy solution with pH = 4. Second, in situ AFM is used to monitor the morphological
evolution and study the growth kinetics on single-crystalline substrates. At two different applied
potentials, deposition of ZnO only (E,) and co-deposition of Zn and ZnO (E;) are observed. In
addition, the co-deposition of Zn and ZnO growth kinetics is studied on polycrystalline substrates
with applied potential at E;. In order to understand ZnO growth mechanism, in situ EQCM results
are correlated with in situ AFM experiments carried out at similar conditions with an applied

potential E,. Third, ZnO growth is studied at a potential (E3), where Zn dissolves.

6.4.1 Distinguishing ZnO from Zn

In situ WAXS experiments are carried out to identify ZnO and to investigate changes in
composition due to increasing the solution pH from 3 to 4. During the electrodeposition, a constant
potential E =-1.0 V vs. Zn CE (-2.4 V vs. MSE) is applied to the WE for 600 s. Fig. 6.2(a) shows
the circular integrated X-ray diffraction patterns obtained from polycrystalline Cu foil before and
after the electrodeposition for 600 s in pH = 3 and 4 solutions. The WAXS data from bare substrate
(black) shows copper reflections, as expected. After deposition in pH = 3 solution (red),
characteristic Zn peaks with k =2.54 A", 2.72 A, 4.68 A',4.71 A", 5.59 A™ etc. (Table 6.1) are
observed in the WAXS patterns. In pH = 4 solution (blue), reflections corresponding to both Zn

and ZnO are observed.
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Figure 6.2, In situ wide angle X-ray scattering (WAXS) spectra acquired from a bare Cu substrate
(black), and from Zn samples electrodeposited for 600 s from 0.1 M ZnSO, solutions with pH = 3
(red curve) and pH = 4 (blue curve). (b) Plots showing time-dependent changes in the integrated
peak intensities of Zn(1013) and ZnO(0002) reflections, normalized to the Cu substrate peak at k
=3.00 A"

Fig. 6.2(b) shows time-dependent changes in the structure and/or composition of the
deposited material. These WAXS experiments are carried out by taking diffraction data every 30
s (exposure time 10 s). In the upper panel of Fig. 6.2(b), the peak intensity of Zn(1013) normalized
with respect to the intensity of the Cu(111) peak is plotted as a function of time. The Zn peak
intensities increased with increasing deposition time indicating that the Zn films grew thicker.
Similar behavior is observed in pH = 4 solution (Fig. 6.2(b) lower panel), i.e. electrodeposited Zn
thickness increased with deposition time. At ~120 s, a new peak at k = 2.41 A corresponding to

the characteristic peak of ZnO(0002) appeared. The intensity of ZnO peak, normalized with respect

to the Cu(111) peak intensity, is low compared to that of Zn because the amount of ZnO deposited
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is less than that of Zn. Additionally, the ZnO peak intensity also increased as a function of

electrodeposition time, indicating that the amount of ZnO deposited increased with time.

Table 6.1, X-ray powder diffraction peaks for Zn, ZnO, and Zn(OH),. Eight strongest peaks are
selected for each compound.

Zn ZnO Zn(OH),
kzo(A™) | h k1 | Intensity | kzao(A") | h k1 | Intensity | kzaom2(A") | hk1 | Intensity
2.541 1002 53 2233 100 57 1.425 110 100
27722 1100 40 2414 |002| 44 1.478 101 80
3.005 | 101 100 2538 |101] 100 1915 111 100
3.724 102 28 3288 [102]| 23 1.956 201 80
4682 [103 25 3867 |110 32 2.304 211 80
4717 |110 21 4254 103 29 2.557 002 60
5357 | 112 23 4559 |[112] 23 2.750 021 80
5592 1201 17 5075 202 4 2.847 311 80

6.4.2 Electrodeposition of ZnO on single-crystalline substrate

This section deals with ZnO growth behavior on single-crystalline substrates during
electrodeposition in 0.1 M ZnSOy solution with pH = 4. The growth behavior at two deposition
potentials are compared using in situ AFM images. First set of electrodeposition experiments are
carried out at E; = -1.465 V, where only ZnO is deposited. The second set of experiments are
carried out at E; =-1.7 V, where both Zn and ZnO are co-deposited.

Electrodeposition at E; = -1.465 V: growth of ZnO while holding Zn static

Figure 6.3(a) shows a typical AFM image of single-crystalline Zn(0001) surface obtained
by electrodepositing 3000 ML of Zn on a Cu(111) substrate using 0.1 M ZnSO4 with pH =3 at E;
=-1.7 V vs. MSE. The Zn steps are visible in the image and the measured step height of 4.8 + 0.15
A corresponds to monoatomic steps on Zn(0002). After the growth of Zn layers, the electrolyte
pH is changed from 3 to 4 solution and the potential value to E; = -1.465 V. At E,, which is close

to the open circuit potential value (-1.44 V), Zn neither grows nor dissolves. During the solution
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exchange, which took about 10 minutes, using a syringe pump, the AFM tip is retracted from the
surface and stopped scanning the surface. At t = 25 minutes, scanning was resumed at the same
location and the first image at the new potential E, and in pH = 4 solution is obtained at t = 33
minutes [Fig. 6.3(b)]. Thus, the potential is held at E; = -1.465 V for 25 minutes while the
electrolyte pH is changed to 4. In Fig. 6.3(b), an ~16-nm-high ZnO crystallite with an incomplete
hexagonal shape is observed on the surface. In the following AFM scan [Fig. 6.3(c)], the ZnO
crystallite did not retain the hexagonal shape, became smaller [Fig. 6.3(c)], and eventually
disappeared [Fig. 6.3(d)]. This is likely because AFM images are acquired in contact mode.
Loosely bonded particles can be removed due to tip-surface interactions. ZnO crystallites removed
from the surface would have a higher propensity to re-dissolve because of the local concentration
variations. Furthermore, since the potential is maintained at E,, Zn does not dissolve. This is
evident from the AFM images of underlying Zn steps (highlighted by solid blue lines) in Figs.

6.3(c) and (d), which appear to be stationary.
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Figure 6.3, In situ AFM images (deflection channel) obtained from (a) 3000-ML-thick Zn
electrodeposited on Cu(111) at E; =-1.7 V vs. MSE in 0.1 M ZnSOj solution with pH = 3 and (b-
d) the same surface at E; = -1.465 V with solution pH = 4. The image scan rate is 1.09 Hz, which
corresponds to 8 min./scan. The labels denote the times t immediately following the acquisition of
AFM images. From t = 0 ~ 10 min., the electrolyte is exchanged with pH = 4 solution and the
potential set to E, = -1.465 V. Images (b)-(d) are consecutive scans obtained from the location
highlighted by a yellow box in (a). Yellow dashed lines and the box in (b) and (c) show a 3D ZnO
crystallite. Blue lines in (c) and (d) highlight monoatomic steps on the underlying Zn surfaces.
Electrodeposition at E; = -1.7 V, co-deposition of Zn and ZnO
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Figure 6.4, In situ AFM images (deflection channel) obtained from (a) 1000-ML-thick Zn on

Cu(111) in 0.1 M ZnSOy solution with pH = 3 and (b) after electrodeposition of additional 100
ML in the solution with pH = 4. In this measurement sequence, the electrodeposition potential is
held constant at E; =-1.7 V. (c) Higher magnification AFM image (height channel) obtained from
the area highlighted by a yellow dashed box. (d) Surface height profile obtained along the black
line shown in (c).

Figure 6.4(a) shows a representative AFM image of single-crystalline Zn(0002) surface
obtained after electrodeposition of 1000 ML of Zn from 0.1 M ZnSOsatpH=3 atE; =-1.7 V.

As described in Chapter 5, the pure Zn surface grows primarily via step flow creating an
array of narrow terraces separated by step bunches. Slow-growing, misorientated islands also
punctuate the surface. One such larger island visible in the lower left corner serves a nucleation

site for the growth of additional layers seen in subsequent frames. Fig. 6.4(b) shows the same area

after one deposition pulse in pH = 4 solution. (One pulse corresponds to passing charges equivalent
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to deposition of 100 ML of Zn(II) metal.) Under this condition, in situ WAXS confirmed the co-
deposition of Zn and ZnO. In Fig. 6.4(b), a micrometer-scale ZnO crystal is found at the location
of a Zn protrusion seen in Fig. 6.4(a). However, it did not merge with the existing protrusion, and
appeared to be 30° rotated with respect to be underlying Zn surface. On top of this 3D ZnO crystal,
surface steps are visible and can be seen in the higher magnification AFM image in Fig. 6.4(c). A
surface height profile measured across these steps is shown in Fig. 6.4(d) from which the step
heights are measured to be 5.2 A. This value is consistent with step heights on ZnO(0002) and
larger than the value (4.8 A) expected for Zn(0002). Irregular shaped islands formed on the Zn
terraces between the step bunches; these islands tend to follow the shape of the terraces. From the
morphology, it was difficult to determine the chemical composition of these irregular islands, but
the fact that they followed the shape of the terrace makes them likely to be Zn instead of ZnO. The
time-lapsed AFM images acquired during this experiment indicate that the Zn step bunches did
not move during the deposition. This might be because of surface and step edge passivation by
OH' ions in pH = 4 solution. The observed changes in surface morphology with increasing pH can

be attributed to the differences in the nucleation and growth kinetics of Zn and ZnO.

6.4.3 Electrodeposition of ZnO on polycrystalline substrate

I have also investigated the growth of ZnO on polycrystalline Zn surfaces. The
electrodeposition process is similar to that described in Chapter 5. First, a polycrystalline Zn
surface is obtained by electrodeposition of Zn in pH = 3 solution. This step results in the formation
of blocky hexagonal crystallites [see Figs. 6.5(a) and 5.12(a)]. After deposition of 3300 ML of Zn,
the solution pH is adjusted to 4.0, and five additional pulses are applied to the WE resulting in co-
electrodeposition of Zn and ZnO. The resulting surface morphology is shown in Fig. 6.5(b). By

imaging the same location in the two solutions, I could directly compare the growth morphologies.
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The formation of ZnO, likely due to a different nucleation and growth behavior, caused a clear
change in surface morphology. Figs. 6.5(b) and (c) show the presence of small, irregularly shaped
islands, decorating the facets and edges of the existing blocky Zn crystals. These islands are likely
to be ZnO and their heights vary from ~10 nm to 90 nm. That is, the ZnO islands are at least 20
layers tall. The surface features can be better visualized by 3D perspective views presented in Figs.
6.5(d) and (e). Compared to the growth of pure Zn facets from pH = 3 [Fig. 6.5(d)], the facets
obtained from pH = 4 [Fig. 6.5(e)] are much rougher, likely due to the simultaneous precipitation
of ZnO. The observation of ZnO islands on the Zn crystal facets demonstrates that nucleation is

not the limiting step during ZnO deposition.

(d) 3300 ML

y

Figure 6.5, In situ AFM images (height channel) acquired from a polycrystalline Cu sample after
electrodeposition of (a) 3300-ML-thick Zn from 0.1 M ZnSO4 with pH =3 at E; =-1.7 V and (b)
an additional 500 ML from 0.1 M ZnSO4 with pH =4 at E; =-1.7 V. (¢) A higher magnification
image of a crystallite highlighted by a yellow dashed box in (b). (d) and (e) 3D perspective views
of the images in (a) and (b), respectively.
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6.4.4 In situ electrochemical quartz crystal microbalance (EQCM)

With the in situ AFM data (Fig. 6.3), I showed that only ZnO formed at E; =-1.465 V. In
Chapter 5, I have demonstrated that the formation of ZnO at E, = -1.7 V is an electrochemical
precipitation process, where OH™ ions are produced through reduction of dissolved oxygen and
subsequently react with Zn(II) ions. In order to understand the ZnO precipitation process more
precisely, [ used in situ EQCM to study the deposition process at similar conditions with the same
applied potential (E). The data is presented in Fig. 6.6. From the EQCM results, I observed that
the ZnO deposition rate is linearly related to the potential. More specifically, the deposition rate is

proportional to overpotential 1, , = Ewrg, - Ez,0“"'. Overpotential is used to describe the driving

force for electrochemical reaction away from thermodynamic equilibrium. ZnO growth rate is

correlated with n, , because n, . is the direct drive for ZnO to form. In addition, the ZnO growth
rate is also correlated with n, = Eyp, - E°, ., due to the fact that Zn electrodeposition is more likely

to occur and cannot be ignored when overpotential increases.
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Figure 6.6, Plot of ZnO deposition rate R (blue curve) and current density J (red curve) as a
function of overpotential 7.
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During the EQCM experiments, applied potentials are controlled around E,. An increase
in Nzno led to increasing rate of OH™ generation. Within a small range of 1zy0, current density (J),

the flux of charge transferred during the redox reaction for depositing ZnO, is also linearly related

F-Mzno B

to the growth rate via the relation: J = "

b

where A is electrode area, t is time, F is Faraday’s constant, n, is the average number of electrons

AmQCM
MWzn0

transferred to deposit one ZnO molecule, and My,o= is the molarity of deposited ZnO.

Using data plotted in Fig. 6.6, I obtained 1, for various current densities J (Table 6.2). An
average of 1.02 electrons (n, = 1.02) are transferred to the electrode to form one ZnO molecule.
That is, electrodeposition of ZnO involves conversion of monovalent complex molecule into ZnO.

Table 6.2, The growth rate (R) versus overpotential (nog.).

Non- (mV) R(ug/s) J (mA/cmz) ne

0 0.01 0 -
7.27 0.04 0.04 1.15
9.32 0.06 0.07 0.99
17.66 0.13 0.14 1.07
22.16 0.21 0.22 1.09
39.49 0.34 0.44 0.89

6.4.5 ZnO growth at lower overpotential
As discussed in the previous section, ZnO has a theoretical reducing potential at E, "™
=0.29 V vs. MSE. The experimental reducing potential is observed at E;,***" = -0.8 V vs. MSE.

Therefore, ZnO is expected to deposit at a potential lower (more negative) than Ez,0™". And at a

potential higher (less negative) than Ez,, Zn metal is expected to oxidize and dissolve. Therefore,
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as I showed in Fig. 6.1(a), when a potential E; is applied, preexisting Zn will dissolve and ZnO

will precipitate out.

Figure 6.7, In situ AFM thick Zn electrodeposited
onCu(l1l)atE;=-1.7 V vs. MSE in 0.1 M ZnSQy solution with pH = 3 and (b-f) the same surface
with solution pH = 4. t = 0 is the time at which the electrolyte pH is changed from 3 to 4 and the
potential set to E; =-1.42 V.

Figure 6.7 shows a series of time-lapsed AFM images acquired during the deposition of
ZnO on a dissolving Zn surface. Fig. 6.7(a) shows the typical morphology of crystalline Zn(0002)
surface obtained from electrodeposition of 3000 ML from 0.1 M ZnSOy solution at pH =3 at E; =
-1.7 V vs. MSE. At t = 0 min, electrolyte is exchanged with pH = 4 solution and potential is held
at E3 = -1.42 V vs. MSE. The current is observed to be positive indicating that Zn is getting
oxidized and dissolving from the substrate. As a result, the concentration of Zn®" ions in the

vicinity of electrode surface increased, which facilitated the nucleation of ZnO. In Fig. 6.7(b),

irregular shaped islands (yellow dashed box) of ZnO are visible but were unstable under the AFM,
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similar to those observed in Fig. 6.3. However, compared to the ZnO islands formed at E, [Fig.
6.3(b)], the ZnO platelets yielded from lower overpotential E; are much bigger and more stable.
Within 65 min [Fig. 6.7(f)], the original Zn surface is completely covered with ZnO films
composed of flat ZnO platelets. However, during the growth of ZnO, the underlying Zn surface
remained intact; Zn dissolution occurred preferentially from grain boundaries. This suggested that
ZnO formation is a precipitation process that does not directly involve dissolution of Zn or
transformation of Zn terraces locally into ZnO. ZnO nucleation and growth could also be observed
in the time-lapsed AFM images, Figs. 6.7(c)-(f). Islands nucleated on top of basal planes and
initially appear to be round or oval in shape. As they become larger, they aligned with the
underneath crystal indicative of epitaxial growth of ZnO on the underlying ZnO facets. Due to the
fact that nuclei formed randomly on flat facets, I speculate that ZnO colloids first form in the

solution and subsequently attach to the existing surface.

6.4.6 Discussion

This chapter discussed the electrodeposition of ZnO carried out in different potential ranges. As I
demonstrated in Fig. 6.1(a), at a potential more negative than E°z, (e.g., E;), both Zn and ZnO co-
electrodeposit. At a potential slightly lower but very close to E’z, such as, E,, ZnO precipitated
without Zn electrodeposition. At a more positive potential with respect to E%., such as, Es, Zn is
observed to dissolve while ZnO formation is facilitated.
In situ experimental results

The in situ WAXS data demonstrated that ZnO formed as a secondary phase in pH = 4
solution, while Zn is the only electrodeposition product from pH = 3 solution. In pH = 4, the both
Zn and ZnO are co-electrodeposited from solution. For solutions with pH higher than 4, T expect

that ZnO forms in the same manner. Zn(OH), was not observed using in situ WAXS indicating
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that crystalline Zn(OH), is not a precursor for ZnO electrodeposition. However, the presence of
amorphous Zn(OH), transforming to ZnO cannot be ruled out.

In situ AFM enabled direct visualization of ZnO electrodeposition process. On single-
crystalline Zn(0002) surfaces, ZnO formation is observed at E,, where ZnO is verified as the only
deposition product. During in situ AFM investigation, the observation of incomplete hexagonal
crystals demonstrated that ZnO is directly formed through electrodeposition instead of
transforming from crystalline Zn(OH), precursor because Zn(OH); is known to be orthorhombic
or tetragonal instead of hexagonal structure. During ZnO formation, I did not observe any motion
of the Zn steps. This verified my expectation that Zn growth and dissolution are hindered at applied
potential E,. In situ AFM studies of ZnO electrodeposition are also carried out on polycrystalline
Cu substrates. ZnO formation adopted a different growth mechanism and altered the surface
morphology. A discussion on overpotential is given based on various deposition morphologies
acquired at different potentials. At a low overpotential, electrodeposited ZnO is observed to form
a smoother film, while Zn dissolution occurs at the grain boundaries.

The growth mechanism of ZnO

Based on the AFM observations in combination with in situ EQCM data, I present the
following ZnO electrodeposition mechanism. As pointed in Table 6.2, electrodeposition of one
molecule of ZnO involves transfer of one electron through the circuit. In order to understand this
process, first consider the reactants in Zn redox reactions. Zn hydrated complex molecules are
known to have multiple forms and the concentration of soluble hydrated species varies with pH.
In basic solutions, Li et al. showed that the Zn(OH),> tetrahedra are the major species and the
growth unit for ZnO. In order to convert a monovalent complex, I propose that Zn(OH)" plays an

important role. The formation of Zn(OH)" is simply a hydration process:
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Zn** + H,0 — Zn(OH)" + H'. [6.6]
One additional electron will cause Zn(OH)" to precipitate ZnO as
Zn(OH)* +e — ZnO, [6.7]
which can be expressed as a combination of two following reactions:

0, + 2H,0 + 4e” — 40H" [6.8]
Zn(OH)" +e& + ; 0, — ZnO + s H,0. [6.9]

Thus, I propose Zn(OH)" ion as the growth unit for the formation of ZnO in near neutral solutions.

6.5 Conclusions

From the in situ AFM analysis, 1 first visualized the electrodeposition of ZnO on Zn
surfaces. From the observed morphology, I conclude that intermediate Zn(OH); is not a precursor
for the formation of ZnO during electrodeposition. Furthermore, with the proof from in situ WAXS,
I showed that Zn is the only electrodeposition product from pH = 3 solution. However, ZnO
precipitated simultaneously with Zn from pH = 4 solution. Therefore, I conclude that ZnO co-
electrodeposited with Zn. In situ AFM is also used to investigate the growth morphology as a
function of overpotential. I further demonstrated through in situ AFM experiments carried out in
pH-controlled solutions that ZnO formation on an existing Zn surface altered the surface

morphology due to the fact ZnO formation adopted a different nucleation and growth mechanism.
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Chapter 7

7 Conclusions and Future work
7.1 Conclusions

Electrodeposition of Zn and ZnO have received attention because of their broad
applications in energy storage and optoelectronic industries. The study of Zn electrodeposition
allows a better understanding of dendrite formation and will facilitate the development of reliable
rechargeable zinc-air batteries. The study of ZnO electrodeposition aims at achieving controllable
morphologies and electronic properties, which will lead to various device designs.

This dissertation summarized my study on Zn and ZnO growth kinetics using a series of in
situ characterization techniques, including in situ optical microscopy, atomic force microcopy
(AFM), wide-angle X-ray scattering (WAXS), and electrochemical quartz crystal microbalance
(EQCM). Chapters 3 and 4 utilized in situ optical microscopy as the primary approach in the study
of Zn dendrite growth kinetics in a thin-layer liquid cell geometry. In these centimeter-scale cells,
the Zn dendrites formed at a similar dimension to those formed in real zinc-air batteries. Therefore,
understanding the dendrite growth dynamics in these cells will help develop new cell designs for
improving the performance of rechargeable zinc-air batteries. Chapter 5 discussed in situ AFM
studies of Zn electrodeposition kinetics. Studies focused on the nucleation and surface
morphological evolution during the thin film deposition prior to dendritic growth. Chapter 6
utilized similar methodology but different chemistry to investigate ZnO electrodeposition. The
motivation for me to study ZnO electrodeposition is two-fold: ZnO formation has always been
observed during Zn electrodeposition in both basic and acidic (near neutral) solutions and

electrodeposition of ZnO is considered attractive as a synthesis approach.
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From the in situ optical microscopy experiments, I observed the growth of dendrites in
various electrolyte concentrations with different macroscopic morphologies, such as diffusion
limited aggregates (DLA), dense branched, and needle-like structures. However, the
microstructures within all these structures exhibited the same crystalline symmetry of Zn. Based
upon these results, I conclude that the growth of Zn electrodeposited dendrites is an interplay of
diffusion/electrical Laplacian fields and anisotropic crystal growth. The effect of Laplacian fields
is more pronounced in higher dimensions at lower concentrations, while the crystal anisotropy
dominates the morphological evolution at higher concentrations. During the study of dendritic
growth, I also observed oscillatory growth of Zn dendrites. Real-time optical microscopy movies
show that the oscillation of growth rate is synchronized with electrical current fluctuation. A
detailed morphological study revealed that the oscillatory Zn dendrites are composed of two sets
of {0001}-oriented crystals tilted ~18° with respect to each other. I postulated a growth model
based on the observations of growth behavior and morphological evolution.

From the AFM analysis, I first studied the growth kinetics of Zn during electrodeposition.
On polycrystalline Cu substrates, I observed that the growth of Zn film with randomly oriented
grains. On single-crystalline Cu(111) substrates, Zn layers preferentially grew via step-flow when
the step density is high and via the formation of 2D islands or spiral steps when the step density is
low. I also demonstrated that the Zn films deposited on single-crystalline Cu(111) are single-
crystalline with {0002} orientation normal to the substrate. I discussed the effect of pH on film
morphologies. As pH increased from 3 to 5, high aspect ratio flakes are observed along with the
typical blocky electrodeposits. Based on energy dispersive spectra, I suggest that these flakes are
made of ZnO. In solutions with pH = 4 and higher, I expect co-electrodeposition of Zn and ZnO.

In situ EQCM is used to probe the process of ZnO formation. ZnO electrodeposition is found to
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involve two steps: oxygen reduction and ZnO precipitation. The formation of ZnO in solutions
with pH > 4 is confirmed using in situ WAXS. Using in situ AFM, I studied the details of ZnO
electrodeposition on Zn surfaces. On single-crystalline substrates, I observed nucleation events of
ZnO. On polycrystalline substrates, the formation of ZnO altered the growth and morphologies of
Zn because the ZnO growth mode is different -- the nuclei of ZnO form in solution. Furthermore,
a morphological study based on overpotential is carried out using in situ AFM. I demonstrated that
at a lower overpotential, where Zn was dissolving, ZnO growth could be facilitated due to a higher
Zn ion concentration near the surface. Finally, I postulated a growth mechanism and a growth unit
for ZnO.

To sum up, this dissertation addresses fundamental growth kinetics of Zn and ZnO during
electrodeposition. In situ techniques are employed to perform direct observation and

measurements, which provide new insights into the electrodeposition growth mechanisms.

7.2 Future work

This dissertation provided basic information for future extensive and systematic studies of
Zn and ZnO electrodeposition. The direct observation of the nucleation and growth kinetics during
Zn and ZnO electrodeposition is enlightening in terms of resolving Zn dendrite formation and
obtaining controlled ZnO nanostructures.

Future work on Zn electrodeposition will be focused on addressing the morphological
transitions from films to dendritic structures. The initiation of dendrite has been one of the ongoing
challenges for mechanistic study of dendritic growth. In situ AFM will help to understand the early
stage growth of dendrite at a more fundamental level. With proper control over the AFM technique
and the growth conditions, the initiation of dendrite is expected to be tunable, which in turn allows

more systematic studies or even mathematical modelling. In addition, the nucleation behavior of
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Zn has unrevealed interesting aspects. For example, whether the nucleus forms on surface defects
(heterogeneous nucleation) and whether the misaligned nucleus overcomes a lower nucleation
barrier to form. Additional design and control are required to further discover all the aspects
associated with Zn nucleation during electrodeposition.

Future work on ZnO electrodeposition will be focused on the studies of the roles of
additives as well as impurities. Additives and impurities are known to have an impact on the ZnO
morphology and band gap. However, mechanistic analysis coupled with experimental validation
have not been conducted to-date. The effect of impurities on the ZnO growth kinetics postulated
by literature, however, is never demonstrated. The work done in this dissertation set the foundation
for growth kinetics study involving impurities. An extended study on electrolyte chemistry will be
required based on the current experimental condition. AFM will be used as the primary
experimental approach in direct understanding the impact of additive/impurity ions on ZnO steps.
As a result, understanding the mechanisms of various additives/impurities will facilitate

establishing recipes targeting various morphology and optoelectronic properties.
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