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ABSTRACT

This thesis presents a mechanistic study of interface-controlled electrodeposition of both
single-metal and binary alloy systems, with emphasis on substrate & electrolyte engineering.
A scalable strain-induced compaction—annealing process was developed to fabricate
Cu(111)-textured pellets with up to 96% texture ratio. These substrates are reported to be
highly effective in regulating the growth of basal Zn(002) films, enabling planar deposition
with high reversibility & long-term stability. Compared to commercially available Cu foils,
textured Cu(111) substrates significantly reduced the nucleation overpotential, enhancing
the Zn plating/stripping efficiency (~99% over 2000 cycles) and lower voltage hysteresis.
These results are noteworthy because they are achieved under high current density. X-ray
diffraction revealed a predictable correlation of Zn(002) texture ratio on the prepared
Cu(111) substrates, with analysis of degradation of the electrodeposit texture as a function
of Zn deposition amount, yielding correlation lengths of the order of 100 pm.
Electrochemical analysis coupled with XPS, SEM-EDS studies confirmed well-aligned
homogeneous Zn deposits on Cu(111) compared to the disordered growth on polycrystalline
Cu foil.

To investigate the superior nucleation behavior of Zn on noble substrates like Cu, the
role of underpotential deposition (UPD)—a phenomenon wherein Zn atoms adsorb and
nucleate on the Cu surface at potentials more positive than the Zn?*/Zn equilibrium
potential—was examined. In this system, UPD enables the formation of a compact and stable
Zn layer, energetically favored by crystallographic registry and strong interfacial bonding.
Motivated by these observations, the Zn—Cu binary system was investigated to understand
the role of UPD in CuZn alloy formation, given the large disparity in their standard redox
potentials. At low applied potentials, UPD facilitates the formation of a Zn—Cu a-brass solid
solution. In the Zn-Cu binary aqueous electrolytes, at intermediate deposition potentials (—
1.0 to —1.6 V), 3D Cu—Zn clusters form via sustained UPD, acting as nucleation scaffolds
that promote dense, planar Zn growth. Having established the influence of redox asymmetry
and substrate interactions in the Zn—Cu system, the study transitions to the Ni—Co binary
alloy system—a compositionally symmetric pair with near-identical redox potentials and

atomic radii. This transition enabled the exploration of co-deposition dynamics in the



absence of UPD effects, focusing instead on phenomena such as anomalous codeposition,
interfacial adsorption, and crystallographic compatibility. Together, these investigations
offer a comparative framework to understand how electrochemical symmetry, nucleation
energetics and substrate engineering collectively dictate alloy formation and film quality.
The analysis is initially conducted in an aqueous electrolyte, where redox-inverted co-
deposition is observed. However, due to pronounced hydrogen evolution reaction (HER) at
higher overpotentials, it becomes difficult to establish a wider optimal deposition window.
To address this, the study transitions to a polar aprotic solvent—Dimethyl sulfoxide
(DMSO)—which mitigates HER exhibits passivation at high overpotentials, thereby
suppressing interfacial instabilities and enabling compact Ni—Co alloy deposition.
Furthermore, DMSO offers a wider and practically feasible voltage window for forming

uniform Ni—Co solid solutions that closely replicate the bulk electrolyte composition.
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PREFACE

This thesis marks the culmination of my Master of Science journey at Cornell University, during
which I immersed myself in the exploration of electrochemical interfaces and the mechanistic
design of electrodeposited materials. The central theme of this work—interface-controlled
electrodeposition—arose is from my fascination with the idea that the crystallography of substrate
and chemistry of the electrolyte can govern atomic-scale processes that shape macroscale behavior,

particularly in energy storage systems & anti-corrosive science.

What began as a focused inquiry into zinc deposition on copper evolved into a broader
investigation of epitaxy, underpotential deposition, alloy co-deposition, and the influence of
solvent systems. This transformation reflects both the complexity of electrochemical systems and
the freedom I was given to explore them in depth. Throughout this process, I gained not only
scientific knowledge but also an appreciation for rigor, precision, and resilience in research. I hope
this work contributes meaningfully to the field and inspires further efforts to engineer better, more

sustainable electrochemical systems.

—Animesh Chaturvedi

5|Page



INTRODUCTION

Electrodeposition is a widely used, cost-effective, and scalable technique for creating metallic
coatings on electrically conductive substrates [1,2]. This method has been in use for over two
centuries across diverse applications, including circuit board interconnects, electrochemical
sensors, battery and fuel cell electrodes, and the fabrication of intricately shaped metal
components. At its core, the process involves the migration of solvated metal ions in an electrolyte
under the influence of applied electric fields and concentration gradients toward an electrically
conductive surface, where they undergo electrochemical reduction to form solid metal deposits.
Despite its conceptual simplicity, the electrodeposition process is governed by a rich interplay of
thermodynamic and kinetic factors that render it fundamentally complex. From a thermodynamic
perspective, factors such as phase stability, interfacial energies and lattice compatibility influence
the feasibility of forming specific crystalline structures and textures. However, the actual
deposition behavior is predominantly dictated by kinetic parameters including ion transport,
charge transfer rates, nucleation dynamics, and surface diffusion. This divergence between
thermodynamic favorability and kinetic accessibility often results in deposits with undesirable

morphologies—such as rough, cracked, or inhomogeneous films.

A critical challenge stems from the fact that electrodeposition of metals is an electrocrystallization
process: the reduction of metal ions from the electrolyte results in the nucleation and growth of
crystalline materials, whose symmetry and orientation may conflict with the intended geometry of
the coating [3-7]. Furthermore, metal ions in solution are not isolated species—they exist as
complexes with other electrolyte components, leading to deposition that often occurs concurrently
with competing electrochemical or chemical reactions. Compounding these issues are several
instability mechanisms inherent to the process. Morphological instabilities, such as those described
by the Mullins—Sekerka mechanism, arise when ions preferentially migrate toward surface
protrusions due to locally amplified electric fields and concentration gradients [8]. This causes
non-planar growth and uneven thicknesses across the deposited film. At higher overpotentials,
especially beyond the diffusion-limited regime, ion depletion near the electrode surface gives rise
to an extended space charge layer [9]. Within this layer, electro-osmotic forces induce
electroconvection—hydrodynamic instabilities that further exacerbate non-uniform growth by

locally enhancing ion transport toward rapidly advancing features [10-13]. Consequently, while
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electrodeposition remains a powerful and highly tunable approach for materials synthesis,
achieving uniform, defect-free coatings require a nuanced understanding of both the underlying

physicochemical mechanisms and the instabilities that can emerge during growth.

This study builds on three key strategies for advancing control over electrodeposition:
electrochemical epitaxy for crystallographic alignment and interfacial stability, and dynamic
metal-liquid interphases—especially in organic solvents—that tune nucleation kinetics and
suppress electroconvective instabilities. Guided by these principles, the work explores two main
directions: (1) achieving reversible, epitaxial single-metal deposition, and (2) enabling controlled
co-deposition of binary alloys in aqueous and non-aqueous systems. In alloy systems, techniques
like underpotential deposition, anomalous co-deposition or redox inversion are exploited to
overcome disparities, leading to compositionally uniform, stable films. Across both cases, steep
interfacial gradients can trigger morphological and hydrodynamic instabilities, which this work

seeks to mitigate through substrate and electrolyte design.

Traditionally viewed as passive support, the substrate crystallography can actively guide
nucleation and growth through lattice matching and interfacial energetics. This concept of
substrate-induced electrodeposition introduces a paradigm in which crystal orientation, interfacial
strain, and epitaxial relationships between the deposit and the substrate dictate deposit morphology
and phase formation. For instance, copper substrates with a high degree of (111) texturing provides
an ideal platform for the epitaxial growth of zinc, particularly along its basal Zn(002) plane. This
relationship minimizes interfacial energy and promotes planar growth, thereby suppressing
morphological instabilities and enhancing plating reversibility. The Zn—Cu system is emblematic
of substrate-directed electrodeposition; and this crystallographic registry facilitates coherent
nucleation and lateral growth, improving both morphological stability and electrochemical
performance. Systematic comparisons between textured Cu(111) and polycrystalline Cu substrates
reveal that substrate orientation governs nucleation density, grain alignment, and deposit

compactness.

Underpotential deposition (UPD) refers to the electrochemical phenomenon in which a metal (M)
deposits onto a foreign substrate at a potential more positive than the Nernst equilibrium potential

for M™*/M deposition onto itself. This early-stage nucleation mechanism has garnered significant
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attention due to its critical role in shaping the morphology, structure, and uniformity of metal films
[14-17]. UPD 1is fundamentally driven by favorable interactions—such as stronger binding
energies or electronic coupling—between the depositing metal and the foreign substrate, which
stabilize the adsorbed metal atoms and enable fractional monolayer formation prior to bulk
deposition. The scientific importance of UPD spans multiple domains: it provides insights into
crystal or cluster growth and interfacial charge-transfer, while also offering practical advantages
in electrocatalysis, corrosion inhibition, and surface finishing [18]. From a mechanistic
perspective, UPD couples a range of interfacial processes including adsorption, charge transfer,
surface diffusion, nucleation, mass transport, and modifications in the electrochemical double
layer [19]. The equilibrium properties of UPD—such as monolayer coverage, electrosorption
valency, and the potential of zero charge—yield valuable information about particle—substrate
interactions and adsorbate structure. Notably, the underpotential shift often correlates with the
work function difference between the metal and substrate, reinforcing the dominant role of
particle—substrate interactions in determining UPD behavior [20]. In the context of Zn—Cu
systems, UPD plays a crucial role in mediating nuclei growth and enhancing deposit quality. Zinc
can form a sub-monolayer on copper substrates at potentials significantly more positive than those
required for bulk Zn deposition. This initial UPD layer reduces the nucleation overpotential and
provides a uniform template that promotes conformal film growth. As a result, UPD serves not

only as a tool for structural templating of Zn but also to regulate early-stage deposition kinetics.

Electrodeposition of binary or ternary alloys introduces additional complexity due to disparities in
redox potentials, diffusion coefficients, adsorption behaviors, and crystallographic compatibility.
In systems like Ni—Co, where the standard redox potentials (—0.25 V for Ni**/Ni and —0.277 V for
Co*/Co vs SHE) and atomic radii are nearly identical, co-deposition occurs under near-
equilibrium conditions without requiring UPD-aided interface templating. However, even in such
compositionally symmetric systems, anomalous codeposition—where the less noble metal
deposits preferentially—can occur due to surface adsorption effects and intermediate species, such
as MOH™, that locally alter deposition kinetics. In contrast, alloy formation in redox-asymmetric
systems such as Zn—Cu (AE = 1.1 V) necessitates more deliberate interface engineering. Here,
UPD enables Zn?** to nucleate on freshly formed Cu surfaces at more positive potentials than its

Nernst equilibrium value. This interfacial stabilization facilitates the formation of Cu-rich a-brass
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solid solution and compact Zn-rich films at high voltages, bypassing the large redox mismatch.
The UPD mechanism not only lowers nucleation overpotentials but also suppresses dendritic
morphology, highlighting its broader utility beyond monolayer templating. Together, these
contrasting systems illustrate how electrochemical symmetry, nucleation barriers, and substrate
interactions dictate alloy deposition pathways. Non-aqueous electrolytes further expand the design
space by offering wider electrochemical windows, suppressed hydrogen evolution, and altered
solvation environments. These media permit access to metastable phases and solid solution alloys
that are otherwise inaccessible in aqueous systems. The distinct ion-pairing and solvation
structures in non-aqueous solvents significantly influence kinetics, growth morphology, and alloy
stoichiometry, often deviating from Nernstian predictions due to mass transport and kinetic
asymmetries. Understanding these electrochemical growth regimes—across both aqueous and
non-aqueous media—is essential for constructing predictive models and tailoring processing

windows for high-performance, compositionally controlled alloys.

This thesis presents a comprehensive investigation into the mechanisms governing interface-
controlled electrodeposition, spanning single-metal deposition, UPD-assisted templating, and
solvent-mediated binary alloy solid solution deposition. The work progresses from fundamental
principles to increasingly complex systems, beginning with Zn deposition on textured Cu
substrates and advancing toward the co-deposition of Zn—Cu in aqueous medium and Ni—Co alloys
under both aqueous and non-aqueous conditions. Special emphasis is placed on characterizing how
electrochemical parameters, substrate crystallography, and electrolyte composition influence
microstructural evolution, phase formation, and electrochemical performance. The results
presented herein not only provide mechanistic insights into interface-driven electrodeposition but
also demonstrate practical strategies for tuning key parameters—such as applied voltage, current
density, electrolyte composition, and substrate crystallinity—to achieve reliable metal and alloy
coatings. By integrating crystallographic engineering with electrochemical design, this work
advances predictive control over electrodeposited materials and contributes to the rational

development of functional metallic systems.
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SECTION I: Epitaxial Substrate-induced Electrodeposition

Crystalline materials are inherently anisotropic, and this structural anisotropy often governs key
behaviors such as ion transport, morphological evolution, and interfacial stability. However,
conventional electrode designs have largely overlooked this anisotropy, relying instead on
randomly oriented polycrystalline materials that fail to leverage the directional advantages intrinsic
to their crystal structures. Recent insights have revealed that intentionally engineering
crystallographic texture—specifically aligning densely packed planes such as the (111) facet of
face-centered cubic (FCC) metals—with the principal electrochemical axis (Pec) of the cell can
substantially improve performance by enhancing lateral growth, suppressing morphological
instabilities, and optimizing charge transport pathways [21]. Such alignment provides a new axis
of design freedom in electrode architecture, potentially enabling high-rate capability and greater
reversibility without the cost and scalability limitations of single-crystal materials.
Electrodeposits can exhibit varying degrees of crystallographic order, ranging
from single crystalline to completely random, or textureless microstructures (Figure [.1). A single
crystalline electrode features a continuous, uninterrupted crystal lattice that extends across
dimensions comparable to the electrode itself. Such materials display well-defined orientation both
out-of-plane and in-plane relative to the electrochemical cell configuration—typical of thin-film
electrodes fabricated via epitaxial growth on single-crystal substrates. However, this definition
differs from some battery literature where “single-crystalline” refers merely to the lack of
secondary agglomeration, even if individual particles are crystalline but not aligned
macroscopically [21, 22]. In contrast, a textured polycrystalline electrode consists of multiple
grains that may share a preferential orientation along one or more crystallographic axes, often
aligning out-of-plane or in-plane with respect to the current collector or cell symmetry. Finally,
random polycrystalline or textureless electrodes exhibit no preferred crystallographic orientation;
the constituent grains are distributed isotropically, leading to negligible directional dependence.
This microstructural category includes most conventional composite or porous battery electrodes.
In such systems, the normal direction (ND) relative to the current collector plays a key role in

defining any potential orientation reference.
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Figure 1.1: Representative crystallographic textures of battery electrodes, ranging firom single

crystalline to textured and textureless. Single crystalline electrodes exhibit large grains with well-defined
in-plane and out-of-plane orientation relative to the current collector’s normal direction (ND), reflecting

the uniaxial symmetry of the electrochemical cell [2]].

Epitaxial electrodeposition is a crystallographically directed process in which the substrate surface
not only acts as a physical support but also dictates the orientation and growth mode of the
deposited layer through lattice matching and interfacial energy minimization. From a
thermodynamic perspective, the driving force for such epitaxial alignment is the minimization of
the total interfacial energy between the substrate and the deposit. The system tends toward a
configuration where the lattice mismatch is minimized and where atomic planes in the deposit can
coherently align with those of the substrate to reduce strain energy. When the substrate has a well-
defined crystallographic texture, such as Cu(111), it can template the growth of a deposited metal,
encouraging it to adopt a specific orientation that mirrors or complements the substrate’s structure.
This phenomenon is particularly relevant in systems involving metals with closely packed
structures, such as FCC copper and HCP zinc. The Cu(111) surface provides a high-density atomic
arrangement with minimal surface energy, enabling it to serve as a preferential template for the
alignment of Zn(002) planes during electrodeposition. Based on the concept demonstrated by
Zheng & Archer (21), Zn films deposited on Cu(111) are expected to develop a strong (002) texture

due to the symmetry-aligned Pec//Pc configuration, in which the principal axis of electrochemical
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operation coincides with the low-energy basal planes of both materials (Figure 1.2). The lattice
arrangement promotes coherent interfacial nucleation and directional grain growth, suppressing

out-of-plane morphological instabilities and enabling compact, reversible Zn plating/stripping.

Electrochemical reactions fundamentally rely on the coupled transport of ions and electrons [23-
25]. These transport phenomena are characterized by two key parameters: diffusivity (D) for ion
movement and conductivity (o) for electron flow. For intercalation-type layered materials (such
as graphite or transition metal dichalcogenides), ion diffusion occurs preferentially within the basal
planes rather than between layers. The highest diffusivity direction lies parallel to the layered
planes, while out-of-plane diffusion is minimal unless facilitated by structural defects [26, 27].
As shown schematically in Figure [.2 (B), the orientation of the electrode relative to the electric

field—whether Pec is aligned with the basal plane (Pc) or with the stacking direction (Sc)—
strongly influences ion transport efficiency. When Pec is parallel to Pc (basal plane), both the
electric field and the ion concentration gradient are directed along the slow-diffusing axis, which
limits ion mobility. In such configurations, ions must enter through the edges of the crystals,
significantly increasing the required transport path. This introduces cumulative tortuosity,
especially as electrode thickness increases, thereby impeding effective ion penetration [23, 28].
Based on these considerations, aligning Pec with the stacking direction (Pec // Sc) rather than with
the basal plane (Pec // Pc) is more favorable for intercalation materials. This crystallographic
alignment enhances in-plane ionic diffusion while reducing transport barriers caused by tortuous
pathways. For metallic anodes (such as zinc), the electrochemical process involves reversible
metal deposition and dissolution. The objective shifts to promoting thin, dense metallic films with
preferential lateral growth parallel to the substrate surface. This requires suppressing three-
dimensional growth modes that can lead to dendrite formation. Optimal morphology control is
achieved when the most densely packed crystallographic plane is oriented parallel to the electrode
interface (Pec // Pc), encouraging compact, uniform deposition rather than irregular growth
perpendicular to the surface. These contrasting requirements demonstrate that optimal
crystallographic alignment depends critically on the underlying electrochemical mechanism:
intercalation processes favor orientations that maximize in-plane ion diffusion (Pec // Sc), while

plating processes favor orientations that promote controlled lateral metal growth (Pec // Pc).
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Figure 1.2: (A) Definition of principal crystallographic axes in electrode materials: Pc is normal to the

densest-packed planes, while Sc represents directions normal to less densely packed planes. (B)
Anisotropic transport in crystals: Schematic showing mass and electron transport in crystallites aligned

with the electrochemical cell axis (Pec), comparing Pec // Pc (left) and Pec // Sc (right) [21].

Importantly, the findings show that epitaxial alignment minimizes nucleation barriers and
facilitates lateral coalescence of Zn grains, ultimately reducing non-planarity. The study also
highlights the role of interfacial energy and lattice symmetry in driving the orientation relationship,
suggesting that even partial texture in the substrate can induce directional growth if it aligns
energetically favorable planes [29]. Collectively, these observations affirm that substrate-induced
epitaxial electrodeposition is a viable and scalable strategy to engineer textured uniform Zn layers.
By leveraging substrate crystallography—particularly Cu(111)—the deposition process can be
tailored to yield anisotropic films with superior electrochemical performance, thereby establishing
the foundation for durable and dendrite-free metal anodes. The research discussed in the
subsequent sections of this thesis builds upon this emerging paradigm by developing and
characterizing (111)-textured copper substrates as platforms for controlled Zn electrodeposition
and interfacial engineering, thereby harnessing the anisotropic properties of FCC Cu in a scalable

& manufacturable form.
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L.1 The Most Stable Crystal Facet of Copper for Planar Zinc deposition

In electrochemical cells, the directional response of crystalline materials to external stimuli, such
as applied potential and ion flux, is profoundly influenced by their crystallographic orientation [21,
23]. For metal anodes that undergo plating and stripping at the solid—liquid interface, aligning the
electrode’s basal plane (P.) with the electrochemical principal axis (P.c)—a condition denoted as
Pec//P—has been shown to promote lateral crystal growth, suppress out-of-plane protrusions, and
mitigate morphological instabilities during cycling [28]. In FCC metals like copper, the (111) plane
is the most densely packed, exhibiting both the lowest surface energy and the highest symmetry.
As such, substrates with out-of-plane (111) texture are considered optimal templates for guiding
the morphology of metal deposits such as zinc. Theoretical considerations, reported later in this
section, support the notion that textured Cu(111) substrates can stabilize electrodeposition by
favoring compact, planar Zn growth, reducing dendritic propagation, and enabling reversible
cycling. This thesis employs mechanically and thermally induced (111)-textured Cu substrates to
evaluate the P..//P. alignment principle, thereby establishing a robust foundation for controlled
epitaxial growth and interface engineering in Zn-based anodes.

Although various epitaxial substrates for zinc metal batteries have been
identified, there remains a debate over which zinc facet and which substrate facet are optimal.
Some assert that Zn(002) is the superior zinc facet, [30, 31] while others advocate for Zn(1011),
some claim Cu(220) [32] is the optimal substrate facet for Zn growth, while others favor or
Cu(111)[33, 34]. Ongoing dispute is likely rooted in the absence of high-quality single-crystal Cu
substrates and a systematic understanding of the epitaxial growth processes for various zinc facets.
To understand the facet-dependent variations in zinc nucleation, it is essential to consider the
differences in surface diffusion energy barriers across copper crystallographic planes. Although
the distribution of Zn>* ions is relatively uniform on flat single-crystal Cu surfaces, the mobility of
reduced Zn atoms varies with facet orientation. This difference governs how easily atoms diffuse
and form nuclei, leading to distinct nucleation behaviours even under identical electrochemical
conditions. Figure I.1.1 illustrates the post-reduction sequence during Zn electrodeposition, where
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Zn*" ions are first reduced to neutral Zn® atoms on the copper substrate, followed by surface
diffusion and aggregation into stable nuclei. The efficiency of this process—and ultimately the
uniformity of the deposit—is determined by the energy landscape associated with each Cu facet.
Density functional theory (DFT) calculations show that Cu(111) has the lowest diffusion energy
barrier favoring a uniform zinc layer formation [35], and that these Zn facets are the most
thermodynamically favorable for their respective Cu facets (Figure 1.1.2), aligning with the

presumed epitaxial relationships.
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Figure I.1.1: (a) Schematic illustrating the role of diffusion energy barriers in zinc nucleation.
(b) Diffusion pathways of a zinc atom on various Cu crystal facets used for energy barrier

calculations. (c¢) Example energy profile for zinc diffusion on the Cu(100) surface. (d) Computed
diffusion energy barriers for zinc atoms on different Cu facets [36].
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This theoretical insight supports the observed epitaxial patterns. To quantitatively evaluate the
thermodynamic feasibility and orientation selectivity of Zn deposition on various copper
crystallographic surfaces, the interfacial and surface energies of multiple Zn and Cu facet
combinations have been compared [35, 36]. The interfacial energy between Zn(0002) and Cu(111)
1s —0.1902 J/m?, which is not only the lowest among potential Cu—Zn combinations, but also the
only negative value, indicating spontaneous and energetically favorable interfacial formation. In
contrast, all other Zn—Cu facet combinations, including Zn(0002) on Cu(100) (0.2265 J/m?) and
Cu(110) (0.3704 J/m?), exhibit significantly higher and positive interfacial energies, denoting less
favorable interactions. Further supporting this, Zn(0002) possesses the lowest intrinsic surface
energy (0.334 J/m?) among all Zn facets, favoring its natural exposure during growth.
Simultaneously, Cu(111) exhibits the lowest surface energy (1.339 J/m?) among the low-index Cu
planes, which not only enhances its thermodynamic stability as a substrate but also promotes
coherent epitaxial templating [36]. Taken together, the low surface energies and uniquely negative
interfacial energy for the Zn(0002)/Cu(111) interface strongly affirm that this configuration is the
most optimal for achieving uniform, basal-oriented Zn deposition with high interfacial stability.
This energetic alignment corroborates later experimental findings of preferential Zn(0002) texture
on Cu(111) substrates and provides a foundational thermodynamic basis for the observed epitaxial
growth behavior.

The closest-packed planes are typically associated with the lowest density of
unsaturated surface bonds, minimal surface energy, and enhanced resistance to parasitic reactions
in aqueous battery environments [37, 38]. This is particularly relevant for hexagonal close-packed
(HCP) zinc, where theoretical and computational studies suggest that deposition with the (002)
plane oriented parallel to the electrode surface results in the highest energy barrier for the hydrogen
evolution reaction (HER) [39]. Since HER is known to generate gas bubbles that obstruct electron
and ion transport, alter local pH, and reduce accessibility to active electrode surfaces, it leads to

pronounced capacity fading during battery cycling [40-42].
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Figure 1.1.2: Theoretically computed Zn-Cu interfacial energies’ comparison, where four typical Zinc

facets [Zn(0002), Zn(101 1), Zn(101 2), Zn(112 0)] were selected as the candidates to interact with copper
facets [35, 36].

The crystallographic orientation of the Cu(111) surface plays a critical role in governing both its
deformation behavior and its suitability as a substrate for epitaxial growth. Figure 1.1.3 illustrates
the geometric relationship between Cu(111) and Zn(002) planes in the context of epitaxial
alignment. The Cu(111) surface, being the most densely packed plane in the FCC crystal structure,
facilitates slip primarily along the {111} (110) systems—considered the dominant slip systems in
FCC metals due to their low critical resolved shear stress [29, 43]. Furthermore, the angle between
Cu(111) and Cu(100) planes is ~54.8°, as per the standard crystallography of FCC lattices. This
angular relation defines the preferred shear directions and directly influences how stress is
transmitted across the substrate during compaction and epitaxy. In Figure I.1.1 panel (A), the in-
plane angle A® = 60° between the Cu(111) and Zn(002) planes reflects a lattice-matched epitaxial
relationship where slip activity in Cu may help mediate strain transfer to the Zn overlayer. The
dense atomic packing and close interplanar spacing of Cu(111), combined with its favorable slip
geometry, renders it a favorable substrate for controlling lattice orientation, mitigating interfacial

mismatch, and facilitating anisotropic deposition processes during Zn electrodeposition.
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Figure 1.1.3: (4) Hlllustration of Cu (111) and Zn (0002) planes intersecting their respective unit
cells, with the in-plane angular difference (A®) between them determined as 60°. (B) 3D schematic
highlighting the in-plane alignment (A®) between epitaxially matched Cu (111) and Zn (0002).

Additionally, among the basic crystal facets of Cu, the (111) facet shows the minimum lattice
mismatch (~5%) with Zn(002), as shown in Figure 1.1.4. Therefore, developing electrolytic Cu
foils with highly preferred [111] orientation as current collectors is of fundamental and practical
interest as substrates for dendrite-free Zn anodes with high reversibility [43]. The Zn(002) facet,
which corresponds to the basal plane of hexagonal close-packed (HCP) zinc, is widely recognized
as the most stable crystallographic orientation for Zn electrodeposition due to its high atomic
packing density and lowest surface energy. When deposited on a Cu(111) textured substrate, this
facet exhibits good morphological stability and preferential lateral growth. The Cu(111) plane, as
the most densely packed facet of the face-centered cubic (FCC) lattice, offers both crystallographic
symmetry and minimal interfacial energy mismatch with Zn(002), creating an ideal template for
epitaxial alignment. This alignment realizes the Pec//Pc condition, where both the substrate and
deposit have their basal planes oriented parallel to the electrode normal, minimizing vertical

protrusions and suppressing out-of-plane growth.
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Figure I.1.4: Atomic arrangement in A) Zn(002), B) Cu(111), C) Cu(100), and D) Cu(110); (E)
Interface models for the (002) facet of Zn on the three fundamental facets of Cu.
The out-of-plane orientation is preserved due to the low-energy preference of Zn(002), while the
in-plane rotation accommodates the mismatch between the HCP and FCC structures. As discussed
earlier, such orientation control is critical to achieving uniform plating/stripping and enhancing
coulombic efficiency in rechargeable Zn systems [23, 24]. Moreover, the presence of Zn(002) on
Cu(111) satisfies the thermodynamic drive for surface energy minimization and promotes planar
coalescence of nuclei. Zinc dendrite growth typically exhibits both thermodynamic and kinetic
favorability due to electric field concentration and enhanced deposition rates at protruding tips.
Studies have shown that zinc dendrites developing in slightly acidic or neutral electrolytes manifest
as two-dimensional hexagonal structures originating from hexagonal close-packed
crystallography, with dimensions varying based on electrolyte composition and operational

parameters, reflecting the minimal free energy associated with the (002) plane exposure in
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hexagonal metals. Consequently, when the careful equilibrium between growth suppression and
deposition is disrupted in conventional methods, dendrites tend to propagate continuously due to
existing potential gradients. Our approach involves engineering zinc deposition layers at the
atomic level using copper current collectors with predominant (111) crystallographic orientation.
This methodology embraces controlled non-planar growth while directing their propagation

orientation, rather than attempting complete dendrite elimination.

L.2. Fabrication of Single (111) Crystalline Textured Copper Substrates

Achieving crystallographic texture in metallic electrodes through scalable fabrication methods is
critical for their widespread integration in electrochemical energy storage devices. Among the
various approaches, mechanical deformation techniques—such as compaction, rolling, and
pressing—have proven particularly effective for inducing orientation alignment in high-density
crystal planes like Cu(111) [21]. In this work, we employ a hydraulic pressing process capable of
delivering up to 10 metric tonnes of uniaxial force to compress Cu metal powders of varying
particle sizes into dense, consolidated substrates. To induce a strong (111) texture through this
method, it is essential to understand the deformation mechanisms in face-centered cubic (FCC)
metals. Copper primarily deforms through activation of the {111} (110) slip systems, where the
{111} planes represent the most densely packed crystallographic planes and the (110) directions
offer the least resistance to dislocation motion (Figure [.2.1). Under uniaxial compression in a
confined die, the system undergoes plane strain deformation, where lateral strain is restricted,
concentrating plastic flow in the axial and tangential directions. These conditions promote shear
stress development along {111} planes, triggering coordinated plastic slip, grain rotation, and
reorientation. As pressing proceeds, this strain-induced realignment encourages the (111) planes
to align parallel to the loading axis, reducing intergranular misorientation and driving the
formation of large-area, low-energy textured domains. The resulting out-of-plane (111) texture is
a direct consequence of the material’s tendency to evolve toward thermodynamically and
kinetically favorable configurations during deformation. To further enhance this texture, a post-
pressing annealing step was implemented under an Argon atmosphere. Thermal treatment

facilitates strain relaxation, grain growth, and orientation-selective coarsening, reinforcing the
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prevalence of the stable Cu(111) facet. As demonstrated in prior studies [43], such deformation-
driven and thermally assisted processes enable dramatic grain enlargement—ifrom tens of
micrometers in commercial polycrystalline foils to millimeter-scale grains in annealed Cu(111)
samples—without requiring expensive single-crystal templates. Thus, our combined press—anneal
strategy provides a low-cost, scalable pathway to engineer highly textured Cu(111) electrodes with
superior morphological and crystallographic features, ideally suited for epitaxial metal deposition

in advanced electrochemical systems.

Figure 1.2.1:Slip planes and directions of dislocation slip in the FCC Copper Crystal

For a wide range of metals, the most densely packed crystallographic planes tend to coincide with
the primary slip planes [44, 45]. Consequently, scalable metallurgical techniques such as cold
pressing and accumulative roll bonding [46, 47-49], which impart significant shear strain
throughout bulk polycrystalline samples, can be effectively used to induce preferential texturing.
At sufficiently high strain levels, these processes facilitate the emergence of the primary slip plane
as the dominant crystallographic orientation at the surface. When a single solid metal particle is
compressed under normal load, it undergoes plane strain deformation; upon reaching critical strain
levels, plastic slip is initiated along the close-packed basal planes. In assemblies of multiple
particles, this deformation leads to plastic flow, pore elimination, and eventual consolidation,
resulting in a macroscopic material exhibiting strong crystallographic texture [50-52]. In the case
of FCC copper, such deformation is expected to promote significant alignment along the (111)

planes.
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To experimentally validate this approach, we used a manual hydraulic laboratory press capable of
exerting up to 10 metric tonnes of uniaxial load to introduce varying degrees of in-plane shear into
Cu powder particles. The textured Cu substrates were produced through this “strain-induced
texturing” process. A separable pump-type hydraulic press (MTI Corporation) and a 0.5" (12.7
mm diameter) dry-pressing die set from MSE Supplies were employed (Figure 1.2.2). The
procedure involved assembling the die column by first placing the die sleeve on the base plate,
inserting a spacer, and then adding the copper powder. A second spacer was placed atop the
powder, followed by the plunger. All samples were subjected to a maximum applied load of 10
metric tonnes. For the subsequent XRD analysis, the dwell time under pressure was varied between

immediate release (instantaneous pressing) and extended compression up to 30 minutes.
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Figure 1.2.2: Image of hydraulic press (4) with different pressing dies (B) pressed free standing Cu

Substrate

In the specific case of face-centered cubic (FCC) copper, the mechanical compression of Cu
powders would lead to the development of highly oriented (111) textures along with planar
morphology as compared to commercial polycrystalline copper foil (Figure 1.2.3). To evaluate this
practically, a hydraulic laboratory press was applied which can apply uniaxial loads higher than
10T, generating substantial planar shear on copper metal particles. Under uniaxial compression,
individual copper particles undergo lateral strain that activates the characteristic {111} (110) slip

systems of the FCC lattice. As deformation progresses, additional slip systems are engaged,
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allowing inter-particle voids to close through particle elongation, rotation, and reorientation. This

process facilitates the coalescence of grains along energetically favorable (111) planes, in line with

prior studies on FCC metal plasticity and texturing mechanisms [29].
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Figure 1.2.3: (A and B) SEM image of Textured Cu(111) substrate & polycrystalline Cu foil. (C)
XRD spectra of Cu pellet with max (111) TR and 55% (111) TR; (D) XRD of Cu powder and Cu

commercial foil.

The degree of lattice reorientation—and thus the extent of (111) texture development—was

evaluated as a function of both compression time and applied pressure. We anticipate that the onset

and progression of plastic slip, governed by stress and strain parameters such as Hencky strain (g),

directly influences texture formation. XRD analyses conducted at a fixed pressure of 10 T for

varying durations (5 to 30 minutes), and at a fixed duration of 5 minutes for increasing pressures

(0.5 T to 10 T), confirmed these expectations. Specifically, the intensity of the Cu(111) diffraction

peak increased from 220.6 to 325 A.U. (Arbitrary Unit) as the compression time increased from 5
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to 30 minutes (Figure 1.2.4 (A)). The corresponding texture ratio—defined as the intensity of

Cu(111) divided by the sum of all major Cu peak intensities—rose from 34.67% to 75.30%.

Similarly, when pressure varied at a constant time of 5 minutes, the Cu(111) peak intensity

increased from 149.56 at 0.5 T to 243.67 at 10 T, while the texture ratio improved from 29.48% to

49.36% (Figure 1.2.4 (B)).
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Figure 1.2.4: XRD analysis of Cu powders as a function of compression time. Ratio of (111) peak

relative to all other XRD peaks as a function of (4) Compression Time,; (B) Applied Pressure; & (C)

Applied Temperature during compaction

These trends are consistent with the crystallographic and mechanical expectations for FCC metals.

The {111} planes are the most densely packed and exhibit the lowest surface energy, making them

thermodynamically favorable for alignment during deformation. The observed enhancement in

texture with increasing time suggests a cumulative effect of plastic flow and grain rotation,

possibly supported by dislocation glide and dynamic recovery processes. In the case of pressure

variation, the sharp increase in Cu(111) orientation at higher loads aligns well with Schmid’s law

[53], which requires that the applied load surpass the critical resolved shear stress to activate slip.
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These findings confirm that the texturing mechanism is strongly deformation-driven and can be
controlled through process parameters such as pressure and time. Together, these findings
demonstrate that mechanical compaction of Cu powders—when optimized for particle size,
pressure, and time—offers a practical and controllable route to engineer free-standing substrates

with highly developed Cu(111) texture.

To further investigate the role of thermal activation on crystallographic texturing, a series of XRD
measurements were conducted at fixed compression conditions (10 T pressure, S-minute duration),
while varying the substrate temperature from room temperature (25 °C) up to 250 °C, as well as a
post-compaction annealing treatment. The results, presented in Figure 1.2.4 (C), reveal a clear trend
of progressive enhancement in Cu(111) orientation with increasing temperature. At 25 °C, the
Cu(111) peak intensity was 243.67 with a texture ratio of 49.36%. As the temperature increased
to 100 °C, 150 °C, and 250 °C, the Cu(111) peak intensities rose to 284, 314 and 547, respectively,
while the corresponding texture ratios improved to 63.82%, 72.65%, and 84.96%. The most
significant enhancement in crystallographic orientation was observed in the sample annealed at
500 °C for 10 hours under an argon atmosphere, following compaction at 10 T for 5 minutes. This
sample exhibited a Cu(111) peak intensity of approximately 650 A.U. and a corresponding texture
ratio of 92.71%. When the compaction duration was extended to 30 minutes prior to annealing,
the Cu(111) texture ratio further increased to ~96%, approaching near-single-orientation
dominance (Figure 1.2.3 (C)). These observations are consistent with thermomechanical models of
texture evolution in FCC metals. Elevated temperatures reduce the critical resolved shear stress,
enabling more facile activation of the {111}(110) slip systems. Concurrently, thermal energy
promotes dislocation mobility, recovery, and sub-grain rotation, all of which enhance the
alignment of grains along low-energy crystallographic orientations such as (111). The pronounced
increase in texture ratio at higher temperatures thus reflects the combined effects of thermally
assisted plastic deformation, enhanced atomic diffusion, and orientation-selective grain
coarsening. Moreover, the progressive decrease in the relative intensities of higher-energy planes
such as Cu(200), Cu(220), Cu(311), and Cu(222) confirms the suppression of competing
orientations.

To further improve crystallographic ordering and lateral grain growth, an independent

annealing protocol was employed to produce large-area Cu(111) facets. Specifically, a pressed Cu
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substrate was subjected to annealing at 500 °C, under a reducing atmosphere of Argon supplied at
2 psi, inside a Quartz Tube Furnace (GSL-1100X, MTI Corporation) as shown in Figure [.2.5. The
heating ramp rate was 5 °C/min, and the temperature was held at 500 °C for 10 hours before natural
cooling. The formation of Cu(111) during annealing is governed by surface energy minimization,
favoring the growth of the thermodynamically stable facet. As characterized in Figure 1.2.3, the
annealed Cu pellet exhibited highly uniform orientations dominated by (111) facets. Together,
these results demonstrate that thermal activation—both during compaction and through post-
processing annealing—plays a pivotal role in driving orientation selection, lattice reconfiguration,
and grain growth. When combined with optimal pressure, time, and particle size selection, thermal
processing provides an effective and scalable route for fabricating highly oriented Cu(111)

surfaces, perfect for epitaxial growth and interface engineering in zinc-batteries.

Gas Inlet Pressure Gauge Quartz Tube Flange

Gas Outlet

Flange

Temperature Controller Working Run Stop
Indicator

Figure 1.2.5: Argon and Quartz tube furnace system used for annealing the prepared Cu pellets.
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SECTION II: Evaluating Zn(002) Texture Evolution on Cu(111) & its Electrochemical

Performance

The electrodeposition behavior of zinc is profoundly influenced by the crystallographic orientation
of the underlying copper substrate—a factor often overlooked in traditional Zn battery research,
which tends to prioritize electrolyte composition and surface additives. This section investigates, in
detail, the comparative impact of polycrystalline and highly textured Cu(111) substrates on Zn
electrodeposition across multiple metrics—ranging from nucleation behavior and texture evolution
to electrochemical performance and long-term cycling stability. The motivation for this stems from
the critical challenges faced by rechargeable aqueous zinc batteries, particularly the issues of
dendritic growth, poor Coulombic efficiency, and morphological degradation during repeated
cycling. These instabilities are often rooted in uncontrolled nucleation and anisotropic ion flux near
the electrode surface. By using single-crystal-like Cu(111) substrates with controlled surface
orientation and atomic-scale order, this study demonstrates that the Zn(002) basal plane can be
selectively and uniformly grown via epitaxial templating. This crystallographic guidance not only
governs the microstructure and compactness of deposited Zn layers but also facilitates a self-
sustaining underpotential deposition (UPD) cycle that drastically improves reversibility and cycle
life.

To explore these effects comprehensively, the subsequent section combines electrochemical
characterizations, SEM imaging, and XRD-based texture analysis across a wide range of deposition
conditions. The findings reveal that Cu(111) substrates consistently promote smoother, planar Zn
deposition, suppress dendrite formation, and maintain crystallographic registry over practical film
thicknesses. Importantly, these advantages persist even under high current densities and large areal
capacities—conditions relevant for real-world battery applications. Collectively, this section
establishes a clear link between substrate crystallography and Zn plating performance, presenting
Cu(111) as a model host for scalable, high-performance zinc anodes. The insights presented here
not only advance the understanding of interfacial control in metal electrodeposition but also offer a
pragmatic route toward engineering next-generation Zn-based energy storage systems with

enhanced efficiency and durability.
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I1.1 Comparison of Zinc Electrodeposition on Textured Cu (111) & Polycrystalline Cu

The crystallographic orientation of the copper substrate plays a decisive role in governing the
electrodeposition behavior, reversibility, and long-term stability of Zn anodes in aqueous
rechargeable batteries. Cyclic voltammetry (CV) revealed striking differences in redox kinetics
across the two systems — textured Cu(111) and polycrystalline Cu (Figure I1.1.1). The cell with
predeposited Zn on Cu(111) electrodes exhibited the highest peak current densities and the lowest
overpotentials among the compared substrates, indicating superior charge transfer kinetics and
more reversible Zn plating/stripping behavior. These advantages are attributed to the low-energy,
densely packed nature of the Cu(111) plane, which promotes uniform nucleation and lateral
growth of Zn(002), minimizing morphological instabilities during cycling.

To further investigate the deposition dynamics, chronoamperometry (CA)
measurements were conducted at a fixed overpotential of —150 mV (Figure II.1.2). This potential
was carefully chosen to provide an optimal balance between thermodynamic driving force and
kinetic control, lying just below the equilibrium potential for Zn*/Zn on Cu. Operating in this
mild underlimiting regime avoids mass transport limitations and minimizes hydrogen evolution,
thereby allowing surface-controlled processes—such as 2D nucleation, localized Zn**
adsorption, and early-stage surface diffusion—to be distinctly observed. The selected
overpotential is sufficiently negative to surpass the nucleation energy barrier, yet moderate
enough to prevent uncontrolled 3D growth or dendritic formation, especially on the epitaxy-
favourable Cu(111) surface. This electrochemical window enables the resolution of key
interfacial events, including induction periods, nucleation site activation, and growth behavior
under quasi-equilibrium conditions. Accordingly, —150 mV serves as a thermodynamically and
kinetically justified potential for probing the fundamental mechanisms governing Zn
electrodeposition. To validate this approach, comparative electrochemical analyses were
performed across three substrate types: highly textured Cu (111) and two commercial
polycrystalline copper foils, Comm-Cu (I) and Comm-Cu (II). The former (Comm-Cu (I)) has a
higher intensity of (111) peak plane as compared to other Cu facets while latter (Comm-Cu (II))
has a higher intensity of the (110) peak as compared to the other peaks. These substrates were
evaluated under identical conditions in symmetric and half-cell configurations using a 2 M ZnSOx

aqueous electrolyte. While commercial Cu@Zn substrates showed a continuous increase in
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current over time—indicative of uncontrolled 2D surface diffusion and dendritic growth—the
Cu(111) @ Zn substrate displayed a brief 2D growth phase (~5 s) followed by stable 3D
diffusion-dominated behavior. This transition reflects a more uniform Zn deposition process and

is consistent with substrate-induced crystallographic control that guides Zn** diffusion and

incorporation.
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Figure Il.1.1: CV curves of Zn plating/stripping on Cu substrates at a scan rate of 2 mV/s.

Linear polarization (LP) measurements provided insights into corrosion behavior (Figure [1.1.2).
The (111)-Cu@Zn electrode showed a more positive corrosion potential (—0.939 V) compared
to Comm-Cu(Il)@Zn (—0.947 V) and Comm-Cu(l)@Zn (—0.971 V), suggesting improved
resistance to parasitic reactions. This enhanced stability is attributed to the preferential exposure
of the Zn(002) facets during electrodeposition on Cu(111), which are chemically more stable
than other crystallographic planes. In contrast, cells built on commercial Cu foils failed
significantly earlier, highlighting the importance of substrate crystallography for cycle life and

reversibility.
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Figure 11.1.2: CA curves of different Cu substrates anodes at an overpotential of —150 mV; and the LP

curves of different Cu substrate anodes.

The electrochemical behavior was also evaluated through scan rate-dependent CV analyses, where
the peak current (Ip) was plotted as a function of voltage scan rate (v). For all Cu substrates under
study, a linear relationship (Ip « v) was observed, with high correlation (R? = 0.998), indicating a
pseudo-capacitive response (Figure I1.1.3). This suggests that Zn deposition on Cu involves a
surface-confined alloying reaction rather than classical diffusion-limited bulk alloying. These
findings are supported by observations of “underpotential deposition” (UPD) phenomena on Cu,
which arise due to spontaneous Zn-Cu alloy formation and is comprehensively discussed in later
section of this thesis. Because these surface alloys have lower Gibbs free energies than pure Zn,

they facilitate deposition at potentials more positive than the Zn**/Zn° equilibrium value.
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Figure I1.1.3: CV scans in the range -0.35 to +1.0 V versus Zn’*/Zn at Cu(111) substrate in 2 M ZnSO
(aq) electrolyte: (A) CV scans, (B) enlarged plot of CV and (C) plot of peak current density versus scan rate.

The trend in nucleation overpotentials (Commercial-Cu > Cu(111)) also reflects the facet-

dependent nature of Zn deposition (Figure II.1.4). Higher nucleation overpotentials, such as those
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observed on polycrystalline, correlate with non-uniform Zn growth and an increased fraction of
reactive surface area, making them more prone to corrosion. In contrast, Cu(111) exhibits the
lowest nucleation overpotential, supporting fast lateral diffusion and compact deposition. This
behavior is further explained by the lower Zn?>" diffusion energy barrier on Cu(111), which
facilitates rapid ion transport across the interface and promotes uniform nucleation. Morphological
imaging and diffusion simulations in earlier works confirm that Zn deposits on Cu(111) form
dense, continuous films, whereas random or poly-Cu substrates yield dispersed, dot-like clusters.
Together, these electrochemical analyses affirm that Cu(111)-textured substrates not only direct
the crystallographic growth of Zn but also significantly enhance the plating kinetics, reduce
corrosion susceptibility, and extend cycle life. These characteristics make 111-textured Cu a

superior host for Zn anodes in practical zinc-based battery systems.
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Figure 11.1.4: (4) V-t curves for the in-situ zinc deposition onto copper, (B) Nucleation

overpotential of zinc plating on different copper surfaces: polycrystalline-Cu & Cu(111).

To systematically investigate the influence of copper substrate crystallography and deposition
parameters on the morphology and quality of electrodeposited zinc, we examined the plating
behavior on two distinct copper substrates: commercial polycrystalline copper (poly-Cu) and
highly oriented single-crystal Cu(111). All experiments were performed in 2 M ZnSOs+ aqueous
electrolyte, with varying areal capacities and current densities to simulate practical plating

conditions for rechargeable Zn-based battery systems. While the substrate plays a crucial role, the
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applied current density significantly affects dendritic growth. To better understand the nucleation
behavior at the onset of Zn deposition, early-stage plating experiments were conducted at current
density of 1 mA/cm? for lower aerial capacity of 0.1 mAh/cm?. As shown in Figure I1.1.5, highly
textured (>85 %) Cu(111) facilitates the formation of uniformly distributed, thin, hexagonal Zn
nuclei aligned parallel to the substrate. In contrast, commercial Cu exhibits slanted or vertical
nucleation orientations, indicating poor registry and higher energetic variability across its
polycrystalline grains. This early-stage alignment on Cu(111) is a crucial precursor to the uniform

morphology observed at higher capacities.

Figure I1.1.5: SEM images of Zn deposited on 111-Cu & Cu foil at 1 mA/cm? for 0.1 mAh/cm? to

reveal the nucleation behavior.

Upon increasing the deposition capacity to 2 mAh/cm? at the same rate of 1 mA/cm?, distinct
differences in Zn growth evolution emerge between the two substrates. On commercial Cu, nuclei
evolve into blade-like, random structures (Figure I1.1.6 (A)), consistent with unstable, diffusion-
limited growth. Meanwhile, deposition on Cu(111) forms coaxially stacked hexagonal flakes
alongside smaller immature nuclei, reflecting a more ordered and progressive nucleation-growth
sequence (Figure I1.1.6 (B)). When the deposited capacity is increased further to 5 mAh/cm?, the
Zn layer on Cu(111) becomes conformal and continuous, dominated by the (002) crystallographic

orientation, indicating successful texture evolution driven by the epitaxial interaction (Figure I1.1.6

(©).
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Figure I1.1.6: SEM images of Zn deposited on (A) Commercial-Cu, (B) 111-Cu at 1 mA/cm? for 2
mAh/cm? to reveal the nucleation behavior; and (C) 111-Cu at 1 mA/cm? for 5 mAh/cm?

Now, keeping the areal capacity fixed at 1 mAh/cm? subsequent depositions were investigated at
a higher current density of 10 mA/cm?. As shown in Figure I1.1.7 (A), zinc plating on commercial
Cu foil resulted in randomly oriented hexagonal flakes, characterized by disoriented crystal
alignment and a rough surface topography. The flakes often grew at perpendicular angles, resulting
in a uneven top layer. In stark contrast, deposition on Cu(111) substrates led to highly compact,
uniformly aligned Zn flakes, all oriented parallel to the substrate surface, even at 10 mA/cm?.
Figure I1.1.7 (B) highlights the dense and ordered Zn layer on Cu(111), indicating strong epitaxial

interaction between the depositing Zn atoms and the underlying substrate.

(A)
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Figure I1.1.7: SEM & XRD images of Zn (I mAh/cm? @ 10 mA/cm? ) onto Cu(111) &

Commercial polycrystalline Cu.

Such epitaxial control proves instrumental in suppressing the formation of dendrites—a major
cause of short-circuiting and capacity fading in zinc batteries even at high current densities. By
leveraging the atomic-level alignment between Zn and Cu(111), it becomes possible to realize
continuous, flat Zn plating even at high mass loading. To assess the practical scalability of epitaxy-
guided Zn plating, the areal capacity was increased to 20 mAh/cm?. Remarkably, deposition on
Cu(111) remained dendrite-free and maintained a uniform morphology, forming a compact Zn
layer of ~25 um thickness, as illustrated in Figure II.1.8. In comparison, the same capacity
deposited on polycrystalline commercial Cu couldn’t achieve the same compaction until 100t
micron, resulting in a very porous & moss-like Zn layer (~105 um), emphasizing the inefficient
packing and porous growth arising from uncontrolled nucleation and dendritic propagation. Cross-
sectional SEM imaging further confirms that plating on Cu(111) is dense and conformal, whereas
poly-Cu supports a more porous and anisotropic growth front. The synthesis of large-area, high-

quality Cu(111) foil enabled the exploration of millimeter-scale deposition uniformity.
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Figure I1.1.8: (A) Top-view SEM images of Zn on poly-Cu and Cu(111) after deposited with 20mAh/cm’
Zn. (current density = 10 mA/cm?); & Cross-sectional SEM image of high-capacity zinc loading (20
mAh/cm?) onto poly-Cu & Cu(111); (B) XRD spectra of Cu(111) & Polycrystalline Cu foil

I1.2. Evolution of Zn (002) Texture with Zinc Electrodeposition Capacity

The ability of a crystalline substrate to guide the textured growth of an electrodeposited material
would be expected to diminish progressively with increasing film thickness, as the registry
between the deposited material and the underlying lattice becomes increasingly disrupted. This
phenomenon is especially pertinent in metal-on-metal systems, where the strength of epitaxial
correlation is dictated by interfacial bonding, electrochemical kinetics, lattice mismatch, interfacial
strain accumulation, and mass transport limitations. For systems such as Zn grown on textured
Cu(111), these effects result in a gradual decay of preferred (002) texture orientation as the
deposition proceeds.

Figure I1.2.1 presents the Zn(002) texture ratio variation results from XRD analysis of Zn films
electrodeposited on Cu(111) substrates with varying initial texture ratios, ranging from 40% to
96%. The electrodeposition was carried out under galvanostatic conditions (5 mA/cm?) in
symmetrical Cu |2 M ZnSOs (aq) | Cu cells for a range of deposition capacities (5-50 mAh/cm?).
Across all cases, Zn was observed to preferentially adopt the (002) orientation initially, especially
when deposited on highly textured Cu(111) substrates. However, the (002) texture ratio (TR) of

the Zn deposits exhibited a systematic decay with increasing deposited capacity. For each

35|Page



substrate, the evolution of texture ratio with areal capacity (D) was observed to follow an

exponential decay model:
Tp(D) = A-e DA

where A is the extrapolated texture ratio at D = 0, and A is a characteristic decay constant

representing the capacity over which the (002) texture reduces by a factor of 1/e.
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Figure I1.2.1: Texture Ratio of Zn (002) vs Zn deposition amount or areal capacity (mAh/cm?)

Straight-line fits to the semi-log plots of Ln[TR Zn(002)] vs D (Figure I1.2.2) confirm the
appropriateness of this model across the entire set of substrates. The fitted decay constants A span
a broad range, from 51.5 mAh/cm? for moderately textured Cu (40%) to over 68 mAh/cm? for the
most highly textured Cu (96%). The decay constants A reflect the texture correlation length, which
when multiplied by an estimated layer thickness of ~1.8 um per mAh/cm? (assuming bulk Zn
density). The decay of Zn(002) texture ratio with increasing areal capacity on Cu(111) substrates
follows an exponential trend, allowing the extraction of characteristic decay constants (A) for each
initial Cu texture condition. These A values were used to estimate correlation lengths, representing
the effective thickness of Zn over which epitaxial growth persists. The results reveal that
correlation lengths range from ~93 pum to over 129 um, with the highest value corresponding to

the most highly textured Cu(111) substrate (96% TR).
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Figure I1.2.2: Semi-log of the Zn (002) Texture ratio vs Zn deposition amount (mAh/cm?)

This suggests that stronger initial substrate texture enables significantly longer-range epitaxial
control over Zn crystallographic orientation during electrodeposition, providing a practical
strategy for controlling anode morphology in aqueous Zn batteries. These are substantial and
confirm that significant crystalline registry is retained over practical electrode thicknesses used in
rechargeable battery systems. For typical Zn anode loadings in the range of 1-10 mAh/cm?, the
epitaxial influence of a well-textured Cu(111) substrate can be expected to dominate the deposited
Zn microstructure.

Moreover, it has been observed that for all substrates except the most highly textured (96%), the
Zn(002) texture ratio converges toward a limiting value in 20-35% at high deposition capacities.
This asymptotic behavior is indicative of the accumulation of randomly oriented Zn grains or
pulverized Zn, especially prevalent when the epitaxial registry is overwhelmed by
electrocrystallization noise, mass transport gradients, or interfacial strain. Taken together, these
findings underscore the critical role of substrate crystallography in directing Zn texture evolution

and suggest that engineering Cu substrates with high (111) texture can serve as a practical strategy
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to promote long-range epitaxial growth of Zn(002) — thereby potentially improving cycling

stability, shape retention, and suppressing dendritic formation in aqueous Zn-ion batteries.

I1.3. Investigating Surface-Controlled Zn Growth via Underpotential Deposition on Copper

Underpotential deposition represents an intriguing electrochemical process where metallic species
undergo reduction at electrode interfaces when subjected to potentials less negative than their
standard reduction values [20, 54, 55]. This phenomenon enables metals to electrodeposit onto
certain foreign substrates with greater ease compared to deposition onto their own surfaces or inert
substrates like glassy carbon or platinum, resulting in enhanced thermodynamic stability and
accelerated reaction kinetics. Exploiting zinc's UPD characteristics and achieving homogeneous
electrodeposition presents a viable approach for improving zinc electrode performance. This
investigation examines underpotential deposition mechanisms to mitigate zinc non-planar
deposition challenges & also identify favorable conditions for Zn-Cu alloying in electrolytes that do
not contain additives. To characterize zinc's underpotential deposition characteristics on copper
surfaces, comparative studies were conducted using zinc metal and glassy carbon materials. Cyclic
voltammetry (CV) experiments demonstrated that the initial nucleation potential of zinc on copper

was more positive compared to zinc substrate, as shown in Figure 11.3.1.

This observation confirms the UPD phenomenon, which enables abundant nucleation with lower
energy requirements and consequently guides uniform zinc deposition [55, 56]. The preferential
deposition becomes more pronounced with increasing scanning speeds (from 0.005 to 5 V/s). At
higher scan rates, the timescale of the potential sweep becomes too short for slower diffusion-limited
or bulk nucleation processes to occur, favoring instead the rapid, surface-specific adsorption
characteristic of underpotential deposition. This kinetic constraint enhances the selectivity for Zn
nucleation at high-affinity Cu sites, such as terraces or low-index planes, where Zn—Cu interactions
are strongest. As a result, the UPD process becomes more pronounced with increasing scan rate,

while competing overpotential deposition pathways are effectively suppressed.
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Figure I1.3.1: Voltammograms of Zn metal plating/stripping on 2 different substrates (Scan rate
from 0.005V/s to 5V/s): (A) Cu foil, (B) Zn foil

Chronoamperometry (CA) studies further validated the two-dimensional rapid nucleation and
growth process characteristic of Zinc UPD as shown in Figure 11.3.2 (A) [57, 58]. On zinc
substrates, current stabilization was significantly delayed—taking up to 300 seconds at an
overpotential of —150 mV—due to a prolonged two-dimensional surface diffusion phase during
which Zn*" ions accumulated at protrusions, favoring dendritic growth. In contrast, on Cu (111)
substrates, this initial surface diffusion phase was markedly brief, reaching steady-state behavior
within 20 seconds, after which uniform three-dimensional deposition dominated. This rapid
transition suggests that Zn** ions adsorbed on the Cu (111) surface undergo near-immediate local
reduction with minimal lateral migration [58]. The underlying cause is the strong electronic
interaction between Zn>* species and the Cu (111) facet, which compels the ions to deposit directly
at their initial adsorption sites rather than migrating toward lower-energy nucleation sites. As a
result, the deposition proceeds in a compact, planar fashion, promoting smooth and uniform Zn
layer formation.

Furthermore, Xray Photoelectron Spectroscopy (XPS) analysis confirmed that the
deposits on both zinc and copper substrates were metallic zinc (Zn°) rather than adsorbed ions
(Figure I1.3.2 (B)). Notably, the binding energy of Zn2ps/> electrons in UPD deposits on copper
substrate increased by 0.28 eV compared to those on zinc substrate, indicating stronger

interactions. Scanning Electron Microscopy (SEM) observations and Energy Dispersive X-ray
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Spectroscopy (EDS) mapping demonstrated numerous zinc nuclei on the copper substrate,
corroborating the CA test results.
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Figure 11.3.2: (A) Chronoamperograms of Zn on Zn & Cu at an overpotential of -150mV; (B) High-

resolution Zn 2p*? XPS spectrum after Zinc metal deposition.

The zinc affinity characteristics of Cu(111) deposits obtained in lower I-V regimes from the 2 M
zinc sulfate electrolyte were examined using cyclic voltammetric analysis. Electrochemical
measurements revealed that the initial zinc reduction on copper (111) surfaces commenced at
approximately 0.57 V relative to Zn*'/Zn reference, exceeding the standard Nernst potential for
zinc reduction, which indicates underpotential deposition occurrence on copper (111) interfaces.
A subsequent reduction process appeared at -0.45 V versus Zn?*'/Zn, below the equilibrium
potential, signifying bulk zinc deposition. Notably, bulk zinc deposition initiated earlier on copper
(111) compared to standard copper foil, demonstrating superior zinc affinity of (111)-oriented
copper relative to polycrystalline copper surfaces. This distinction became evident through
galvanostatic discharge profiles (Figure I1.3.3), where standard copper exhibited pronounced
voltage drops at deposition onset followed by stable plateaus, while copper (111) surfaces showed
minimal voltage perturbations. The measured nucleation overpotential difference between initial
and plateau voltages reached 42 mV for copper (111), substantially lower than the 75 mV observed

for commercial copper foil, indicating reduced nucleation barriers on (111)-oriented surfaces.
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Figure 11.3.3. Zincophilicity of different Cu foils. (a) Cyclic voltammograms of Cu(111) and routine Cu
electrodes in 2 M ZnSO,. (b) Voltage profiles recorded during Zn plating at 1 mA/cm?.

11.4. Evaluating Zn Plating/Stripping & Cycling Performance on Cu (111) Substrate

To understand the influence of substrate crystallography and interfacial reactivity on Zn
electrodeposition behavior, a systematic investigation of Zn plating/stripping reversibility on
textured Cu substrates, especially Cu(111), compared to conventional stainless steel (SS) and
polycrystalline Cu foil, was conducted. The results reveal a dependence of electrochemical
performance on substrate interaction strength and crystallographic alignment. The voltage profiles
of Zn plating/stripping at a high areal capacity (5 mAh/cm?) highlight the stark contrast between
interacting and non-interacting substrates (Figure 11.4.1). While stainless steel exhibited severe
voltage polarization and cycle instability, Cu substrates demonstrated superior reversibility. More
significantly, Cu(111) substrates enabled remarkably stable cycling with low hysteresis and
negligible degradation over extended periods. These behaviors are attributed to the interfacial

alloying process and lattice matching effects that guide Zn deposition morphology.
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Figure I1.4.1: Zn plating/stripping measurements at 5 mAh/cm?. Cu and Stainless Steel are
chosen as representatives of interacting and non-interacting substrates, respectively, for

evaluation at this high areal capacity.

As shown in Figure [1.4.2, the plating/stripping behavior of Zn on Cu substrates exhibits
remarkable consistency across a wide range of current densities, affirming the substrate’s capacity
to support highly reversible metal deposition. At a low current density of 2 mA/cm?, the deposition
proceeds under near-equilibrium conditions, which permits sufficient time for surface diffusion
and interfacial alloying phenomena to manifest more clearly in the potential profiles. Under these
conditions, subtle signs of Zn—Cu intermetallic interaction may appear, including a “kink” in the
stripping branch — a signature of dealloying dynamics associated with underpotential deposition
(UPD) and re-extraction of Zn from alloyed sites. This behavior, while subtle, indicates a surface-
mediated alloy formation process that does not significantly compromise overall reversibility. As
the current density increases to 40 mA/cm?, the system enters a kinetically driven regime where
deposition and stripping occur more rapidly, and the time window for interfacial rearrangement
becomes limited. Notably, under such high-rate conditions, any traits of alloying or UPD-induced
dealloying become less pronounced in the potential profiles. This reduction in interfacial
complexity coincides with an improvement in Coulombic efficiency (CE), reflecting a more
straightforward and diffusion-limited electrochemical reaction pathway that avoids energy losses
associated with complex intermediate states.

What is particularly significant is that across both the low and high current density

regimes, Cu substrates consistently support stable Zn plating/stripping, without signs of
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morphological instability or excessive hysteresis. This highlights the chemically favorable yet
moderately interactive nature of the Zn—Cu interface, which neither leads to inert behavior (as seen
in weakly interacting substrates like stainless steel) nor irreversible alloying. Instead, it creates an
ideal interfacial landscape wherein Zn can nucleate uniformly, undergo reversible partial alloying
at underpotential conditions, and be stripped cleanly, preserving the surface for repeated cycling.
This behavior underscores a broader mechanistic insight: a moderately strong interfacial
interaction, such as that between Zn and Cu, is critical to achieving high-efficiency and long-life
electrodeposition systems. The interface must be chemically active enough to direct uniform
nucleation and promote a self-sustaining underpotential cycle, yet not so reactive that it results in
irreversible surface modifications or loss of reversibility. The consistently high CE and stable
potential profiles observed on Cu over a range of current densities affirm their unique suitability

as a substrate for reversible Zn anodes in rechargeable battery systems.
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Figure 11.4.2: Galvanostatic electrochemical plating/stripping behaviors of Zn on Cu(l11) at
different current densities (a) 2 mA/cm?; (b) 10 mA//cm? and (c) 40 mA/cm?

To eliminate any contribution from copper dissolution and confirm interfacial behavior, the upper
cutoff voltage was limited to 0.5 V vs. Zn**/Zn — well below the Cu**/Cu standard potential of
~1.0 V vs. Zn*"/Zn. Even under this restriction, the voltage profiles retained the distinct "kink"
during stripping, characteristic of dealloying phenomena, and the Coulombic efficiency (CE)
remained high (Figure 11.4.3). This suggests that the observed behavior stems from alloy-mediated
UPD mechanisms rather than bulk Cu oxidation. To rule out any possible influence from Cu
oxidation/dissolution, Zn plating/stripping was performed on Cu(111) using an upper cutoff
voltage of 0.5 V vs. Zn%*/Zn, which is ~0.6 V below ¢° (Cu?*/Cu) and should avoid Cu dissolution.
Evidently, the high Zn plating/stripping reversibility and the shape of the voltage profile observed

under this condition were in line with the results obtained with a +1.0 V cutoff voltage.
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Figure 11.4.3: Zn plating/stripping measurement on Cu(111) with an upper cutoff voltage of 0.5 V vs
Zn**Zn.

Due to the uncontrolled growth of Zn dendrites during repeated cycling, cells utilizing commercial
polycrystalline Cu as the substrate experienced an abrupt failure after only 260 cycles, caused by an
internal short circuit. In stark contrast, when the substrate was switched to single-crystal-like
Cu(111), the system exhibited remarkably stable and efficient cycling, maintaining a Coulombic
Efficiency (CE) exceeding 99% over 2000 cycles (Figure 11.4.4 (A)). This dramatic improvement
reflects the ability of Cu(111) to guide uniform Zn deposition and suppress dendritic growth
effectively. Moreover, the voltage hysteresis—a key indicator of interfacial reaction kinetics and
polarization losses—was significantly reduced for the Cu(111)-based cells, measuring only 0.147
V, which is notably lower than that observed in cells employing commercial Cu (Figure 11.4.4 (B)).
This reduced hysteresis indicates enhanced charge transfer kinetics and lower energy loss during
each plating/stripping cycle on the Cu(111) surface. The superior performance of Cu(111) can be
attributed to the epitaxial relationship between the Cu(111) surface and the basal Zn(002) plane.
This lattice-matching promotes an ordered, planar deposition pattern, which not only enhances the
uniformity of Zn nucleation and growth but also mitigates the formation of high-surface-area

structures like dendrites.
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Figure 11.4.4: Charge/discharge curves of cells at selected cycles.

To establish practical relevance, high rate cycling at 40 mA/cm? was performed. Zn deposition on
Cu (111) substrates maintained a CE of 99.9% over 10,000 cycles (Figure 11.4.5), surpassing most
literature benchmarks. These findings emphasize that a close-to-unity CE is achievable when the
substrate promotes a self-sustaining underpotential cycle — a dynamic wherein Zn continuously
deposits at UPD sites regenerated by ongoing Cu—Zn alloying and dealloying. This mechanistic
insight — a self-sustaining underpotential deposition loop — captures the essence of how
interfacial alloy formation at a moderately interactive substrate such as Cu(111) enhances
deposition reversibility. This mechanism not only initiates Zn UPD at favorable nucleation sites
but also perpetuates their regeneration through surface alloying, thus bridging the initial nucleation

step with bulk plating in a continuous cycle.

A 2 B
2100 -Pm 10
d =
'% i < 084 |
£ 80- N
@ L 064
=4
o N
E 60 » 0.4
g >
= = |
E 40 % 0.2
=) 5 0.0.
% = 5 o0
-4 0.2
c 0 . v v - T v T - .
N o 2000 4000 6000 8000 10000 00 02 04 06 08
Cycle number Areal capacity(mAh/cm?)

Figure 11.4.5: Plating/stripping of Zn on Cu at 40 mA/cm?. (4) CE values and (B) representative
plating/stripping voltage profiles. The cell shows an extremely stable plating/stripping behavior
over prolonged cycling, with an average CE of 99.9%.
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SECTION III: Interfacial Control in Binary Metal Electrodeposition in Aqueous Medium

This section explores how substrate crystallography, electrolyte composition, and interfacial
electrochemistry collectively govern metal electrodeposition, focusing on both pure copper and
binary Zn—Cu systems. A central question addressed is whether the crystallographic stabilization
observed for zinc on Cu(111) surfaces—particularly the promotion of planar, compact growth—
is a consequence of zinc’s hexagonal structure or a more general phenomenon applicable to other
face-centered cubic (FCC) metals such as copper itself. The investigation begins with an in-depth
study of copper electrodeposition from aqueous CuSOs solutions under varying concentrations and
current densities. Despite copper’s FCC structure, its deposition behavior exhibits notable
similarities to that of zinc, including the preferential emergence of the (111) texture at low
overpotentials and clear morphological transitions as mass transport becomes limiting. Enhanced
ion transport through electrolyte agitation is shown to restore thermodynamically favorable
orientations even under high-current conditions, underscoring the dynamic interplay between
transport and crystallographic control.

Building upon this, the analysis of binary Zn—Cu electrodeposition reveals how
underpotential deposition (UPD) of Zn onto Cu surfaces plays a critical role in alloy formation and
morphology control, even in systems characterized by substantial redox potential mismatch. At
low overpotentials, Zn forms Cu-rich a-brass solid solutions via UPD, whereas more negative
potentials lead to the formation of three-dimensional Cu—Zn clusters. These clusters act as catalytic
platforms that lower nucleation barriers and enhance exchange current densities, promoting dense,
uniform Zn films devoid of dendritic features. Structural and compositional analyses using XRD
and EDS indicate a progression from solid solution to Zn-rich intermetallic phases with increasing
potential and Zn content. Overall, the findings highlight that interface engineering—through
substrate crystallography and mechanistic exploitation of UPD—offers a powerful strategy for
achieving uniform, compositionally controlled deposition of binary alloys with widely separated
redox potentials. Building on this understanding of alloy formation driven by redox asymmetry
and interface-stabilized nucleation, the Ni—Co system provides a natural progression in alloy
electrodeposition studies to gain further mechanistic insights on binary alloy electrodeposition in
aqueous media. In contrast to Zn—Cu, nickel and cobalt possess closely matched standard redox

potentials (—0.25 V for Ni**/Ni and —0.277 V for Co*"/Co), minimizing electrochemical asymmetry
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and enabling co-deposition under near-equilibrium conditions. The atomic radii of Ni and Co differ
by less than 1% (Ni: 124.6 pm; Co: 125 pm), and both elements exhibit high mutual solubility,
forming a continuous solid solution across the full composition range. Though Ni is FCC and Co
is HCP at room temperature (analogous to FCC Cu & HCP Zn in Cu-Zn binary system at room
temperature), the Co can attain FCC crystallinity at temperatures above 417°C, making structural
integration more feasible [59]. The enthalpy of mixing for Ni—Co is mildly negative,
approximately —1 to —2 kJ/mol, and the electronegativity difference is negligible (Ni: 1.91, Co:
1.88), supporting alloy stability without requiring UPD [60]. Despite this, anomalous codeposition
is frequently observed, where the less noble Co deposits preferentially even when Ni is present in
higher concentration, due to surface adsorption effects and intermediate species such as MOH"*

that alter local deposition kinetics.

II1.1. Crystallographic Analysis of Electrodeposited Copper in Different I-V Regimes

To explore whether the interfacial stabilization phenomena observed during Zn electrodeposition
are material-specific or generalizable across metallic systems, a comparative investigation was
conducted on Cu electrodeposition from aqueous CuSOs electrolytes of varying concentrations.
Copper, with its face-centered cubic (FCC) lattice, differs from Zn’s hexagonal close-packed
(HCP) structure, making it an ideal candidate to evaluate whether crystallographic texturing and
morphological control are influenced solely by electrolyte composition and transport dynamics,
rather than crystal symmetry. Moreover, like Zn, Cu does not form a passivating solid-electrolyte
interphase (SEI), ensuring that the subsequent observations are unaffected by interfacial barrier
layers.
Morphological evaluations of Cu deposits grown in 1 M CuSOs (concentrated) and 0.05 M
CuSOs4 (dilute) electrolytes reveal a distinct transformation in growth characteristics with
concentration. Under overlimiting conditions, deposits from the concentrated electrolyte exhibit
uniform, porous, yet planar morphologies. In contrast, dendritic and heterogeneously distributed Cu
deposits dominate in the dilute electrolyte (Figure II1.1.1 & Figure III.1.2). These results parallel
those seen in Zn systems and confirm that the suppression of dendrites in concentrated media is not
unique to hexagonal metals like Zn. Instead, they suggest that ionic concentration, and its effect on

ion transport and local electric fields, governs the morphological regime.
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Figure Il 1.1: Electrochemical characteristics of Cu deposition on a glassy carbon electrode from 0.05
M CuSOy (aq) electrolyte. (Left) Current-voltage (I-V) curves measured during Cu electrodeposition

without rotation. (Right) Time-dependent current measured in constant-voltage.

The electrodeposition morphology at different overpotentials in the 1 M CuSOa system was assessed
using SEM at -0.5 V,-1.0 V,and -1.5 V vs Ag/AgCl (Figure I11.1.2). At progressively more negative
potentials, the porosity of Cu deposits increased significantly, although notably, dendritic growth
remained suppressed. When a hydrodynamic flow (1000 rpm rotation) was applied at -1.5 V, the
porosity was drastically reduced, illustrating the critical role of convection in controlling growth

morphology under high driving forces.
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Figure Il1.1.2: Electrochemical characteristics of Cu deposition on a glassy carbon electrode from
1 M CuSOy (aq) electrolyte. (A) Current-voltage (I-V) curves measured during Cu
electrodeposition with and without rotation; (B) SEM images showing morphological evolution of

Cu electrodeposits in 1 M CuSOy (aq) electrolyte at different potentials.

A deeper understanding of crystallographic evolution in these deposits was obtained through
galvanostatic Cu electrodeposition by systematically varying current density, in a 1 M CuSOas
solution. X-ray diffraction (XRD) analyses at 0.1 A/cm? (<ir), 0.18 A/cm? (= iL), and 0.27 A/cm?
(> i) revealed significant texture transitions (Figure I11.1.3 (A)). At low current density (0.1 A/cm?),
where diffusion rate dominates (vi > vz, v1 is the rate of ionic diffusion from the bulk to the electrode
surface and v; is the rate of cation reduction on the electrode), Cu deposits developed a strong (111)
orientation, which is consistent with the system’s tendency to minimize surface energy under low-
overpotential conditions. As current density approached and surpassed the limiting current (il =
0.18 A/cm?), a transition to mixed (111)/(110) and eventually dominant (110) textures was observed.
This trend corresponds to the development of ion depletion zones, where vi < v2, and
electrodeposition becomes mass-transport limited.
This texture evolution is further supported by SEM imaging, which revealed that
Cu deposited at low current densities formed large, flat grains indicative of thermodynamically
favored growth. In contrast, high current densities led to finer, more branched structures. Current
density was found to directly impact nucleation dynamics and crystallite size, consistent with

classical electro crystallization theory and the Butler—Volmer framework. At lower current
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densities and overpotentials, nucleation proceeds more slowly, allowing the formation of larger
critical nuclei and, consequently, larger grain dimensions. These structural features were
confirmed through SEM (Figure II1.1.3 (B)), where the low-current-density Cu deposits showed
coarser grains with fewer tip-effect-induced islands, while higher-current deposits exhibited
smaller, less uniform grains with pronounced tip-growth effects. Furthermore, the influence of
mass transport was further examined by introducing electrolyte stirring (Figure I11.1.3 (C)). With
enhanced convection, Cu foils deposited at higher current densities (0.25 — 0.3 A/cm?) displayed
improved (111) orientation with diminished (200) peaks; however, slight increase in the intensity
of (110) peak was also observed. This demonstrates that increasing the rate of ion delivery (v:) can
counterbalance the effects of elevated consumption (v:), thereby promoting surface-energy-

minimized growth even under higher deposition rates.
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Figure 111.1.3: (4) SEM images of Cu deposits obtained at different current densities — 0.1, 0.18 & 0.27
A/em?; (B) XRD patterns of Cu deposits obtained at different current densities. (C) XRD patterns of Cu foils

obtained at high current densities in stirring electrolytes.
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Together, these findings offer an electrochemical-crystallographic framework for Cu deposition.
They reinforce the concept that deposition morphology and texturing are governed not only by
intrinsic material properties but also by the interplay between mass transport, interfacial reaction
kinetics, and applied electrochemical parameters. These insights directly inform the strategic
engineering of textured Cu substrates—especially Cu(111)—for applications such as Zn anodes,
where crystallographic templating plays a pivotal role in achieving uniform, stable, and dendrite-

free metal growth.

I11.2. Harnessing UPD for Sustained Electrodeposition of Zn-Cu Alloy & Planar Zn Growth

The electrodeposition of zinc-copper alloys presents a fundamental challenge rooted in the
substantial difference between their standard reduction potentials (AE° = 1.1 V). This
thermodynamic bias creates an inherent tendency for preferential copper deposition, making
uniform binary alloy formation extremely difficult through conventional electrochemical
approaches. However, the phenomenon of underpotential deposition (UPD) offers a promising
pathway to overcome these limitations by enabling zinc atom deposition & nucleation on copper
surface at potentials significantly more positive (or less negative) than its bulk reduction potential
on zinc or inert substrate. Building upon our previous observations of epitaxial zinc growth on
highly textured copper substrate, we now explore how concentration & substrate-controlled
interface effects can enable uniform Cu-Zn alloy formation & high-quality Zn coatings without
using any additives in aqueous electrolyte. This investigation reveals how UPD mechanisms can
be systematically exploited to achieve controlled co-deposition of metals with widely separated

reduction potentials, representing a transition from surface-confined alloying to bulk type alloying.

The investigation began with a systematic exploration of how electrolyte concentration,
with equimolar ZnSO4 and CuSOQs, affects the fundamental deposition mechanism. Linear sweep
voltammetry of binary zinc-copper solutions at three concentration levels (0.05 M, 0.1 M, and 0.5
M) revealed a striking transformation in electrochemical behavior. At low concentrations (0.05
M), the binary Zn—Cu system demonstrates distinct underpotential co-deposition behavior that
evolves through multiple mechanistic regimes. The LSV results (Figure I11.2.1) reveal that copper

is the first species to undergo reduction and deposit at the onset of the current response. This
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nucleation step promotes the subsequent growth of Cu-rich atomic layers. Although zinc begins to
undergo underpotential deposition (UPD) immediately following the formation of the first few Cu
monolayer, its distinct electrochemical signature becomes visibly apparent starting at
approximately —0.2 V. The strong Zn—Cu binding interactions stabilize this UPD layer at potentials
more positive than the standard Zn**/Zn redox potential, consistent with classical UPD theory.
This asymmetric UPD behavior is unidirectional; while Zn readily deposits underpotentially on
Cu, the reverse is not observed. Cu does not exhibit UPD behavior on a Zn substrate. Instead, due
to the large redox potential gap (Cu**/Cu=+0.34 V vs SHE; Zn*"/Zn=-0.76 V vs SHE), Cu*" can
be spontaneously reduced on metallic Zn surfaces via displacement reaction, even in the absence
of an applied potential. This galvanic displacement pathway becomes particularly relevant once
Zn atoms are incorporated into the deposit, thereby providing localized cementation sites for Cu,

in addition to the electrochemically controlled Cu?* reduction pathway.
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Figure I11.2.1: (A) Voltammogram (I-V) and Chronoamperograms (I-t) of Zn-Cu binary (0.05 M
each in aqueous solvent) — left at -0.35 V and right at — 1.5 V vs Ag/AgCl; (B) UPD-mediated co-

deposition mechanism of Zn & Cu for alloy formation.

When both Zn*" and Cu?* are present in solution, deposition initially proceeds via electrochemical
reduction of Cu?', forming a Cu(111)-textured layer that simultaneously supports UPD of Zn. As
deposition continues and Zn atoms become increasingly incorporated, the electrode surface
transitions from pure Cu to a mixed Cu—Zn interface. Subsequent Cu deposition now occurs on
this modified surface, with a different surface energy, altered electronic structure, and possibly
galvanic microdomains. This evolving substrate further catalyzes Cu?* reduction through both
direct electrochemical pathways and spontaneous displacement reactions, thereby accelerating Cu
accumulation. However, the growing Zn fraction in the deposit weakens Zn—substrate binding
affinity, thus progressively shifting Zn?* reduction to more negative potentials and diminishing the
efficiency of UPD. This dynamic results in a system where Cu deposition remains dominant
through both faradaic and non-faradaic processes, while Zn deposition becomes increasingly
dependent on higher overpotentials.

XRD analysis of the sample obtained by potentiostatic electrodeposition at -0.5
V (Figure II1.2.2 (A)) reveals a systematic shift of the Cu(111) peak to lower 20 values in the
binary electrolyte, indicative of Zn incorporation into the Cu FCC lattice to form a metastable o.-
brass solid solution. The absence of distinct Zn(002) reflections supports alloying rather than phase
separation. SEM images (Figure II1.2.2 (B)) corroborate this by showing smooth, compact
morphologies in the low potential regime (around —0.35 V), consistent with layered growth and
homogeneous nucleation. EDS analysis of deposits formed in this potential regime reveals a Cu-
rich composition with 28 at% Zn, confirming that Zn is incorporated substitutionally into the Cu
lattice rather than forming separate domains. These structural and compositional findings align
well with the electrochemical trends observed in LSV confirm the formation of a-Brass solid
solution of Zn & Cu. In the LSV profile (Figure I11.2.1), the initial reduction peak near —0.4 V is
shifted positively relative to the Cu-only control experiment, suggesting that the presence of Zn**
accelerates the Cu*" depletion near the electrode. Following this peak, a brief current drop is
observed due to local mass transport limitation, where Cu?" and Zn** ions are rapidly consumed at

the electrode interface.
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Figure II11.2.2: (A) SEM images showing smooth, compact morphologies at low potential (—0.35
V), (B) XRD spectra revealing the Cu-rich alpha brass phase crystallinity vs Pure FCC Cu.

As the applied potential becomes more negative (—1.0 V to —1.65 V), the current response in the
binary system surpasses that of both control systems. This marks the transition from interfacial
alloying to bulk alloy growth and kinetically enhanced Zn deposition. The rapid current rise in this
range can be ascribed to the formation of three-dimensional Cu—Zn clusters (Figure I11.2.3). These
clusters function as zincophilic scaffolds that facilitate Zn** desolvation and adsorption. However,
deposition in this regime becomes non-epitaxial and structurally more complex, deviating from
the smooth layer-by-layer growth observed at lower potentials. SEM images of deposits from this
range reveal globular morphologies with increased surface roughness, consistent with 3D cluster
formation. EDS results show increased Zn content (~57%), indicating a shift toward Zn-rich

intermetallic formation (Figure I11.2.3).

54|Page



Cu~40.7 %

Figure I11.2.3: SEM images of deposits from intermediate voltage range revealing globular
morphologies with increased surface roughness, consistent with 3D cluster formation. EDS results

show increased Zn content (57%), indicating a shift toward Zn-rich growth

Beyond —1.7 V, a subtle inflection in the LSV curve point to a transient diffusion limitation due to
Zn** depletion. This is quickly overcome as the system enters an overlimiting regime, where
surface area expansion, enhanced desolvation kinetics, and possibly localized convection promote
continued Zn*" transport to the interface. The current rises steeply in this region, and Zn becomes
the dominant component in the growing deposit. At this stage, Zn-rich deposits are obtained which
are confirmed by significant increase in Zn atomic percentage (~ 76 %) in EDS analysis. In
conclusion, the dilute Zn—Cu binary system demonstrates a voltage-dependent transition from Cu-

dominated Zn UPD (a-brass alloy formation) to Zn-rich intermetallic growth.

As the concentration of Zn*" and Cu** salts in the electrolyte are increased from 0.05 M to 0.1 M
and 0.5 M, the overall current density in voltammograms increases significantly across all applied
potentials (Figure I11.2.4), but the mechanistic features of deposition evolve in a more complex
and distinguishable fashion. In the underlimiting regime (up to approximately —1.0 V), the [-V
trends in both concentrated binary electrolytes resemble those observed in the dilute case,
suggesting initial co-deposition of Cu and Zn. However, due to the high ion availability and faster

nucleation kinetics, the epitaxial growth characteristic of dilute systems is lost at much lower
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potentials in concentrated systems, giving way to the formation of the three dimensional globular
Cu-Zn clusters that serve as high-surface-area active centers for further growth. These clusters are
observable in SEM (Figure I11.2.5) as uniformly distributed fine grains at lower overpotentials,
which later coarsen to cauliflower-like structures with increasing voltage. The broader current
plateaus and decreased slope in the subsequent diffusion-limited regime suggest that although Cu
reduction remains active, the concurrent Zn deposition begins to compete more effectively,

modulating the Cu?* flux toward the electrode.
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Figure I11.2.4: Voltammogram (I-V) and Chronoamperograms (I-t) of Zn-Cu binary (0.1 M each in
aqueous solvent) — left at -0.4 V and right at — 1.5 V vs Ag/AgCI

To further investigate the role of the intermediate 3D Cu—Zn cluster growth regime in enabling
stable and uniform zinc deposition, a representative potential within -1 to -1.6 V vs Ag/AgCl
regime was selected i.e., -1.3 V, and a separate set of structural and electrochemical analyses were
performed on the same. The aim was to understand how these Cu—Zn clusters influence Zn*
nucleation behavior, deposition uniformity, and kinetics. In the voltage window from —1.0 to —1.6
V, the formation of globular Cu—Zn alloy clusters create a highly active interface that promotes
favorable Zn growth dynamics. These clusters act as a structural and electronic scaffold that lowers
the nucleation barrier for Zn** ions. Due to UPD behavior, Zn preferentially nucleates on the
copper domains, leading to reduced nucleation overpotentials. The structure of 3D Cu-clustered
hosts allows zinc nuclei to initially form on the cluster surfaces and then expand laterally, filling

surface depressions and yielding a smooth, dendrite-free Zn film.
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Figure I11.2.5: 3D Cu-Zn clusters as fine grains at lower intermediate overpotentials, which later

coarsen to cauliflower-like structures with increasing voltage.

Electrochemical impedance spectroscopy reveals that the 3D Cu—Zn cluster-modified electrode
exhibits markedly lower charge-transfer resistance compared to the Zn@GC substrate (Figure
I11.2.6 (A)). This indicates enhanced interfacial kinetics and improved ion/electron transport at the
electrode—electrolyte interface. The reduced impedance supports the role of Cu—Zn clusters in
facilitating more efficient and uniform Zn** deposition, validating their function as catalytic active
centers. Electrochemical measurements on 3D Cu-Zn cluster deposits systems report Zn nucleation
overpotentials as low as 70 mV, in contrast to 100 mV for zinc-on-glassy carbon, highlighting the
role of UPD and uniform electron distribution in kinetics (Figure I11.2.6 (B)). In addition, the
exchange current density of zinc on Zn-Cu clustered structures (7.97 mA/cm?) exceeds that on
bare zinc (7.05 mA/cm?), affirming the catalytic role of copper in Zn** reduction (Figure I11.2.6
(C)). Morphological comparisons further reveal that while zinc plated on bare Zn substrates tends
to form large dendritic chunks, deposition on 3DH-Cu results in evenly distributed, fine zinc
particles that coalesce into smooth planes (Figure II1.2.6 (D)). Among various heterogeneous
substrates studied, copper consistently supports the highest density of active nucleation sites,
attributable to the favorable energetics of Zn UPD and potential pseudo-capacitive alloying
behavior. These combined effects make the 3D Cu—Zn clustered interface an optimal intermediate

for achieving uniform Zn growth prior to the onset of stable Zn-rich deposition at higher potentials.
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Figure 111.2.6. (4) EIS curve of 3D Cu-Zn clusters obtained at intermediate voltages from binary
electrolyte vs predeposited zinc on GC substrate. (B) Zn nucleation potentials on 3D alloy clusters
and bare Zn-GC, (C) Exchange current density from the polarization curves for 3D clusters for
Zn deposition, (D) Morphological comparisons of zinc plated on GC substrate forming large
dendritic chunks (right), while deposition on 3D Cu-Zn clusters is evenly distributed laterally (left)

In the 0.1 M Zn—Cu electrolyte, the diffusion-limited plateau in the LSV becomes significantly
wider compared to the Cu-only control, where the Cu?** reduction follows classical Butler—Volmer
kinetics. In contrast, the binary system exhibits an earlier onset of overlimiting behavior, occurring
around —1.25 V (Figure II1.2.5 (A)), whereas the exclusive CuSOs system transitions to
overlimiting behavior near —1.45 V. The wider plateau observed in the binary electrolyte is
indicative of a mixed cationic transport limitation, where both Cu?** and Zn** are being depleted
near the electrode simultaneously. This co-depletion leads to the formation of a space charge
region and contributes to the suppressed current magnitude relative to the Cu-only case. The
chronoamperometric curve at —1.5 V (Figure I11.2.5 (B)) corroborate this, showing a rapid initial
current spike followed by stabilization at lower steady-state currents in the binary system, despite
the higher bulk concentration of ions—highlighting the kinetic interplay between rapid Cu
nucleation and emerging Zn participation.

In the more concentrated 0.5 M Zn—Cu electrolyte, this behavior becomes more

pronounced. The LSV reveals three well-defined regimes: an initial underlimiting region with co-
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deposition, a distinct diffusion-limited plateau, and a sharp overlimiting rise beginning around —
2.0 V (Figure I11.2.7). Interestingly, the exclusive Cu electrolyte at 0.5 M shows no such diffusion
plateau, instead displaying an almost linear increase in current consistent with kinetically
controlled Cu** reduction. However, in the binary case, the diffusion-limited behavior re-emerges
despite the high ionic strength, indicating a unique interfacial phenomenon: the rate of co-
reduction is so significant that Zn*" begins reducing at potentials more positive than its standard
value, aided by alloy-favorable nucleation environments and localized desolvation acceleration

due to the 3D Cu—Zn clusters.
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Figure I11.2.7: Voltammogram (I-V) and Chronoamperograms (I-t) of Zn-Cu binary (0.5 M each
in aqueous solvent) — left at -0.4 V and right at — 1.5 V vs Ag/AgCl

XRD patterns from this regime (Figure I11.2.8 (A)) show diminished Cu(111) peak intensity and
the appearance of new reflections corresponding to B or y brass (CuZn) intermetallics, consistent
with Zn contents exceeding the a-brass limit [61]. EDS analysis confirms this transition, with Zn
atomic percentage increasing from ~56 % at moderate potentials to ~75% at more negative
potentials. These compositions exceed the solubility limit of Zn in Cu, indicating that intermetallic
phases dominate rather than a substitutional solid solution. SEM imaging shows that the deposit
transitions from uniform fine grains at —1.0 V to coarser structures, characteristic of 3D cluster
growth and high-rate alloy deposition. However, with further high overpotentials, the subsequent
Zn deposit layers are relatively planar and uniform—unlike the rough, dendritic growth typically
seen for Zn-on-Zn systems (Figure II1.2.8 (B)). This smooth morphology is attributed to the
templating effect of the pre-deposited Cu—Zn alloy layer, which facilitates lateral growth and

suppresses tip-induced electric field intensification.
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Figure II11.2.8: (A) XRD reflections corresponding to § or y brass (CuZn) Zn-rich intermetallics
obtained at higher potentials, (B) Deposit morphology obtained at very high potentials from the
mildly concentrated (0.5 M each Zn-Cu) binary electrolyte, exhibiting relatively planar and
laterally uniform Zn growth.

Mechanistic Integration & Interface-Controlled Alloy Design in Electrodeposition

The systematic investigation of binary Zn—Cu electrodeposition across a broad concentration and
potential range reveals a self-sustaining, underpotential deposition (UPD)-driven mechanism that
enables uniform alloy formation between two metals with widely separated redox potentials. At
low concentrations (e.g., 0.05 M), Cu deposition dominates due to its more favorable reduction
potential, while Zn** undergoes UPD onto freshly formed Cu(111) surfaces, forming Cu-rich a-
brass phases with limited Zn incorporation. The growth in this regime remains sequential and
thermodynamically governed, yielding epitaxial films with moderate structural uniformity, as
confirmed by XRD and SEM.

As the concentration increases to 0.1-0.5 M, a dramatic transition occurs wherein
abundant Cu-rich nucleation sites promote sustained UPD behavior across later deposited layers.
In the intermediate potential window (—1.0 to —1.6 V), synergistic co-deposition of Cu and Zn
leads to the formation of three-dimensional Cu—Zn alloy clusters that serve as scaffolds. These
clusters reduce the nucleation barrier for Zn** and enhance electron distribution across the
interface, resulting in uniform Zn growth. Chronoamperometry indicates improved Zn>" kinetics,
while SEM/EDS reveal fine-grained, compact alloy structures. XRD data show a transition from
a-brass solid solutions to emerging intermetallic phases as Zn content rises. This cluster-driven

deposition mechanism enables dendrite-free Zn growth, even under high overpotentials. The Zn
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nuclei initially form on Cu-rich surfaces and grow laterally to form dense, smooth layers—a result
of minimized nucleation overpotential (~20 mV) and increased exchange current density. Unlike
deposition on bare Zn or inert substrates, which show coarse growth in porous, non-planar
morphologies, this interface-guided growth yields structurally stable Zn-rich films. Notably, even
in the overlimiting regime (0.5 M), Cu residues in the subsurface continue to template growth and
crystallinity. Importantly, this work demonstrates that UPD effects, traditionally limited to
monolayer processes, can be harnessed for bulk alloy deposition and morphology control. The
identification of optimal deposition conditions (—1.0 to —1.5 V at 0.5 M) offers a practical strategy
for achieving high-performance Zn—Cu alloys with tailored electrochemical and structural
properties. The insights bridge substrate-limited epitaxy with solvent-mediated interface
engineering, thus providing a generalizable platform for compositionally controlled dendrite-free

alloy formation via electrochemical interface design.

II1.3. Anomalous Co-deposition of Nickel-Cobalt Binary Alloy

Ni—Co binary alloys and their coatings represent a widely studied class of functional materials,
particularly valued for their protective, decorative, and magnetic properties. Among the fabrication
techniques available, electrodeposition stands out due to its cost-effectiveness, high current
efficiency, room-temperature operation, and adaptability for both single-layer and multilayer
gradient coatings. Compared to high-temperature methods such as chemical vapor deposition
(CVD), sputtering or flame spraying [62-64], electrodeposition offers a simpler and more scalable
route to film formation.

Nickel (Ni), a transition metal with a molar mass of 58.69 g/mol and a density of 8.90
g/cm?® at 25 °C, crystallizes in a face-centered cubic (fcc) structure. It has a melting point of
1453 °C and demonstrates excellent corrosion and oxidation resistance under moderate to high
temperatures. Ni exhibits negligible electrical resistivity at low temperatures (as low as
68.44 nQ2-m at 20 °C) and is generally considered chemically inert, though its corrosion resistance
diminishes in strongly oxidizing environments [59]. Ni also readily forms alloys with a broad range
of elements, making it a versatile matrix metal. Cobalt (Co), adjacent to Ni and Fe in the periodic
table, has physical properties like Ni — a molar mass of 58.93 g/mol and a density of 8.85 g/cm?.

Like Ni, it is ferromagnetic. Structurally, Co adopts a hexagonal close-packed (hcp) form below
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417 °C (e-Co) and transforms into a face-centered cubic (fcc) form (a-Co) between 417 °C and its
melting point of 1493 °C [59]. When alloyed, Ni and Co form substitutional solid solutions
throughout the entire compositional range, as seen in the binary phase diagram (Figure II1.3.1).
Such alloys typically exhibit reduced corrosion and wear rates compared to their pure metal
counterparts [65].

Due to their superior mechanical strength, corrosion resistance, magnetic behavior,
and electrocatalytic activity, Ni—Co alloys are widely explored for advanced engineering
applications [59, 62, 63, 65]. Electrodeposition is particularly well-suited for fabricating such
alloys. However, the process is often influenced by the phenomenon of anomalous codeposition,
wherein Co preferentially deposits over Ni, despite their similar electrochemical potentials (E°ni=
—0.250 V; E°co =—0.277 V vs SHE). Alloys of Ni, Co, and Fe — three closely related iron-group
metals — can form binary and ternary alloy systems via co-electrodeposition, with favorable
nucleation behavior due to their comparable standard reduction potentials and overlapping

deposition window at highly negative overpotentials [66].
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Figure I11.3.1: Phase diagram of the Ni-Co binary system [66]

The codeposition of nickel and cobalt is classified as “anomalous” according to Brenner’s

definition [67], a characteristic behavior commonly observed in systems involving iron-group
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metals such as Ni, Co and Fe. Similar anomalous trends have also been reported when these metals
are co-deposited with more active elements like zinc or cadmium [68]. In these alloy systems, the
elemental composition of the deposit often diverges significantly from that of the electrolyte,
which is a result of kinetic and interfacial effects. Interestingly, increasing the concentration of
Ni?* ions in the electrolyte often leads to a higher proportion of Co in the deposit, contrary to what
might be expected based purely on thermodynamic  considerations [67].
For example, in a Watts-type electrolyte where the cobalt-to-nickel sulfate molar ratio is
maintained at 1:10, the resulting deposit still contains up to 40 wt.% cobalt — demonstrating a

strong deviation from electrolyte composition [69].
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Figure I11.3.2: Schematic of anomalous Ni—Co codeposition:(a) Local pH increase near the

cathode due to water hydrolysis; (b) Formation of Ni(OH)" and Co(OH)* complexes, (c)

Preferential adsorption and reduction of Co(OH)" at the electrode surface blocks Ni** access,
leading to anomalous Co-rich deposition, (d) 3D representation of the resulting non-uniform

alloy growth.

Dahms et al. [70] proposed that metal hydroxide species from iron-group metals could adsorb at
the electrode interface prior to undergoing reduction. Their interpretation indicated that these
adsorbed hydroxides might impede nickel ion reduction, thus restricting Ni content in the
electrodeposit. However, later investigations that measured interfacial pH demonstrated that the
alkalinity was insufficient to cause metal hydroxide precipitation [71, 72]. Despite this, precise
measurement of surface pH continues to pose substantial difficulties in electrochemical

environments. Consequently, various research groups have suggested that metal monohydroxy
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cations (MOH") could directly participate in interfacial charge transfer reactions [73, 74],
indicating that metal ion hydrolysis represents an essential mechanistic component in the

deposition process.

Expanding upon this concept, Hessami et al. [75] developed a mechanistic framework that
integrated one-dimensional mass transport with hydrolysis reactions of metal cations like Ni*" and
Fe*, plus water, within the cathodic zone. Their model proposes that the total cathodic current
comprises multiple contributions: reduction of hydrogen ions (H*), water molecules, and various
metal species in both hydrated and hydrolyzed forms — specifically Ni**, Fe*, NiIOH*, and FeOH*
— all occurring under diffusion-limited conditions. This approach therefore emphasizes how
hydrogen and hydroxide species compete during the electrochemical deposition of iron-group
metals. Subsequently, Sasaki and coworkers [76, 77, 78] adapted the hydrolysis-based model
initially formulated by Grande and Talbot [73] to include other binary alloy combinations like Ni—
Co and Fe—Co. Their modified models uncovered inconsistencies between calculated equilibrium
constants and experimental observations in Ni—Co systems. To address these disparities, additional
refinements were implemented — particularly, incorporating competitive adsorption at the surface
between metal hydroxide species and hydrogen atoms, which could obstruct active sites and

diminish nickel electrodeposition rates.

A different approach, proposed by Matlosz [79], centered on adsorbed monovalent metal species,
particularly Ni(I)-ads, generated as intermediate product during metal cation reduction. This
mechanism involves two distinct stages: initially, metal cations adsorb at the cathode interface as
monovalent entities, then these surface-bound intermediates undergo further reduction to produce
metallic deposits. Baker and West [80, 81] provided experimental verification of this model
through electrochemical impedance spectroscopy, which confirmed the two-stage kinetic pathway
and established that monovalent adsorbed species govern alloy composition. Arenas and Pritzker
[82], expanding on these prior investigations, suggested a mechanistic model comprising three
simultaneous reactions during Ni—Co alloy electrodeposition. These encompass separate reduction
of Ni** and Co?* cations, plus additional reactions involving catalytic intermediate species. Podlaha
and Landolt [83, 84] previously established that these induced codeposition processes involve

formation of entities such as NiCo(II)-ads, which function as catalytic species that enhance Co**
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reduction rates. These pathways operate independently rather than interdependent, representing

auxiliary routes that increase cobalt deposition kinetics.

Nevertheless, it is also proposed that although these intermediates may enhance cobalt reduction,
they could suppress nickel deposition through occupation of surface sites essential for Ni(I)-ads
and Co(I)-ads formation. This competitive surface adsorption creates site blocking effects,
diminishing the number of active locations available for nickel reduction. The following reduction
of NiCo(Il)-ads species represents a continuation of this phenomenon, influencing the final
deposition characteristics. Taken together, these various models share a fundamental finding:
during anomalous codeposition of iron-group metals, the more reactive (less noble) element
preferentially accumulates in the resulting alloy. This outcome contradicts thermodynamic
predictions and cannot be rationalized through simple equilibrium considerations. A recurring
observation is that when electrodeposition occurs at more negative overpotentials, the cobalt
content within the resulting Ni—Co alloy tends to decline [85, 86, 87]. Moreover, inconsistencies
persist in the literature regarding the mutual influence of bath constituents on codeposition. While
most mechanistic models assume that the presence of the more electrochemically active ion (Co?*
or Fe?") suppresses the reduction of Ni** — thereby supporting the anomalous codeposition
framework — the experimental evidence is not universally consistent. For instance, while many
reports confirm that the addition of Fe** or Co*" ions lead to the inhibition of Ni deposition [88,
89, 90, 91], other studies have shown that this effect is not always significant — with some
indicating that Co** has only a limited or negligible impact on Ni** reduction [76]. Conversely, in
several cases, the presence of Ni** appears to enhance Co?" reduction rates, although this catalytic
or synergistic effect remains mechanistically ambiguous. Some researchers have argued that Ni**

enhances Co?" reduction kinetics [73, 84, 92], whereas others report no such effect [93].

More recently, work by Vazquez et al. [94] explored the competition between Ni** and Co** for
adsorption sites and found that the surface preferentially stabilizes Co(II) adsorption rather than
Ni(I). This insight points to the importance of adsorption energy differences in controlling
deposition pathways. Another study [95] linked the anomalous codeposition behavior directly to
phase-dependent effects — specifically, the formation of an hcp phase structure during
codeposition. Since the solubility of Ni within the hcp cobalt lattice is limited, the incorporation

of Ni atoms is kinetically and structurally restricted in this phase. In contrast, normal codeposition
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is associated with the formation of the FCC phase, in which Ni can be fully incorporated due to

better lattice compatibility and miscibility.

Given the diverse and a few conflicting findings in the literature, the mechanistic understanding
of anomalous Ni—Co codeposition remains complex and unresolved. To address this—and to
establish a foundational framework for my subsequent efforts toward stable binary alloy
electrodeposition—I undertook a systematic investigation of Ni—Co codeposition in a simplified
aqueous environment, free from any supporting electrolytes or additives, to isolate and clarify the
underlying kinetic and mass transport phenomena. The binary electrolytes were composed of NiCl.
and CoCl: dissolved in deionized water. The use of chloride counterions, with their relatively small
ionic radius and minimal steric hindrance, ensured compact coordination shells near the electrical
double layer (EDL), thereby enhancing ion accessibility and reducing non-specific interfacial
effects. Five to seven distinct electrolyte compositions were prepared with varying Ni:Co molar
ratios ranging from 1:4 to 4:1. In each case, the total metal ion concentration was maintained at
0.05 M to ensure a constant anion concentration across all baths, thereby isolating the effect of
cation ratio on deposition behavior. LSV was performed at a low sweep rate of 0.0025 V/s to allow
for quasi-equilibrium analysis of the reduction kinetics and onset behavior. The resulting
voltammograms for all binary compositions, along with corresponding control setups, are
presented in Figure I11.3.3, enabling direct comparison of current response, onset potentials, and

potential-limited deposition features as a function of bath composition.
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Figure I11.3.3: LSV of Ni-Co binary electrodeposition from Aqueous medium (dilute conditions)

Despite similar standard redox potentials, cobalt exhibits more favorable electrochemical behavior
than nickel in aqueous media due to differences in hydration and surface interactions. Ni** exists
predominantly as the strongly hydrated [Ni(H20)s]** complex, requiring significant energy for
dehydration prior to reduction, leading to sluggish kinetics and delayed current onset. In contrast,
Co*" undergoes faster ligand exchange, allowing for more facile reduction with lower
overpotentials. In Ni-rich electrolytes, trace Co*" can hydrolyze to Co(OH)* near the electrode,
blocking active sites and suppressing nickel deposition rather than catalyzing it. Additionally, the
overlap of Ni** reduction with the hydrogen evolution reaction (HER) further reduces faradaic
efficiency in Ni-dominant systems. Co?", by reducing more readily, not only bypasses this
competitive HER pathway but also achieves higher current densities and deposition efficiency,

demonstrating a redox inversion where Co*" outperforms Ni** under identical conditions.

I11.4. Stable Ni-Co Solid Solution Electrodeposition Regime/Window in Aqueous Solvent

Based on insights drawn from prior studies on Ni—Co electrodeposition in aqueous media, the
current experimental system demonstrated comparable anomalous codeposition behavior, wherein
nickel deposition remained suppressed across the entire range of binary electrolytes, regardless of

the relative Ni*":Co?" concentration. In the low potential regime (—0.75 V to —1.0 V vs Ag/AgCl),

67|Page



which is governed primarily by charge-transfer kinetics, voltammetric and morphological analyses
revealed significant lateral inhomogeneity, particularly in cobalt-rich bulk electrolytes. The
resulting deposits exhibited irregular microstructures and non-uniform nucleation, consistent with
unbalanced Co-dominated growth. However, as the bulk Ni** concentration approached parity with
Co*—notably at 1:1 Ni:Co ratio—and subsequently exceeded it, a marked improvement in
compositional uniformity and morphological regularity was observed, even within the same
voltage regime (Figure I11.4.1). This transition reflects a shift in the interfacial dynamics, where
co-reduction becomes more balanced, albeit still favoring cobalt. Within this underlimiting region,

deposition adheres predominantly to classical Butler—Volmer kinetics.

Despite the increased Ni** concentration in Ni-rich baths, EDS analysis confirms that the alloy
composition remains cobalt-rich at most binary ratios, indicating that nickel incorporation does
not scale linearly with its bulk concentration. This disparity underscores the inherently sluggish
kinetics of Ni** reduction compared to Co**, which remains dominant even under conditions where
nickel is present in substantial excess. An exception to this trend occurs in the 4:1 Ni:Co bulk
electrolyte, where the deposited alloy finally exhibits higher nickel incorporation. This suggests
that only when nickel significantly dominates in the bulk phase (4 times Co) does its kinetic
disadvantage begin to diminish in practical terms. As the applied potential is increased beyond —
1.3 V and the system enters the diffusion-limited regime, the voltammetric profiles exhibit a well-
defined and extended plateau, indicative of mass transport control (Figure I11.3.3). Potentiostatic
deposition at potentials within this regime reveals that, for bulk Ni:Co ratios ranging from 0.25 to
2.33, the deposited alloys continue to be cobalt-rich, mirroring the behavior observed under
underlimiting conditions. XRD analysis shows that within this regime, equimolar and cobalt-rich
compositions favor the formation of HCP Co-rich solid solutions, whereas the 4:1 Ni:Co system,
deposited under kinetic control, yields FCC-dominant phase (Figure II1.4.1). This contrast
highlights the role of local deposition dynamics and lattice compatibility in determining the final
crystallographic structure. Notably, the preference for cobalt deposition over nickel remains
consistent across both kinetically and diffusion-limited regimes, and across varying bulk
compositions, with the sole exception of the highly nickel-rich 4:1 electrolyte, where nickel finally

assumes structural dominance.
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Another critical observation that aligns well with prior literature is the emergence of pronounced
current fluctuations or spikiness in the voltammograms, beyond the diffusion-limited I-V range—
particularly for nickel-dominant electrolytes. These fluctuations correspond to increased surface
roughness and cracking, as observed in SEM micrographs (Figure II1.4.1), and are likely a
manifestation of intensified HER competing with metal deposition. The correlation between HER
and irregular nickel deposition suggests that surface pH changes and gas evolution can destabilize
the Ni** reduction pathway under high overpotentials. In contrast, cobalt-rich electrolytes (e.g., 1:4
and 2:3 Ni:Co) exhibit relatively smooth and planar morphologies even in the overlimiting regime,
with the 1:4 system yielding HCP-dominant solid solution. This observation further reinforces the
kinetic favorability of cobalt deposition, its relative immunity to HER interference, and the

stabilizing influence of cobalt on deposit microstructure.
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Figure I11.4.1 (4): SEM images of Ni-Co electrodeposits in different electrochemical regimes for

different bulk electrolyte compositions. Note: The dashed boxes indicate the solid solution alloys.
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Figure I11.4.1 (B): XRD spectra of Ni-Co electrodeposits in different electrochemical regimes for

different bulk electrolyte compositions.

In summary, the combined insights from SEM—EDS analysis and XRD-based crystallographic
evaluation clearly establish the existence of a tunable solid solution formation window within the
Ni—Co binary electrodeposition system in aqueous media. Across the potential regimes
investigated, the emergence of uniform, compositionally homogeneous solid solutions is distinctly
tied to both the applied voltage and the Ni:Co ratio in the bulk electrolyte. Specifically, solid
solutions are reliably obtained within the potential range from —0.75 V to —1.0 V vs Ag/AgCl for
nickel-rich bulk electrolytes spanning from 1:1 to 4:1 Ni:Co. In the case of moderately cobalt-rich
compositions (2:3 to 3:2 Ni:Co), this window also spreads into the limiting current regime (—1.1
V to —1.3 V). Notably, for cobalt-dominant compositions such as 1:4 Ni:Co, solid solution
formation is observed only under overlimiting conditions, at voltages approaching —2.5 V. This
progressive shift in the voltage window for solid solution stabilization, from underlimiting to
overlimiting with increasing cobalt content, reveals a strong composition—voltage interdependence
rooted in the asymmetric electrochemical behavior of Ni*" and Co?" ions. A particularly valuable
outcome of this study is the discovery of a consistent linear correlation between the Ni:Co ratio in
the deposited alloy and that in the bulk electrolyte across all regimes. Despite the anomalous
codeposition behavior—where cobalt tends to be preferentially incorporated—this relationship
remains highly linear with an average slope of approximately 0.4 in all potential regimes (Figure
[11.4.2). When focusing specifically on the regimes that yield stable solid solutions based on both

compositional (EDS) and structural (XRD) validation—namely, the underlimiting and limiting
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regions—the predictability of this relationship becomes even more compelling. In the
underlimiting regime, the correlation follows a linear fit with a slope of 0.3829 (R? = 0.9995),
while in the limiting regime, the slope is 0.3658 (R? = 0.9964) (Figure 111.4.2). These strong
linearities underscore the feasibility of using bulk electrolyte composition and applied
voltage/current as dual control parameters for precisely tuning alloy composition and crystalline
phase (FCC vs HCP) in Ni—Co systems. Therefore, this work not only maps out the stable solid
solution I-V windows with high experimental fidelity but also offers a predictive framework for
targeted alloy synthesis. By selecting appropriate electrolyte compositions and deposition
voltages, one can reliably obtain Ni—Co solid solutions with desired atomic ratios and
crystallographic structures. This establishes a foundational electrochemical design strategy for the
rational synthesis of functional Ni—Co alloys tailored for applications in corrosion resistance,

catalysis, magnetic materials, or electrochemical energy systems.
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SECTION 1V: Mechanistic Exploration & Optimization of Ni-Co Alloy Electrodeposition

in Organic Solvent

While zinc and copper possess significantly different standard redox potentials (—0.76 V for
Zn*/7Zn and +0.34 V for Cu?*"/Cu versus SHE), their alloy formation in aqueous media becomes
feasible through underpotential deposition, wherein Zn deposits at a potential more positive than
its equilibrium value due to favorable interaction with the freshly deposited copper surface. This
heterointerfacial interaction allows Zn to initiate nucleation on Cu substrates, enabling the
formation of a stable a-brass phase at lower potentials despite the inherent redox mismatch.
Although Zn crystallizes in a hexagonal close-packed (HCP) structure and Cu in a face-centered
cubic (FCC) lattice—an apparent structural incompatibility—the atomic size mismatch is ~ 4.7%
which is well within the solubility limit. Additionally, the moderately negative enthalpy of mixing
between Cu and Zn combined with a moderately high configurational entropy of mixing (~4.93
J/mol-K) lying sufficiently close to the theoretical maximum for binary alloys (~5.76) [96],
favored the formation of solid solutions under low voltage kinetically controlled regime as seen in
earlier section. This comparative transition from the UPD-driven Zn—Cu alloying to the enthalpy-
governed Ni—Co alloying framework provides a broader understanding of how crystallography,
electrochemical kinetics, and interfacial thermodynamics collectively govern electrodeposited
alloy formation.

In the previous section, the insights from voltammetry and compositional trends
reveal a stable solid solution formation window under moderate cobalt enrichment and controlled
overpotentials in aqueous solvent. However, limitations such as hydrogen evolution, surface
passivation, and restricted potential range motivate a shift toward non-aqueous systems. Dimethyl
sulfoxide (DMSO), a polar aprotic solvent with a wide electrochemical window and strong metal
complexation capabilities, is introduced to overcome these constraints. Systematic electrochemical
studies in DMSO highlight distinct reduction behaviors of Co*" and Ni**, governed by their
respective chloride-DMSO complexation and solvation dynamics. Cobalt, forming labile
complexes, reduces readily with well-defined diffusion-limited currents, while nickel reduction is
hindered by strong ligand stabilization and higher reorganization energies. Through compositional
tuning and voltage optimization in DMSO, a broader and more controllable co-deposition regime

is achieved. Notably, cobalt acts catalytically to facilitate nickel reduction, enabling smooth,
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phase-pure Ni—Co solid solutions with excellent structural integrity and fidelity to bulk electrolyte

composition.

IV.1. Limitations in Ni-Co Electrodeposition in the Aqueous Medium

Hydrogen ion (H") reduction occurring simultaneously with metal deposition creates competition
at the electrode interface. The depletion of H* during deposition causes localized pH elevation,
which subsequently promotes the generation of surface hydroxide species — establishing an
additional hydroxide-based inhibition pathway for nickel reduction. Under certain deposition
conditions, the local pH at the cathode interface becomes sufficiently elevated to allow the
hydrolysis of metal ions via their interaction with hydroxide ions (OH"). This can lead to the
formation and accumulation of species such as Co(OH)*, which, when adsorbed on the cathode
surface, can obstruct further nickel deposition by occupying critical nucleation sites. Numerous
prior investigations focused on the deposition behavior of pure Co, and Ni have identified that the
hydrogen evolution reaction (HER) typically proceeds via adsorbed intermediates, notably atomic
hydrogen (H-ads) [85]. This presents a notable limitation in the model proposed by Zech et al. [85,
86, 87], which did not incorporate such adsorbed species in its mechanistic considerations. At the
electrode surface, adsorption sites may become congested not only by H-ads but also by metal
intermediates such as Co(I)-ads, Ni(I)-ads and even bimetallic complexes like NiCo-ads.
Competitive adsorption among these species plays a critical role in determining local kinetics and
must be properly accounted for in any predictive model. It has been noted in the literature that
under more cathodic overpotentials, some reduction reactions may be halted altogether [86], as
seen in the suppression of specific mechanistic pathways.

In Ni-rich electrolytes, the elevated concentration of Ni*" promotes the formation of
NiOH* complexes with relatively high stability, which strongly adsorb onto the electrode surface
and contribute to passivation. In contrast, the hydrolysis product of Co?*, CoOH", is more labile
and readily dissociates, releasing OH™ ions that react with free protons to form water, thereby
shifting the equilibrium backward and mitigating surface blockage. The sluggish kinetics of Ni**
reduction compared to Co*" enhances the competitiveness of the hydrogen evolution reaction
(HER), particularly on Ni-rich surfaces. These effects are further reflected in electrochemical
behavior: under limiting current conditions, uniform metal films are favored, whereas overlimiting

regimes promote dendritic growth. Recent studies have updated classical electrodeposition models
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by accounting for the role of monohydroxo species and interfacial hydrogen adsorption, showing
that cathodic currents include contributions not only from metal ion reduction but also from water
and proton discharge. In Ni-dominant solutions, a post-diffusion spiking behavior is frequently
observed at high overpotentials, particularly when the Co?* content is low. This noisy
electrochemical response, which diminishes with increased electrolyte stirring or Co addition, is
attributed to the combined effects of HER and NiOH* adsorption, which blocks active sites for
Ni?* reduction and catalyzes further hydrogen evolution. This is corroborated by visible
effervescence at high overpotentials (Figure IV.1.1 (B)), and the resulting morphological
irregularities in the deposits (Figure IV.1.1 (A)). Together, these aqueous-phase observations
establish a critical baseline for comparison with the behavior of Ni—Co systems in non-aqueous

environments.

(A) 3:2 Ni:Co

Underlimiting

Working
electrode

Limiting

Overlimiting

Figure IV.1.1: (A) SEM images of the morphology of electrodeposits obtained at constant potential
from Ni-rich aqueous baths, (B) Effervescence observed during Potentiostatic electrodeposition from

Ni-rich aqueous baths at high potential

IV.2. Ni-Co Alloy Co-deposition Mechanism in the Non-aqueous Medium

Due to the prevalence of hydrogen evolution reactions (HER) and the emergence of hydrodynamic
and morphological instabilities in aqueous systems, we transitioned to a polar aprotic organic
solvent that does not participate in proton-based side reactions. Dimethyl sulfoxide (DMSO) was

selected as the solvent medium for metal electrodeposition owing to its favorable physicochemical
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properties and electrochemical stability. While N,N-dimethylformamide (DMF) was initially
considered—given its comparable coordination ability and ability to form similar solvated
complexes with Ni** and Co?" cations [97]—it was ultimately excluded based on a combination of
practical and mechanistic limitations. Notably, DMF takes longer time to ensure complete
dissolution of NiCl, and CoCl; salts, further it has a narrower electrochemical window compared
to DMSO and exhibits greater susceptibility to electrochemical decomposition at the negative
potentials under study for metal deposition. Furthermore, DMF's weaker donor strength (relative
to DMSO) result in less stable metal-ligand complexes [98, 99]. DMSO offers several advantages
over conventional aqueous systems & many non-aqueous systems for metal electrodeposition.
First, its wide electrochemical window (-4 to +1 V vs. IM KCI/Ag/AgCl) allows for the reduction
of metals at potentials where water undergoes electrolysis. This expanded potential range is
particularly crucial for metals like nickel and cobalt, which require relatively negative potentials
for reduction. Second, DMSO's high dielectric constant (¢ = 46.7 at 25°C) provides excellent
solvation of metal ions while maintaining sufficient ionic conductivity even in the absence of
supporting electrolyte [ 100]. This property is essential for our studies, as it allows us to investigate
the intrinsic electrochemical behavior of metal complexes without the complicating effects of
additional ionic species. Third, DMSOQO's aprotic nature eliminates hydrogen evolution reactions
that compete with metal deposition in aqueous systems, potentially leading to higher current
efficiencies and better-quality deposits.

Furthermore, DMSQ's strong coordinating ability through its oxygen atom creates
metal complexes with predictable electrochemical behavior. Unlike water, which forms labile
complexes with rapid exchange kinetics, DMSO complexes exhibit intermediate exchange rates
that can be studied using conventional electrochemical techniques (101, 102). This characteristic
is particularly important for understanding the mechanistic aspects of co-deposition processes.
DMSO coordinates to metal ions through its oxygen atom, forming octahedral [M(DMSO)s]**
complexes for most first-row transition metals. The S=O bond in free DMSO exhibits a stretching
frequency at 1045 cm™, which shifts to lower frequencies (980-1040 cm™) upon coordination,
confirming oxygen-bonded complexation (103). This coordination mode is supported by the
pyramidal geometry at sulfur, which would create steric hindrance for sulfur coordination. In the
presence of chloride ions, DMSO molecules within the coordination sphere are successively

replaced, forming a series of mixed complexes:
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[M(DMSO)eJ>* + CI- = [MCI(DMSO)s]* + DMSO (K1)
[MCI(DMSO)s]* + CI- = [MCL(DMSO):] + DMSO (Kz)
[MCL(DMSO).] + Cl- 2 [MCl(DMSO)]- + 3DMSO (Ks)
[MCL(DMSO)]~ + CI- = [MCLJ* + DMSO (Ka)

The relative stability of these complexes depends critically on the metal ion. For cobalt(Il),
determined that the trichloro complex [CoCl3(DMSO)]" is exceptionally stable, with a formation
constant of log Ks = 11.0 = 1. In contrast, the dichloro complex is negligible (log K2 = -2.0 + 0.5),
while the monochloro complex shows moderate stability (log Ki = 3.5 = 0.5) [101, 104]. This
means that in CoCl./DMSO solutions, the predominant species are likely to be [Co(DMSO)s]**
and [CoCl3(DMSO)], existing as the ion pair [Co(DMSO)s]**-2[CoCl3(DMSO)]". For nickel(II),
the coordination chemistry differs significantly. While NiCl: also forms octahedral complexes in
DMSO, the tendency toward tetrahedral [NiCls]* formation is much lower. Instead, the
predominant species in NiCl/DMSO solutions is [NiCI(DMSO)s]*.[NiCl3(DMSO)]~ (105, 106).
These structural differences are visually summarized in the accompanying Figure IV.2.1, which
compares the dominant coordination geometries of Ni*" and Co?*" in DMSO-based environments.
Both metals form octahedral complexes, but with differing ligand arrangements: Ni** coordinates
with five DMSO molecules and one Cl~, whereas Co?" coordinates with six DMSO molecules
exclusively. Additionally, the tetrahedral species depicted show that Ni** tends to form three-
coordinate chloro complexes with weak outer-sphere interactions, while Co** exhibits tighter C1~
coordination consistent with its higher complex stability. Moreover, the figure highlights a crucial
kinetic difference in ligand exchange behavior. Cobalt (II) complexes undergo rapid ligand
exchange, with an estimated exchange rate constant kex~10°s™! whereas nickel (IT) complexes
exhibit significantly slower ligand dynamics, with kex~10%s™!'. These kinetic disparities further
contribute to the distinct electrochemical characteristics observed for Co and Ni systems in DMSO

[107, 108].
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Figure IV.2.1: Different configuration of Stable Nickel and Cobalt Complexes in DMSO

The linear sweep voltammetry (LSV) of CoCl: in DMSO without supporting electrolyte reveals
distinctly different behavior at low (0.05 M) and high (1 M) concentrations, providing crucial
insights into the coordination chemistry and electron transfer mechanisms. LSVs in 0.05 M CoCl»
in DMSO solvent, show a gradual onset of reduction beginning at approximately -1.5 V vs.
Ag/AgCl, with the current increasing smoothly to reach anion diffusion limitation (Figure 1V.2.2),
which is consistent with the reduction of the predominant [CoCls(DMSO)]~ complex at around -

1.95V:
[CoCl3(DMSO)] + 2~ — Co° + 3C1- + DMSO

The gradual onset and smooth current rise indicate that nucleation is not a significant barrier to the

reduction process. This can be attributed to the labile nature of the cobalt complexes and the
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relatively low overpotential required for cobalt deposition. Cui et. al [98] reported similar behavior
for CoClz in DMF (a similar polar aprotic organic solvent), finding that the reduction proceeds via
a single two-electron step with a Tafel slope of 68 mV/decade, exchange current density of 4.94 x
1077 A/cm?, and transfer coefficient of 0.44; these values suggest a relatively facile electron transfer

process, consistent with our observations in DMSO.

At 1 M CoCl: (Figure 1V.2.2), the LSV shows a gradual current onset beginning at approximately
-0.8 V, with a smooth, ohmic current rise characteristic of a system under enhanced reduction as
well as ion transfer. The absence of a sharp nucleation overpotential indicates that Co*" reduction
proceeds readily on the glassy carbon substrate. This facile reduction can be attributed to the
predominant [Co(DMSO)s]*>* complex in solution. Furthermore, the [Co(DMSO)s]** primary form
of complex, being positively charged, is easily drawn to cathode and brings the other intermediate
to electrode along with it. Therefore, the initial activated control I-V response is expected to be
preferentially from the [Co(DMSO)s]** complex which tends to align more closely to cathode.
Moreover, a clear diffusion-limited plateau is reached, even though the high concentration of Co-
DMSO complexes would indicate sufficient material flux to the electrode surface. This is because
of the shift of the equilibrium towards more stable complex [CoCl3(DMSO)]" after significant Co**
consumption from [Co(DMSO)s]**. This [CoCl3(DMSO)]~ complex is anionic and experience
repulsive forces from the negatively charged electrode; thereby experiencing slower ionic
transport. Also, owing to higher stability constants these require more overpotential to free the
Co?" ions from the solvation cloud and deposit as metal; thus, the increase in response after this
limitation is due to the Co?" reduction from [CoCls(DMSO)] . Additionally, during the reduction
of Co?* from [CoCls(DMSO)], the freed CI™ ions are accumulated above the electric double layer
(3 moles per mole of Co deposited), creating a high local chloride concentration that maintains the
tetrahedral complex as the dominant species near the electrode throughout the remainder of

process.
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Figure IV.2.2: CV of DMSO reduction, LSV of concentrated Ni and Co non-aqueous electrolytes

In stark contrast to cobalt, NiCl. in DMSO exhibits complex electrochemical behavior indicative
of coupled nucleation/growth and electron transfer kinetics. The LSV in 0.05 M NiCl, in DMSO
shows negligible current until -3.6 V vs. Ag/AgCl, where a sharp current onset occurs (Figure
IV.2.2). This behavior is characteristic of an electrodeposition process requiring significant
nucleation overpotential. Based on the equilibrium analysis [105, 106, 107], [NiCI(DMSO)s]" is
likely electroactive & stable.

The electrochemical behavior of NiCl. in DMSO stands in stark contrast to that of CoCl., reflecting
fundamental differences in coordination chemistry and electron transfer mechanisms. At 1 M
NiCl: (Figure 1V.2.3), the LSV exhibits negligible current until approximately —1.0 V wvs.
Ag/AgCl, beyond which a sharp increase in current is observed. This abrupt onset is indicative of
a high activation barrier, suggestive of a kinetically hindered reduction process, possibly involving
a nucleation step. At higher concentrations, the population of electroactive Ni** complexes such as
[NiCI(DMSO)s]* increases, facilitating more frequent electrode—electrolyte interactions and
enabling electron transfer at less negative potentials. Furthermore, the increased ionic strength
reduces the electrostatic barrier for charge transfer and improves the conductivity of the
electrolyte, both of which contribute to the earlier onset of reduction current. In dilute solutions,
the scarcity of Ni** species near the electrode and the stabilization of more strongly solvated
complexes (with higher reorganization energies) delay the onset of reduction.

In contrast to the gradual current rise seen with CoClz, this sharp transition
implies that a significant overpotential is required to initiate nickel deposition, likely due to the
strong ligand stabilization of Ni** in DMSO and a larger reorganization energy associated with its
octahedral complex structure. In NiCl/DMSO or DMF solutions, the predominant species is

[NiCl(DMSO)s]* rather than a tetrahedral complex [105]. The octahedral coordination complex of
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Ni?* in DMSO presents several intrinsic barriers to electrochemical reduction. First, the transition
from the octahedral solvated complex to metallic nickel involves a high reorganization energy, as
it necessitates the cleavage of six coordinate bonds and substantial geometric rearrangement at the
electrode—electrolyte interface. This structural transformation imposes an energetic penalty that
slows down the reduction kinetics. Moreover, the Ni-O bonds formed with DMSO are stronger
than the corresponding Co—O bonds in cobalt complexes, implying that additional energy is
required to break these bonds prior to the reduction step. These combined factors contribute to the
sluggish reduction dynamics observed for Ni** compared to Co** under identical solvent and
concentration conditions. The reduction mechanism involves:

[NiCI(DMSO)s]* + 2~ — Ni® + CI- + 5DMSO

At high concentration of 1 M, the current continues to increase steeply beyond the onset potential
without reaching a plateau (as in CoClz) because the solvated ion/complex is cationic in nature and
is readily attracted to cathode. The sharp current rise suggests that once nucleation begins, the
process is autocatalytic — freshly deposited nickel provides low-energy sites for further deposition.
This positive feedback leads to rapidly increasing current until mass transport limitations
eventually intervene after -5 V. Another plausible factor concerns the nature of the deposited metal
films: cobalt tends to crystallize in a hexagonal close-packed (HCP) structure, typically with a
dominant (002) orientation, whereas nickel preferentially forms a face-centered cubic (FCC) phase
with a (111) texture. As the HCP cobalt layer thickens, registry loss with the underlying substrate
may occur, leading to non-planar or tip-like growths, particularly under high overpotentials. Such
morphological evolution can disrupt uniform access of cations to the electrode surface, effectively
throttling mass transport despite high bulk concentrations and resulting in the appearance of the

diffusion-limited plateau observed in the CoCl: case.
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Figure IV.2.3: Comparison of Voltammograms between dilute and concentrated control

experiments of Ni & Co electrodeposition in non-aqueous medium

Additional insights are obtained by subjecting the systems to hydrodynamic conditions using a
rotating disk electrode (RDE), where enhanced mass transport is expected due to thinning of the
diffuse boundary layer. Cobalt deposition, as anticipated, shows improved current responses with
increasing rotation speeds, consistent with the classical mass transport enhancement under forced
convection. At low CoCl, concentrations (0.05 M), the RDE experiments reveal classic Levich
behavior (Figure 1V.2.4). The current reaches a well-defined plateau or depression that increases
linearly with o2, confirming diffusion control. The diffusion coefficient calculated from the
Levich slope is approximately 8 x 10° cm?s, consistent with the relatively smaller
[CoCl3(DMSO)]~ complex. The transition from charge transfer to diffusion control occurs at low
overpotentials (n < 100 mV), indicating exceptional electron transfer kinetics. This is consistent
with the labile nature of Co** complexes, which undergo rapid ligand exchange (k-ex ~ 10° s™).
High exchange rates like these indicate that ligands are rapidly entering and leaving the
coordination sphere. The metal-ligand bonds are relatively weak and easily broken/reformed.

In contrast, the electrochemical response of 0.05 M NiCl. (right panel) exhibits anomalous and

non-monotonic behavior as a function of rotation speed. At lower rotation rates (up to ~250 RPM),

8l|Page



the current increases with @ and the reduction peak shifts to less negative potentials, consistent
with improved mass transport to the electrode and enhanced reduction kinetics. However, beyond
250 RPM, an unexpected reversal in trend is observed—both the magnitude of the reduction
current and the sharpness of the peak begin to decline. At the highest rotation speed of 2000 RPM,
the voltammogram becomes significantly flattened, with diminished current response and loss of
distinct peak features (Figure 1V.2.4). This deviation from Levich behavior suggests that additional
kinetic or interfacial phenomena begin to dominate at higher rotation rates. One possible

explanation lies in the speciation equilibria of Ni** in DMSO:

[Ni(DMSO)sJ** = [NiCI(DMSO)s]* = [NiCls(DMSO)]-

At moderate rotation rates, the initial reduction of [NiCl(DMSO)s]* likely generates Cl™ ions near
the electrode surface. These locally accumulated chloride ions shift the above equilibrium toward
the formation of [NiCls(DMSO)]-, a more readily reducible species with smaller solvation shell,
and lower ligand field stabilization. This results in enhanced current at intermediate rotation
speeds. However, at very high rotation speeds (e.g., 1000-2000 RPM), the hydrodynamic shear
becomes strong enough to rapidly sweep away the generated Cl~ ions from the diffusion layer
before they can sufficiently alter the local equilibrium. As a result, the concentration of
[NiCl3(DMSO)] near the electrode remains too low to sustain high current densities, and reduction
is forced to proceed primarily through the less favorable [NiCI(DMSO)s]" pathway. Since this
species is more kinetically hindered and involves a larger reorganization energy, the overall rate
of reduction decreases, leading to suppressed current despite increased convection. Furthermore,
since this equilibrium shift toward [NiCls(DMSO)]~ occurs only in the near-electrode region and
not in the bulk electrolyte, high rotation rates prevent both the formation and accumulation of this
transient, favorable complex. This explains the observed decrease in peak current beyond 250
RPM and the broad flattening of the voltammetric wave at 2000 RPM. These results indicate that
the electrochemical behavior of Ni** in DMSO is governed not only by mass transport but also by
complex coordination dynamics and local speciation effects, which are disrupted by high
hydrodynamic forces. In summary, the contrasting behaviors of Co?*" and Ni** under identical
conditions underscore the critical influence of solvation structure, ligand field effects, and near-

surface speciation on metal electrodeposition in non-aqueous solvents. While Co** reduction
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adheres closely to classical diffusion-controlled transport, Ni** reduction is modulated by complex,

shear-sensitive equilibria and interfacial phenomena.
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Figure IV.2.4: LSVs of CoCl> and NiCl; electrolytes under influence of forced convection (25 rpm

to 2000 rpm)
The LSV of the bulk electrolyte containing only 0.05 M CoCl. exhibits an early onset of cathodic
current at approximately —1.3 V vs Ag/AgCl, indicative of the facile reduction of Co** from the
DMSO solvation cloud. When NiCl: is introduced into the system, even in small proportions, the
overall current—voltage profiles of the binary Ni—Co electrolytes maintain a similar qualitative
shape to the CoCl: control, but with notable shifts in both the onset and redox peak potentials
toward more negative values. This cathodic shift arises from the introduction of Ni**, which
imposes additional kinetic and transport limitations, primarily due to the slower reduction kinetics
and bulky solvation shell of the octahedral [NiCI(DMSO)s]|" complex. These complexes not only
hinder ionic mobility in the diffusion layer but also compete for adsorption and reduction at the
electrode surface, thereby delaying the reduction of Co*". Across all binary compositions studied
— 1:4 to 4:1 Ni:Co (total salt concentration being 0.05 M, as in the aqueous case), the cathodic
current consistently onsets near —1.8 V, with variations in peak height and total current magnitude
reflecting the evolving Ni:Co ratio in the bulk. The onset of the overlimiting regime remains
largely consistent around —2.5 V for all compositions except 1:4 Ni:Co. Notably, in the most Ni-
rich system, a further cathodic shift of the redox peak is observed, even though the initial current
onset overlaps with other cases (Figure [V.2.5). This behavior underscores the significant role of

Ni?" speciation and its coordination environment in modulating both the kinetics and interfacial
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dynamics of Co*" reduction, highlighting the complex interplay between metal-ligand chemistry

and electrochemical response in Ni—Co co-deposition in DMSO.
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Figure IV.2.5: Linear sweep voltammograms of Ni—Co binary electrolytes with varying Ni:Co

cation ratios at a fixed total anion concentration, including control experiments for comparison.

In the 1:4 Ni:Co case, a distinct redox peak appears at —2.2 V. Beyond this, a prolonged diffusion-
limited regime is observed, with the current resuming an increase only beyond -3.1 V. The
extended plateau reflects transport limitations imposed by the slow-diffusing, bulky Ni** species.
Co?*, although dominant in concentration and readily dissociable from its DMSO solvation cloud,
requires a greater overpotential to reduce due to the interference of Ni** in the EDL. However,
once a monolayer of Co is formed, it facilitates co-deposition of Ni that produces an alloy
composition closely replicating the bulk — Ni:Co = 0.23-0.25 (Figure [V.2.6 (A)). SEM reveals
isolated nucleation clusters at low potentials, which evolve into moderately textured, grainy
surfaces by —2.75 V, and increasingly unstable, rough features beyond —3 V (Figure IV.2.6 (B)).
While, EDS analysis shows limited S/O accumulation, suggesting minimal surface passivation and
a higher likelihood of hydrodynamic instability at deep overpotentials.

In the 2:3 system, the redox peak position remains nearly the same (-2.15 V), but the
current magnitude increases due to greater Ni** involvement. The diffusion plateau shortens
compared to 1:4 Ni:Co case, suggesting improved ionic transport. At —2.25 to —2.75 V, SEM
reveals a uniform surface with fine grains and minimal porosity, which remains structurally intact

even at —3.5 V (Figure IV.2.6 (B)). EDS shows the Ni:Co ratio rising from 0.60 to 1.3, confirming
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enhanced Ni** reduction at high potentials. The increase in sulfur and oxygen content, especially
in the overlimiting regime (S = 6.5%, O = 8.4%), suggests the gradual building up of a surface
passivation layer with an increase in NiCl; in the bulk, that helps suppress morphological
instabilities (Figure 1V.2.6 (A)).

When the concentration of NiCl> and CoCl: in the bulk is equimolar, the system
represents a balance point, with LSV exhibiting a broad, flattened redox peak and a high overall
current magnitude. The diffusion-limited region is further shortened in comparison to the previous
compositions, and the overlimiting regime onsets earlier than in 2:3, indicating more synchronized
Ni—Co co-reduction. EDS confirms that the deposited alloy is Ni-rich (Ni:Co = 2.13 at overlimiting
potentials), even though the bulk is equimolar—reflecting Ni's increasingly favorable kinetics
(Figure IV.2.6 (A)). SEM images across all potentials show smooth, dense morphologies without
dendritic features. Notably, the overlimiting regime yields compact planar films, corroborating the
effect of surface passivation (Figure IV.2.6 (B)). High S (up to 8.1%) and O (up to 9.5%) content
supports the hypothesis of a protective organic layer forming due to Ni-driven DMSO adsorption,
stabilizing growth even under aggressive field conditions.

Upon further increasing the NiCl; in bulk to 0.03 M while CoCl» being 0.02 M, the

redox peak remains near —1.8 V, but the current magnitude increases further compared to the 1:1
case. The modestly lower Co?" content still facilitates early nucleation due to its weakly bound
solvation shell. The resulting mixed-metal interface promotes synergistic growth, yielding
uniform, compact alloy deposits. The diffusion plateau is more prominent than in 1:1 but less
prolonged than in 1:4, indicating balanced mass transport. At potentials beyond —2.75 V, the
current continues rising steadily. The earlier onset of the overlimiting regime suggests that Ni**
has accumulated sufficiently near the EDL to overcome solvation barriers. SEM reveals highly
uniform deposits with minimized porosity (Figure 1V.2.6 (B)), and EDS confirms a strong Ni
enrichment trend (Ni:Co ~3.2 in the overlimiting regime). S and O levels also rise significantly,
suggesting that the passivation layer contributes to the stability of the deposit (Figure IV.2.6 (A)).
At the highest Ni concentration, the system becomes predominantly Ni-

controlled. The LSV displays a broad redox region with a continuous current rise beginning near
—1.8 V and the earliest onset of the overlimiting regime among all cases. The absence of a sharp
peak suggests Ni** governs the reduction process with minimal Co*" contribution. SEM imaging

shows densely packed grains at moderate voltages and near-featureless surfaces at high voltages
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(-3.0 to —3.5 V), reflecting the formation of Ni-rich, compact deposits (Figure IV.2.6 (B)). EDS
confirms Ni:Co ratios increase from 4.16 to 4.79 as deposition potential increases. S and O levels
are highest in this system (S = 16.2%, O = 18.1%), strongly indicating the formation of a thick,
passivating oxysulfide layer (Figure 1V.2.6 (A)). This layer likely stabilizes the surface, explains

the extremely smooth morphology at high overpotentials, and suggests the suppression of tip-

enhanced convection and growth instabilities.
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Figure IV.2.6: (A) EDS (electrodeposit composition) results and (B) SEM images of the
electrodeposits in different applied voltage windows for each bulk composition studied.

Note: The dashed boxes indicate the solid solution alloys.

IV.3. Optimal Window for Stable Ni—Co Solid Solution Alloy Formation

The electrodeposition of nickel-cobalt alloys from DMSO solutions exhibits a pronounced
catalytic effect wherein the presence of cobalt dramatically facilitates nickel reduction. This
phenomenon manifests as a positive shift in nickel reduction potential, decrease in nucleation
overpotential, and enhanced deposition kinetics in mixed metal systems compared to pure nickel
solutions. Understanding this catalytic mechanism is crucial for controlling alloy composition and

morphology in non-aqueous electrodeposition systems.

1. Active Center Formation and Surface Modification

The fundamental basis of cobalt's catalytic effect lies in its ability to create energetically favorable
nucleation sites for nickel deposition. When cobalt deposits first, it forms a metallic surface with
distinct electronic properties compared to the substrate. The d-band electronic structure of metallic
cobalt (d7 in Co®) provides optimal orbital overlap with incoming [NiCI(DMSO)s]* complexes,
facilitating electron transfer. The work function of cobalt (5.0 eV) is lower than that of typical
substrates like glassy carbon (~5.5 eV) or even nickel itself (5.15 eV). This lower work function
reduces the energy barrier for electron tunneling to nickel complexes, effectively lowering the
activation energy for nickel reduction (109). Additionally, freshly deposited cobalt atoms possess
high surface energy and numerous defect sites owing to HCP crystallinity (steps, kinks, and
adatoms) that serve as preferential nucleation centers [110]. These high-energy sites can stabilize
the transition state during nickel complex reduction, following the relationship [111]: AG*nucleation
= (16my3Q?)/(3(AGy + €)?); where the presence of cobalt modifies the surface energy landscape,
though the exact mechanism of how cobalt affects the interfacial energy y and adhesion energy ¢

requires further investigation.
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2. Complexation Equilibria and Ligand Exchange Dynamics

The catalytic effect is profoundly influenced by the different complexation behaviors of cobalt and
nickel in DMSO. Cobalt's preference for tetrahedral [CoCls3(DMSO)]™ complexes versus nickel's
octahedral [NiCl(DMSO)s]* complexes creates a unique interfacial environment during co-

deposition. When [CoCl3(DMSO)] reduces at the electrode surface:

[CoCly(DMSO)] + 2e~ — Co° + 3CI- + DMSO

The reaction releases three chloride ions per cobalt atom deposited, creating a high local chloride
concentration at the interface. This chloride accumulation drives the equilibrium of nickel

complexes toward more easily reduced species:

[NiCI(DMSO)s]* + 2CI- = [NiCls(DMSO)]- + 4DMSO

The anionic [NiCl3(DMSO)]~ complex has a less negative reduction potential than the cationic
[NiCl(DMSO)s]* due to decreased coordination number and stability (relatively easy dissociation).
This chloride-induced speciation supposedly accounted for a ~200-250 mV positive shift in nickel
reduction potential in LSV. Furthermore, the rapid ligand exchange kinetics of cobalt complexes
(k-ex ~ 10° s') creates a dynamic interfacial region where DMSO and chloride ligands are
constantly redistributing. This dynamic environment can facilitate the transformation of slowly

exchanging nickel complexes (k-ex ~ 10* s™!) through a ligand-assisted mechanism:

[Co(DMSO)Cly] + [NiCI(DMSO)s]"* — [Co-CI-Ni] bridged intermediate — Ni-Co Deposit

4. Electronic Effects and D-Band Interactions

The electronic structure of the cobalt-modified surface plays a crucial role in catalyzing nickel
reduction. Density functional theory calculations on Ni-Co surfaces (112) show that cobalt atoms
increase the d-band density of states near the Fermi level, enhancing the surface's ability to donate
electrons to approaching nickel complexes. The d-band center (ed) of cobalt-rich surfaces is closer
to the Fermi level than pure nickel surfaces, following the relationship (113): Activation Energy

 |ed - €F|. This electronic modification reduces the activation energy for breaking Ni-O bonds in
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[NiCl(DMSO)s]* complexes, facilitating the rate-determining step of DMSO ligand displacement

during reduction.

Initial cobalt deposition forms catalytically active sites that promote subsequent nickel reduction,
potentially skewing alloy composition unless controlled—particularly under kinetically dominated
conditions. Operating in a mass transport-limited regime helps stabilize the target stoichiometry.
Cobalt also lowers the nucleation barrier for nickel, encouraging layer-by-layer growth and
yielding smoother, denser deposits—consistent with the transition from nodular Ni to compact Ni—
Co morphologies. Additionally, cobalt enhances efficiency by enabling Ni reduction at less
negative potentials, suppressing side reactions such as DMSO decomposition (even though less
likely in that window). Its presence narrows the potential gap between Ni and Co reduction,
supporting true co-deposition over sequential plating. Across the full range of Ni:Co electrolyte
compositions, the electrochemical response, deposit morphology, alloy composition, and key
electrochemical descriptors evolve systematically, revealing a progressively widening and
stabilizing regime for solid solution formation as the bulk composition shifts from Co-rich to Ni-
rich domains.

In Co-rich systems such as 1:4 Ni:Co, the electrochemical response is governed by
the facile reduction of Co*', resulting in early onset potentials and distinct redox features.
However, the limiting current remains low, and the diffusion-limited window is narrow, reflecting
strong mass transport limitations. SEM imaging reveals porous and rough morphologies at higher
voltages, with minimal sulfur and oxygen detected by EDS, implying insufficient surface
passivation in Co-rich environment (due to less stability of Co-DMSO complexes). XRD patterns
in this case predominantly exhibit HCP phases, with peaks near 20 ~41.7° and 44.4° corresponding
to the (100) and (101) planes (Figure IV.3.1 (A)). Transitioning into more balanced compositions
such as 2:3, 1:1 and 3:2 Ni:Co, the system exhibits significant improvements in co-deposition
behavior. The onset potentials shift slightly cathodically (—1.80 to —1.85 V), yet the total current
and exchange current values increase markedly (e.g., lo = 0.27 A for 3:2), indicating enhanced
charge transfer kinetics. These systems also display higher limiting currents (up to 0.23 A) and
wider limiting plateaus (AV = 0.400—0.750 V), which suggest significant ion-transport limitation
and better surface accommodation. SEM images revealed smooth, uniform morphologies with

reduced porosity even under deep overpotentials. The evolving XRD profiles further corroborate
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alloy homogeneity: overlapping with mild HCP reflections, FCC peaks become prominent,
including (111) at 44.5°, (200) at 51.8°, and (220) at 76.4°, confirming the emergence of a stable,
Ni-rich Ni—Co alloy FCC solid solution (Figure IV.3.1 (A)). As the system becomes Ni-dominant,
the electrochemical response reflects accelerated kinetics driven by [NiCI(DMSO)s]* reduction, as
evident from the increased exchange current magnitude. The onset potential shift positively, and
the I-V curve displays a smooth, continuous rise without distinct peaks—indicating a kinetically
dominated process. Exchange current density remains high (Io = 0.20 A). XRD analysis reveals
clean FCC phase dominance, with sharp (111), (200), and (220) peaks, signifying pure Ni-rich
solid solution formation (Figure IV.3.1 (A)).

The development of passivation layers—comprising of DMSO adsorbed
preferentially with Ni-rich systems—not only mitigates tip-enhanced convection but also
contributes to the homogenization of the interfacial electric field, thereby stabilizing growth during
electrodeposition. These effects manifest distinctly across evolving electrochemical-
morphological regimes, which shift predictably with increasing Ni content in the bulk electrolyte.
In the voltage range spanning —1.75 to —2.2 V, the system is Co-dominated, yielding HCP phases,
minimal passivation and highly porous/irregular morphologies due to limited surface stabilization.
As the voltage shifts closer to the diffusion-limited regime (—2.25 to —2.75 V), a balanced co-
reduction of Ni** and Co?" emerges with uniform morphology and optimal passivation. Finally, in
the overlimiting current regime beyond —3 V, deposition becomes Ni-dominated, resulting in dense
FCC phase formation, the accumulation of a robust passivation layer, and extremely stable, smooth
film morphologies (Figure IV.3.1 (B)). This voltage-dependent regime progression underscores
how both alloy composition and electrochemical stability can be modulated by tuning the applied
potential and Ni:Co ratio, allowing for precise control over solid solution formation in DMSO-

based systems.
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Figure 1V.3.1: (4) XRD of the solid solution alloys of Ni-Co obtained in different regimes in
different bulk composition. (B) SEM and EDS mappings of the deposits obtained at high over-
limiting voltages in the Ni-rich electrolytes showing the passivation effect on suppression of

instabilities.

An essential feature of alloy formation in non-aqueous DMSO media is the exceptional agreement
between the bulk Ni:Co ratio and the resulting alloy composition particularly at the onset of
limiting-current window (2.2 V to -2.5 V), where stable solid solution formation is most
favorable. Quantitative EDS analysis reveals that the Ni:Co atomic ratio in the electrodeposit
closely replicates the electrolyte composition during this intermediate regime, with a near-perfect
linear fit (R* = 0.9952, slope = 1.05), as shown in Figure 1V.3.2. This stands in stark contrast to
aqueous systems, where significant deviation from the bulk is observed due to competitive
adsorption effects.

For 2:3 to 3:2 Ni:Co bulk compositions, in the aforementioned window, the alloying
process is synergistically governed by the simultaneous reduction of both Ni** and Co*". These
factors, coupled with the formation of a moderate yet stabilizing sulfur- and oxygen-rich
passivation layer, enable uniform co-deposition with minimal compositional drift. In this regime,
XRD patterns show overlapping/coincident HCP and strong FCC peaks—evidence of solid
solution behavior with slightly shifted peaks but without phase segregation or intermetallic

formation. In the ULC regime (—1.75 to —2.2 V), where Co reduction dominates, alloy composition
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mirrors the bulk only at low Ni fractions (e.g., 1:4 and 2:3), but overall predictability is limited
due to sluggish Ni** incorporation and asymmetric growth rates. Conversely, in the OLC regime
(>-3 V), although the alloy becomes increasingly Ni-rich and deposition remains smooth, the ratio
begins to diverge from bulk values as Co*" becomes kinetically suppressed. While still forming
FCC solid solutions, this regime is less ideal for precise compositional tuning.

Thus, close to limiting current window not only delivers structural and
morphological uniformity but also offers compositional fidelity, making it optimal for tailored
alloy synthesis. This tight correlation between bulk composition and resulting alloy underscores
the predictive power of DMSO as a solvent and highlights the potential for rational design of multi-
metallic systems based on electrochemical descriptors such as exchange current, limiting current,

and voltage window width.
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Figure IV.3.2: (A) Correlation between the Alloy and Bulk electrolyte composition in the non-
aqueous medium and its comparison with the aqueous medium results. (B) Comparison of
experimental alloy composition with the theoretical results (for non-aqueous environment).
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Conclusion & Future Perspective

This thesis establishes an experimental framework for interface-controlled electrodeposition,
demonstrating that crystallographic orientation, electrochemical driving force, and interfacial
chemistry can be synergistically tuned to engineer uniform, compact, and highly reversible metal
coatings. The work integrated systematic studies on single-metal (Zn) deposition and binary alloy
systems (Zn—Cu and Ni—Co), offering mechanistic insights that extend well beyond empirical
optimization and move toward predictive electrochemical interface design.

We began by addressing a fundamental limitation in conventional battery electrode
architectures: the lack of crystallographic control of the substrate, which contributes to irregular
nucleation, poor adhesion, dendrite formation, and irreversible growth behavior. Recognizing that
electrochemical cells inherently possess uniaxial symmetry along the electrode normal (Pec), we
investigated a scalable strategy to exploit this symmetry by fabricating Cu(111)-textured current
collectors using cold compaction and thermal annealing. These textured Cu substrates act as
crystallographic templates that induce strong epitaxial alignment of Zn(002) during
electrodeposition. Extensive structural and electrochemical characterization confirms that Zn
deposited on Cu(111) grows in a compact, planar and highly oriented manner, with significantly
reduced nucleation overpotentials and outstanding Coulombic efficiencies exceeding 99% over
thousands of cycles. SEM and XRD studies demonstrated that Zn(002) growth on Cu(111) follows
a lattice-matched epitaxial pathway, preserving long-range orientation over hundreds of microns
in thickness. Even at high current densities (up to 40 mA/cm?, limiting current density being ~ 20
mA/cm?), this epitaxial registry suppresses dendrite formation, ensures smooth interface evolution,
and minimizes voltage hysteresis.

A critical insight of this work lies in identifying the role of underpotential deposition
(UPD) as a chemically and structurally mediated process that enables sub-Nernstian Zn deposition
on Cu. At intermediate overpotentials (—0.5 V vs Ag/AgCl), Zn atoms preferentially deposit onto
Cu(111), forming a thermodynamically stable a-brass (Cu—Zn) solid solution. As the potential
becomes more negative, the system transitions to bulk Zn-rich intermetallic growth. XRD peak
shifts, SEM morphology, and EDS composition mapping confirm this alloying behavior,
highlighting UPD as a critical route for phase-selective deposition. Moreover, in Zn—Cu binary
systems, the study uncovers a voltage- and concentration-dependent mechanistic transition from

UPD-induced surface alloying to 3D nucleation and cluster evolution. Specifically, in the potential
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window between —1.0 V and —1.6 V, 3D Cu—Zn alloy clusters spontaneously form, acting as high-
surface-area, conductive scaffolds that support fast Zn*" desolvation and lateral growth. These
clusters serve as auto-catalytic templates, simultaneously suppressing dendrite nucleation and
accelerating reaction kinetics. The electrochemical response—marked by increased exchange
current density, reduced nucleation overpotentials, and pseudo-capacitive behavior—reinforces
this self-sustaining mechanism.

This thesis also extends its mechanistic insights to the Ni—Co binary alloy
system, chosen due to the proximity of their standard reduction potentials. Here, the focus was on
anomalous codeposition—wherein the more noble metal (Ni) deposits preferentially despite its
thermodynamic disadvantage. The findings confirm that this behavior arises from asymmetric
charge transfer kinetics and surface adsorption effects. By varying Ni**/Co?" ratios and current
densities, the electrodeposited alloy composition and texture could be tuned. The results establish
that even in systems without large redox gaps (unlike Zn—Cu), interfacial control and substrate
effects still play dominant roles in determining deposition morphology and performance. Together,
the findings across Zn, Zn—Cu, and Ni—Co systems highlight the critical, underutilized role of
crystallography—electrochemistry coupling in practical battery electrode design. The uniaxial
nature of electrochemical fields favors out-of-plane texturing, particularly along close-packed,
low-energy crystallographic planes such as Cu(111) and Zn(002). This work shows that such
texture can be achieved not by costly single crystals, but through scalable powder metallurgy and
thermomechanical processing. More broadly, this research underscores that rational manipulation
of electrochemical interfaces—through substrate engineering, UPD exploitation, and
electrochemical regime selection—can unlock new regimes of reversible, uniform, and phase-
selective metal deposition.

The principles established in this work transcend the specific case of zinc and copper,
offering a broader framework applicable to a wide range of metal and alloy systems used in
rechargeable batteries, corrosion-resistant coatings, and electronic materials. The findings provide
a blueprint for designing advanced electrode architectures that are not only structurally and
kinetically tailored but also compatible with scalable manufacturing. Through this investigation,
the intricate relationship between crystallography and electrochemical behavior at the metal—

electrolyte interface has been systematically unraveled, culminating in a generalized strategy for
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engineering dendrite-free, durable metal anodes that support sustainable electrochemical energy
storage technologies.

Looking ahead, although prior studies have emphasized the importance of voltage
profiles in optimizing high-entropy alloy (HEA) coatings, they have largely overlooked the
mechanistic basis of these effects—particularly the role of electrolyte additives in modifying
interfacial dynamics to achieve levels of coating quality comparable to that of monometallic
systems. To address this gap, the next phase of this research should integrate experimental tools
and numerical simulations to derive actionable design principles for fabricating uniform,
compositionally controlled alloy coatings composed of two to five metals. Special attention will
be given to tuning accessible parameters—such as electrolyte composition, voltage waveform, and
interfacial additives—to guide crystal structure development, suppress morphological instabilities,
and refine mechanical and electrochemical properties. Initial efforts will focus on predicting the
onset of hydrodynamic instabilities, mapping stress distributions, and understanding morphology
evolution in binary systems. These insights will then inform strategies to leverage interphase
engineering—yvia polymer adsorption or externally applied flow fields—to delay or suppress
instability, enabling high-fidelity morphological control in the deposition of complex alloy and
HEA coatings.
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