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ABSTRACT

Electrochemical nucleation and growth are traditionally described by classical atom-by-atom deposition models, yet the nanoscale
dynamics governing phase formation at electrochemical interfaces remain poorly understood. Here, we directly visualize copper
electrodeposition on glassy carbon by combining in situ electrochemical liquid-cell transmission electron microscopy (EC-TEM)
with cyclic voltammetry, enabling direct correlation between global electrochemical signals and particle-resolved structural
dynamics. Real-time imaging reveals that nanoparticle formation proceeds through a complex interplay of classical and
non-classical pathways. Beyond radial and dendritic growth, we observe a range of particle-level processes, including mobility,
coalescence, ripening-like mass exchange, and discrete relocation events, reflecting coupled transport and morphological trans-
formation at the nanoscale. Quantitative tracking of individual nanoparticles reveals localized mass-transfer processes, including
near one-to-one ripening dynamics and particle-particle interactions that redistribute material without producing a clear
signature in the voltammetric response. These findings demonstrate that processes such as ripening, coalescence, and structural
rearrangements can proceed without a discernible signature in the global electrochemical response. By bridging in situ nanoscale
imaging with electrochemical analysis, this work provides direct mechanistic insight into early-stage electrochemical phase
formation and highlights the dynamic nature of metal growth at electrochemical interfaces.

1 | Introduction

substrates, thereby ensuring reliable electrical contact for elec-

Electrodeposition is a fundamental and versatile technique for
materials synthesis, valued for its control over key reaction param-
eters, such as potential, current, and time [1, 2]. As a result, it ena-
bles the fabrication of structures ranging from atomic clusters to
complex three-dimensional architectures [1, 3-5]. Moreover, the
method enables the direct growth of nanostructures on conductive

tronic [1, 6] and catalytic devices [4, 5, 7]. The final morphology
of electrodeposited metals, however, depends on both kinetic and
thermodynamic parameters, which govern the underlying electro-
chemical nucleation and growth (EN&G) processes [8-10].

EN&G at the solid-liquid interface is a complex and heteroge-
neous phenomenon that involves a sequence of simultaneous
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events, including the adsorption of precursor species (adatoms)
onto the electrode surface, surface diffusion, nucleation, and sub-
sequent growth of new phases [9-15]. While classical models typ-
ically assume atom-by-atom growth (direct attachment) with
immobile nuclei on the substrate [9, 13], growing evidence indi-
cates that such models do not fully capture nanoscale behavior
[12, 15-24]. Instead, the complexity of this phenomenon points to
what are known as non-classical pathways, which have been
more deeply studied in homogenous nucleation and growth in
liquid phase [16, 25, 26]. In this work, we use the term “non-
classical pathways” in a phenomenological sense to describe
phase transformations that deviate from the classical picture
of immobile nuclei growing or dissolving exclusively by direct
atom-by-atom (det)attachment at the particle/electrolyte inter-
face. These pathways include lateral particle motion, aggregation
and coalescence, ripening-like mass redistribution, particle
restructuring, and division [12, 18, 22-24]. The term does not
imply that a single mechanism is uniquely proven in each case,
but rather that the observed deposit evolution cannot be fully
described by classical, spatially uniform direct-attachment mod-
els alone [19, 27]. These mechanisms are strongly influenced by
local surface heterogeneity, which governs nucleation, growth,
and mobility at the particle level [11, 28-31]. Crucially, this local
diversity is often masked in conventional macroscale measure-
ments, which only provide an averaged response of the system.

To overcome these limitations, in situ techniques have recently
provided sensitive platforms for probing single-nanoparticle elec-
trochemistry and tracking phase formation with high temporal
resolution. In particular, wide-field optical microscopies have
pioneered the real-time imaging of reaction footprints and gas
evolution at the single-entity level [32-35]. Complementing these
optical approaches, in situ electrochemical liquid-cell transmis-
sion electron microscopy (EC-TEM) has become a powerful tech-
nique to probe electrodeposition with nanoscale spatial and
temporal resolution [36-44]. This technique enables direct visu-
alization of particle motion [45, 46], structural transformations
[47], and dendrite formation in real time [36, 40, 41, 48-50].
Nevertheless, in situ EC-TEM experiments face challenges,
primarily due to electron-beam-induced artifacts; for instance,
electron-beam radiolysis of the solvent can generate radicals that
alter reaction chemistry [51-54]. Furthermore, the confined
geometry of the liquid cell restricts mass transport, while the
deformation (bulging) of the electron-transparent windows can
significantly compromise image resolution [55-57]. However,
advances in cell design, imaging strategies, and analysis work-
flows have significantly improved the reliability and quantitative
capabilities of in situ EC-TEM studies [53, 55, 58-60].

In this work, we combine in situ EC-TEM with cyclic voltammetry
(CV) to study the dynamic behavior of copper EN&G on a carbon
substrate. By correlating the global electrochemical signals with
nanoscale-resolved real-time imaging, we directly observe both
classical and non-classical pathways of phase evolution. Our
observations provide direct visual and in situ evidence that growth
during cathodic polarization is not limited to simple atom-by-atom
attachment and reveal complex restructuring events that lack a
detectable voltammetric signature. Furthermore, by quantitatively
tracking individual nanoparticles, we characterize the nature of
their mobility during the electrodeposition process.

These observations offer a fundamental local view of the complex
dynamics and structural evolution of nanoparticles during elec-
trodeposition. The ability to resolve such localized and transient
events is essential for understanding the mechanisms governing
the growth, stability, and degradation of nanomaterials.

2 | Results and Discussion

2.1 | Optimization of In Situ EC-TEM & Cyclic
Voltammetry Scan: Establishing Initial Conditions

Careful optimization of in situ EC-TEM conditions was required to
enable high-resolution, real-time observation of electrochemical
processes at the nanoscale. Details on reagents, chip specifications,
and microfluidic dynamics are provided in the Experimental
Section.

To enhance resolution, the electrolyte thickness was reduced by
generating an oxygen (O,) bubble at +0.8 V for 5s (hereinafter,
all potentials are given with respect to the Pt reference electrode
of the liquid-cell chip. Calibration measurements against an
Ag/AgCl reference electrode yielded an open-circuit potential
difference of approximately +0.52 V, corresponding approximately
to EvsAg/AgCl R Eyp +052V and E\ssup = Eysp +0.72 V)'

The resulting bubble effectively displaced the bulk electrolyte,
thinning the liquid layer to approximately 50 nm. This physical
displacement mechanism creates a confined liquid film sur-
rounding the electrode surface while maintaining the concentra-
tion of electroactive Cu®* species in the electrolyte. Although
some degree of surface evolution of the glassy carbon electrode
under anodic polarization cannot be excluded, the short anodic
pulse used for bubble generation did not prevent subsequent cop-
per electrodeposition and nanoparticle growth. This confined
liquid geometry is crucial for achieving the high spatial and
temporal resolution required for our experiments (Section 2.1)
[61-63].

The critical role of this O, bubble was first identified in prelimi-
nary experiments (Section S3.1, Supporting Information), where
its presence enabled a transition from an unobservable surface to
clearly visible particles. Once clear nanoscale visualization was
confirmed, a stability test was performed to ensure that the elec-
tron beam did not induce structural changes or unintended depo-
sition. This test was performed with the 1 mM CuSO, and 10 mM
H,SO, solution already in the system, confirming that no beam-
induced growth, dissolution, particle movement, restructuring,
or ripening occurred under these experimental conditions
(Section S5, Supporting Information).

Finally, a cleaning step (+0.5V for 60s) was performed to
dissolve residual Cu particles from previous experiments.
While the chronoamperometric (CA) profile and the correspond-
ing in situ transmission electron microscopy (TEM) images
(Figure 1) demonstrate that this step effectively clears the major-
ity of the surface, certain Cu particles persistently resisted disso-
lution. These remaining particles were found to be localized
around a specific GC surface heterogeneity (Figure 1b, outline).
In our preliminary experiments, we observed that areas of the
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FIGURE1 | Correlated electrochemistry and in situ TEM of Cu particle dissolution. (a) Current signal during a +0.5 V oxidative step. The solid line
and shaded area represent the processed signal and noise estimation, respectively (see Section S3.2 for signal processing details, Supporting Information).
(b,c) Representative in situ EC-TEM images of the working electrode surface: (b) before dissolution; arrows indicate Cu particles, and the outline

highlights a specific surface feature, and (c) after dissolution.

surface that appeared pristine often exhibited no observable
deposition under potential bias. Consequently, the specific area
of observation was selected based on the presence of residual cop-
per particles. These sites serve as a visual indicator of high surface
activity zones, ensuring the reliable capture of electrodeposition
phenomena during the subsequent experiments.

Following the CA step, an initial CV (protocol detailed in
Section 4.3) was performed to establish a stable and trackable
starting surface for the subsequent analysis (Figure 2a and
Video S1). This first scan establishes the system’s initial electro-
chemical response and ensures that any nuclei below the TEM
detection threshold (~10nm) grow into observable nanopar-
ticles. As a result, the electrode surface exhibited a heteroge-
neous distribution of Cu nanoparticles (Figure 2b-e). The
variations in size and spatial arrangement arising from intrinsic
surface heterogeneity served as an essential starting point for
interpreting all subsequent nanoscale transformations in the
following scan.

10} (d) (e)
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2.2 | Dynamic Electrochemical Processes During
the Second CV Scan

The following observations correspond to the second CV scan. The
Cu nanoparticles remaining on the GC surface after the first CV
cycle (Figure 2e) are crucial, as they act as preferential sites for
further nucleation and growth [11]. With these initial conditions
established, we examine how the electrode potential and the cur-
rent relate to the dynamic local changes observed at the nanoscale.

2.2.1 | Global Electrochemical Dynamics

In situ TEM observations provide a detailed view of the dynamic
evolution of the electrode surface during the voltammetric scan,
capturing both general trends and particle-specific behaviors. It is
important to note that while the CV trace represents the inte-
grated electrochemical response of the entire electrode, the
TEM viewing area captures only a small fraction of the total elec-
trode surface. Furthermore, a reliable interpretation of in situ

FIGURE2 | Electrochemical response and corresponding in situ TEM observations during the first CV scan. (a) CV curve of the first scan, recorded
between +0.5 and —1.0V at a scan rate of 100 mV/s. The arrows indicate the scan direction. (b-e) In situ TEM images of the electrode surface at:
(b) +0.5V (initial potential), (c) =1V, (d) —0.2V, and (e) +0.5V (final potential).
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EC-TEM must account for coupled experimental factors such as
electron-beam-induced radiolysis and transport limitations
inherent to the confined liquid environment [59].

Despite these spatial and mechanistic limitations, correlating the
overall current profile with the evolution of the total projected
particle area (calculations described in the Supporting Informa-
tion, Section S4) provides valuable insight into the dynamics of
electrochemical nucleation, growth, and dissolution. Crucially,
this dual analysis allows us to track local processes such as parti-
cle growth, dissolution, and coalescence that collectively shape
the global electrochemical response [11, 29].

As shown in Figure 3a, the particle area follows the overall elec-
trochemical evolution of the system, while the representative TEM
snapshots and schematic illustration in Figure 3b-e summarize
the dominant morphological regimes observed during the experi-
ment. Importantly, the labeled particles (P1-P6) highlighted in
Figure 3a,c-e are discussed individually in the following sections.

As shown in Figure 3 and Video S2, the cathodic sweep initiates
growth on the residual Cu particles while simultaneously trigger-
ing the nucleation of new particles across the electrode surface.
Upon reaching the first cathodic peak (Figure 3a), these particles

undergo radial growth (Figure 3b,c), expanding uniformly as
more copper is deposited.

As the potential becomes more negative, a second cathodic peak
appears, coinciding with a morphological transition in several
particles. At this point, dendritic growth becomes apparent
(Figure 3b,c), characteristic of metal growth under a mass
transport-limited regime aggravated by high overpotential [64].
This transition is enhanced by the confined electrolyte beneath
the O, bubble. Within this confined volume, local Cu** depletion
develops rapidly at active growth sites. As noted by Merkens et al.
[55], the chip design inherently limits the flow velocity in the
imaging area. Bubble formation further decreases the effective
electrolyte thickness and increases flow resistance, generating
a confined liquid layer with a limited Cu®** reservoir in which
mass transport is governed by slow diffusion. Although the elec-
trode is not fully isolated from the bulk electrolyte, these
restricted transport conditions promote rapid local depletion dur-
ing cathodic polarization, leading to localized mass-transport
limitations that trigger the observed dendritic growth.

In the anodic region, the dominant particle behavior shifts toward
dissolution (Figure 3b,e). Dissolution initially proceeds slowly, but
becomes significantly more pronounced as the potential reaches
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FIGURE 3 |

Correlated global electrochemical response and localized nanoparticle evolution. (a) Current (black line) and total projected particle

area (blue) as a function of time and potential during the second scan. The projected area corresponds to the summed contribution of all tracked particles
within the TEM observation window. (b) Simplified schematic representation of the dominant morphological regimes observed during the experiment,

including nucleation, radial and dendritic growth, and dissolution. (c-e) Representative in situ EC-TEM images acquired during the second CV scan
(Video S2) showing the evolution of the nanoparticle population at different stages of the electrochemical process: (c) 10, (d) 20's, and (e) 30 s. Arrows

identify particles P1-P6 discussed later in the manuscript.
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—0.25V (following the anodic peak), leading to a decrease in par-
ticle size and, in some cases, complete disappearance. However,
certain particles deviate from this overall trend and exhibit local-
ized non-classical pathways. These unique phenomena are ana-
lyzed and discussed in detail in the following sections.

2.2.2 | Non-classical Growth

In situ observations allow us to distinguish between different
growth mechanisms at the nanoscale. We observe classical path-
ways, characterized by the direct attachment of ions at the parti-
cle/electrolyte interface, leading to initial isotropic, radial
growth. However, beyond these classical routes, in situ EC-
TEM reveals discrete, particle-level events, such as surface migra-
tion, ripening interactions, aggregation, and coalescence, likely
driven by local concentration gradients and confinement effects.
These processes are tracked through real-time measurements of
particle position, projected area, and perimeter evolution of indi-
vidual particles in real time (Figures 4-6).

2.2.2.1 | Proximity-Driven Ripening Electrochemical Ostwald
Ripening. Our in situ EC-TEM observations reveal a non-
classical event involving two neighboring particles, P1 and P2
(Figure 4 and Video S3). Initially separated by approximately
53nm (center-to-center distance), these particles undergo a
proximity-dependent, ripening-like interaction consistent with
an electrochemical Ostwald ripening process, accompanied by pro-
gressive particle relocation and mass redistribution. Quantitative
evidence of this process is obtained from the time-resolved evolu-
tion of their projected areas (Figure 4b) and from the corresponding
regression analysis of the area-change rates (Section S6, Supporting
Information).
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During the early interaction stage (8.3-10.64 s), the correlation
between the shrinking of P1 and the growth of P2 yields a
Pearson coefficient of r=-0.48 (p = 1.41x107*), indicating
an inverse but still moderately scattered relationship between
both particles. As the particles approach one another, the inter-
action intensifies. At 10.26 s, when the center-to-center separa-
tion decreases to approximately 30nm (Figure 4d), P2
undergoes a sudden relocation event toward P1 with a velocity
of 0.61 pm s~ (Figure S4a). This displacement marks the kinetic
transition into a strongly coupled interaction regime.

Within the subsequent 0.38 s interval (10.26-10.64 s) (Figure 4b
insert, Figure 4e[f), the correlation between both particles
reaches a Pearson coefficient of r=-0.99 (p=1.97x107").
The calculated transfer slope during this interval is —1.22,
whereas a theoretical slope of —1.0 corresponds to a perfectly
closed one-to-one mass exchange. Our result indicates that P2
captures mass from two simultaneous sources: the local mass
transfer from P1 and the continued Cu electrodeposition from
the electrolyte. This process culminates with the disappearance
of P1 near the TEM resolution limit as it consolidates with P2 into
Particle 3 (P3) (Figure 4e.f).

Due to the inherent spatial and temporal resolution limitations of
in situ EC-TEM, we cannot definitively rule out whether P1 fully
dissolved through an electrochemical ripening process or
whether a final aggregation event also occurred. Nevertheless,
the inverse relationship observed just before disappearance
strongly supports an electrochemical Ostwald ripening mecha-
nism, in which atoms that detach from a less stable particle
are incorporated into a neighboring, more stable, or more rapidly
growing particle [19, 65].
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FIGURE4 | Dynamic evolution of nanoparticles undergoing Ostwald ripening. (a) Current response during the second cyclic voltammetry scan with

the interaction regime between P1 and P2 highlighted (blue region). (b) Evolution of projected areas of Particles P1 (A), P2 (M), and P3 (@) during the
second CV scan versus time. A zoomed inset highlights the ripening interval for P1 and P2 for the range 8-11s, with the range from 10.26 to 10.64 s

highlighted. (c-f) Representative in situ EC-TEM images (Video S3) showing the dynamic interaction between P1 and P2: (c) initial configuration at

t=6s with a center-to-center separation of 53 nm, (d) reduced separation (~30 nm) immediately before interaction at t =10.3s, (e) intermediate stage
during the mass-transfer/coalescence process at t =10.5s, and (f) formation of the resulting particle P3 at ¢ =10.9 s. White arrows identify the tracked
particles discussed in the text, and particle outlines are lightly highlighted to aid visualization.
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FIGURE S5 | Particle-resolved evolution of dendritic growth, coalescence, and anodic restructuring during the second CV scan. (a) Current response

during the second cyclic voltammetry scan, with the coalescence and restructuring intervals highlighted in blue and red, respectively. (b) Projected area
evolution of Particles 4 (@), 5 (M), 6 (A), 6a (X), 6b (#), as a function of time. After particle division, the projected area assigned to P6 corresponds to the
combined projected areas of P6a and P6b. (c) Projected perimeter evolution of the same particles during the second CV scan. (d-f) Representative in situ
EC-TEM images showing the morphological evolution of the particles: (d) 18.5s, (e) 20s, (f) 25s, and (g) 265.
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FIGURE6 | Conceptual schematic of dendritic growth, coalescence, and anodic restructuring pathways observed during the electrochemical experiment.

The schematic illustrates the proposed sequence of dendritic growth, coalescence, and anodic restructuring observed during the second CV scan.

Beyond mass redistribution, this interaction also modifies surface
dynamics. Analysis of particle trajectories via mean squared dis-
placement (MSD) (Section S7, Supporting Information) reveals a
contrast in mobility between particles. Importantly, the diffusion
coefficients extracted from this analysis should not be interpreted
as the thermal surface diffusion of adatoms. Instead, they quan-
tify an effective centroid mobility. We note that this description is
phenomenological, as the present data do not resolve the under-
lying atomistic rearrangement pathways. The observed mobility
is attributed to coupled electrochemical and interfacial processes
operating within the confined environment, including local mass
redistribution and field-driven effects.

To compare relative mobilities, we define an apparent diffusion
coefficient (D) extracted from the short-time MSD regime,
where motion is least affected by long-range confinement or direc-
tional relocation effects (Section S7.2, Supporting Information).

The precursors, P1 and P2, exhibit a local nondirectional dis-
placement at small time intervals (a ~ 0.95), and relatively
small apparent diffusion coefficients (D,p, ~ 4.5x107° and
3.4x107° ym? s, respectively). At larger lag times, both par-
ticles transition toward strongly subdiffusive behavior (a=0.27
and 0.31), indicating confinement within localized surface
regions (Figure S4b). This transition indicates that while the
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particles undergo a stochastic “random walk” at the nanoscale,
they are restricted to a specific area.

In contrast, P3 displays a substantial increase in mobility
(Dapp = 19X 1073 pm? s7). Its MSD evolves from a diffusive
motion (a=1.08) toward a directed, ballistic-like regime
(x=1.95 at larger time lags). This transition is consistent with
the rapid relocation events observed in the position versus time
plot (Figure S4a), where P3 reaches velocities up to 0.53 pms™.
At large lag times, however, the statistical reliability of the MSD
decreases due to the progressively smaller number of indepen-
dent displacement pairs contributing to the calculation.

Overall, these observations underscore that localized ripening inter-
actions can act as a kinetic trigger that transform confined precur-
sors into highly mobile entities, and underscore the highly localized
and dynamic nature of electrochemical processes at the nanoscale.
Crucially, these substantial mass-redistribution events do not pro-
duce a detectable change in the global electrochemical current.

2.2.2.2 | Dendritic Growth and Coalescence. The interaction
between Particles 4 (P4) and 5 (P5) offers a complex example of
how morphological transitions modulate local mass transfer and
mobility (Figure 5, Video S4). Unlike the previous case, P4 is present
from the beginning of the scan and exhibits a relatively stable pro-
jected area (Figure 5a,b). The dynamics shift at t=10s, coinciding
with the first cathodic peak. At this point, P4 experiences a decrease
in projected area, followed by a period of slower, steady shrinkage
until 19 s. Simultaneously, this electrochemical landmark acts as a
kinetic trigger for lateral particle mobility on the GC surface, with
P4 exhibiting lateral mobility (Dpp = 2.2 X 107° ym? s™*) (Section
S7.4, Supporting Information).

At approximately 13 s, P5 nucleates and immediately develops a
dendritic morphology characterized by elongated, high-curvature
branches extending toward the neighboring P4 (Figure 5b,d). As
cathodic polarization proceeds, the motion of P4 evolves from
relatively stochastic displacement toward a more directional
approach toward P5 (Figure S5a). This transition becomes par-
ticularly apparent near t=17s, when both particles approach
one another while P4 continues to lose projected area.

The coupled perimeter and projected-area evolution as shown in
Figure 5b,c suggests that this interaction is accompanied by local-
ized mass redistribution. In particular, the pronounced perimeter
increase observed for P5 during cathodic polarization reflects the
rapid development of dendritic, high-curvature features. These
unstable regions likely promote enhanced local ion fluxes and
preferential incorporation of dissolved Cu species originating
from the neighboring particle. Consequently, as P4 approaches
the dendritic front of P5, its projected area progressively
decreases while P5 continues to grow and branch.

This interaction culminates at approximately 19 s, immediately
before the onset of the anodic peak, when P4 and P5 undergo
physical coalescence to form Particle 6 (P6) (Figures 5e and 6).
This sequence underscores how local gradients in a confined
environment can force the consolidation of nearby particles
during electrochemical growth, thereby establishing the highly
ramified morphologies that subsequently undergo anodic restruc-
turing in the anodic regime.

2.2.3 | Anodic Surface-Energy-Driven Restructuring and
Division

As the scan reverses toward anodic potentials, the system tran-
sitions from a regime of mass accumulation to one of morpho-
logical stabilization. Between 20 and 25s, P6 undergoes a
pronounced morphological reorganization (Figures 5f and 6).
During this interval, the particle perimeter decreases sharply
while the total projected area remains comparatively stable
(Figure 5b,c). This pronounced decoupling between perimeter
and projected area indicates a transition from highly ramified
dendritic structures toward more compact morphologies.
While the observed evolution is consistent with a tendency
toward surface-energy minimization, our data provide only a
phenomenological description based on geometric evolution
and do not allow us to uniquely resolve the underlying micro-
scopic mechanisms driving this process.

This morphological reorganization is particularly pronounced at
the dendritic tips and high-curvature regions formed during the
cathodic phase. These high-energy regions likely undergo prefer-
ential dissolution, followed by local redeposition and/or surface
diffusion toward more stable sites. During this restructuring
stage, P6 also exhibits slight lateral displacement along the GC
surface (Figure 6 and Video S4), suggesting a transient reduction
in interfacial pinning as the dendritic morphology reorganizes.
As restructuring progresses, the elongated dendritic morphology
collapses into a more compact configuration, ultimately leading
to the division of P6 into two daughter particles (P6a and P6b) at
approximately 25 s (Figures 5b,c,g and 6).

Interestingly, the combined projected area of the daughter par-
ticles (1.4 x 10* nm?) appears slightly larger than that of the pre-
cursor P6 before division (1.2 x 10* nm?). This apparent increase
is attributed to morphological flattening and loss of ramified den-
dritic structures, which increase the projected footprint of the
particles as they evolve toward more compact and thermodynam-
ically favorable geometries.

We interpret this restructuring as being consistent with two cou-
pled processes that qualitatively account for the observed mor-
phology changes: (i) coupled dissolution and local redeposition/
adsorption, where the oxidation of high-energy dendritic features
generates a transient local concentration of Cu species that sub-
sequently redeposit into nearby stable regions, thereby redistrib-
uting mass without substantial loss to the bulk electrolyte and
(ii) potential-induced surface diffusion, where the anodic bias
enhances surface adatom mobility [21], allowing atoms to migrate
from unstable high-curvature regions toward energetically more
favorable sites without fully entering solution.

During the postrestructuring phase (25-30s), the perimeter stabil-
izes, indicating that the particle has adopted a more compact and
energetically favorable shape. These pathways, consistent with a
thermodynamic tendency toward reduced surface energy, mani-
fested through the elimination of high-curvature features, contrib-
ute substantially to the final morphology of the deposit but remain
invisible in the voltammetric profile. This highlights the essential
value of nanoscale, time-resolved EC-TEM in resolving dynamic
phenomena that cannot be inferred from macroscopic signals
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2.3 | Implications for Electrochemical Phase
Transformations: From Classical to Non-classical
Pathways

Our combined electrochemical and TEM measurements
reveal that relying on the voltammetric profile (or I-t curves)
obscures the discrete processes that define the earliest stages of
electrochemical phase transformations, i.e., electrochemical
nucleation, growth, and dissolution. Although the voltammet-
ric profile reflects the global behavior of the interface, it can
mask the wide variety of surface processes at play at the local
level, since very different mechanisms such as ripening-like
interactions, coalescence, surface diffusion, and restructuring
leave little or no distinct signature in the integrated global
current.

Classical interpretations and global current-deposit correlations
assume uniform, atom-by-atom growth and smooth dissolution.
However, our data show that particle-particle interactions,
lateral movement, and surface-energy-driven restructuring
can reshape the deposit long before stable structures form, as
anticipated by a series of recent works that employed exsitu
high-resolution TEM characterization [19, 21-24, 44, 66], in situ
optical microscopy [32, 33, 35], or scanning-probe methods [18, 29].

For instance, coalescence redistributes mass and offers an alter-
native growth pathway, yet it involves essentially no net charge
transfer across the interface. Likewise, ripening-like interactions
redistribute mass between neighboring particles without produc-
ing a pronounced signature in the global current response. In
parallel, anodic restructuring pathways involving preferential
dissolution of high-curvature regions, local redeposition, and sur-
face diffusion progressively transform dendritic structures into
more compact morphologies.

The potential cycling and confined thin electrolyte layer of the
EC-TEM cell create strong nonequilibrium local conditions in
which particles evolve not only through direct electrochemical
growth and dissolution, but also through structural reorganiza-
tion pathways driven by local concentration gradients, confine-
ment effects, and thermodynamic tendencies toward reduced
surface energy. These alternative pathways are not captured
by conventional classical analyses. Although the global contribu-
tion of these events remains difficult to quantify, their influence
on the early-stage morphology and spatial evolution of the
deposit appears substantial.

Recognizing that such non-classical pathways can proceed largely
“silently” within an electrochemical curve (CV or CA), we capture
this behavior by pairing global electrochemical measurements
with real-time particle-resolved imaging and phenomenological
analysis to resolve the early-stage dynamics of electrochemical
phase transformations.

3 | Conclusions

Our in situ EC-TEM investigation provides unprecedented insights
into the dynamic evolution of Cu nanoparticles during electro-
chemical growth and dissolution. Through direct, real-time

observation and quantification, we have unveiled a rich landscape
of non-classical phenomena that challenge simplified views of
electrochemical growth and dissolution, demonstrating that nano-
particles are highly dynamic entities on the electrode surface.
Although the underlying mechanisms governing these complex
behaviors are multifaceted, the ability to directly visualize and
quantify these events as they happen offers a crucial foundation
for future research.

While the global CV captures the onset of electron transfer, only
particle-resolved imaging can distinguish classical atom-by-atom
growth and dissolution processes, and non-classical pathways
involving collective particle motion, restructuring, and mass
redistribution. These local events often decouple from the global
current, demonstrating that one cannot anticipate the underlying
particle dynamics from electrochemical data alone.

Specifically, our work highlights two critical aspects:

1. Direct particle-particle interactions and mass transfer,
exemplified by the quantitative analysis of ripening and
aggregation events during cathodic polarization.

2. Dynamic restructuring and particle splitting during anodic
processes, where particles undergo notable morphological
changes driven by surface-energy-minimization and,
remarkably, can split into smaller entities.

Together, these observations demonstrate the importance of
combining global electrochemical measurements with real-time
nanoscale imaging to identify and evaluate the contribution
of non-classical pathways during electrochemical phase
transformations.

These findings offer a more complete picture of nanoparticle
behavior under electrochemical bias. By direct visualization of
processes like particle surface movement, coalescence, restruc-
turing, and division, this study provides insights into the kinetics
of electrochemical growth and dissolution, crucial for advancing
the understanding of nanomaterials. Thus, these localized
non-classical processes proceed “silently” within the global elec-
trochemical signal yet decisively dictate the spatial distribution
and morphology of the final deposit. While further investigation
is needed to fully uncover all underlying mechanisms and impli-
cations, this framework is vital for the design and optimization of
electrochemical systems, where phenomena such as corrosion,
electrocatalysis, and alloy deposition likely involve similarly
intricate local dynamics.

4 | Experimental Section/Methods
4.1 | Materials and Chemicals

Copper (II) sulfate pentahydrate (CuSO4-5H20, >99%, Sigma
Aldrich) and sulfuric acid (H2SO4, 96%, Carlo Erba Reagents)
were used as received. All aqueous solutions were prepared using
ultrapure water (18.2MQ-cm, Milli-Q system). Prior to each
experiment, the electrolyte was sonicated for 20 min to ensure
degassing.
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4.2 | InSitu Liquid-Cell TEM Setup

Insitu electrochemical experiments were performed using a
Poseidon Select liquid-cell TEM holder (Protochips, Morrisville,
NC). The setup featured a miniaturized three-electrode cell
integrated within the liquid-cell assembly, controlled by a
Gamry Reference 620 potentiostat (Gamry Instruments Inc.,
Warminster, PA). Electrolyte flow was maintained at 120 pL h™!
using a Harvard 11 Elite syringe pump (Harvard Apparatus
Inc., Holliston, MA).

The electrochemical liquid-cell consists of two silicon chips with
electron-transparent silicon nitride (SiN,) windows (50 nm
thick), hermetically sealed within the holder. The electrochemi-
cal chip (ec-chip) integrates a coplanar three-electrode configu-
ration. This setup includes platinum counter (CE) and
pseudoreference (RE) electrodes, and a GC working electrode
(WE) deposited directly over the electron-transparent window.
A 500 nm spacer (SU-8) defines the thickness of the liquid layer.

« Flow dynamics: While the inlet flow is 120 pL h~%, fluidic
simulations estimate the effective linear flow velocity in
the imaging area to be lower than 6x10™°ms™" due to
the microfluidic design and the inherent fluidic resistance
of the narrow channels [56].

« Resolution enhancement (bubble formation): To mitigate
the window bulging caused by the TEM vacuum, which
increases the liquid layer thickness and lowers resolution,
an oxidative potential of 0.8 V was applied to generate a con-
fined O, gas bubble over the WE. This bubble displaces the
bulk electrolyte, creating an ultra-thin liquid layer (50 nm)
[55]. This procedure significantly enhanced image contrast,
enabling the detection and tracking of nanoparticles as
small as 10 nm (Figure S2).

4.2.1 | TEM Imaging

In situ microscopy was performed using a JEM-2100 TEM (JEOL,
Tokyo, Japan) operated at 200keV in bright-field mode. The
electron flux was calibrated to 3128.34enm 2 s™* (dose rate of
1.38 x 10® Gy s™') to minimize radiolysis artifacts.

4.3 | In Situ Deposition Protocol

Following the establishment of the high-resolution imaging
regime, the following experiments were conducted:

1. Surface cleaning: CA at +0.5V for 60 s. This step was crit-
ical to dissolve most of the pre-existing copper particles,
nuclei, or adatoms, ensuring that the subsequent deposi-
tion started from the cleanest GC surface.

2. Voltammetric deposition: The deposition process was cap-
tured during a CV performed between +0.5 to —1 V versus
Pt at a scan rate of 100mV s™".

Note on analysis: Although multiple cycles were recorded, the
quantitative analysis of nanoparticle nucleation, growth, and
the phenomenon presented in the manuscript focuses on the first
two scans, specifically the second scan.
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