Revealing the Stress Signature and Ion Origin of Metal Plating in Rechargeable Batteries
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Abstract

Metal plating remains a critical challenge in rechargeable batteries, directly impacting cell lifetime
and safety. Understanding the underlying mechanism of plating and its early detection is essential
for the safe operation of batteries. In this work, real-time stress evolution was monitored during
electrochemical cycling in a range of working electrodes differing in material (graphite, hard
carbon, and Ge), geometry (composite vs. solid binder-less thin film), chemistry (Li-ion and Na-
ion), and electrochemical reaction mechanism (intercalation and alloying). Three half-cell systems,
Na-hard carbon (Na—HC), Li—graphite (Li—Gr), and Na—germanium (Na—Ge), were studied using
the substrate-curvature method to quantify in-situ stress evolution during plating. In all systems, a
distinct stress reversal coincided with the onset of plating, representing a universal mechanical
signature of the process. The stress response revealed that (i) a two-stage plating mechanism exists
and (ii) ions from both the electrolyte and host matrix contribute to initial metal deposition, a

phenomenon not captured by existing models. This coupling between stress and electrochemical



response provides a powerful diagnostic tool for detecting plating onset and offers new
mechanistic insight into ion transport during metal deposition. These findings establish a
framework for developing more accurate models of plating and improving the reliability and safety

of rechargeable batteries.
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1. Introduction

Rechargeable (secondary) batteries have become indispensable components of the modern
energy infrastructure due to their high energy density, long cycle life and scalability across
applications ranging from consumer electronics to electric vehicles and electricity grid storage.
Continued progress in these technologies is driven by the demand for faster charging, improved
safety and longer lifetimes. Among these, the ability to fast charge is particularly critical for
electric vehicle applications [1,2]. However, fast charging imposes steep electrochemical and
gradients within electrodes, which can drive the undesired plating of metallic species on the anode
surface. Even trace amounts of plated metal can degrade cell performance through loss of active
material inventory and solid electrolyte interphase (SEI) formation. The metallic deposits can
become mossy or dendritic, blocking ion transport and potentially bridging the electrodes, leading
to short circuits and thermal runaway [3-5]. Understanding and detecting plating is therefore

essential for designing safe, fast-charging batteries.

The fundamental mechanism of metal plating has been widely examined, especially in Li-
and Na- ion systems [6], [7], [8]. In a conventional half-cell configuration, solvated cations migrate
towards the working electrode, desolvate, and enter the active particles via intercalation or
alloying. Under certain conditions, such as low temperature, fast charging, or overcharging [9],
the cell potential can drop below 0 V versus the metal reference and the reduction of cations to
their metallic state becomes thermodynamically favorable: the newly formed metal then deposits

on the electrode surface rather than intercalate into (or react with) the host structure.

A broad range of diagnostic techniques has been employed to detect and characterize
plating. Electrochemical measurements, such as voltage-time profiles, differential capacity

analysis and impedance spectroscopy can reveal characteristic nucleation peaks or voltage plateaus

2



associated with metal deposition [8,10,11]. Optical and video microscopy have directly visualized
Li and Na plating morphologies in half-cells [6] [8] [12], while operando dilatometry [13][14],
acoustic ultrasound [15] and impedance spectroscopy [16] based methods have been used to probe
associated mechanical and interfacial changes. Operando nuclear magnetic resonance (NMR)
spectroscopy provides additional insights by differentiating between metallic and ionic species and
by identifying the onset of plating [7]. Despite these advances, most existing approaches primarily
detect the presence or morphology of the plated metal but do not elucidate the ionic source of the
deposited species. It remains unclear whether the plated metal originates exclusively from the
electrolyte or whether ions may also be extracted from the active material. Furthermore, the
electrochemical measurement techniques are often constrained by rate dependence and the need
for near-equilibrium conditions [13], while NMR provides limited information on ion origin and
transfer [7]. Consequently, the mechanistic question of coupling between the ion source and ion

transport during plating remains unresolved.

The substrate-curvature method offers a complementary approach to address this
challenge. This technique is widely used to measure in-situ stress evolution during electrochemical
cycling [17-20] and provides unique insights into ion storage mechanisms, phase transformations
and mechanical properties of electrode materials. Stress-based measurements have been
successfully applied to both thin-film [18,21-23] and composite [24,25] electrodes undergoing
intercalation or alloying reactions. However, the stress response associated with metal plating has
not been systematically investigated. Because plating involves not only electrochemical reduction
but also volumetric and interfacial changes at the electrode surface, its onset and progression are
expected to produce distinct stress signatures. These signatures could serve as a sensitive probe
for identifying the onset of plating and for discerning whether the ions originate from the

electrolyte or from the host material.

In this work, we introduce an operando substrate-curvature based approach to study metal
plating in Li- and Na- ion battery systems. Measurements were conducted on sodium-hard carbon
(Na-HC), lithium-graphite (Li-Gr), and sodium-germanium (Na-Ge) cells. By simultaneously
tracking electrode stress and potential during galvanostatic cycling, we identify characteristic
stress signatures corresponding to the onset of plating: our approach can distinguish between

contributions from electrolyte-derived ions and those extracted from the active material. The



analysis uncovers how plating-induced stresses evolve with electrode chemistry, structure and
cycling conditions, thereby highlighting the coupling between electrochemical and mechanical
processes during metal plating. Overall, this work establishes a new diagnostic framework for
probing ion transfer and interfacial phenomena, with implications for the design of safer and faster-

charging rechargeable battery systems.

2. Experimental Methods

Figure 1 shows the schematic of a custom-designed Teflon beaker cell equipped for
operando substrate-curvature measurements. The three electrode configurations investigated are
summarized in Table 1. Two Na-ion cells employed (i) a hard carbon (HC) composite and (ii) a
Ge thin film as the working electrodes, each paired with a Na metal counter/reference electrode.
The third cell used a commercial graphite (Gr) composite electrode as the working electrode and
Li metal as the counter/reference electrode. These systems collectively enable comparison of

plating behavior across adsorption/insertion, alloying, and intercalation reaction mechanisms.
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Table 1. Electrode configurations used in this study

Cell Working Reference Types of working Reaction

chemistry electrode electrode electrode mechanism

Na-ion Hard Na foil Composite Adsorption,
Carbon insertion,
(HC) pore-filling

Na-ion Germanium Na foil Thin film Alloying
(Ge)

Li-ion Graphite Li foil Composite Intercalation
(Gr)

Details of electrodes used for our experiments are shown in Table S1. Briefly, the HC
composite electrode consisted of 94.8 wt% hard carbon powder, 3.2 wt% polymer binder (1.2 wt%
sodium carboxymethyl cellulose and 2.0 wt% styrene—butadiene rubber), and 2.0 wt% Super P
conductive additive, coated on an aluminum current collector. The Gr composite electrode
comprised 93.2 wt% graphite powder, 4.3 wt% polymeric binder (1.8 wt% CMC and 2.5 wt%
SBR), and 2.5 wt% Super P, coated on copper foil. Both electrodes were bonded to single-side—
polished Si (111) substrates (diameter =~ 50.8 mm, thickness = 500 um, with thermal oxide layer)
using an epoxy adhesive to enable substrate-curvature measurements. The Ge thin films (thickness
~ 155 nm) were deposited on double-side—polished fused silica substrates (diameter = 50.8 mm,
thickness = 500 um) using DC magnetron sputtering at 65 W and 3 mTorr Ar pressure. Prior to
Ge deposition, a 5 nm Ti adhesion layer and a 200 nm Cu current collector were sequentially
deposited by e-beam evaporation. The resulting Ge electrodes were solid films without binder or
conductive additives, providing a clean model system for studying plating-induced stress

evolution.



The Na-ion cells used an electrolyte of 1 M sodium perchlorate (NaClO4) in propylene
carbonate (PC) containing 5 wt% fluoroethylene carbonate (FEC) and a glass-fiber separator. The
Li-ion cell employed 1 M LiPF¢ in a 1:1:1 (v/v/v) mixture of ethylene carbonate (EC), diethyl
carbonate (DEC), and dimethyl carbonate (DMC) with a polyethylene separator. All cells were
assembled and cycled inside an argon-filled glovebox (MBraun Inc.) with O> and H>O levels below
1 ppm. The HC and Gr composite electrodes were soaked in the respective electrolytes for at least

12 h prior to electrochemical testing to ensure full wetting.

Electrochemical cycling was performed in the custom beaker cell. The HC composite and
Ge thin-film electrodes were sodiated and desodiated galvanostatically between 2.0 and 0.0005 V
vs. Na/Na" at current densities of approximately 80 nA cm™ and 6 pA cm™, respectively, during
the first cycle. In subsequent cycles, the lower voltage cutoff was removed to enable plating once
the active material was saturated and the potential dropped below 0 V vs. Na/Na*. After a
controlled plating step, the current was reversed to induce stripping of the plated Na, followed by
desodiation of the host material. A similar protocol was applied to the graphite electrode in Li-ion
N

configuration, which was cycled galvanostatically at 160 pA cm™ between 0.01 and 2 V vs. Li/Li
for the first cycle, followed by plating, stripping, and delithiation sequences.

Real-time stress evolution patterns were monitored using multi-beam optical sensor (MOS)
measurements (Fig. 1). The substrate curvature (k) was determined from the spacing change
between reflected laser beams and can be expressed as,

1 d-d°
T Ay do

(1
where A, is the mirror constant (1.6 m, calibrated using a standard mirror of known
curvature), and d” and d are the initial and instantaneous beam spacings recorded by the CCD

detector.
For thin-film electrodes, the electrode stress (o) is calculated using the Stoney equation:
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where Mg, t,, ty are the bi-axial modulus, substrate thickness and electrode thickness,

respectively. For composite electrodes, equation (2) is modified to account for multilayer

structures [19] as,

M t2k
o= ——
6ty f (t;, M;)

€)

where f(t;, M;) is a function of t; and M; which are the thickness and bi-axial modulus,

respectively, of the i-th layer of the multi-layered stack shown in Fig. 1. The parameters used for

stress calculations for both the thin film and composite electrodes are summarized in Table 2.

Table 2. Material parameters used for the stress calculations.

Parameter

Si (111) wafer

Hard carbon electrode

Es

Vs

Definition

Young’s Modulus
Poisson’s ratio

Thickness

Young’s Modulus
Poisson’s ratio

Thickness

Young’s Modulus
Poisson’s ratio

Thickness

Young’s Modulus
Poisson’s ratio

Thickness

Young’s Modulus

Poisson’s ratio

Value

169 GPa
0.26
500 pm

4.3 GPa
0.36
60 um

67.3 GPa
0.33
16 pm

117 GPa
0.347
200 nm

9.65 GPa
0.3

Comments

Ref. [19]
Ref. [19]

Measured

Ref. [19]
Ref. [19]

Measured

Ref. [26]
Ref. [26]

Measured

Ref. [19]
Ref. [19]

Measured

Calculated, rule of mixture

Calculated, rule of mixture



hs Thickness 90 pm Measured
Graphite electrode

E¢ Young’s Modulus 6.36 GPa Calculated, rule of mixture
Vg Poisson’s ratio 0.3 Calculated, rule of mixture
hg Thickness 41 pm Measured

The surface morphologies and elemental compositions of pristine, sodiated and plated HC
electrodes were examined using scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX) at an acceleration voltage of 20 kV. Prior to analysis,

samples were gently rinsed with DMC and dried inside the glovebox.

3. Results and Discussion
3.1. Stress evolution in HC during sodium plating

The real-time stress evolution during sodiation and desodiation of a HC electrode cycled
between 2.0 and 0.0005 V vs. Na/Na" is shown in Fig. Sla. Compressive stresses develops in the
electrode during sodiation when Na-ions are inserted into HC particles, leading to particle
expansion and inter-particle interactions. The stress reverses during desodiation and becomes
tensile when Na-ions are extracted from the HC particles (see Section S1, supplementary
information). A similar stress signature during the sodiation-desodiation of HC electrodes has been
reported earlier [17]. Here in Fig. 2a, we show the stress response during overcharge when Na
metal is plated on the electrode. The stress is tensile (~2 MPa) at the start of the experiment and
becomes compressive during sodiation. This compressive stress increases nearly linearly in the
sloping region of the potential profile: the stress value is -6.5 MPa at 0.1 V vs. Na/Na". Stress
changes are relatively small during the early portion of the potential plateau (0.1-0.03 V) but then

increases sharply as the potential decreases and the Na storage mechanisms change.

When the potential is driven below 0 V (Fig. 2b), a distinct voltage cusp appears at —0.029
V vs Na/Na* (at ~30 h), marking a Na-metal nucleation event. After this V-cusp, the potential
stabilizes into a plateau, indicating steady plating. Although plating is expected at 0 V vs Na/Na*,

an overpotential of ~30 mV is required for the formation of metal nuclei. SEM images (Fig.
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2c¢,d,e,f) acquired at various phases of cycling clearly indicate the difference among pristine,
sodiated, plated, and stripped HC samples (see Section S2 of supplementary information for more
details). The SEM micrograph of plated HC sample (acquired on the potential plateau, between
~35 h and ~55 h; points B-Y in Figure 2b) confirms metallic Na deposition on HC particles (Fig.
2e), and EDX mapping (Fig. S2¢) verifies the presence of Na-rich regions. The plated Na forms
dendritic structures similar to those previously observed for Li plating on graphite [6]. While SEM
confirmed the presence of plating, detailed structural characterization is required for a
comprehensive understanding of the plating nucleation and growth process, which is beyond the

scope of this study.
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Fig. 2. (a) Time-dependent potential and stress profiles of the hard carbon electrode during
galvanostatic cycling vs. Na, showing the onset of metal plating, stress reversal and metal
stripping. (b) Expanded view of the oversodiation, plating, and stripping processes. SEM image of
composite hard carbon electrodes, (¢) pristine, (d) sodiated (>0 V, point X in Fig. 2b), (e) after
sodium plating (<0 V, image was taken between point B and Y in Fig. 2b), (f) after stripping and
desodiation (Fig. 2a, ~2 V).

The potential response observed in Fig. 2b, specifically, the V-cusp followed by a voltage
plateau, is thermodynamically consistent with the nucleation and growth of plated metal, and is
also seen in Li-ion systems [6,27]. However, the stress evolution provides a unique and unexpected
signature. During sodiation, the electrode stress is compressive and continues to increase with
time, yet at the onset of plating (~30 h), it reverses direction, even though plating is still occurring.
This stress reversal indicates a transient shrinkage of the active material, implying desodiation of
the HC particles concurrent with the onset of plating. The stress change (Ac = 3.29 MPa between
points A and B in Fig. 2b) corresponds to the removal of Na* ions from the HC matrix. Once
plating becomes established, the stress (between B and Y) remains nearly constant, consistent with

a surface process that causes negligible bulk volume changes.

These observations suggest a two-stage plating mechanism. After the onset (A—B), both
electrolyte-derived Na* ions and Na* ions extracted from the HC host participate in plating, leading
to transient desodiation and stress relaxation. As metallic Na deposits accumulate, they form a
surface layer that blocks further ion release from the HC interior. Beyond this threshold (B-Y),
plating proceeds primarily from electrolyte-derived ions, resulting in a constant-stress plateau.

This behavior is schematically illustrated in Fig. 3, which contrasts the conventional
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understanding—where only solvated Na* from the electrolyte contribute to plating—with the

newly observed process involving ion depletion from the active material.

Existing understanding of plating
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Fig. 3. Schematic representation of the proposed Na plating mechanism, illustrating ion transport
and accumulation at the onset of plating. Solvated and intercalated Na* ions are indicated in gray,

and plated metallic Na is shown in yellow.

When the current is reversed after sufficient plating (point Y in Fig. 2b, ~55 h), the potential
immediately rises to +0.02 V vs Na/Na*, halting further plating and initiating stripping. During
this constant potential regime, the plated Na is progressively removed from the surface. The slight
stress increase between Y and Z indicates that stripping is accompanied by partial desodiation of
the underlying HC particles. After ~71 h, once most plated Na is removed, the stress—potential
behavior reverts to the pattern observed during regular desodiation. At the start of the low voltage
plateau (around ~0.025 V vs Na/Na*) the compressive stress decreases rapidly from about -7.9

MPa to -1.1 MPa, then stays roughly constant (Fig. 2a). The stress decreases further and eventually
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become tensile, when the potential increases from 0.1 to 2 V vs Na/Na*, indicating a change in the

desodiation mechanism.

Figure 4a plots the potential (vs. Na/Na*) of the HC electrode against specific capacity,
under three different rates. At slow rates (50 and 80 uA cm™), the curves nearly overlap: the onset
of plating appears at approximately between — 0.02 to — 0.030 V at ~320 mAh g!. At the higher
rate (160 pA cm™), the electrode is strongly polarized: plating onset shifts to — 0.045 V and
capacity is reduced to ~290 mAh g!. Figure 4b shows the corresponding nominal stress responses
versus specific capacity. At the slow rates, a clear stress reversal is observed at the onset of plating
(from about -15 MPa to -12 MPa). By contrast, at 160 pA cm™ the stress reversal is much smaller:

instead of a distinct drop, the stress increases gradually through the plating region.
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Fig. 4. (a) Potential and (b) stress evolution in the Na-HC system during galvanostatic cycling and

plating at various current densities.

Under high current density, Na diffusion within HC becomes limited compared to Na* flux
from the electrolyte. This causes accumulation of Na near the particle surface and strong
concentration gradients within particles leading to a Na-poor core and Na-rich shell. At the onset
of plating under high C-rates, the ions have choice of diffusion towards the core as well as to
diffuse outward to assist in plating. Besides, higher C-rates promote premature Na plating before
the complete sodiation of HC particles [28]. These two aspects lead to relatively low volume
change of particles under higher C-rates; hence, the absence of sharp stress reversal. At lower
current densities, Na diffusion proceeds more homogeneously within HC particles; hence, at the
onset of plating, relatively larger fraction of Na stored in the particle is expected to exit particles

to assist in plating, leading to net volume contraction and a pronounced stress reversal. Note that
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the interpretation is qualitative, given the absence of independently measured parameters such as

Na diffusivity, exchange current density (i), Na* transport and reaction kinetics.

The stress reversal in electrodes can arise from multiple processes, including open-circuit
relaxation (due to stress—potential coupling) or elastic unloading during desodiation, both of which
correspond to ion extraction from the working electrode. Such behavior is evident at point Z in
Fig. 2b. However, the stress reversal observed at point A in Fig. 2b occurs specifically at the onset
of plating, not during OCP relaxation or desodiation. To isolate the effect of OCP relaxation,
separate experiments were performed in which HC electrodes were fully sodiated and then held at
open-circuit conditions prior to the onset of plating. In these tests, the magnitude of stress reversal
was smaller than that observed during the actual plating process (see Fig. S3). This confirms that
the stress reversal at point A cannot be attributed solely to relaxation effects. Instead, it indicates
that partial desodiation occurs concurrently with the nucleation of metallic sodium, implying that
both the stored Na* ions within the HC matrix and solvated Na* ions from the electrolyte contribute

to plating during its initial stages, as illustrated schematically in Fig. 3.

In general, several processes such as side reactions (SEI), changes in interfacial adhesion,
thermal expansion, and partial loss and reformation of inter-particle contacts may affect the stress
evolution in battery electrodes [29,30]. However, these phenomena may not be directly applicable
to the stress reversal observed in this study. For example, the experiments in this study were
conducted under isothermal conditions, and the stress due to SEI layer was found to be negligible
and leads to an increase in compressive stress, if any [18,31]. Also, since plating occurs under
compressive stress [31], particles do not lose contact. To demonstrate the fact that the above-
mentioned factors do play any role in the observed stress reversal, Na plating experiment was
carried out on an inert/non-reactive Al electrode along with simultaneous stress measurement
under identical cycling conditions. Fig. S4 (presented in supplementary information) clearly shows
that there is no stress reversal or stress change during the onset and galvanostatic plating/stripping
on an inert Al electrode, strengthening the argument that the various factors mentioned above do
not contribute to stress reversal and that the stress reversal in Figs. 2a, 4b, 5a, and 5b is due to the

proposed ion depleting mechanism.

3.2. Plating induced ion-depletion phenomenon in other chemistries and electrodes
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The hypothesis proposed above — that ions are transiently depleted from the active material
to facilitate metal plating — explains both the electrochemical and mechanical signatures observed
in Figs. 2a and 2b. If this phenomenon arises from fundamental processes governing metal
nucleation, it should manifest regardless of battery chemistry (Li-ion, Na-ion, etc.), electrode type
(composite vs. thin film), or reaction mechanism (intercalation, insertion, or alloying). To test this
generality, similar cycling protocols comprising regular galvanostatic cycling followed by
plating/stripping, were performed for (i) different battery chemistries (Li and Na), (ii) different
electrode materials (hard carbon, graphite, and Ge), and (iii) different electrode architectures

(composite vs. binder-free thin film).

Figures 5a and 5b show the stress response during Li plating on the graphite composite
electrode and Na plating on the binder-free Ge thin film, respectively. The stress response during
their regular (i.e., no plating) galvanostatic cycling, shown in Figs S1b and Slc, agrees with
previous studies [19,22]; hence, only the plating cycle is discussed here. Both systems exhibit a
characteristic stress peak (point A) at the onset of plating, followed by a partial relaxation (A—B)
and a subsequent stress plateau as plating progresses. This behavior mirrors that observed in the
Na—HC system, suggesting that plating-induced ion depletion from the host lattice is a universal

feature of metal plating processes across chemistries, electrode materials, and reaction

mechanisms.
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Fig. 5. Potential and stress evolution in (a) composite graphite (vs. Li) and (b) a thin film

germanium electrode (vs. Na) as function of time during metal plating.

Although the qualitative trends are similar, the magnitudes of stress reversal (Ac from A

to B) differ, reflecting variations in stiffness and microstructural characteristics of electrodes. The
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Ac values are ~4.5 MPa for the Li—Gr composite, ~3.29 MPa for the Na—HC composite, and
significantly larger (~50 MPa) for the Na—Ge thin film. The porous composite electrodes
accommodate volumetric changes more readily for a given change in concentration (or capacity),
thereby resulting in smaller stress (or volume) variations. In contrast, the fully dense structure and
strong mechanical constraint of the Ge thin film led to higher stress reversal (or volume change)

during elastic unloading

An interesting distinction between the electrodes is that the Ge thin film did not produce a
distinct stripping plateau during desodiation, in either the potential or stress response (Fig. 5b).
The apparently different stripping behavior observed in different electrode systems can be
attributed to their different ion-storage mechanisms, plating and stripping process, electrode
geometry, and microstructure. For example, the metallic Li to Li* (or Na to Na") conversion during
stripping happens at a well-defined potential (see Fig. 2 and 5a, revised manuscript) and shows a
clear stripping plateau [32]. However, the stripping in sodiated Ge occurs under a broad range of
potentials. Further, stripping and desodiation occurs simultaneously showing sloping potential
(i.e., no distinct voltage plateau, Fig. 5b), however, with longer time indicating combined stripping
and de-sodiation (e.g., de-sodiation time was 4.1 h in regular Na-Ge cycle vs. 5.1 h in plating cycle,

see Fig 5b and Fig. S1b).
3.3. Estimation of the number of ions depleted from active material during plating

From the above discussion, it is evident that ions exit the active particles at the onset of
plating. It is instructive, however, to quantify the fraction of ions drawn from the host matrix during
this process. Below we describe a general method, illustrated using data from Fig. 2b, that can be

applied to any electrode system studied here.
We define the charge associated with the plating between points A and B in Fig. 6 as,
Qiz=Qiz+ Qiz 4)

where Q%5 represents the total charge delivered during the plating interval (A—B), Q%5 is the
applied charge (measured directly), and Q% is the charge corresponding to ion depletion from the

active material (i.e., ions leaving the host material to assist plating). The subscript “AB” denotes
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the interval from point A to point B in Figure 6a. Although plating continues from A — Y, the

stress reversal, our proxy for ion extraction from the host, occurs only during A — B.
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Fig. 6. Potential—stress response of the Na—HC electrode during the plating cycle as a function of

charge, (and specific capacity) showing variations in charge and stress during plating.

In equation 4, the applied charge Q%gis measured directly and Q% is obtained from the
stress measurements. We assume that the stress change during desodiation of the HC electrode is
mainly from elastic unloading of the active material and that the binder contributions are
negligible. The stress change per unit charge, 4g /A Q, during elastic unloading can be measured
from the regions between Z and C in Fig. 6 and is determined to be 1.95 + 0.51 MPa mAh™!. We
assume that this value also applies to the stress reversal (or the elastic unloading) that occurs during

A — B.
Since the stress change Ac from A—B is 3.29 MPa, we estimate:

AO—AB 3.29 MPa

Ac/AQ ~ 1.95MPa mAh-1 m

d _
Qap =

With the applied charge Q45 = 8.25 mAh, the fraction of charge supplied from the host matrix is:

d
%x 100% =

— X 100% ~ 16.949
QF, 1.68 +8.25 & %
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Thus, in the initial phase of plating for the Na-HC system, approximately one sixth of the Na-ions
originate from the host matrix, the rest coming from the electrolyte. Note that the non-elastic
factors such as binder properties plastic deformation of active material do not affect the elastic
unloading slope. This slope mainly reflects the effective elastic stiffness of the electrode and is

less sensitive to binder and the extent of plastic deformation for a given electrode.

Table 3 summarizes analogous calculations for different electrode systems and current
densities. Note that uniform plating on the host particles is assumed in this analysis. The data reveal
that the fraction of ions depleted from the host decreases with increasing C-rate (e.g., from ~27%
at ~C/45 to ~3.6% at ~C/7.5 for Na-HC). A plausible explanation is that at higher current densities
the Na* flux is large, causing accumulation near the particle peripheries and limiting extraction of
ions from the interior of the particles (as discussed in Section 3.1). As a result, ion depletion from
the host is minimal at high rates. Conversely, at lower rates (C/45, C/25) more homogeneous
diffusion and smaller stress gradients allow more efficient extraction of Na* from the host prior to
plating. Additionally, the thin film (Na-Ge) system shows a smaller fraction (~7.8 %) compared
to composite electrodes, likely owing to its denser structure and smaller accessible surface area for

host extraction.

Table 3. Parameters obtained for various material systems and current densities

Specimen  Electrode Current density, Normalized stress Fraction of ions
type uA cm? (or C- change (40/4 Q, avg. extracted (%)
rate) value), MPa mAh™'

Na—-HC Composite 50 (~C/45) 2.24 27.02

Na—-HC Composite 80 (~C/25) 1.95 16.94

Na—-HC Composite 160 (~C/7.5) 4.41 3.60

Li—Gr Composite 160 (C/8) 1.14 4.97

Na - Ge Thin film 6 (C/5) 7656 7.81

4. Conclusions

The plating phenomena in rechargeable batteries were investigated by monitoring real-time stress

evolution in working electrodes during electrochemical cycling and plating. A combination of
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electrode architectures (composite vs. thin film), reaction mechanisms (intercalation, pore-filling,
and alloying), and chemistries (Li and Na) were examined. Specifically, in-situ substrate-curvature
measurements were conducted on sodium—hard carbon (Na—HC), lithium—graphite (Li—Gr), and
sodium—germanium (Na—Ge) half-cells during metal plating and stripping during galvanostatic
cycling. The stress responses were correlated with electrochemical potentials and post-mortem
SEM/EDX observations. Complementary analysis was performed to estimate the fraction of ions

depleted from the active materials during plating. The main conclusions of this work are as follows:

e A characteristic V-shaped cusp (stress reversal) was observed simultaneously in both potential
and stress profiles at the onset of plating across all electrode systems, regardless of chemistry
or architecture. This distinct stress signature provides a diagnostic indicator for the initiation
of plating.

e The observed stress reversal arises from a volume contraction of the active material, attributed
to the possible depletion of Li*or Na* ions from the host matrix. Both the ions extracted from
the electrode and those originating from the electrolyte may participate in plating at its onset;
however, plating proceeds predominantly from the electrolyte-side ions thereafter.

e The ion-depletion behavior at plating onset was consistently observed across different systems,
independent of geometry (composite vs. thin film), chemistry (Li vs. Na), active material
(graphite, hard carbon, Ge, etc.), or reaction mechanism (intercalation, pore-filling, alloying).

e Charge analysis indicates that only a fraction of the total ions within the electrode are depleted
from the host matrix during the initial stage of plating. This depletion likely occurs in regions

near the electrode surface.

Overall, these findings provide new mechanistic insights into the early stages of metal plating in
rechargeable batteries. The results clarify the origin of ions involved in plating and highlight the
critical coupling between electrochemical and mechanical responses. Such understanding is
essential for developing accurate predictive models of plating behavior and for guiding the design

of stable, high-efficiency electrodes in next-generation battery systems.
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