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ABSTRACT: Anode-less Li metal batteries suffer from rapid self- Direct Li-electrolyte ) From operando "Li NMR:
discharge after plating Li metal during charge. The speculated reactions — LiSElformation

mechanism of self-discharge involves a combination of direct reac- 151 - ;ﬁ""" self-discharge current
. . - irect Li—electrolyte
tions between Li metal and electrolyte components as well as a = - Galvanic (Cu-mediated)
Cu—Li galvanic pathway involving electrolyte reduction at the g 107

copper—electrolyte interface. However, direct separation of these <

pathways and quantification of their relative contributions as a func- B 5

tion of the amount of plated lithium (plated Li capacity) in full cells

has not been achieved. In this study, we combine “Li operando o 0-

NMR, electrochemical impedance spectroscopy (EIS), and scan- Galvanic corrosion — Cu SEI o 10 2 3 40 50
ning electron microscopy (SEM) imaging to quantify Li loss rates, formation Thns sfier pletinio ()

track solid-electrolyte interphase (SEI) impedance growth, and visu-  Self-discharge tracked with: SEM EIS NMR

alize Li morphology evolution throughout self-discharge as a func-

tion of charge capacity. We find compelling evidence that self-discharge is initially dominated by rapid passivation of Li metal
through direct Li-electrolyte reactions, with preferential loss of high surface area Li deposits observed within the first 2 h after charge.
The initial rate of self-discharge is strongly dependent on the extent of Li plating, while long-term self-discharge rates are found to be
relatively insensitive to plated-Li capacity. This suggests that on longer timescales, self-discharge kinetics are governed by galvanic cor-
rosion. Self-discharge rates are accurately captured by a two-component kinetic model: a stretched exponential term describes the dis-
tributed kinetics of direct Li-electrolyte reactions (reflecting the range in Li morphologies), and a compressed exponential term
describes the galvanic pathway (reflecting nucleation-propagation of Cu SEI on freshly exposed Cu surfaces).

KEYWORDS: anode-less Li metal batteries, self-discharge, galvanic corrosion, solid electrolyte interphase, operando NMR, distribution of relaxation times,
EIS, stretched exponential kinetics

B INTRODUCTION depositing on the anode and resulting in buildup of a solid-

“Anode-less” or “anode-free” Li metal batteries (ALLMBs) are a electrolyte interphase (SEI) layer, until passivation of Li metal
. . Y and Cu inhibits further electrolyte reduction. In commercial
promising next-generation energy storage system, consisting of

a cathode material, an electrolyte and an electrically conductive carbonaFe-based electr9lytes, t.h ¢ SEI ' unstab?e due to t.h ©
current collector (such as Cu). During charge, Li* cations are mechanical stress applied during Li metal plating and strip-

extracted from the cathode and Li metal is deposited on the ping, " resulting in SEI fracture during cycling, further electro-
anode with the obposite occurrine durine discharee. The Iyte reduction, and gradual loss of lithium inventory. A further
’ c OPP & 5 ge- degradation process arises from pieces of Li metal breaking
absence of a solid-state anode, such as graphite in conventional away from the current collector during strippine. with this so.
lithium-ion batteries (LIBs), results in a large improvement in way o LT Lrng STIppIng, Wit
volumetric energy density of up to 50% at the pack level " over called ‘dead Li leading to reduced reversibility of plating and

68
LIBs. ALLMBs are essentially a ‘plug-in” technology in current stripping.
LIB manufacturing routes, and should be highly adaptable as

cathode materials evolve to be more sustainable and/or to Received: May 15, 2026

enable higher energy densities. However, current ALLMBs suf- Revised:  June 21, 2026 5y 5
fer from extremely short lifetimes, with low cycling efficiencies Accepted: June 29, 2026

caused by degradation processes on both the anode and cath- Published: July 6,2026

ode."”” At the anode, reduction of electrolyte components can
occur at low potentials and when Li metal is in direct contact
with the electrolyte,> with insoluble reduction products
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The current study focuses on a further degradation pathway, Li
metal self-discharge. This results in the loss of electrochemically
active Li metal during open circuit voltage (OCV) conditions after
charging and removal of Li inventory from, and thus a reduction
of the capacity of, the cell Two pathways for Li metal self-
discharge have been proposed in the literature—direct chemical
reactions of Li metal with the electrolyte (Scheme 1, top) and gal-
vanic corrosion of Li metal coupled with passivation of Cu
through electrolyte and/or copper oxide reduction (Scheme 1,
bottom).*>!” Quantification of self-discharge and mechanistic
understanding has developed considerably over the past 10 years.
Kolesnikov et al. used zero-resistance ammetry to establish
dynamic self-discharge rates in Cu—Li cells, building a description
of self-discharge using the difference between standard electrode
potentials of Li metal and Cu."" Gunnarsdéttir et al. used quanti-
tative “Li operando NMR of Cu—LiFePO, cells to measure Li
metal loss rates directly using a variety of electrolytes, SEI forma-
tion procedures and surface coatings. They observed a reduction
in self-discharge current (Ig,) for samples where a lower current
was used during the SEI formation step (to form a more stable
interphase prior to the onset of lithium plating). They assigned
the differences in the rates of self-discharge seen between different
electrolytes and coatings to a combination of (i) the differences in
the composition and passivating nature of the SEI on Cu and Lj,
(ii) the Li* transport through the Cu and Li SE], and (iii) the rel-
ative surface areas of Cu and Li* Lin et al. diagnosed fast self-
discharge by continuous Kirkendall-type voiding of Li metal to
arise from a galvanic process resulting from slower electrolyte
reduction rates on Cu compared with Li metal. They also evalu-
ated the chemical compositions of the SEI on Li metal and Cu
using X-ray photoelectron spectroscopy (XPS), finding the SEI
on Cu to be more organic-rich and to have increased porosity.
Their results also indicated continuous self-discharge in Cu-Li
cells even at long rest times (hundreds of hours) and they hypoth-
esized that long-term self-discharge behavior is governed by the
equilibrium between deposition of reduced electrolyte compo-
nents formed during self-discharge on Cu and dissolution of solu-
ble organic electrolyte reduction products on Cu.’

The above studies provide guidelines for the inhibition of
self-discharge, mainly by avoiding electrolyte contact with Cu
and Li metal after plating, through formation of an
electrolyte-blocking SEI on both Cu and Li metal. This strategy

was utilized by Kwon et al. who designed a borate-pyran lean
electrolyte, which resulted in dense Li metal deposits after plat-
ing and a stable SEI through ‘restructuring’ by continuous disso-
lution and re-precipitation of LiF.'* Merrill et al. employed dual
salt electrolytes to significantly decrease the impact of self-
discharge at higher plating capacities.'®> Harrison et al. applied
in situ electrochemical scanning transmission electron micros-
copy to show reduced self-discharge rates when high concentra-
tion LiFSI-based electrolytes are used in combination with
nanoscale LiAl ;S coatings on Cu electrodes.'*

Despite the progress outlined above, however, several key
questions remain. Firstly, the impact of Li plating capacity
(Q,) on the rate of self-discharge (described and quantified in
this work as the current of self-discharge, Is,) —and how it
evolves as self-discharge progresses for different %P values—
has not been studied systematically. Merrill et al. indicated that
galvanic corrosion is severely limited at higher % values when
using optimized electrolytes; however, they did not directly
measure Li loss rates; instead they utilized the variation in
Coulombic efficiency with different rest periods as a proxy for
self-discharge rate.'* The relationship between Q, and the con-
tribution of direct Li metal-electrolyte reactions and galvanic
self-discharge via Cu, has also not been addressed. Lin et al.
assigned around 80% of total I, to arise from a galvanic path-
way,” measuring I, for one plating capacity. They determined
this using Cu-Li cells held at 0 V vs Li/Li* where the galvanic
and direct Li-electrolyte pathways are physically separated in
the cell (ie, no Li is plated on the Cu electrode). Ideally, this
deconvolution should be performed in full ALLMB cells and
for more than one plating capacity. Although considerable effort
has been made to quantify Iy, and follow the interphase chem-
istry as self-discharge progresses, the variation of the resulting
interphase electrochemical properties has been studied very lit-
tle, in particular using electrochemical impedance spectroscopy
(EIS). Kwon et al. recorded EIS of Li—Li symmetric cells with
different electrolytes, finding a positive logarithmic growth rela-
tionship between interphase resistance and self-discharge
time.'> However, Li-Li studies may not be directly relevant to
the interphase electrochemical properties of the mixed metallic
system of Cu and Li metal during self-discharge.

In the current work, we study self-discharge rates as a function
of Q, using SEM, operando NMR, and EIS. We hypothesized that

Scheme 1. Schematic of the Proposed Mechanism of Li Metal Self-Discharge under OCV Conditions Proposed in Previous

Studies”

Route 1: Direct Li -
electrolyte reactions

Proposed mechanism:

Cu SEI Limetal LiSEIl ‘ .
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Route 2: Galvanlc corrosion

\3 & ‘ Cu SEI formation

Li SEI formation

This work:

Vary plating capacity

Relative contribution of Route 1 and 2?
Relative rates of self-discharge?

“Self-discharge is proposed to occur through either direct Li-electrolyte reactions that result in Li SEI formation (Route 1) or a galvanic corrosion-
type process where Li oxidation is coupled with electrolyte reduction and SEI formation on the Cu electrode (Route 2). In this work, self-discharge for
different plating capacities of Li on Cu is investigated. The relative contribution of Routes 1 and 2 and the rate of self-discharge for different plating
capacities is investigated using operando NMR, EIS, and SEM. Color scheme: orange: Cu electrode; gray: Li metal; dark green: Li SEI; pink: Cu SEL
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varying the amount of plated Li (Q,), which will result in differ-
ent ratios of Li metal and Cu exposed to the electrolyte at the
end of plating, would provide a route to probe the relative contri-
butions from direct Li metal-electrolyte reactivity and galvanic
corrosion. We find that both the rate (measured via the current,
Ip,) and the extent of discharge vary significantly with Q, and as
the self-discharge progresses. By a combination of direct Iy
extraction via kinetic modeling of NMR data, and distribution of
relaxation times (DRT) analysis of EIS data, we present compel-
ling evidence of a two-component mechanism for self-discharge
in full Cu-LFP cells. We assign fast initial self-discharge to rapid
Li-electrolyte reactivity, particularly of the smaller Li microstruc-
tures, and slower long-term self-discharge behavior to galvanic
corrosion-based self-discharge. We provide strong evidence of
anodic galvanic corrosion in Cu—LFP full cells and discuss possible
mechanisms for this process. DRT-based EIS analysis distinguishes
between the kinetics of charge transport within the SEI formed on
Cu and L, indicating faster Li* transport through the SEI formed
on Li compared to the SEI on Cu. The time dependence of the
total SEI polarization resistance growth rate closely mirrors Li loss
rates determined through "Li operando NMR, providing strong evi-
dence that the kinetics of self-discharge are governed by the kinet-
ics of SEI formation.

H EXPERIMENTAL SECTION
Materials

General Materials. All materials were used as received from sup-
pliers unless otherwise stated. LPS7 electrolyte (1 M LiPF, in
EC:EMC 3:7 (vol), Solvionic, battery grade) was received in a sealed
bag under argon and transferred and stored in a glovebox. LPS7 is used
in all electrochemistry reported. The water content was measured
between 2—-30 ppm (using Karl Fischer titration, Metrohm).
Stainless steel spacers and springs used in coin cells were rinsed with
ethanol (EtOH) and dried for 2 weeks in a 60 °C oven. Commercial
lithium iron phosphate (LFP) electrodes were used as the cathode in
all studies (PI-KEM, 80 pm thickness, ~2.2 mAh/cm? areal capacity).
Cell assembly and handling air-sensitive materials was performed in an
argon glovebox (MBraun, O, H,0 < 1 ppm).

Electrode Preparation. Commercial LFP cathodes were cut to a
diameter of 16 mm and dried at 120 °C for 18 h at 0.03 mbar.

Cu electrodes (25 pm thickness, MTI) were cut to 16 mm diameter,
soaked in concentrated acetic acid (AcOH) (Fisher Chemical, lab
reagent grade) for 10 min, before drying using N, gas, following previ-
ously developed procedures shown to homogenize CuO_>"* Cu elec-
trodes were then dried in a 100 °C vacuum-oven for 18 h to remove
residual surface moisture, before being transferred and stored in a
glovebox.

B METHODS
Coin Cell Fabrication

Coin cells were assembled using a CR2032-type design. AcOH-
treated Cu (16 mm diameter, 25 pm thickness) was paired with
LFP (16 mm diameter, 80 pm thickness), separated by one
piece of Celgard (19 mm diameter, 25 pm thickness, $5% poros-
ity, Celgard). Three spacers (0.5 mm thickness, 15.8 mm diam-
eter, Cambridge Energy Solutions) and a stainless steel spring
(15.4 mm diameter, Cambridge Energy Solutions) were used
in the cells—two spacers on the side of Cu, and a spacer and
a spring on the side of the LFP. 75 puL of LP57 electrolyte
was used in each coin cell. Assembled cells were rested for
1 h 30 min before performing electrochemistry, matching the
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average setup and rest time of operando NMR Cu—LFP
capsule cells.

Electrochemistry

All electrochemical experiments were performed using BioLogic
cyclers (BioLogic Instruments, VSP 300 potentiostat).
Assembled coin cells were rested for 2 h, before plating 0.25,
0.5 and 1 mAh/cm? at 0.25 mA/cm? for 1, 2, and 4 h, respec-
tively. The cells were rested for 15 min after the end of plating.
EIS measurements (GEIS, + 100 pA, 200 kHz — 5 Hz, 11
points per decade (ppd)) were taken as soon as the cell was
connected to the cycler to check cells were not shorted and
then every 30 min after the initial 15 min rest at the end of plat-
ing for the first 10 h, and every 2 h after the first 10 h. The elec-
trochemistry performed on operando NMR capsule cells was
identical to the procedure described above. To obtain reference
EIS spectra, symmetric cells of Cu with 0.25, 0.5 and 1 mAh/
cm? of Li plated at 0.25 mA/cm? (called Cu(Li)) and partially
delithiated LFP were assembled by first assembling Cu-LFP full
cells, as described above. The full cells were rested for 1 h and
30 min, before plating on Cu at 0.25 mA/ cm? for 1, 2, and
4 h. At the end of plating, the full cells were transferred into a
glovebox, disassembled and reassembled into symmetric cells.
75 pL of LPS7 was added to the symmetric cells — electrodes
from full cells were not rinsed or dried under vacuum, meaning
the total amount of electrolyte in the symmetric cells may be
slightly higher than in the full cell experiment described in the
previous section. Assembled symmetric cells were rested with
GEIS taken every 30 min (GEIS, + 100 pA, 200 kHz — S Hz).

DRT Analysis

Distribution of relaxation times (DRT) analysis of EIS data was
performed using the pyDRtools open access software.'®~** The
raw EIS data were first multiplied by the geometric surface area
of the electrodes (2.011 cm® for coin cells). Ideally, the actual
electrochemically active surface area would be used; however
determination of this area is very difficult after plating of Li onto
Cu and is the subject of ongoing work. To ensure accuracy of
the DRT spectra obtained using pyDRTtools, EIS data pre-
processing was required to leave only the EIS data which corre-
sponds to polarization or resistive-capacitive behavior. This was
necessary as the form of the DRT transform used in the
pyDRTtools software can only accurately analyze polarization
processes related to resistive-capacitive behavior.”>*! High-
frequency inductive behavior was filtered by excluding points
with positive Im(Z) (which would appear in the bottom right
quadrant in the Nyquist representation). For Cu—LFP full cells,
and Cu(Li)-Cu(Li) and LFP-LFP symmetric cells, low-
frequency diffusive and capacitive behavior was filtered by com-
plex nonlinear least squares fitting of the low-frequency region
(selected as the frequencies lower than the ‘turning point’ from
semi-circle to Warburg-like behavior), with a resistor in series
with a constant phase element (CPE), with Z, ., following
the procedure established in prior work,*® modeled as:

(1)

1
Ziowt =Ry + ———
lowf 1 (i(ﬂ)aQ

where R, is the sum of bulk resistance and polarization pro-
cesses resistances, o is the angular frequency of each EIS mea-
surement, Q is the CPE coefficient and o is the CPE

https://doi.org/10.1021/acselectrochem.6c00201
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exponent. The tail was then fitted to the Z, _ equivalent circuit
using an R script available at Github/kmylrea with the complex
nonlinear least-squares (CNLS) approach. Initial guesses for
parameters were obtained using the simplex function minimiza-
tion algorithm of Nelder and Mead,** with a maximum number
of iterations of 500 and a relative tolerance of 1 X 10°®. The ini-
tial parameter estimations for R; Q and « (the fitting parame-
ters associated with the low frequency model) were then used
as starting points for Levenberg-Marquardt optimization, with
a maximum number of iterations of 1000, and a tolerance of
1 X 107", Parameters from modeling of Z_, for each cell
are given in Figures S37—S39, and Nyquist plots post pre-
processing are shown in Figure S36.

After subtraction of the extrapolated Z, . over all measured
frequencies from the full EIS data, DRT spectra were calculated
using Gaussian radial basis functions, with the inductive part of
spectra ignored. The form of DRT kernel used was the standard
form in pyDRTtools open-source software:'%'”

. Int
ZDRT:Rw+f_m%dlm (2)

where y(Int) is defined as:

y(Int) = m%:lxmq)p(um ~Int,|) (3)

where d)p(|ln’c — Int,|) represents a radial basis function with
center timescale T,, and shape parameter p. x,, are initially
unknown parameters determined through regularized regres-
sion of the DRT to the raw data and represent the weight of
each (I)p(|ln’c — Int,|) to the optimized y(Int).

As regularization was used to stabilize the optimal DRT, it
was important to develop a procedure for regularization which
allowed accurate DRT calculation for all EIS data recorded as
self-discharge progressed. Firstly, the regularization derivative
was set to second order to minimize oscillations in the obtained
DRT. Secondly, in-built Modified Generalized Cross-validation
(mGCV) analysis was used to give an optimum value of the reg-
ularization parameter (L) for each spectrum recorded.'® To
allow simpler further analysis of DRT spectra without having
to consider the impact of changing A as self-discharge pro-
gresses, DRT spectra were then recalculated using an averaged
A value—using the geometric mean of the A value obtained
from mGCV DRT transformations on all EIS spectra recorded
after plating for each cell (Average A values with and without
pre-processing in Table S4). DRT spectra for preprocessed
and full EIS data using mGCV optimized and the averaged A
regularization procedures are shown in Figures S40—S43. The
Kramers-Kronig transformations were applied to the EIS spec-
tra using pyDRtools Hilbert transform function — all EIS spec-
tra showed high scores indicating that the system was stable and
causal during the EIS measurements.**>**

NMR Spectroscopy

A polyether ether ketone (PEEK) capsule cell (design described
previously,”> NMR service, eProbe) was used for all "Li operando
NMR measurements. The cell’s current collectors were three
twisted Cu wires (0.25 mm diameter, Puratronic 99.9985% metal
basis, Thermo Scientific) for the Cu electrode and Al mesh
(Cambridge Energy Solutions) twisted into a wire for the LFP
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cathode. Each cell included a thick Viton rubber spacer (1 mm
thickness, 0.6 cm width, 1.2 cm length, Polymax) which was
rinsed three times with EtOH before drying at 60 °C for 24 h
and then dried under vacuum for 1 h (0.001 mbar). The Viton
rubber spacer was placed underneath the three wires making up
the Cu current collector. The Cu electrode was cut to be 0.8 X
0.4 cm, and the LFP was cut to be 0.9 X 0.4 cm, to ensure an
excess of available Li for plating. Between the electrodes, two
pieces of Celgard (1 X 0.5 cm) of the same type used in coin cells
and a piece of glass fiber (1.1 X 0.6 cm) were used as separators.
The use of more layers of separators contributes to ensuring rea-
sonable stack pressure within the capsule cell and is expected to
only shift the cell's bulk resistance and not contribute to observed
interfacial impedance. 150 pL of LPS7 electrolyte was added to
each cell — 75 pL was added between the glass fiber and the
Celgard on the side of the LFP, and 75 pL was added between
the Celgard and the LFP. Assembled cells were rested for 1 h
and 30 min while NMR experiments were set up before applica-
tion of current to plate Li.

"Li operando NMR experiments were performed on a Bruker
Avance 300 MHz spectrometer (corresponding to a “Li Larmor
frequency of 116.59 MHz) using a single channel in situ NMR
probe with automatic tuning and matching (ATM) capabilities
from NMR Service GmbH.*®> The 90° pulse lengths (2—6 ps,
corresponding to ’Li rf field strengths between 125—40 kHz)
were optimized on the electrolyte signal for each cell. For the
cells with 0.5 and 1 mAh/cm? of plated Li metal, 256 scans were
used whereas 512 scans were used for the cell with 0.25 mAh/
cm? of plated Li metal. Recycle delays of 1 s were used for all
experiments as this value is at least five times the spin-lattice
relaxation time constant (T,) for Li metal (T, = 0.1 s),* allow-
ing for quantification of the Li metal signal. Chemical shifts
were referenced using a 0.1 M aqueous solution of LiCl
(8,,("Li) = 0 ppm). Processing of the spectra was performed
in Bruker TopSpin software, applying automatic phase and
baseline correction. Extraction of the Li metal integral
intensity—denoted as the Li metal intensity throughout this
work—was achieved in R through integration of the total inten-
sity between 310—220 ppm. The intensities of the Li metal sig-
nals were normalized to the intensity of the signal of Li metal
directly at the end of plating. See Table S1 for the full list of
parameters used for each NMR experiment.

SEM Imaging

SEM imaging was performed with a Tescan MIRA3 FEG-
Instrument at an acceleration voltage of 3 kV, a working dis-
tance of 5—6 mm and a current of 30 pA. Cu electrodes were
removed from Cu-LFP cells at the end of plating, the electrodes
were cut in half, and a small strip (around 2 mm) was cut from
one of the halves. See Scheme S1 for a schematic of sample
preparation. Cells were reassembled, with the two halves of
Cu left placed as close to each other as possible, and 50 pL of
LP57 added. The same LFP cathode was utilized as the counter
electrode. For each sample, isolation of the SEM sample took
around 5 min from the end of plating. The small strips removed
from the Cu were allowed to dry for 10 min, before being
mounted onto SEM spin stubs and placed in an airtight transfer
module (Kammrath & Weiss, type CT0). The process of cell
opening, sample collection and cell reclosing was repeated 2,
20, and 50 h after the end of plating. Samples were not washed
as initial experiments indicated this significantly damaged the
rough needle-like Li deposits.

https://doi.org/10.1021/acselectrochem.6c00201
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Data Analysis

For Ig, extraction from raw Li metal intensity decay curves,
locally estimated scatterplot smoothing (LOESS) was applied
to the decay curves, before differentiation of the smoothed
curves to extract Ig, via eq S.

Bl RESULTS
Visualizing Self-Discharge by SEM

Figure la presents a representative voltage vs time trace for the
electrochemical procedure used in this work. Cu-LFP cells
were first rested for 2 h, before applying a constant current of
0.25 mA/cm? for 1, 2, or 4 h; (Figure 1a shows current applica-
tion for 2 h). On application of current, the voltage trace moves
through a series of short SEI formation steps, visible as kinks in
the voltage trace (inset, Figure 1a) before reaching the Li metal
plating plateau at around 3.5 V. This procedure resulted in a

nominal plating capacity (Q,) of 025, 0.5, and 1 mAh/cm”.
The actual plating capacity will be lower than Q, due to a por-
tion of the charge passed resulting in SEI formation (as illus-
trated by the inset to Figure la); however, the value is
used to distinguish between samples throughout this work for
convenience. We then rested the cells for up to 50 h, during
which period the cell voltage initially relaxes slightly and then
remains stable at around 3.4 V unless all electrically active Li
metal is lost, at which point the cell voltage falls close to 0 V
(the voltage drop on Li depletion is not observed for the repre-
sentative Cu—LFP coin cell voltage-time trace shown in
Figure 1la, but is shown in Figure S55 for an operando Cu-LFP
cell with a plating capacity of 0.25 mAh/cm?).

In carbonate-based solvents, Li metal deposits show a range
of morphologies depending on the exact plating conditions
and electrolyte composition—including rough ‘needle-like’,
dendritic (with a range of diameters from 10 to around

700 nm) and Li metal “flowers” (thicker dendrites of diameter
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Figure 1. Li metal morphology evolution. (a) Voltage vs time profile for an LFP—Cu coin cell, showing representative electrochemistry for all exper-
iments within this work. The specific voltage profile shown corresponds to a Cu—LFP coin cell in which 0.5 mAh/cm® of Li was plated at
0.25 mA/cm® (b) SEM images of Li plating morphology as self-discharge progresses for Q, =025, 0.5, and 1 mAh/ cm”, with samples extracted
from Cu—LEP coin cells post-plating. In (a), plating of a total 0.5 mAh/cm® is shown in the inset as comprising of an initial change in voltage after
current application, with the cell first undergoing SEI formation (gray box; from 1.5 to 1.54 h, 0.03 mAh/cm?) followed by the onset of plating (pink
box, from 1.54 to 3.5 h, 0.47 mAh/cm?). SEM samples were extracted at 0, 2, 20, and 50 h indicated by the four circles in (a). In (b), the yellow and
pink arrows mdlcate examples of Li “flowers” and residual dried electrolyte contamination, respectively. The smooth region in Figure 1b, 0 h, Q, =
0.25 mAh/cm’ is also due to the dried electrolyte. The view field for all images is 20 pm. Further images for all samples can be found in

Figures S1—S12.
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between 1 and 10 pm, shown with yellow arrows in Figure 1b).?
Scanning Electron Microscopy (SEM) imaging of Li metal
deposits on Cu following different rest periods was undertaken
to determine whether SEM could be used to visualize morphol-
ogy evolution. Samples were extracted from cells immediately
after the end of plating, and then 2, 20, and 50 h after the
end of plating (Figure 1a, sample extraction times shown by cir-
cles). More information on sample extraction and preparation
can be found in Supporting Information Section 1. Samples
were not rinsed, so some electrolyte contamination was
observed, in some cases obscuring the dendrites (shown by
pink arrows in Figure 1b).

Figure 1b shows SEM images of Li deposits as self-discharge
progresses. Rough, needle-like and dendritic Li metal deposits
are observed for all samples disassembled immediately after
plating (0 h, blue boxes). However, after 2 h, the needle-like
and dendritic Li metal dendrites had largely disappeared, partic-
ularly in the = 0.25 mAh/cm?” sample. This is consistent
with rapid self-discharge of Li in these thinner morphologies,
revealing “flower”-like Li metal, which was presumably origi-
nally buried under the needles, for all samples (2 h, orange
boxes). For values of 0.5 and 1 mAh/cm?, flowers are
observed alongside residual larger needle-like and dendritic
deposits. After 20 h rest, the “flower”-like Li metal appears
smoother at 0.25 mAh/cm? but is more poorly defined for %
values of 0.5 and 1 mAh/cm?* (20 h, pink boxes). After 50
of rest, no “flowers” were observed and the Li metal morphol-
ogy appears very rough (SO h, red boxes). This suggests that
in LPS7, Li metal is plated as a mixture of larger “flower”-like,
dendritic and needle-like deposits. Needle-like deposits appear
to form on top of and between “flowers’—potentially a result
of nucleation of dendritic Li on the body of “flower”-like Li
deposits. We speculate the emergence of “flowers” after 2 h rest
results from preferential loss of high surface area needle-like Li
metal. After S0 h of rest, the “flowers” appear to break down
into rougher (SEI-coated) Li metal. As expected, the density
of Li metal increases as %) increased, with more bare Cu
observable in between the flowers for lower Q, values — see
Figures S1—S12 for images at different view fields.

The above results indicate the role that SEM can play in eval-
uating the qualitative variation in Li metal deposit morphology
and the importance of fast removal of plated Li metal samples
from cells for SEM imaging. While SEM reveals preferential loss
of high surface-area morphologies, quantitative tracking
requires a different metrology, and is now attempted with the
NMR measurements described below.

Quantifying Self-Discharge Rates Via ’Li Operando NMR

Li operando NMR experiments were undertaken to directly
quantify Li metal loss as self-discharge progresses for three
values. For all samples, the "Li NMR spectra of Cu-LFP
PEEK capsule cells before plating only showed signals in the
region around O ppm (i.e, Li* cations). At least 4 peaks are
seen in this region, which were ascribed to Li environments in
the LFP, SEI and electrolyte (Figures S13 and S19).
Assignments of these spectra are complicated by the bulk mag-
netic susceptibility (BMS) shifts, as discussed in the Supporting
Information (Figure S14) and not explored further in this
study. After plating, a broad peak at around &.;; = 270 ppm
is observed, which is assigned to Li metal (see Figure 2a for
an example spectrum, Figures S16—S18 for contour plots of
all cells throughout the experiment).
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Figure 2. Normalized Li metal signal intensity vs experiment time.
(a) Example "Li NMR spectrum of a LFP—Cu PEEK capsule cell 2 h
after plating 1 mAh/ cm” at 0.25 mA/ cmz, with the Li metal and Li"
environments marked. (b) Signal intensity of the “Li metal peak
obtained from operando "Li NMR experiments on a Cu anode for
Cu—LFP PEEK capsule cells containing 150 pL of LPS7 electrolyte,
as a function of Q,. See Figure S20 for normalized Li metal intensities
vs time (h) of repeats at each Q,, value. The gray dashed lines represent
the slope of a linear fit to the first S h of decay, clearly indicating a
decreasing Iy, as self-discharge progresses for all values. Initial
values of Iy, = 9.7 + 04, 40 + 14, and 3.8 + 3.7 pA/cm” for Q,
values of 0.25, 0.5, and 1 mAh/cm?, respectively, are extracted from
these fits (see Data Analysis and Discussion section for details).

The Li metal peak is broadened by the various orientations
and morphologies of different Li metal deposits in the sample,
and the resulting BMS effects.”*” Figure 2 shows the normalized
intensity of this Li metal peak first with plating and then resting
over the first 50 h for Q values of 0.25, 0.5 and 1 mAh/cm”
plated at a current of 0.25 mA/cm?, where the intensity for each
sample is normalized to the maximum Li metal signal intensity
recorded during the experiment (ie, at the end of plating).
The intensity initially rises as Li metal is plated before decaying
once OCV conditions are applied at the end of charge.

The rate of decay appears to slow down as self-discharge pro-
gresses, indicating that Iy, decreases as self-discharge progresses.
The gray dashed lines in Figure 2 show a linear fit to the decay within
the first 5 h for the three Q, values. These lines are then extrapolated
over the full 50 h to illustrate that the Li loss curve deviates signifi-
cantly from this linear prediction as self-discharge progresses, indicat-
ing that I, becomes smaller for all three Q values as a function of
time. Furthermore, the Li self-discharge rate decreases as more Li is
plated: almost all Li has disappeared in S0 h for the 0.25 mAh/cm®
sample, while more than 50% of signal remains after 50 h for the
0.5 mAh/cm” sample. The Li metal self-discharge rate is further
explored in the ‘Modeling of Li metal decay curves’ section below.

EIS of Self-Discharging Systems

The change in the self-discharge rates with rest time, as revealed
by the "Li operando NMR results presented above, suggests that
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the SEI on Li and Cu evolves significantly during self-discharge,
as was also indicated through XPS studies in previous work.”
Therefore, the evolution of the electrochemical properties of
anode interphases during self-discharge was investigated by
monitoring the interphase impedance of Cu—LFP coin cells
with EIS for values of 025, 0.5, and 1 mAh/cm>
Galvanostatic EIS (GEIS) was combined with measurement
parameters selected to minimize disruption to the system
(applying a relatively small perturbation size (100 pA) and a
high lower cutoff frequency (S Hz) (see Methods section for
further discussion)). After an initial 1S min stabilization period
post the plating, to minimize the impact of rapid initial self-
discharge (observed by Kolesnikov et al.)'' on EIS measure-
ments, GEIS measurements were recorded every 30 min for
the first 10 h after the end of current application and every
2 h for the next 40 h.

Figure 3a presents Nyquist plots (—Im(Z) vs Re(Z)) as self-
discharge progresses for each Q, value (with repeat cells at each
Q, shown in Figure S$35). The plots for all Q, values show one
distorted semi-circle and a small tail at low frequencies, which
may be the onset of another semi-circle or a Warburg-like diffu-
sive tail (the S Hz lower frequency cut-off used in this work pre-
vents any further conclusions from being made). The spectra
‘grow’ over time towards the top right corner of the Nyquist
plot. This growth indicates that the magnitude of the imped-
ance response in the middle frequency range (below
50,000 Hz, above 10 Hz) is increasing, suggesting growth in
the impedance of the processes at the interphase as self-
discharge progresses.

To avoid equivalent circuit modeling (ECM), due to the high
likelihood of overlapping interfacial processes within the EIS
data, the frequency-domain data was transformed into DRT
spectra in the time domain. DRT spectra are presented as
y(Int) vs T, where T represents the time constant or relaxation
time of a particular process and y(Int) (defined in eq 3,
Methods) is the intensity of an element with characteristic time,
T. T is related to the timescale for capacitive charging of a

resistive-capacitive process and depends on the kinetics of
charge transport for a particular process (identified as a peak
in DRT spectra). Integration of a peak with respect to T offers
a measure of the polarization resistance of an electrochemical
process (i.e., the relative contribution of a specific process to
the total impedance), and the T value at the maximum value
of y(Int) for each process represents the average time constant
for the charge transport kinetics of that process.

Nyquist data was processed to remove low frequency diver-
gence from the Re(Z) axis by fitting the low frequency tail with
a resistor in series with a constant phase element (CPE). This
processing prior to the DRT analysis is required as the low fre-
quency divergence from the Re(Z) axis can result in false peaks
in the DRT (below T = 107> 5).2° A comparison between DRT
spectra calculated with and without pre-processing (Figures S41
and S43) reveals that the peaks that were observed in non-
preprocessed DRT spectra below T = 107> s are removed by
the pre-processing, with limited effect on the peaks at higher
frequencies.”® Further details regarding data pre-processing,
the regularization procedure used for DRT transformation and
the form of the DRT kernel used for transformation can be
found in the Methods section and Supporting Information
Section 3.

DRT vy(Int) vs T spectra, from the processed Cu-LFP GEIS
data (Figure 3b) reveal two overlapping peaks, assigned to at
least two different processes. At the start of the rest period,
one peak is centered around T = 10™*% s and one around T =
107375 s, with both peaks growing in intensity and shifting to
longer T values as self-discharge progresses (Figure 3b). To
facilitate assignment of full cell DRT spectra, LFP-LFP and
Cu(Li)-Cu(Li) symmetric cells were assembled at the same
state of charge as the Cu-LFP full cells at the onset of self-
discharge. Comparison of the DRT spectra between full
(Figure 3b) and symmetric (Figure 3c) cells allows assignment
of the faster process at T ~ 10™*° s mainly to LFP-related pro-
cesses, and the slower process at T ~ 107>7 s mainly to anode-
related processes. The origin of the shift of the LFP process to
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Figure 3. EIS during self-discharge. (a) Representative Nyquist plots of raw EIS data recorded on Cu—LFP coin cells throughout self-discharge after
plating Q, = 0.25, 0.5, and 1 mAh/ em”. (b) DRT transformed y(Int) vs T spectra for Cu—LFP coin cell EIS measurements as self-discharge pro-
gresses. (c) DRT transformed y(Int) vs T spectra of Cu—LFP, LFP—LFP, and Cu(Li)—Cu(Li) coin cells, as a function of time. All EIS data was
collected on coin cells. Three different amounts of Li plating, Q,, were used in (a) and (b) of 0.25, 0.5, and 1 mAh/cm?, as labeled from bottom
to top in the spectra. For (c), symmetric cells were assembled from two Cu—LFP cells after plating 1 mAh/cm? through the same procedure used
for full cell electrochemistry. In (b), the dashed lines indicate the assignments of the mainly LFP (higher frequency) and SEI on Cu and Li (lower

frequency) processes.
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longer T and the associated increase during self-discharge of the
polarization resistance (I%) for this process in a symmetric cell
is not obvious, and may be related to the relaxation of the inter-
faces between the close-to-fully lithiated and delithiated LFP
that will be present in the partially charged LFP electrodes,
migration of the interfaces both within and between particles
likely occurring.”®

The anode-related peak around T ~ 10737° s may, in princi-
ple, be due to Li" transport through the SEI on Li and Cu, or
the Li metal charge transfer reaction. Prior work suggests that
in ALLMBs, SEI charge (Li*) transport is associated with a
shorter T value than Li metal charge transfer,”* 3> and we sim-
ilarly assign the T ~ 10737 s peak to charge transport through
the SEI. We interpret this T as the characteristic average relaxa-
tion timescale of ionic polarization across the SEI on Li and Cu.
The slower Li metal charge transfer process is not observed
here due to the relatively high low frequency cutoff (S Hz) in
our EIS measurements.

DRT spectra were fitted with Gaussian peaks to extract R,
and 7 for each process (see Supporting Information Section
3.4 for more details and example fit in Figure S46). To limit
the impact of variation in EIS data resulting from variation in
coin cell components, R, values are divided by 9, the initial
R, for the relevant peak after the onset of self-discharge. The
peak assigned to transport through the SEI on Cu and electro-
deposited Li was fitted with a single Gaussian, meaning that the
combined change in polarization resistance of the SEI on Cu
and Li is tracked. For all QP values, RP/ RP0 for the anode SEI

process increases as self-discharge progresses (Figure 4a). This
is generally assigned to a combination of the growth, and thus
resistance, of the SEI, and the decrease in Li metal surface area
as self-discharge progresses (as seen here by operando” Li
NMR). The rate of increase slows as increases. To
explore the rate of R, growth further, RP/RP0 vs time for each

was differentiated by finite difference differentiation, yielding
d(R,/ RPO) /dt. A six-point rolling bin was applied prior to differ-
entiation to reduce the noise in the derivative (Figure 4b). The
growth rate of R,/ Rp0 is initially highly dependent on Q%, show-
ing the highest growth rate for = 025 mAh/cm®. After
approximately 10 h, the growth rate then converges to a com-
mon value across all QP values, indicating that the kinetics of
the process resulting in SEI R, growth become independent
of the initial plating capacity.

The initial value of T for the anode SEI charge transport peak
shifts towards shorter values as Q, increases (Figure 4,
Figure S45 for extracted T values). For all Q, values, T lengthens
and tends towards a plateau as self-discharge progresses. The
magnitude of T change is largest for Q, = 0.25 mAh/ cm?, con-
sistent with the greater fractional Li loss observed in Figure 2.
Interpretation of the impedance data is discussed further below
in the Mechanistic Interpretation section.

H DISCUSSION

Both the NMR and EIS results indicate variable self-discharge
rates, both as the rest progresses and as a function of plating
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Figure 4. DRT fitting. (a) Average anode normalized SEI polarization resistance (Rp/ RPO) vs time after plating (h), where RpO is the R, value of the

SEl-assigned peak in the first EIS measurement post-plating. R, values are normalized to the first R,

RPO. (b) d(RP/RPO)/dt vs time after plating for

values of 0.25, 0.5, and 1 mAh/cm®. (c) Anode SEI T vs time after plating (h) for Q,, values of 0.25, 0.5, and 1 mAh/ cm?”. Data points and error
bands in (a) and (c) show the mean value and one standard deviation between Cu—LFP coin cells with the same Q, respectively (RP and T were

obtained through analysis of DRT spectra of Cu—LFP coin cells during self-discharge, representative DRT spectra are shown for each

value in

Figure 3b). In (b), a six-point rolling bin was applied to the average normalized R, data for each Q, to reduce noise in the derivative. The error bars
in (b) represent the error propagated through both the binning and the derivative processing, further details are given in Supporting Information
Section 3.4. The dashed line in (c) guides the eye and has no physical relevance.

2093

https://doi.org/10.1021/acselectrochem.6c00201
ACS Electrochem. 2026, 2, 2086—2101

920z 1snbny 9z uo Jesn ADOTONHOIL 40 AINN YI1NT Aq 4pd 3110200-9202-09/€6520859/9802/8/2/4Pd-8]01e/L0[0oE/610's0B Sqnd woly papeojumog


https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.6c00201/suppl_file/ec6c00201_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.6c00201/suppl_file/ec6c00201_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.6c00201/suppl_file/ec6c00201_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.6c00201/suppl_file/ec6c00201_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.6c00201/suppl_file/ec6c00201_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.6c00201/suppl_file/ec6c00201_si_001.docx
http://pubs.acs.org/electrochem?ref=pdf
https://doi.org/10.1021/acselectrochem.6c00201

ACS Electrochemistry

pubs.acs.org/electrochem

capacity. The origin and mechanistic implications of these
results are now investigated through the development of a series
of models, involving gradual relaxation of assumptions regard-
ing the nature of self-discharge kinetics on the Cu(Li) electrode.

Isp Extraction from Raw Li Metal Decay Curves

The self-discharge current, I, was extracted through first nor-
malizing the NMR data to the maximum intensity of Li metal
signal in the full data set (Figure 2), before converting this max-
imum value to the amount of Li present at the end of plating

through:

Qmax = (Qp - QSEI) (4)

where and Qg are the nominal plating capacity and the
capacity associated with SEI formation pre-plating, both in
mAh/cm?, and Q, is the compensated plating capacity at the
end of charge, in mAh/cm?® An average Qg was applied for
all I, calculations, determined through averaging the charge
passed before reaching a plating plateau at 3.5 V for 25 separate
Cu—LFP PEEK cells. This value was calculated as 0.0030 +
0.0010 mAh/cm? (see the inset in Figure la for clarity on the
region selection). Iy, (in g A/cm?) is then extracted as:

Isp = Qmar (3)

where  is the slope of the Li decay curve (or the slope of the
simulated decay curve associated with a particular model). For

linear fits, I, has a constant value within each region fitted
with a linear slope as ) is constant. For continuous models
(and raw NMR data), ) is now a continuously evolving func-
tion of time, resulting in a changing I}, as self-discharge pro-
gresses. The conversion procedure from NMR intensity to Igp,
neglects the charge passed through SEI formation during plat-
ing (i.e., it assumes 100% Coulombic efficiency once plating
commences) and assumes all charge passed either results in
SEI formation on the copper surface prior to plating, or in
Li plating.

The signal-to-noise level of the NMR data resulted in noisy
I, values when direct piecewise differentiation (taking the rate
of change of Li metal amount between adjacent time points, see
Supporting Information Section 2.2) was attempted. Therefore,
the raw decay curves were smoothed via locally estimated scat-
terplot smoothing (LOESS), before calculation of I, on the
smoothed data via eq S. Figure S5a compares representative
smoothed data (lines) to the raw decay curves (reproduced
from Figure 2, translucent points) and Figure Sb presents the
mean Igp, variation as a function of time after plating, for Q,
values of 0.25, 0.5 and 1 mAh/cm?

Initial Igp, values are consistently lower for Q, values of 0.5
and 1 mAh/cm? This may result from the increased density
and surface coverage of Li deposits at higher Q, values, along-
side the higher proportion of thicker, lower surface area
deposits as observed in Figure 1 at higher Q,. As self-
discharge progresses, all three Q,, values show a drop in Iy, as
the higher surface area deposits are removed via self-discharge,
with a larger decrease observed for Q, values of 0.25 and
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Figure 5. Direct I, extraction. (a) Example smoothed normalized Li metal decay curves obtained through NMR measurements on Cu—LFP PEEK
capsule cells, for each Q, value. (b) Extracted mean Iy, for QP values of 0.25, 0.5, and 1 mAh/cm?. In (a), the error band represents the error in the
smoothed line. In (b), the error band represents the standard error between repeats for each Q,, values. The errors are larger for Q, = 1 mAh/ cm?
since only two cells were measured and the distribution of Li deposits appeared more heterogeneous in SEM images compared to lower plating capac-
ities. The red band in (b), = 0.25 mAh/cm® indicates the region where Li depletion leads to errors in I, extraction (ie., essentially no Li
remains). The dashed lines in (b) indicate convergence of Iy to similar values for all three values. The hollow points and error bars in
(b) represent the average I, values and associated standard deviations calculated from fitting the first S h post-plating of the raw data with a linear
slope (as is shown in Figure 2).

2094 https://doi.org/10.1021/acselectrochem.6c00201

ACS Electrochem. 2026, 2, 2086—2101

920z 1snbny 9z uo Jesn ADOTONHOIL 40 AINN YI1NT Aq 4pd 3110200-9202-09/€6520859/9802/8/2/4Pd-8]01e/L0[0oE/610's0B Sqnd woly papeojumog


https://pubs.acs.org/doi/suppl/10.1021/acselectrochem.6c00201/suppl_file/ec6c00201_si_001.docx
http://pubs.acs.org/electrochem?ref=pdf
https://doi.org/10.1021/acselectrochem.6c00201

ACS Electrochemistry

pubs.acs.org/electrochem

0.5 mAh/cm® (beginning after 10—25 h post-charge),
approaching 1.5-2.5 pA/cm® by the end of the 50 h.
Smoothed data analysis and subsequent Ig, extraction is shown
for all cells in Figure S25. For = 1 mAh/cm?, larger errors
are observed in Igp, reflecting the larger spread in the raw data
and the smaller sample size. This likely results, at least in part,
from the larger heterogeneity of both Li deposit morphology,
and their distribution across Cu, as increases. This is seen
in SEM images at wider view fields (Figures S1—S12) along
with variation in the Li metal peak shape between repeats for

= 1 mAh/cm?, attributed to varied proportions of dendritic
Li between samples (Figure S18).>%%7333% As the decay curves
for Q, = 0.25 mAh/ cm? show a lower ratio of noise-to-total
Li metal intensity variation, we focused on them for further
modeling in the next section, with general comparisons then
being made to the results obtained for the higher plating
capacities.

Modeling of Li Metal Decay Curves

We now explore a variety of models to describe the changes in
Iy with time. A single linear slope (denoted as 1 segment
below) represents a simple model of a constant rate of Li metal
decay, and inherently assumes that the surface area of Li metal
and the properties of the SEI on Cu and Li relevant to the kinet-
ics of self-discharge are constant throughout self-discharge. This
model provides a single value of Iy, and represents an estimate
of the average value of Iy, throughout the experiment; this was
the method used for I, extraction by Gunnarsdéttir et al.* As
discussed above, the linear slope-extracted Ig, values decrease
as increases, and show lower values when fit to the entire
dataset (Figure 6, 1 segment) compared to the linear fits to
the first S h in Figure 2 (which correspond to I, = 9.7 +
0.4, 40 + 1.4 and 3.8 + 3.7 pA/cm?® for %P values of 0.25,
0.5, and 1 mAh/cm?, respectively, determined using eqs 4 and
5). Furthermore, the 1 segment fit does not capture the obvious
variation in Li loss rates with decay time as is clearly seen in
Figure 7 for Q, = 0.25 mAh/ cm?. The origin of I, variation
must lie in the different rates of self-discharge behavior from
the various morphologies, coupled with the underlying corro-
sion at the Cu surface.

We now explore a simplification and assume the existence of
discrete regimes of self-discharge behavior, each of which has a
constant rate. This type of behavior may be observed if differ-
ent Li metal morphologies (for example, the “flower” and
needle/dendritic Li observed in Figure 1b) are lost sequen-
tially (as seen in the SEM), or if SEI formation on Cu and
Li occurs sequentially, with constant I, for each Li morphol-
ogy or SEI type. This case was modeled through fitting seg-
mented linear slopes (where each segment defines a time
region where I, is constant, with the cross-over between seg-
ments labeled the segmentation time, see Figure 7, 2 segment
panel, for clarity on the definition of each region). For all three
Q, values, a decrease in rate between the first and second seg-
ment is observed for a 2 segment model. I, values for the sec-
ond segment are close to each other for the three Q, values.
This matches the LOESS-extracted decrease in Ig, as self-
discharge progresses, towards a value which shows a minimal
dependence on Q, (Figure Sb).

The above analysis is clearly an over-simplification—it is
unlikely that certain dendrite morphologies or the SEI growth
on Cu and on Li would result in discrete regions with constant
Iy separated by distinct crossovers and instead the transition to
slower rates in the data-extracted Ig, profiles clearly reveals a
gradual transition (Figure Sb), which is not captured in the
2 segment model. We note that further increasing the number
of segments results in the fit becoming more spline-like, leading
to large errors in I, between repeats at Q, values of 0.5 and
1 mAh/cm? and therefore this was not pursued further (see
Figures S26—28 for SSE, fits vs raw data and segmentation
times).

A starting point for further modeling assumes first order
kinetics of Li loss, which defines Li loss through the general
expression:

Ll(t) = Lit:() exp( - kSDt) (6)

This describes self-discharge as a process with a single rate
constant (kg ), but with a decay in Li loss rate resulting from,
for example, a decrease in Li metal surface area from the initial
value Li,_,. This simple case is then compared to related
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Figure 6. Linear se%ment I, extraction. Absolute Iy, (LA/cm?) vs Q (mAh/cm?) for one and two segment linear fits to Li metal intensity decay
curves measured by ‘Li NMR of Cu—LFP PEEK capsule cells as self-discharge progresses. The error bars represent the standard error in I, between
repeats at each Q, for each region, with segmentation times determined by minimizing the residual sum of squared error (SSE) between the com-

bined fit and the data for the 2 segment fit.
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Figure 7. Modeling of Li metal decay curves. Panel (a) presents the match between Li metal decay curve and model for the Li metal intensity decay
detected by NMR of Cu—LFP PEEK capsule cells throughout self-discharge, for a Q,, of 0.25 mAh/ cm? (b) Extracted I, values from each model.
For the two first order and the double stretched models, the contribution of each term of the model is shown in red and orange. For the bilinear, the
drop from one flat I}, value to another occurs at the segmentation time, shown by the dashed gray line in the two segment panels in (a).

models. Next, a stretched exponential, interpreted as a single
reaction pathway with a distribution of decay rates:

Li(t) =Lig=o exp | — <i>ﬁ (7)

Ip

was attempted, where tj, is the characteristic time scale of the
decay and P controls how the decay deviates from a simple
exponential. The stretched exponential captures an effective dis-
tribution of relaxation rates and so can represent heterogeneous
or cooperative kinetics. This provided a worse fit to the data at
short times but a better fit at longer times (see Figure 7a and
Figure S27).

Due to the failure of single term models to capture the full
range of behavior, models with two kinetic pathways were
explored. Firstly, the behavior was modeled as two first order
processes of the form:

Li(t) =A exp( - kSD,lt) + (1 —A)EXp( - kSD,Zt) (8)

where kg, and kgp, describe the rate constants for each
pathway, and A and 1 — A determine the fraction of Li loss
through each pathway to the overall Li loss. This improved
the quality of fit over that obtained with a single first order
process, consistent with there being more than one process
contributing to the kinetics of self-discharge; however, it was
still unable to capture all the features of the decay curve for

= 0.25 mAh/cm>

Building on the stretched exponential, a further model with
two stretched exponential terms (denoted double stretched in
the discussion below) was applied to represent two separated
reaction pathways which are each well described by a
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distribution in relaxation rates, of the form:

o =aen( - ()" ) +a-mew (- (1)

Ip,1 ip2

©)

where A and 1 — A describe the contribution of each term to
the overall Li loss, t, | and ¢, , describe the characteristic time
scales of each term, and f; and B, describe the deviation of each
term from simple exponential decays. As this model allows dif-
ferent values of P for the two terms, different kinetic mecha-
nisms (not only different rate constants) may be captured.

Figure 7a compares the fits using the different models to the
normalized Li metal intensity decay curve for Q, = 0.25 mAh/
cm?. The models that most closely match the data are the two
segment, stretched and double stretched models, showing the
lowest sum of squared errors (SSE, Figure S31) and best perfor-
mance in metrics weighting the complexity of the model with
the SSE (AIC and BIC, Figure S32). The low errors of both
stretched exponential models suggest that the kinetics of self-
discharge are governed by distributed processes, which is
expected considering the heterogeneity of both the Li morphol-
ogies shown in Figure 1b and the well-established heterogeneity
of the LP57-derived SEI on both Cu and Li. I, was extracted
via eq S for each model and plotted as a function of time after
plating (Figure 7b). The single stretched exponential now
appears nonphysical as it predicts an Ig, profile which starts
around 0, rises to a maximum before gradually decaying.
Again, this suggests that a single, distributed set of self-
discharge rates cannot explain the observed self-discharge
behavior. This provides strong evidence that the kinetic mecha-
nism of self-discharge involves more than one process.

The double stretched exponential therefore appears the best
suited model to describe Li loss at low Q, values. In this
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optimized model, the two terms describe one faster exponential
decay, which initially dominates Li loss and a slower decay
which initially shows a low I, rising to a maximum as the Li
metal that contributes to the faster process becomes depleted,
before gradually decaying (Figure 7b, Double-stretched, red
and orange trace, respectively). The Iy, profile shows a reason-
ably close match between the smoothed data extracted
(Figure Sb, blue trace) and the model extracted Iy, profile
(Figure 7b, double stretched model) for Q, =025 mAh/cm?.
The lower initial Iy, values in the smoothed data-extracted pro-
file may be due to the time resolution limit of the NMR
measurements—with around 15 min required to collect enough
data to give a reasonable estimate of Igp,.

Mechanistic Interpretation

NMR. We assign the two terms within the double stretched
exponential model of Li metal NMR signal decay (Figure 7) to
Li consumption via the direct oxidation of Li metal through
reaction with electrolyte species and the Cu-mediated oxidation
of Li via a galvanic-type process involving reduction of the elec-
trolyte on the copper (partially SEI-passivated) surface
(Figure 7, double stretched, red and orange components,
respectively). The direct Li-electrolyte pathway is assigned to
the rapidly decaying component which initially dominates
the rate of self-discharge. This term shows extracted values of
tp, =45 £ 0.5 hand f;, = 0.90 + 0.1, indicating stretched, rap-
idly decaying exponential behavior with a distribution of reac-
tion rates. This is consistent with a distribution in rates for
self-limiting Li SEI formation, arising due to the morphological
difference between Li deposits (observed in Figure 1). The high
surface area Li deposits are consumed very quickly, leading to
high initial I, values and short ¢, , —matching observations
from Kolesnikov et al. of extremely high I¢, values within a very
short time period after the onset of self-discharge in Cu-Li
cells."" The second term, assigned to the Cu-mediated pathway,
shows a clear, delayed onset before it dominates the long-term
self-discharge rates. The extracted parameters are t, , =28.1 +
0.6 h and B, = 2.13 + 0.01. The longer timescale and p > 1
indicate compressed exponential (nucleation-propagation type)
kinetics. Physically, stretched exponentials (§ < 1) arise when
many independent processes relax in parallel over a broad distri-
bution of rates, as is observed for the direct Li pathway.
Compressed exponentials (f > 1) instead reflect correlated or
cooperative relaxation, in which each reaction step raises the
rate of subsequent steps until material depletion is reached.
Classically, p > 1 kinetics have been applied to explain stress-
driven or avalanche-type relaxation dynamics,>>~*' reflecting
nucleation-and-growth processes in which sparse initial nucle-
ation events are followed by rapid propagation of nucleated
domains. In this work, we interpret the compressed exponential
as reflecting the growth of SEI-coated Cu domains. Once fresh
Cu surfaces are initially exposed to electrolyte after Li loss, gal-
vanic processes involving electrolyte reduction on Cu and fur-
ther Li oxidation proceed in a cooperative manner, creating a
self-reinforcing cycle. The narrower rate distribution reflects
the more uniform Cu surface compared to the heterogeneous
morphologies of Li. In the optimized model, the galvanic path-
way accounts for 73% of all Li consumed for low plating
amounts.

Several observations support these assignments. Firstly, there
is no physicochemical basis for a delayed onset of direct Li-
electrolyte reactions (and Figure 1 shows drastic loss of high
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surface area Li initially), while the galvanic process requires
exposure of the Cu surface—which can be assumed to increase
as Li is lost. The long-term convergence of self-discharge rates
across values is also observed in the convergence of d(Rp/
R,%)/dt (Figure 4b)—suggesting that the same process domi-
nates the growth of SEI polarization resistance and self-
discharge at long times—namely, Cu-mediated galvanic corro-
sion. The appearance of large voids observed in Li deposits at
longer times (Figure 1, = 1 mAh/cm? SO h, and
Figures S4, S9, and S12) is consistent with an onset delay for
the galvanic pathway. Similar voids were observed by Lin et al.
and also associated with galvanic corrosion.”

The two terms in the double-stretched model could, in prin-
ciple, also arise from different Li morphologies (“flowers” vs
needles). However, if both terms represented Li morphologies
dissolving via the same underlying mechanism—surface-area-
dependent direct Li-electrolyte reactions—a two-first-order
term model (eq 8, p = 1 implicitly for both terms) would ade-
quately fit the data. This is not the case, with reasonable model-
ing only achieved by the double stretched model which allows
for large differences in B, and B, (eq 9). This again indicates
two kinetically distinct mechanisms, not simply two rate con-
stants for the same process. Furthermore, the value of §, > 1
is characteristic of a nucleation-propagation type mechanism,
inconsistent with the stretched exponential with < 1 expected
for direct Li-electrolyte reactivity. We therefore conclude that
while different Li morphologies likely result in a distribution
of rates for direct Li-electrolyte reactions, they cannot fully
explain the Iy, profiles represented in Figure Sb. Furthermore,
we hypothesize that variation in the density of Li deposits and
the distribution of Li deposit morphologies between Q,, values
influences the rate of all processes associated with self-dis-
charge, but again, cannot fully explain the mechanism.

At higher values, initial I, values are lower and the
approach to steady-state Iy, is faster (Figure S). We attribute
this principally to the denser Li deposits formed at higher
(Figure 1), which reduce both the Li surface area available for
direct Li-electrolyte reactions and the fraction of Cu exposed
once Li begins to oxidize. Longer plating durations may also
produce more accumulated interfacial SEI debris through
repeated fracture and reformation, further slowing both path-
ways without forming an electrolyte-blocking barrier. Kinetic
modeling of the Q, = 0.5 and 1 mAh/cm?* was limited by the
reduced fraction of Li lost relative to the noise level within
the NMR data, but the models that converged favored simpler
forms and consistently showed a delayed onset for the galvanic
pathway (Figure S30). However, the convergence of I, at long
times irrespective of Q, identifies Cu SEI dissolution as a key
bottleneck for ALLMBs.

We note that a full decay of the Li metal signal is seen only
for QP = 0.25 mAh/cm? on the timescale of our NMR experi-
ments (50 h) where the transition to the galvanic-dominated
regime is directly observed (Figure Sb).

For = 0.5 and 1 mAh/cm?, a smaller fraction of the
deposited Li is consumed within the measurement window
(~40 and ~20%, respectively). Therefore, the assignment of
the converged late-time I, and d(R /R °)/dt to a common
galvanic pathway is an inference drawn from the convergence
of these rates and from the absence of significant, sustained rise
in the 1} growth rate and in Igp, for Q, < 0.5 mAh/ cm?, rather
than a direct observation of the full mechanistic transition. For
Q, = 1 mAh/ cm?, the average directly extracted I, from the
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LOESS smoothed decay curve shows a small apparent late-stage
increase, although the increase is within large uncertainty and is
not reflected in the impedance data. We therefore suggest
that convergence of I, towards similar low values ~1.5—
2.5 pA/cm? for all Q,, values at long times, despite vast differ-
ences in the remaining amount of Li after S0 h (0, 60, and
80% of the Li metal signal for = 0.25, 0.5, and 1 mAh/
cm?, respectively) indicates that the same process, namely Cu-
mediated galvanic corrosion, increasingly dominates (the contri-
bution from direct Li corrosion reduces), and starts to determine
the overall value of Ig,. This assignment is consistent with the
impedance data, where the rates of change in RP/RP0 converge
at longer times for all values of Q,.

The lag in onset of the galvanic-assigned term motivated
attempts to couple the Li loss rate with the kinetics of the gal-
vanic term, through a model linking Li loss to Cu surface-area
exposure (Supporting Information Section 2.4.5). This
approach was limited, however, by the unclear geometric rela-
tionship between changes in the amount of Li (measured by
NMR) and the corresponding increase in Cu surface area expo-
sure (since this increase is difficult to visualize from SEM
images and would require cross-sectioning and imaging of mul-
tiple slices of the film — or tomography). As a result, it was dif-
ficult to extract unique parameters from the coupled model
across repeat datasets and large parameter interdependence
was observed. While coupled models of this kind are likely to
provide a more precise description of the underlying physico-
chemical behavior than the double-stretched model used in this
work, they could not be robustly parameterized from the
present data.

EIS. The EIS-DRT data independently reproduces the
kinetic picture obtained by NMR. The growth rate of anode
SEI resistance, d(l%/ RPO)/ dt, is strongly Q,-dependent at short
times and converges across Q_ values at long times (Figure 4b),
mirroring the Iy, profiles extracted from NMR (Figure Sb).
This agreement between two independent measurements indi-
cates that SEI resistance growth is rate-limited by the same pro-
cesses that govern self-discharge—SEI formation on Cu and Lj,
and the evolution of exposed Cu and Li surface area.

The EIS-DRT analysis also reveals information about the rel-
ative kinetics of charge transport through the Li and Cu SEls.
The initial T values decrease as Q, increases (Figure 4c), indi-
cating an increasing contribution from faster processes. This
peak must arise from a combination of two peaks arising from
charge transport through the different SEIs formed on Cu and
Li. It is then reasonable to assume that the relative contribution
from Li* transport through the Li SEI to this peak will increase
as Q, increases. This suggests that the kinetics of Li* charge
transport through the Li SEI are faster than through the Cu
SEIL Furthermore, the rate of change of the t-values slows,
tending towards a plateau for all Q, values as self-discharge pro-
gresses (Figure 4c), with longer T values throughout self-
discharge for lower Q, values. It is reasonable to assume (and
consistent with the SEM images), that self-discharge results in
both a thickening of the Li SEI and a reduction in relative sur-
face area of the Li vs Cu SEI, both resulting in an increase in T
values. The larger change in magnitude of T with time for Q, =
0.25 mAh/cm? is consistent with disappearance of a larger pro-
portion of the plated Li, the NMR spectra showing that the Li
has essentially been oxidized by S0 h (Figure 2). This results
in longer T values (slower processes), which are increasingly
dominated by the kinetics of charge transport in the SEI on
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Cu (including the residual SEI deposits that remain after all
the Li is corroded). Prior work has hypothesized faster charge
(Li*) transport through the SEI on Li compared to the SEI
on Cu when a Cu-Li cell is held at 0 V,” and has observed faster
overall SEI kinetics when Li is plated on Li compared to Li
plated on Cu.** However, to the best of our knowledge, this
is the first time the difference in charge transport kinetics of
the Cu and Li SEIs has been shown for Li deposits directly
deposited on Cu. This is consistent with the findings of
Menkin et al. and Lin et al. who found that the Cu SEI con-
tained more LiF and organic species, and was thinner, while
the Li SEI contained more Li,O and fewer organic species.”’
The different chemical composition and structural properties
reported are expected to give rise to different Li* transport
properties.

Quantitative comparison between the EIS and NMR results
was, however, complicated by differences in cell geometry—
with the higher stack pressure in coin cells expected to produce
denser Li deposits and correspondingly slower self-discharge
kinetics compared to the PEEK capsule cells used for NMR.
Consistent with this, the cell voltage in coin cells remained at
the charging voltage of 3.45 V for hundreds of hours post plat-
ing (in Supporting Information Section 4.1), whereas operando
PEEK cells showed voltage traces which for Q, = 0.25 mAh/
cm? decayed to near 0 V within 50 h (Figures S55 and S56),
indicative of depletion of Li metal on the Cu electrode.
Further analysis linking SEI impedance growth to the NMR-
quantified charge consumed by self-discharge, and attempts to
extract the anode’s electrochemically active surface area from
EIS, provide additional support for a two-component mecha-
nism and for Li SEI saturation; full details are provided in
Supporting Information Sections 3.5 and 3.6.

B CONCLUSIONS

The presented work combines ex situ SEM, "Li operando NMR,
and EIS to resolve the kinetics of self-discharge in anode-less
Cu-LFP cells (Scheme 2). Self-discharge proceeds via two dis-
tinct pathways: (1) fast direct Li-electrolyte reactions that dom-
inate initially and show a stretched exponential decay (8, =
0.90) reflecting heterogeneous Li morphologies, and (2) slower
galvanic corrosion that shows a compressed exponential (B, =
2.13) consistent with nucleation-propagation kinetics on Cu
(ie, an increased contribution of this process to the overall
self-discharge rate as more Cu is exposed).

Initial self-discharge rates depend strongly on plating capac-
ity, with denser Li deposits at higher Q, suppressing both path-
ways. High initial self-discharge rates are assigned to preferential
loss of high surface area needle-like dendritic Li deposits, with
the distribution in Li deposit morphology resulting in a distribu-
tion of rates for the direct Li-electrolyte pathway. However,
long-term self-discharge rates converge to around ~1.5—
2.5 pA/cm? regardless of Q, indicating that the galvanic path-
way increasingly controls long-term Li loss, which is consistent
with the hypothesis of Lin et al. who assigned long-term self-
discharge behavior to the dissolution-reformation equilibrium
of the Cu SEL DRT analysis reveals faster Li* transport through
the Li SEI than the Cu SEL

These results provide quantitative support for the two-
pathway mechanism proposed in prior work and suggest that
strategies targeting Cu SEI stability (e.g., reducing solubility of
Cu SEI species) are most relevant for suppressing long-term
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Scheme 2. Summary of the Conclusions Developed in this Work”
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“The prior proposed mechanism of self-discharge as a process governed by direct Li-electrolyte reactivity and galvanic corros1on, resulting in Li and
Cu SEI accumulation (as described in Scheme 1), respectively,”” was extensively investigated by SEM, NMR, and EIS. "At low plating capacities,
clear-cut distinction between the kinetics of each route is possible. “At high plating capacities, a combination of increased SEI accumulation during
charge and the increased density of Li deposits leads to blurred kinetics between each route. However, long-term self-discharge is dominated by gal-

vanic corrosion at all plating capacities.

self-discharge. The long-term control of self-discharge behavior
by the galvanic pathway is applicable to systems containing
redox-active soluble species. For example, in ALLMBs contain-
ing a sulfur-based cathode, the dissolved polysulfides can act as
soluble oxidants that may aggravate galvanic corrosion of Li on
heterogeneous substrates,*” implying that self-discharge in this
and other systems containing redox-active soluble species
(e.g., lithium-oxygen batteries) may be more severe than the
substrate-mediated behavior identified here. We note, however,
that the reduced forms of these redox-active soluble species,
such as Li,S, Li,O, and LiOH, may help to passivate the
electrode.*** Despite the current work only focusing on one
rate of Li plating, the proposed mechanism suggests that self-
discharge rates may be higher at faster rates of Li plating. If den-
dritic growth is exaggerated through mass-transport limitations,
formation of high surface area Li deposits may increase the con-
sumption of electrolyte by the direct Li-electrolyte pathway, and
also result in an earlier onset of galvanic contributions through
the typical higher porosity of dendritic microstructures increas-
ing the degree of electrolyte penetration to the Cu surface.
Conversely, slower rates, forming larger, well-connected Li
deposits, may be expected to reduce the rate of self-discharge.
Further work is ongoing in directly correlating EIS and NMR
by measuring both techniques simultaneously on self-
discharging systems, alongside electrochemical methods to
track Li metal surface area, which would aid deconvolution of
the SEI impedance variation. The conclusions developed in
this work also motivate more detailed investigations of the
interplay between self-discharge behavior and the specific
chemical and morphological evolution of the Cu and Li SEIL
There is significant scope to apply techniques such as XPS
and FTIR to further understand SEI evolution and liquid
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chromatography-mass spectrometry (LC-MS) and NMR to
characterize how the electrolyte composition varies during
self-discharge. The influence of self-discharge on electrolyte
composition has received minimal attention, and may offer
important design principles for systems using small amounts
of additives. Differences in the chemistry of the Cu and Li
SEI—including incorporation of Cu-containing compounds
into the Cu SEL® and differences associated with forming
SEI compounds containing Li* from the electrolyte or Li°
from Li metal directly—may provide further clarity as to the
origin of convergence in self-discharge rates at long times.
Future work also has a significant scope for applying the devel-
oped methodologies to screen additives, electrolytes and cur-
rent collector coatings for reduced self-discharge rates.
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