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ABSTRACT

Lithium (Li) metal batteries, with their substantially higher specific capacity, have the potential to nearly double the gravimetric
energy density of conventional Li-ion cells, enabling applications that demand exceptional energy-to-weight ratios, including
electric vehicles, electric vertical takeoff and landing aircraft (eVTOL), and humanoid robots. However, capacity declines arising
from Li inventory imbalance, together with safety concerns under extended cycle life, remain major barriers to their practical
deployment. A unified and quantitative understanding of how Li redistributes among the cathode, anode, and electrolyte during
operation is still lacking. In this work, we use anode-free batteries as a model system and quantitatively track the Li inventory by
combining structural, chemical, and electrochemical analyses. By closing the Li mass balance across multiple cycling stages, we
identify three main characteristic regimes of Li evolution and resolve the dominant loss pathways associated with each regime.
The resulting Li-inventory framework clarifies the interplay among cathode lattice Li, inactive Li accumulation, and electrolyte
depletion, and identifies cathode optimization as a central design requirement for anode-free batteries. In addition, the stage-
resolved quantitative dataset generated here provides a structured source of mechanistic insight that can support future data-driven
and physics-informed modeling efforts.

1 | Introduction high theoretical capacity (3860 mAh-g™'), offers a promising

pathway to break this limitation and substantially boost the

Lithium-ion batteries (LIBs) have been widely used in electronic
devices since 1991 [1], and tremendous progress has been made
in improving energy density and reducing cost over the past
decades, which allowed them to be incorporated into electric
vehicles and grid energy storage as well as for marine and space
power systems. Nevertheless, the graphite anode fundamentally
limits further increases in energy density. Lithium-metal (Li-
metal) anode, featuring negative redox potential (—3.04 V vs.
Standard Hydrogen Electrode), lightweight (0.534 g-cm™), and

energy density of Li-based batteries [2, 3]. In particular, configura-
tions that utilize no excess Li metal prior to cycling—commonly
referred to as anode-free Li-metal batteries at pristine state—
show even greater potential for enhanced volumetric energy
density [4].

Despite these advantages, both Li-metal and anode-free cells face
longstanding challenges, including poor cycle stability and safety
concerns arising from dendrite formation, dead Li accumulation,
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and parasitic interfacial reactions [5, 6]. During cycling, Li*
ions migrate from the cathode (active Li) to the bare copper
current collector and undergo reduction at the surface. Some
of the incoming Li* is consumed to form the solid electrolyte
interphase (SEI Li), while the rest is reduced to metallic lithium
that initially remains electrochemically active. Over repeated
cycles, however, part of this metallic Li becomes electronically
isolated by the evolving SEI, turning into inactive metallic
lithium (inactive Li®) and losing reversibility. Concurrently, some
lithium remains trapped in the cathode as residual lattice Li
due to cutoff voltages and sluggish kinetics, while interphase
formation on the cathode side further consumes lithium to form
cathode electrolyte interphase (CEI Li*). These processes also
progressively deplete Li* in the electrolyte [7-10]. This dynamic
redistribution of lithium involves both reversible and irreversible
pathways, and identifying the dominant irreversible processes is
essential for improving anode-free cell performance.

Building on this understanding of lithium redistribution, exten-
sive efforts have been devoted to elucidating the failure mecha-
nisms of lithium metal batteries. Loss of active Li—arising from
solid electrolyte interphase (SEI) growth and the formation of
electronically isolated metallic Li°—is closely tied to coulom-
bic efficiency (CE) [11]. Consequently, accurately detecting and
quantifying SEI Li and inactive Li® has been a central focus in
diagnosing capacity decay. Paolella et al. employed in situ X-ray
diffraction to investigate the degradation mechanisms in NMC
811/ICu cells, reporting inactive Li even at the end of the first
discharge at a C/24 rate, with its continued increase with cycling
[12]. Hu et al. applied in situ electron paramagnetic resonance
imaging (EPRI) to monitor Li plating/stripping behaviors in
LiCoO,lICu cells, revealing uneven and sometimes excessive Li
deposition during plating, which promoted inactive Li formation
upon stripping. Inactive Li microstructures became smaller and
more heterogeneous with cycling, semi-quantifying inactive Li to
~35% of the initially plated Li after five cycles [13]. Grey et al. used
in situ ’Li NMR to quantify inactive Li in LiFePO,|ICu cells across
different electrolytes, and estimated SEI formation based on CE,
highlighting that active Li dissolution remains a major challenge
in Li-metal systems and is strongly associated with ongoing SEI
growth [8, 14].

While most mechanistic studies of anode-free cells were primarily
focused on the anode, several pioneering investigations have
highlighted that cross-talk between the cathode and the anode
can also profoundly influence cell performance. Winter et al.
demonstrated that Li-metal plating morphology varies markedly
with the choice of cathode, attributing these differences to
transition-metal dissolution behaviors. Specifically, Mn disso-
lution from LiNi,sMn, 0, cathodes in the electrolyte leads to
spherical Li deposits on Cu foil, while nodule-like Li deposits
form on Cu when paired with LiFePO, and LiNi, ,Mn,,Co,,0,
cathodes [15]. Hwang et al. integrated both half-cell and
full-cell electrochemical analyses to quantify Li inventory in
LiNi,;;Co,,3Mn,;;0,/ICu systems, revealing that capacity loss in
early cycles is mainly governed by cathode contributions, while
inactive Li° formation and SEI growth dominate at later stages
[16]. Liaw and co-workers applied the Galvanostatic Intermittent
Titration Technique (GITT) to track Li inventory through the
cathode active materials utilization coefficient (U), which is
crucial for indicating the battery’s end-of-life [17]. Furthermore,

Dahn and his team employed NMR to quantify electrolyte
consumption during cycling in LiNi,sMn,;Co,,0,(NMC 532)
[ICu cells, showing that Li-electrolyte reactions involving salt
consumption promote dense Li deposition. As cycling proceeds,
depletion of these salt species results in increasingly irregular Li
morphology and accelerated electrolyte degradation, ultimately
leading to capacity fade [5].

The pioneering studies described above have significantly
advanced the qualitative understanding of anode-free Li-metal
battery failure. However, a comprehensive and quantitative anal-
ysis of capacity loss—one that accounts for all lithium-containing
components in the full cell—remains largely unexplored. Such
quantitative insight is essential for identifying the most critical
loss pathways and for guiding the design of next-generation
anode-free systems. In this work, we address this gap by
developing a complete analytical framework for quantifying the
Li inventory in LiNiy¢Mn,,Co,,0, (NMC 622)IICu anode-free
pouch cell. Six types of Li inventories are quantified using a
combination of Titration Gas Chromatography (TGC), Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS), and X-ray
Diffraction (XRD) located at the anode, electrolyte, and cathode,
respectively. This unified approach enables quantitative tracking
of reversible and irreversible lithium reservoirs, allowing us
to elucidate the detailed failure mechanisms governing anode-
free Li-metal batteries. Our work sheds light on advanced
lithium-based batteries, offering insights that can be applied to
other chemistries and accelerate mechanistic studies, ultimately
advancing the commercialization of lithium metal batteries.

2 | Results and Discussion
2.1 | Electrochemical Performance Evaluation

Pouch cells were prepared using 3 mAh-cm™ NMC 622 as the
cathopde, Cu (>99.8%, 10 um) as the anode current collector,
and Localized High Concentration Electrolyte (LHCE) (4.7 M
LiFSI + 2.3 M LiTFSI in DME) as the electrolyte. The cycling
performance is shown in Figure 1a. All cells were cycled at charge
and discharge rates of C/10-C/10 for two formation cycles and
then C/10-C/3 rates for the following cycles with the voltage range
of 3-4.3 V under 350 kPa. The cells show the first discharge
capacity of 0.23 Ah and 87% as the initial coulombic efficiency
(ICE). The average CE of 45 cycles is 99.13%, and the capacity
retention is 76.52%. An additional cycle with C/10 charge and
discharge was performed, as shown in the orange line (46th
cycle) in Figure 1b. This extra cycle avoided the kinetic effect due
to the different charge/discharge rates. Interestingly, CE values
exceeding 100% were observed during cycling, which indicates
the presence of an active metallic Li reservoir on the anode
surface. This behavior arises from cathode rate limitations, where
lithium plated during charging cannot be fully reintegrated into
the cathode under C/3 conditions [18, 19].

Figure 1a shows the Li inventory distribution schematic of the cell
before and after cycling. Lithium exists in the cathode structure
and the electrolyte salt prior to any electrochemical cycling. Upon
the charging process, on the cathode side, partially active Li de-
intercalates from the cathode and moves to the anode, while the
electrolyte gets oxidized and forms the CEI layer on the cathode
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FIGURE 1 |
(c) Schematic of Li inventory in anode-free cells.

surface simultaneously. On the anode side, the active Li from the
cathode and electrolyte will contribute to the Li plating and SEI
formation, respectively. During the discharge process, partial Li
on the anode will be reversibly stripped and migrate back to the
cathode, and the remaining Li will be present as inactive Li°, SEI,
and active Li°, which occurs in the early cycles due to kinetic
limitations of the NMC622 cathode [20]. At the discharge state,
Li inventory distribution can be summarized as follows:

Li* (pristine cathode) + Li* (pristine electrolyte)
= Li* (cycled cathode) + Li* (CEI) + Li (inactive Li°)

+ Li* (SEI) + Li* (cycled electrolyte) + Li® (active Li®) (1)

Here, the TGC method developed previously can quantify the
inactive active Li® amount [11]. ICP-MS measures the Li* con-
centration in electrolytes and the active Li® [21]. Transmission
electron microscopy (TEM) helps estimate the CEI amount.
Therefore, by establishing the quantification methodology for the
cathode, the Li* in SEI can be resolved.

2.2 | Quantification of Li Inventory in the Cathode
The correlation between lithium content and lattice parameters
in layered NMC cathodes is well established through decades
of in situ and operando XRD studies. Wang et al. demonstrated
using in situ neutron diffraction that the NMC lattice parameters
evolve systematically and reversibly during lithium extraction
and reinsertion, with parameter ¢ expanding and a contracting
upon charging [22]. Subsequent operando synchrotron XRD

(a) Cycling performance and (b) Charge and discharge voltage profile of NMC 622 || anode-free pouch cell with LHCE electrolyte.

studies of NMC622 by Liu et al. and ex situ XRD diagnostics
by Friedrich et al. further confirmed that the c/a ratio serves as
a reliable and quantitative indicator of the lithium stoichiom-
etry across different NMC compositions and cycling conditions
[23, 24].

To keep consistency, the pouch cell’s cathode was taken for
characterization and methodology setup. Figure Sla-c shows that
the NMC622 cathode is made of 10-15 pum secondary particles with
a 1 um primary particle, and the thickness is 51 pym. The EDS
elemental mapping of C and O in Figure Sla shows that active
material and conductive carbon are evenly distributed. Moreover,
from the EDS spectra in Figure S1d, the sample mainly comprises
Ni, Co, and Mn. The ratio among the elements is verified by EDS
and ICP-MS, as shown in Table S1. The Ni/Co/Mn ratio from the
quantification results matches the designed value. The crystalline
structure was further verified by XRD, as shown in Figure Sle. The
results indicate that the NMC622 material has a layered structure
without other impurity phases. Figure S1f shows the first charge
and discharge voltage profile of the NMC622 cathode. The charge
capacity is 199.9 mAh-g~! with an ICE of 85.8% for the voltage
range of 3-4.3 V with a charge current of C/10. The areal loading
is3mAh-cm™.

In a layered structure cathode, the valence of transition metal
M (Ni, Co, Mn)-ion changes progressively when Li ions are
removed, as does the ionic radius: Ni** (ionic radius 0.69 A)
— Ni** (0.56 A) > Ni*" (0.48 A); Co**(ionic radius 0.75 A) —
Co**(0.67 A). As a result, the edge-sharing MO; slabs shrink
along lattice a. Meanwhile, MO, slabs become positively charged
and repel each other along the c-axis, resulting in an expansion
along the lattice c-axis. The structural change is mostly reversible
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the XRD spectra of (c) (003) peak and (d) (104) peak. (e) Relationship between lattice parameter a and lattice parameter ¢ with active Li amount.

[25]. The reversible changes of lattice parameters a and c, along
with the amount of Li, provide an avenue for quantifying the Li
inventory of a layered cathode by XRD.

The Li inventory in the cathode after cycling can be divided
into two parts. One is irreversible Li, which is consumed to
form the Cathode-Electrolyte Interphase (CEI). The other one
is active Li. The active Li comprises electrochemically active Li
(discharge capacity) and residual Li within the cathode lattice.
The theoretical capacity of NMC622 is 276.5 mAh-g~!, but the Li
utilization (charge capacity) depends on the upper cut-off voltage.
When charged to 4.3V, it can deliver about 200 mAh-g~' charge
capacity as electrochemically active Li, and the remaining 76.5
mAh-g™! Li will be in the cathode. The electrochemically active
Li goes to the anode to provide capacity. The remaining Li is
preserved as an additional Li source in the cathode and can be
involved in the charge/discharge cycling if a higher voltage is
applied.

To build the relationship between lattice parameters and the
Li inventory, NMC622 cathodes with different Li inventories
are prepared in the half cell by controlling the discharge cut-
off voltage and time. The discharge state was chosen to avoid
CEI formation interference because CEI growth is believed to
only happen during the charging process. Therefore, the Li
inventory change is only related to active Li in NMC622. Ten
samples were prepared, including pristine, charged to 4.3 V, and
then discharged to different depths of discharge by stopping at
different discharge times, as shown in Figure 2a. The charge
and discharge voltage profiles among the cells align well with a
similar charge capacity. Table S2 shows the open circuit voltage

(OCV) and corresponding charge and discharge capacity of the
cells at different depths of discharge from Figure 2a. Here, the
Li inventory (active Li) is calculated based on the theoretical
capacity of NMC622, as shown in Equation 2. The calculated Li
inventory is listed in Table S2 in a light green color.

Li inventory (mAh/g) = Theorical (276.5mAh/g)

— charge (mAh/g) + discharge (mAh/g)
@

XRD was performed on the NMC622 cathode samples shown
in Figure 2a, and the results are shown in Figure 2b-d. All of
the samples retained a layered structure. When Li-ions are de-
intercalated from the layer, the valence of Ni and Co ions changes
progressively, with the ionic radius decreasing. As a result, the
shrinkage happened along parameter a, which will cause the
(104) peak position to shift right. Meanwhile, the expansion
occurs along parameter ¢, which will cause (003) peak position
to shift left. In Figure 2c, d, the zoom-in pictures of the (003) and
(104) peaks show significant peak shifts with different amounts
of Li.

We implemented XRD refinement to obtain the a and c values,
which can be calculated based on Bragg’s Law, as described in
Note S1. Combining Li inventory capacity from Table S2, the
calibration curve between lattice parameters and Li inventory
amount was established, as shown in Figure 2e. The lattice
parameters a show a linear relationship with active Li content,
and lattice parameter ¢ shows a quadratic relationship with the
amount of active Li. Cell parameters c and a will change at the

4ofll

Advanced Energy Materials, 2026

25UD17 SUOWILIOD BA1IEBID 3! ddle a1 Ag peLIBA0E 818 SRR YO '8N J0 SBIMU 0y AReiq 17 8UIUO 3|1 UO (SUO 1 IPUOO-PUE-SULBIALIO" A 1M Aec]1jou! UO//St) SUORIPUOD PUE SULR | 8L 895 *[9202/50/90] U0 ARIqIT2UIUO 4|1 *AReiq 7 0BeOID JO AISIeAIUN AQ 8Z0T. WUSE/Z00T OT/I0P/W00 A3 |1 ARG [BU |UO"PeOURADE, /'St WO POPEOIUMOQ ‘0 ‘0rBIrTIT



46 cycles 46 cycles

%

L opa?
<

(e) (f) (g)
1.0 -
Inactive Li
S ‘\E\ Fresh
§ ) 0.8 LHCE ..I 1.70
.O 510 Fyiy charged- . é 0.57 W
S T ler
“c'u' (4.3V) @ ot £ 0.6 - 0.56 \ Eocraiion L 1.50
0 505 LN g |
© o " -1 0.4 4 After i+ 1.45
». 13
B 5.00 ® Fomation g 0.26 13 cycles
s Pristine ° a Aft
y=5.241-0.0013 x+9.261x107 2 g 02 46 cycles * 1.50
4.95 R2=98% <
T T T T 0.0 T T T T
50 100 150 200 250 0.0 0.5 1.0 1.5 20

300

1 N 1 b T
Formation 13 cycles 46 cycles

Remaning Li (mAh/g)

Concentration (mol/L)

FIGURE 3 | SEM images of the surface and cross-section morphology of the cycled anode (a,b) after the formation cycle and (c,d) after 46 cycles.
(e) Calibration curve for c/a ratio, active Li amount, and Li inventory in the cathode after different cycles. (f) TGC results on the cycled anode after

different cycles. (g) Li concentration from the cycled electrolyte.

same time. Therefore, the value of the ¢/a ratio serves as the lattice
parameter indicator for the NMC622 cathode. The calibration
curve is shown in Figure 3e. By this method, XRD on a cycled
NMC622 cathode helps to confirm the Li inventory. It is worth
noting that the calibration curve in Figure 3e is accurate only if
the structure of the NMC622 cathode is stable upon cycling. The
detailed verification process is listed in Figure S2, Table S3, and
Note S2.

2.3 | LilInventory Quantification in
NMC622-Anode Free (No Excessive Li Reservoir)
Cells

After the cells underwent formation cycles, 13 cycles, and 46
cycles, we disassembled the cells, and the global morphology was
investigated. Figure S3 shows the optical image of the anode, sep-
arator, and cathode. In a pristine state, a shiny and flat Cu current
collector was present on the anode side. After the formation cycle,
black deposits appeared on the anode, which further accumulated
after 13 cycles. By 46 cycles, severe delamination of these black
deposits was observed. The severe delamination of the black
deposits implies the formation of the fluffy dead Li. However,
no significant changes were observed on the cathode side, which
implies the degradation of the cell is dominated by the anode. The
surface and cross-section morphology of the cycled anode was
further investigated by SEM, as shown in Figure 3a-d and Figure
S4. The bare Cu exhibited a flat surface in the pristine state. After
formation cycling, the anode shows a porous structure due to the
accumulation of SEI growth. This high porosity and tortuosity
morphology can induce a loss in the electronic pathway, resulting
in active Li° being trapped within the SEI and becoming inactive,
as shown in Figure S5. Besides, it also induces Li to grow with
whisker-like morphology, which will consume the electrolyte

due to the high surface area, as shown in the cross-sectional
morphology. The thickness of the dead Li after 46 cycles is 4 times
thicker than the formation sample.

The formation of the dead Li on the anode consists of inactive Li°
and SEI Li, in which the Li in SEI is not only from the cathode
but also from the electrolyte. As shown in Equation 1, cathode
Li inventory quantification is required to quantify the total SEI
amount. With the developed methodology, Figure S6 shows the
XRD results of the cycled cathode. The cathode structure was
observed to have been preserved well in both electrolytes. From
the Li inventory quantification results in Figure 3e and Table
S4, the value of the c/a ratio increased with cycling, indicating
active Li loss from the cathode. The residual Li within the
cathode lattice decreases, indicating it serves as a Li reservoir
in the cathode. To quantify the trapped Li® in the anode, we
performed the TGC on the punched anode with separators to
ensure that all substances participate in the titration reaction.
The results are shown in Figure 3f. It shows that the amount
of trapped inactive Li° increases during the initial cycles, and
no further increase is observed in the following cycles. The
formation of the SEI may consume Li from the cathode and
salt in the electrolyte. In advanced electrolytes such as LHCE
[26] and in dual salt electrolytes [27], the salts’ decomposition
facilitates the formation of stable SEI, resulting in stable cycling.
The electrolyte depletion also affects cycling stability. Therefore,
the Li inventory quantification study should also consider Li
inventory in the electrolyte. Figure S7a,b show the process for
the electrolyte collection. With lean electrolytes, it is hard to
collect fluid electrolytes from the cycled pouch cell since the
electrolyte is trapped in the pores of the electrodes. Here, we
applied a centrifuge process for the cycled pouch cells to collect
the electrolyte. We cut open the cycled pouch cell and placed it
in the centrifuge tube, then centrifuged the sample at the rate of
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2500 rpm for 10 mins at room temperature (RT). The electrolyte is
collected at the bottom of the tube. Since the centrifuge process is
conducted outside the glovebox, we examined the air tightness
of the tube with a commercial fresh Li metal chip to verify
possible sample contamination during the electrolyte collection.
The Li chip showed the same shiny surface as the Li chip in
the glove box, indicating that the sample would not be contam-
inated by this step. After collecting the electrolyte, an ICP-MS
measurement was performed to quantify the Li* concentration
in the electrolyte for the cells that underwent different numbers
of cycles, as shown in Figure 3g. After the formation cycle, the
Li* concentration decreased from 1.7 to 1.5 M. Upon cycling, no
significant Li* concentration changes were observed. However,
from SEM images of the cross-section, it was observed that the
thickness of dead Li increases upon cycling, indicating that the
salts and solvent decompose simultaneously. The NMR test was
performed on the LHCE electrolyte after different cycles. CDCL,
was applied to dilute the collected electrolyte. All the cycled
electrolytes show similar signals to the pristine one, and no new
peaks are observed in 'H and C NMR spectra, as shown in
Figure S8. The results imply that the electrolyte decomposition
would not produce soluble species, while the by-product mainly
accumulated on the anode, as shown in Figure S3 and Figure 3.

The TEM and XPS further revealed the interphase information
on the anode and cathode. Figure 4a—c show the morphology and
structure of the cathode interphase. No coating layer is observed
on the pristine sample. After the formation cycle, as shown in
Figure 4b, a thin CEI layer with a thickness of 6.5 nm is observed
on the cathode surface. After 46 cycles, the thickness of CEI is
increased to 10 nm average from the TEM results, as shown in
Figure 4c. To estimate the amount of CEI Li, we assume that
the entirety of the CEI consists of LiF, and by estimating the
surface area, the consumption of Li in the CEI is less than 1%
after 46 cycles, as indicated in Figure S9 and Note S3. However,
a notable difference is observed in the anode interphase. After
the formation cycle, XPS F 1s and Li 1s spectra show that the
dominant inorganic SEI components are LiF and Li, 0O, as shown
in Figure 4d. After 46 cycles, Li,O disappeared, and more LiF was
detected. The increased intensity of organic species detected in C
1s and Ols indicates the decomposition of the solvent. XPS depth
profiling was further applied to understand the distribution of
elements in SEI portraits. As shown in Figure 4e, g, quantitative
XPS analysis reveals that the F atomic ratio in the SEI increases
6.3-fold from formation (1.5%) to 46 cycles (9.5%), uniformly
across all sputtering depths, while C and O increase more
modestly (C 10.5% to 24% and O 25.5% — 27.5% respectively),
demonstrating that LiFSI salt anion decomposition becomes the
dominant SEI-forming mechanism in Stage III, accompanied by a
slower but concurrent contribution from solvent decomposition.
Considering the negligible amount of CEI, the results further
verified that electrolyte depletion happened mainly on the anode
surface.

Figure 5a summarizes Li inventory changes in the NMC622-
anode free pouch cell. The Li inventory in the electrolyte is
calculated based on the injection amount (600 uL). The Li
decrement in the cathode and electrolyte equals the increment
of SEI and trapped Li° on the anode side. In the pristine state,
363.6 mAh of Li was in the cathode, and 27.3 mAh was in the
electrolyte. After formation, the cathode lost 41.7 mAh of Li, and

the electrolyte consumed 3.2 mAh of Li. These Li losses were
gained by the anode in the form of SEI (13.3mAh) and inactive Li®
(22.8 mAh). After 46 cycles, the cathode lost 146.4 mAh of Li, and
the electrolyte consumed >3.2 mAh of Li. Most have formed SEI
on the anode. Therefore, the black substance on the anode side
observed in Figure S3 after 46 cycles comprised >99.2 mAh of SEI
and 49.9 mAh of inactive Li°. The increase in the SEI will build
up cell impedance as well. The impedance change upon cycling in
the NMC622-anode free pouch cells is shown in Figure 5a. Here,
R, is related to the cell’s impedance, including the electrolyte,
case, current collector, etc. No significant changes are observed in
the R, value upon cycling. R, is charge transfer impedance related
to the cell’s interphase impedance. The cell shows charge transfer
impedance increments from 1.5 to 3.5 Q after 13 cycles and further
increases to 10 Q after 46 cycles. The results are consistent with
the cross-section images that thick dead Li results in impedance
increases.

3 | Discussion

Integrating all component-resolved Li-inventory measurements
and electrochemical analyses, we identify a three-stage evolution
pathway that governs performance, energy density, and safety in
anode-free NMC622lICu cells, as shown in Figure 6. In Stage I
(formation), approximately 41.7 mAh of Li (11.5% of the cathode’s
initial inventory) is irreversibly transferred from the cathode
to the Cu current collector. This Li is partitioned into SEI Li
(13.3 mAh), inactive Li® (22.8 mAh), and a small electronically
connected reservoir of active plated Li. Loss of Li in the electrolyte
remains comparatively small (3.2 mAh, 11.7% of the electrolyte
Li), and CEI formation on NMC622 accounts for <1% of total Li
consumption, as detailed in Table S5. This confirms that CEI for-
mation contributes negligibly to early Li loss compared to anode
interphase formation. Because anode-free cells do not contain an
excess Li reservoir, each milliampere-hour of Li consumed during
formation directly reduces the usable active Li from the cathode
and thereby lowers the practical energy density prior to cycling.
These results demonstrate that Li depletion on the cathode side
and not electrolyte decomposition is the dominant irreversible
process in Stage I and highlight the importance of preserving
the initial Li inventory through cathode pre-lithiation, lithium-
rich formulations, and sacrificial-Li additives, as well as early
interphase stabilization via current collector pretreatment.

Stage II (midlife cycling) is governed by the continued accu-
mulation of inactive Li°. SEM images confirm the increased
tortuosity and the emergence of whisker-like morphologies,
which promote electronic disconnection and thereby accelerate
the formation of inactive Li’. Inactive Li® nearly doubles (22.8
— 49.1 mAh), emerging as the primary irreversible Li sink. In
contrast, SEI Li remains essentially unchanged (~13.3 mAh),
indicating that interphase thickening is not yet the dominant
degradation mode. During this stage, the cathode’s residual
lattice Li begins to provide limited compensation (~15 mAh),
temporarily sustaining coulombic balance and masking internal
degradation. This stage defines the effective cycle life window:
although external metrics (capacity, CE, and voltage profiles)
remain stable, the internal loss of electronic connectivity at the
anode progresses. From a design perspective, Stage II highlights
that controlling Li plating morphology, minimizing electronic
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isolation, and maintaining conductive pathways are more critical
than suppressing SEI growth at this stage. Recent molecular
interphase engineering strategies — including 2D polyamide
and DNA interphase layers—have demonstrated the ability to
homogenize Li* flux and optimize SEI composition, thereby
mitigating inactive Li® accumulation at the anode side [28, 29].

Stage III (higher number of cycles) The transition from Stage II
to Stage III is quantitatively identified by a shift in the dominant
Li loss mechanism: SEI Li growth accelerates sharply (30.7
— 99.2 mAh, +223%), surpassing inactive Li’ as the primary
Li sink, accompanied by a pronounced rise in charge-transfer
resistance (~3.5 — ~10 Q), together marking the onset of
the safety-critical regime. 1H/13C NMR shows no new soluble
products, implying decomposition products largely accumulate
at the anode (consistent with cross-section SEM). This extensive
interphase growth drives over a five-fold rise in charge-transfer

resistance and produces strong interphase heterogeneity, leading
to non-uniform Li deposition, localized heating, and increasing
thermal gradients. These heterogeneities elevate local current
densities and may create hotspots, raising safety concerns in
later-stage cycling. At the same time, the cathode continues to
lose Li, with a growing fraction of its residual lattice Li being
released to compensate for anode-side inefficiencies. Although
this compensatory mechanism temporarily sustains capacity, it
diminishes over time as structural changes in the NMC particles
limit the accessibility of residual Li. Together, the interplay
between runaway SEI formation and the progressive reliance
on cathode lattice Li marks Stage III as the region where the
most degradation occurs and is the safety-critical regime. These
results highlight the need for electrolytes that inhibit aggressive
SEI growth, and provide mechanically robust interphases and
cathode-stabilization strategies that moderate residual-Li release
during extended cycling.
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and Rct,

When comparing anode-free batteries with conventional Li-metal
and Li-ion batteries, capacity degradation in all three systems
is ultimately linked to SEI buildup; however, the degradation
pathways and the sources of consumed lithium differ fundamen-
tally. In Li-ion batteries, lithium loss is dominated by SEI-related
Li* consumption driven by electrode crosstalk, with lithium
inventory depletion originating primarily from electrochemi-
cally cyclable lithium in the cathode. Accordingly, suppressing
cross-talk through cathode surface coatings (e.g., Al,O;) and
boron-based electrolyte additives can effectively extend cycle
life [9]. In Li-metal batteries with excess lithium, continued
formation of inactive metallic Li® contributes to sustained SEI
growth, introducing nonlinear and less predictable degradation
behavior dominated by depletion of the anode lithium reser-
voir. As a result, SEI stabilization and electrolyte development
emerge as primary performance levers [30]. In contrast, anode-
free batteries lack an intrinsic lithium reservoir, forcing lithium
depletion from both the electrolyte and the cathode, including
electrochemically cyclable lithium and residual lattice lithium.
Loss of the latter is strongly coupled to cathode structural
instability and kinetic limitations under extreme delithiation,
thereby accelerating failure and increasing safety risks. Con-
sequently, performance improvement in anode-free batteries is
inherently more challenging and requires a system-level strategy
that extends beyond electrolyte and SEI optimization to include
cathode designs with high structural stability and lithium-

buffering capability, such as lithium-rich or sacrificial-lithium
cathodes.

4 | Conclusion

In summary, this work establishes a quantitative, component-
resolved framework for tracking Li inventory in anode-free
NMC622|ICu cells by integrating XRD-based cathode analysis,
TGC quantification of inactive Li’, and electrolyte/interphase
characterization. This approach enables clear differentiation
between reversible cathode Li, residual lattice Li, inactive metallic
Li, and SEI Li, allowing the full Li balance of the cell to be
resolved across cycling. The results reveal a sequential transition
in the dominant irreversible Li-loss pathways: early formation-
driven cathode Li depletion, midlife inactive Li accumulation,
and late-stage SEI thickening accompanied by rising impedance
and exhaustion of the residual lattice Li reservoir. By quanti-
tatively resolving where Li resides, how it evolves, and when
it is irreversibly consumed, this framework identifies cathode
optimization as a governing factor for anode-free battery per-
formance. In the absence of an intrinsic lithium reservoir, the
cathode acts as the sole lithium source throughout cycling,
making cathode structural stability, lattice-Li accessibility, and
lithium-buffering capability decisive in controlling cycle life,
energy density, and safety. Accordingly, cathode designs that
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FIGURE 6 | Schematic illustration of Li inventory evolution in anode-free NMC622|ICu pouch cells across three characteristic stages. Stage I
(formation) is dominated by initial SEI growth and inactive Li® accumulation, driven primarily by Li consumption from the cathode. Stage IT (mid-

cycle) shows continued growth of inactive Li° as the major irreversible Li loss, while the cathode lattice Li reservoir begins to supplement anode-side

losses. In Stage I1I (later cycle), extensive SEI thickening (>99.2 mAh equivalent Li) and progressive depletion of the cathode lattice Li reservoir accelerate

overall Li inventory loss, elevate interfacial impedance, and ultimately trigger rapid capacity fade.

preserve structural integrity under extreme delithiation and
enable controlled utilization of residual lattice Li—through
lithium-rich or sacrificial-lithium strategies—are essential to
delay irreversible inventory exhaustion. More broadly, the
methodology and stage-resolved dataset developed here provide a
quantitative foundation for accelerating the development of safe,
high-energy, and long-life anode-free lithium metal batteries.

5 | Experimental Section
5.1 | Electrochemical Tests
5.1.1 | HalfCell

The NMC622 electrode (3 mAh/cm?) from dry pouch cells (Li-
Fun Technology Inc.) with a diameter of 3/8 inches as the working
electrode was assembled into a 2032 type coin cell in an Ar-filled
glove box. Li metal (1 mm thick, 0.5 inches in diameter) was
employed as the counter electrode. The electrolyte amount was
fixed at 75 uL per cell. The half cell was cycled between 3 V and
4.3V at room temperature at a current density of C/10 during the
first cycle and C/3 for subsequent cycles, using a Neware battery
tester. We controlled the discharge to different depths for the XRD
test by limiting the cut-off voltage and time of discharge.

5.1.2 | Pouch Cell
Commercial NMC622- anode-free dry pouch cells from Li-Fun

Technology Inc. were utilized for methodology development. All
pouch cells were sealed in an Ar-filled glove box after electrolyte

injection. The electrolyte amount was 600 pL. The cells were kept
in a pressure fixture with a stacking pressure of 350 kPa. The
pouch cell was cycled between 3 and 4.3 V at room temperature
at a current density of C/10 during the first two formation cycles
and C/3 for subsequent cycles, using an Arbin battery tester.

5.2 | Characterizations
5.2.1 | Electrochemical Impedance Spectroscopy (EIS)

Characterization of potentiostatic electrochemical impedance
(EIS) was performed using a BioLogic SP-150 workstation under
OCV at 0% SOC with the 1 MHz -10 mHz as the frequency range,
with 5 mV RMS. A symmetric coin cell was assembled using the
cycled anode at 0% SOC. One side of the anode surface was gently
scraped using a blade, and two 1/4-inch electrode disks were
punched. A Celgard 2325 separator and 50 uL of LHCE electrolyte
were used to assemble the cell for evaluating the interphase
impedance evolution. The SEI impedance was determined as the
sum of R_ctl and R_ct2 obtained from the equivalent circuit
fitting; the fitting accuracy is 99%.

5.2.2 | Cryogenic Focused Ion Beam-Scanning Electron
Microscopes

The Cryo FIB-SEM was conducted with the FEI Scios Dual-beam
microscopy. The samples were transferred to the FIB chamber
without exposure to air. The electron beam operating voltage was
5 kV, and the stage was cooled with liquid nitrogen to —180°C.
Sample cross-sections were exposed using a 30 nA ion beam
current and cleaned at 0.3 nA.
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5.23 | Capillary X-Ray Diffraction Measurements

The samples were prepared by sealing the powders into 0.5 mm-
diameter boron-rich glass capillaries (Charles Supper) in an Ar-
filled glovebox. XRD patterns were obtained with a Bruker Apex
II Ultra diffractometer with Mo Ke radiation (1 = 0.70932 A) at
50 kV and 50 mA over a 26 range of 5-40°.

5.2.4 | Titration-Gas Chromatography (TGC)

The TGC experiments were performed using a Shimadzu GC-
2010 Plus Tracera equipped with a barrier ionization discharge
(BID) detector. The Split temperature was kept at 200°C with a
split ratio of 2.5 (split vent flow: 20.58 mL-min !, column gas flow:
8.22 mL-min~, purge flow: 0.5 mL-min"). Column temperature
(RT-Msieve 5A, 0.53 mm) was kept at 40°C, and the BID detector
was held at 235°C. Helium (99.9999%) was used as the carrier gas,
and the BID detector gas flow rate was 50 mL-min™". The electrode
sample was put in a septum-sealed glass vial, and after injecting
the 0.5 mL ethanol (200 proof anhydrous), the sample gases were
injected into the machine via a 50 pL gas-tight Hamilton syringe.

5.2.5 | Inductively Coupled Plasma—Mass
Spectrometry (ICP-MS)

The collected electrolyte was diluted with ICP matrix solution
(0.5% HCI + 0.5% HNO; in H,0) to form 10 mL of ICP sample.
ICP-MS was performed with a Thermo iCAP RQ ICP-MS to
analyze the Li concentration in pristine and cycled electrolytes.

5.2.6 | Nuclear Magnetic Resonance (NMR)

NMR was conducted on electrolytes to analyze the salt species
in the electrolyte. The NMR measurements of the electrolyte
samples were performed with a JEOL ECA 500 spectrometer. For
the LHCE electrolyte, CDCI; solvent was utilized, and anhydrous
deuterated dimethyl sulfoxide (d-DMSO) was applied to form a
clear solution. The NMR sample was then sealed in an NMR tube
inside the Ar-filled glovebox for further measurement. The NMR
spectra were analyzed with MestReNova.

5.2.7 | X-Ray Photoelectron Spectroscopy (XPS)

The XPS was conducted on Kratos AXIS-Supra, using an Al target
as the X-ray source under 10~° Torr pressure. The cycled elec-
trodes for XPS tests were rinsed with DMC and then transferred
to the nitrogen-filled glovebox directly connected to the chamber
without air exposure. Survey scans were performed with a step
size of 1.0 eV, followed by a fine scan with 0.1 eV resolution.
The spectra were analyzed by CasaXPS software to identify the
different chemical species.

5.2.8 | Transmission Electron Microscopy (TEM)

The cycled samples were transferred to a TEM (ThermoFisher
Talos 200X TEM operated at 200 kV) using an airtight trans-
fer method. STEM-based energy-dispersive X-ray spectroscopy

(STEM-EDS) was performed on a ThermoFisher Talos 200X TEM
with 4 in-column SDD Super-X detectors operated at 200 kV.
The probe current for EDS maps on the TALOS was 140 pA
with an acquisition time of 3 min in total. EDS mapping was
acquired from areas with low-dose technology to minimize
possible electron beam irradiation effects. The ThermoFisher
Talos 200X TEM electron microscope system was fitted with a
Schottky X-ray FEG field emission electron gun, STEM model.
The SAED (selected area electron diffraction) images are acquired
with an electron dose rate ~0.1 e A=2 s~ for 4s (FEI Ceta camera).

The pristine sample was checked with ThermoFisher Scientific
Iliad Ultra scanning transmission electron microscope, a next-
generation sub-angstrom analytical electron optical beam line
with a 30-300 kV coherent, ultra-monochromated probe FEG
corrected source. TEM experiments were executed on a Falcon
IVi direct electron detector with the conditions of 300 kV, 100pA,
and a probe diameter of 270 nm for a dose rate of 110 eA=2s7".

Cryo-TEM and STEM were conducted with Thermo Fisher
Scientific Spectra Ultra X (Iliad) scanning transmission electron
microscope operated at 300 k and —170 C with a Simple Origin
Model 201 inert gas transfer cryogenic TEM holder.
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