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ABSTRACT: Anode-free batteries, which revolutionize energy storage by discarding traditional anodes in favor of
copper foil to plate lithium directly from the cathode, offer increased energy densities and better safety than
conventional lithium metal cells. However, their advantage is tempered by a significantly reduced cycle life,
attributed to lithium loss through parasitic reactions. Comprehending the lithium inventory evolution under diverse
conditions is vital for developing strategies to improve their performance. Herein, using coulometry, titration gas
chromatography, and cryogenic scanning electron microscopy, we analyze the evolution of active and inactive
lithium in NMC622lICu pouch cells. Our results reveal the mechanism of lithium reservoir formation due to cathode
irreversibility and its subsequent impact on cell performance across various electrolytes. Our findings not only
highlight the significance of the lithium reservoir for anode-free cells’ cycle life but also explore its modulation
through charge/discharge rates, offering new opportunities to understand and enhance anode-free cells’ cycle life.
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node-free batteries are the ultimate choice for lithium
Ametal batteries and represent an innovative paradigm

in electrochemical energy storage. This configuration
challenges traditional designs by eliminating conventional
anodes and plating lithium directly from the cathode onto bare
copper foil during charging. This design offers increased
gravimetric and volumetric energy density, reduced cost, and
utmost safety in the realm of lithium metal batteries.'
However, the commercialization of anode-free batteries is
significantly hindered by the formation of dendritic lithium
during the charging process, leading to continuous parasitic
reactions with the electrolyte and large volume changes.” As a
result, inactive (“dead”) lithium accumulates over cycling,
including (electro)chemically formed Li* compounds in the
solid electrolyte interphase (SEI) and isolated unreacted
metallic Li’, resulting in capacity loss and safety hazards.
Additionally, these phenomena are accelerated in conventional
carbonate-based electrolytes, where lithium tends to plate with
a high-surface-area mossy morphology.”” Nevertheless, recent
advancements in electrolyte and current collector design have
led to longer-lasting anode-free cells.*”® Notably, Ren et al.
achieved 70 cycles with 80% capacity using a localized high-
concentration electrolyte (LHCE),” with Niu et al. later
confirming and enhancing these results, extending the cycle life
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to 100 cycles.” Yu et al. could maintain 80% capacity over 100
cycles with a single-solvent, single-salt electrolyte, and Louli et
al. extended this to 200 cycles using a dual-salt carbonate-based
electrolyte under optimal pressure and rate conditions.”"

To continue enhancing the performance of anode-free cells,
it appears crucial to differentiate and quantify the various forms
of lithium in these cells and monitor their distribution and
evolution throughout the cycling process, depending on
various conditions such as pressure or electrolytes. Compared
to lithium metal cells, the problem might appear simplified for
anode-free cells, as there is no active lithium compensation
from the anode, and all the active lithium is initially stored
within the cathode. However, the intricate interplay of the
cathode’s first-cycle irreversibility and lithium plating/stripping
efficiency significantly influences the shape of the capacity

retention curves and the measurements of Coulombic
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Figure 1. First cycle evolution of voltage vs capacity of anode-free NMC622lICu pouch cells between 4.3 and 1 V at C/10-D/10 with (a) 4M-
HCE and 8M-HCE, (b) LHCE (1 MPa) and 0Pa-LHCE, (c) LHCE and CCE. For indications, the salt concentration in LHCE and CCE is
1.7 and 1.2 M, respectively. (d) Lithium inventory at the anode for anode-free cells discharged to 3 V.

efficiency (CE). Interestingly, early work from Neudecker et al.
reported that anode-free thin film could be transformed “in-
situ” into lithium metal battery thanks to the LiCoO, cathode
first cycle irreversibility.'" Similarly, Genovese et al. demon-
strated that for NMCS532/Cu anode-free cells, the irrever-
sibility of the cathode led to the formation of an active lithium
reservoir at the anode.'” Additionally, the group reported that
the first cycle irreversibility could be recovered after a
discharge at low potential, proving the presence of remaining
active lithium at the anode.'”'* Drawing inspiration from these
pioneering works, it becomes apparent that, in addition to
studying dead and active lithium evolution, the lithium
reservoir remaining at the anode in anode-free cells requires
investigation. Indeed, while a limited number of studies report
the presence of this active lithium reservoir, none of them
provide a qualitative and quantitative explanation of its impact
on anode-free cell performance.

Herein we aim to clarify the contribution of the lithium
reservoir to the anode-free cell performances. We report a
systematic study of the active lithium reservoir and unreacted
metallic Li® evolution in anode-free LiNi,¢Mn,,Co,,0,
(NMC622)lICopper (Cu) commercial pouch cells, utilizing
coulometry and titration gas chromatography. By coupling the
quantification techniques to observations of the anode local
microstructure by cryogenic scanning electron microscopy, we
elucidate the formation and evolution mechanisms of the
lithium reservoir and inactive metallic lithium in different types
of electrolytes. Lastly, we explore the potential tuning of the
lithium reservoir through different charge/discharge ratios,
with significant implications for the cycle life of anode-free
cells.

To investigate the lithium inventory within anode-free
pouch cells, NMC622/ICu cells were charged to 4.3 V and
completely discharged to 1 V. As illustrated in Figure la—c,
different electrolyte formulations were investigated: a high-
concentration electrolyte (4M-HCE; LiFSI-2.4DME (molar)
and 8M-HCE; LiFSI-1.2DME (molar)), a commercial
carbonate-based electrolyte (CCE; 1.2 M LiPF4 in EC/DEC
+ 10 wt % FEC), and a localized highly concentrated
electrolyte (LHCE; LiFSI-1.2DME-3TTE (molar)). Interest-
ingly, all the voltage curves, presented in Figure la—c, exhibit
similar shapes with a reversible charge and discharge slope
between 4.3 and 3 V and a short voltage plateau in discharge at
1.6 V. In layered oxide cathodes, 12—30% of the lithium
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extracted in the first charge cannot be reintercalated upon
discharge due to very slow lithium kinetics as the lithium sites
approach full occupancy.” However, residual active lithium
stored at the anode can be recovered at low voltage through
cathode overlithiation, leading to the formation of a Li,NMC
phase at 1.6 V.'® This redox feature, observable on the
derivative curves (see Supplementary Figure S1) is specific to
nickel-based cathodes, as demonstrated in Supplementary
Figure S1 by comparing the NMC622lICu first cycle with
LiCo0,lICu and LiFePO,lICu cells.

Consequently, capacity measurements conducted between
4.3 and 3 V and from 3 to 1 V were employed to evaluate
reversible lithium intercalation in the cathode and the lithium
reservoir, respectively. The remaining irreversibility at 1 V can
then be attributed to dead lithium including the (electro)-
chemically formed Li* compounds in the solid-electrolyte
interface and cathode-electrolyte interface, referred to as SEI
and CEI, respectively (interface Li*), as well as electrically
isolated unreacted metallic Li® (inactive Li®).” Inactive Li® at
the anode was quantified by titration gas chromatography
(TGC),"” and the lithium lost in interface Li* formation was
calculated by subtracting the inactive Li® amount from the
irreversibility at 1 V. Therefore, by utilizing the voltage curve
from 4.3 to 1 V and TGC, the lithium inventory after one cycle
can be calculated under various electrolytes and pressures, as
summarized in Figure 1d.

We initially investigated the role of the salt concentration in
the lithium inventory at the anode by comparing 4M-HCE to
8M-HCE under a uniaxial pressure of 1 MPa. Notably, in
Figure 1a, the discharge capacity to 1 V is comparable for both
cells, suggesting that salt concentration does not influence the
active lithium inventory (comprising reversible lithium and the
lithium reservoir). The slight change in the reversible lithium-
to-lithium reservoir ratio can be attributed to the higher
viscosity of 8M-HCE, which exacerbates the curve polarization.
As a result, the 8M-HCE will reach the cutoff voltage of 3 V
more quickly than the 4M-HCE. Additionally, both cells
exhibit large irreversible Coulombic efficiency at 1 V, primarily
attributed to the Li* interface, which is consistent with the
known incompatibility of DME-based electrolytes with high-
voltage cathodes (>4 V) due to poor oxidation stability.'®
Consequently, we turned to LHCE, a more representative
electrolyte, to evaluate pressure’s impact on lithium inventory.”
In Figure 1b, voltage curves for cells with and without pressure
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Figure 2. Cryo FIB-SEM images of the anode. Top-down and cross-sectional imaging of the copper current collector for anode-free cells
cycled at 1 MPa with CCE and LHCE after charging to 4.3 V, discharging to 3 V, and fully discharging to 1 V.

overlap perfectly from 4.3 to 3 V. However, below 3 V, in the
case of OPa-LHCE, the lithium reservoir has been nearly
entirely depleted, transforming the active lithium into inactive
Li% likely due to dendritic lithium morphology without
pressure.”” Lastly, LHCE was compared to CCE, with the
latter electrolyte previously reported by Fang et al. as
exhibiting the lowest first-cycle irreversibility among a wide
array of electrolytes.” The two cells cycled at 1 MPa,
demonstrate comparable voltage curves during the initial cycle
(see Figure 1c), and discharging them to 1 V leads to a
remarkable initial Coulombic efficiency (ICE) recovery of
nearly 98%. The lithium inventory for anode-free cells using
CCE and LHCE can then be described as follows: within the
standard voltage range (4.3—3 V), after a single cycle, 88% of
lithium is reversibly intercalated in the cathode, 10% remains
active and formed a reservoir at the anode, 1% of inactive Li’,
and 1% of interfaces Li".

To reveal the morphology and formation mechanism of the
lithium reservoir, cryogenic-focused ion beam—scanning
electron microscopy (Cryo FIB—SEM) was employed, as
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illustrated in Figure 2. Strikingly, although the lithium
inventory was comparable for cells cycled with CCE and
LHCE, cross-sectional images after the initial charge to 4.3 V
already reveal distinct differences between the two electrolyte
types, with LHCE exhibiting denser plated lithium compared
to CCE."”*? For the cells discharged to 3 V, the copper anode
appears covered by an inhomogeneous layer of lithium, which
is significantly denser with LHCE compared to CCE. The
thickness of the active lithium reservoir at 3 V in LHCE and
CCE cells is approximately 2 um, which corresponds to 0.4
mAh cm™ (assuming perfectly dense lithium). This value
closely aligns with the quantification of the lithium reservoir by
coulometry of 0.3 mAh cm™ at 1.6 V, providing confirmation
that the lithium observed at 3 V can be reintercalated into the
cathode by discharging the cell to 1 V. Finally, for samples
discharged to 1 V, only an extremely thin layer of lithium and
interfacial components with a honeycomb-like morphology
remains at the anode, confirming again the lithium inventory
distribution proposed above. Note that this honeycomb-
shaped layer accumulates over cycling to form a stack, while
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Figure 3. Lithium reservoir consumption and inactive Li’ growth. After two cycles at C/10-D/10 between 4.3 and 3 V, the cells are then
cycled at C/3-D/3 between 4.3 and 3 V. Only the last discharge is carried up to 1 V to evaluate the lithium reservoir evolution. (a)
Coulombic efficiency and capacity retention of anode-free cells with CCE and LHCE electrolytes. (b, c) Discharged curves to 1 V evolution
over cycling for CCE (b) and LHCE (c) electrolytes. (d, e) Lithium reservoir and inactive Li’ calculated by TGC evolution over cycling for

CCE (d) and LHCE (e) electrolytes.

the dense lithium reservoir is consumed, as illustrated in
Supplementary Figure S2. Interestingly, the top-down images
reveal that the initial porosity of the plated lithium metal at 4.3
V significantly influences the morphology of the samples
discharged to 3 and 1 V. The dead lithium appears to be
formed at the lithium metal grain boundaries, explaining the
honeycomb-like shape observed at 3 and 1 V (marked in
yellow in the top-down images in Figure 2). As a result, the
smaller grain size in the CCE electrolyte, compared to LHCE,
will result in higher surface area and an increased reactivity
between the lithium and electrolyte. However, it is crucial to
highlight the significant inhomogeneity observed in this
sample, as depicted in the pictures of the copper electrode
provided in Supplementary Figure S3.

As presented above, the initial irreversible capacity of the
cathode results in the creation of a reservoir of active lithium at
the anode. Therefore, NMC622lICu cells cycled within the
standard voltage range (4.3—3 V) will exhibit behavior similar
to that of lithium metal cells. The excess lithium will
compensate for the loss of lithium inventory at the anode
during cycling until the reservoir is depleted. Consequently,
the measured Coulombic efficiency of the cell will initially be
related to the performance of the cathode.”*”

To confirm this, cells using CCE and LHCE electrolytes
were cycled between 4.3 and 3 V at a rate of C/3-D/3; the
results are presented in Figure 3a. Notably, although the first
cycle of cells with the two distinct electrolytes exhibited similar
behavior, those cycled with LHCE electrolytes demonstrated
significantly superior cycle life compared to cells cycled with
CCE. This is anticipated due to the larger lithium grain size in
LHCE, resulting in reduced interfacial reactions with electro-
lytes. Furthermore, the reduction of LHCE electrolyte forms a
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salt-derived solid electrolyte interface (SEI), which has been
demonstrated to be highly stable and robust against cycling.”
Aside from cycle life, the two cycling curves exhibit a similar
shape, featuring an initial plateau of retained capacity followed
by a “knee”, indicated in Figure 3a, and a linear decline."?
Interestingly, this knee in the capacity retention curves aligns
with a change in Coulombic efficiency when the capacity
begins to decrease. Discharging the cells to 1 V after different
cycle numbers reveals a distinct decrease in the voltage plateau
at 1.6 V (see Figure 3b and c), with the lithium reservoir being
entirely depleted after 12 and 30 cycles for CCE and LHCE,
respectively. This observation validates that, in the initial
plateau of retained capacity, the lithium reservoir effectively
compensates for the lithium lost as inactive Li° or interface Li*
at the anode. Due to the unknown impact on the cathode of
the deep discharge test, cells were not subjected to further
cycling after a deep discharge but were instead disassembled,
and the inactive Li’ amount was quantified by TGC (see
Figure 3d and e). Surprisingly, the consumption of the lithium
reservoir and the growth of inactive Li® both exhibit linear
behavior for the two electrolytes. This observation reveals that
although parasitic reactions progress more rapidly in CCE,
LHCE merely slows down the process rather than stopping it.
As a result, for both electrolytes the accumulated inactive Li® at
the end of the retained capacity plateau is equal to ~#50% of the
lithium reservoir initially present in those cells. These findings
are in agreement with the proposed first cycle lithium
inventory, suggesting that an equal amount of lithium was
lost in interface parasitic reactions and in inactive Li°
formation.

Overall, these results highlight the crucial role of the lithium
reservoir in the performance of anode-free cells. By discharging
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inactive Li’) have been neglected in the calculation and schematic. The percentage of utilization of the lithium is calculated depending on

the rate for one charge and discharge cycle between 4.3 and 3 V.

the cell to 1 V and quantifying inactive Li’, we can accurately
track the depletion of the lithium inventory. This level of
precision in measurement is essential not only for compre-
hending the performance dynamics of anode-free cells but also
to evaluate potential safety risks associated with the buildup of
inactive Li°.

Having investigated the lithium reservoir formation and
evolution mechanism, our attention will now shift to its
response to different C-rates. Louli et al. explored the influence
of cycling conditions and demonstrated that employing an
asymmetric slower charge protocol leads to reduced lithium
inventory loss per cycle due to a more favorable lithium
morphology.'* Surprisingly, the impact of the current on the
lithium reservoir was not explored. In the present study, three
types of protocols were examined: symmetric, fast charge, and
slow charge. To distinguish the initial irreversibility of the
cathode and exclusively investigate the impact of the C-rate,
two cycles at C/10-D/10 in the voltage range 4.3—3 V were
conducted before applying the various rate protocols.

First, the anode-free cells were charged at C/10 and
discharged at D/10, D/3, and 4D/3 to 1 V (Figure 4a). In this
protocol, the lithium plated on the copper surface is maximized
(~2.8 mAh cm™2). Notably, the reversible insertion of lithium
in the cathode at 3 V depends on the discharge rate. As the
current increases, the reversible capacity decreases, mainly due
to charge transfer resistance, as evidenced by the large increase
in the voltage curve polarization (NMC622lICu rate tests in
charge and discharge are illustrated in Supplementary Figure
S4). However, the size of the plateau at 1 V suggests that the
lithium that could not be reinserted back into the cathode is
not lost but rather stored at the anode. In agreement, as shown
in Figure 4d, the discharge capacity (from 4.3 to 1 V) is similar
for the three slow charge protocols and only the ratio between
the lithium that can be reversibly inserted or stored at the
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anode is evolving. For the cells charged at 4C/3 (see Figure
4b), the kinetic limitations of the lithium extraction from the
NMC622 cathode during charging result in a smaller charging
capacity (~2.1 mAh cm_z). However, with increasing
discharge rates, trends comparable to those obtained with
the slow charge protocol are obtained. The polarization in
discharge increases with current, and the reversibility of lithium
inserted within the cathode decreases while the active lithium
reservoir grows. Finally, as anticipated, both the charge and
discharge capacities are affected when the current is increased
in charge and discharge (see Figure 4c). Increasing the current
in the symmetric protocol results in a reduction of both charge
and reversible capacity and an increase in the lithium reservoir
at the anode.

Note that the discharge capacity is always greater than 100%,
as discharging the cell to 1 V allows quantification of the
combined lithium reservoir from both the initial intrinsic
cathode irreversibility and polarization phenomena at high
rates. The results are summarized in Figure 4d; while the
charge rate impacts the amount of lithium plated on the copper
current collector, the discharge rate influences the size of the
remaining lithium reservoir at the anode. To understand the
implications of these results on anode-free cell performance,
the Figure 4e schematic illustrates the percentage of lithium
utilized for each protocol along with the active lithium
inventory distributed in the cathode or at the anode during
charge and discharge. By adjusting the charge and discharge
rates, full control over both the utilization of lithium inventory
and the quantity of lithium stored in either the anode or
cathode can be achieved. Consequently, in anode-free cell
configurations with limited lithium, maximal utilization of the
lithium occurs exclusively at low charge and discharge rates.
Conversely, high charge and discharge rates result in the
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Figure S. (a—c) Impact of C-rate and lithium reservoir on cycle life. After two cycles at C/10-D/10, anode-free cells with LHCE electrolytes
were cycled using symmetric (a), slow charge (b), and fast charge (c) rate protocols between 4.3 and 3 V. (d) Lithium reservoir measured for
the third cycle (summarized in Figure 4d) as a function of retained capacity plateau cycle number (the cycle number was determined using
the methodology described in Supplementary Figure S7) for cells cycled with different rate protocols. The percentage of lithium utilization
for each protocol is represented by circles, with larger radius indicating higher utilization.

utilization of only 60% of available lithium, with 20%
remaining stored at the cathode and 20% stored at the anode.

We subsequently investigate the influence of the rate
protocol and the lithium reservoir on anode-free cell long
cycling. The capacity retention curves of the cells cycled with
the slow charge, fast charge, and symmetric protocols are given
in Figure Sa—c. In the previous section (Figure 3), we
demonstrated that the initial plateau of retained capacity in the
capacity over cycling number curve could be ascribed to the
consumption of the lithium reservoir, thereby hindering the
accurate observation of the actual degradation of the curve.
Remarkably, with the different protocols, all the retention
curves share a similar shape, though with a significant variation
in the length of the plateau of retained capacity depending on
the rate protocol. Among all of the protocols, cells cycled at C/
10-D/10 (Figure Sa) and 4C/3-D/10 (Figure Sb) display the
shortest plateau of retained capacity. Consistent with previous
results, these two cells also have the least lithium reservoir at
the anode. In contrast, cells cycled at 4C/3-4D/3 (Figure Sc)
and C/10-4D/3 (Figure Sb) exhibit the longest plateau of
retained capacity and possess more initial excess lithium at the
anode.

The initial lithium reservoir, determined by fully discharging
the cell to 1 V, was plotted against the number of cycles of the
retained capacity plateau, as shown in Figure 5d. The lithium
reservoir appears to correlate to the retained capacity plateau
of anode-free cells, with a beneficial effect for the cells where
the lithium reservoir amount is maximized. Interestingly, the
mechanism described in Figure 4e holds particular significance
for the long cycling of anode-free cells. The charge rate governs
the total accessible active lithium inventory, while the
discharge rate controls the actual ratio between the lithium
utilized and the lithium reservoir. Hence, concerning enhanced
lithium utilization across an extended cycle count, the

1698

protocols C/10-D/3 and C/10-4D/3 emerge as the optimal
performers.

Although a correlation exists in Figure Sd between the
lithium reservoir and the retained capacity plateau, it is
important to note that certain protocols deviate from a
perfectly linear relationship. Notably, despite having a lithium
reservoir amount comparable to that of the C/10-4D/3
protocol, the cell that manifests the lengthiest plateau of
retained capacity is the one undergoing cycling with the 4C/3-
4D/3 protocol. Indeed, the lithium utilization of cells in these
protocols will be significantly lower (60% versus 80% for the
C/10-4D/3 protocol), thereby minimizing volume changes
and parasitic phenomena at both the cathode and anode.
Furthermore, the aggregate effect between lithium utilization,
morphology, resistance growth, and the impact of storing
lithium at the anode or cathode remains challenging to
discriminate and is beyond the scope of this work. The impact
of some of these phenomena on cell performance is
summarized in Supplementary Figures S5—S7. Nevertheless,
we elucidate that, among these factors, the lithium reservoir
stemming solely from the cathode’s limitation to de-/
reintercalate the same amount of lithium at higher currents
is crucial in understanding the retained capacity retention
curve of anode-free cells.

In conclusion, this work provides a comprehensive under-
standing of the interplay between lithium utilization and
reservoirs on the capacity retention and degradation behavior
of anode-free cells. We demonstrated that the once-considered
drawback of Ni-rich layered oxide cathodes, namely, the first
cycled intrinsic irreversible capacity, can be manipulated to
build a lithium reservoir at the anode and extend the cycle life
of anode-free cells. However, in both CCE and LHCE
electrolytes examined here, the lithium reservoir is gradually
depleted due to plating/stripping irreversibility, leading to
nearly 50% of the lithium lost becoming trapped as inactive Li°
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that we quantified by TGC. This phenomenon, initially
observed in the first cycle, persists over subsequent cycles,
raising concerns about the actual safety of these cells. Although
LHCE effectively slows down this accumulation process
compared to CCE, it is essential for future electrolyte designs
to specifically address this issue, concentrating on strategies to
either eliminate or substantially reduce the formation of
inactive Li’.

In the second part, the formerly unclear reason for the
capacity degradation discrepancy of anode-free cells under
different C-rates was investigated and attributed to the
correlation between lithium utilization and reservoirs. In
contrast to the first-cycle irreversibility unique to the types
of cathode materials, this approach can be applied to all types
of cells having polarization phenomena at high currents to
enhance their longevity in anode-free configurations. Con-
sequently, by employing protocols with slow charge and fast
discharge, the lithium reservoir at the anode is maximized, and
the performances of the anode-free cells appear stable for a
longer number of cycles. With this knowledge, one can regulate
the ratio between lithium utilization and lithium reservoirs for
extended capacity retention or a high initial reversible capacity
designated for different applications. We believe the concept of
this Li reservoir can be further extended to other approaches
and opens new opportunities, taking advantage of cathode
intrinsic irreversibility and kinetic limitations to extend anode-
free cells’ lifespan.
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