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Abstract
Lithium metal batteries (LMBs) have been revisited and gained great attention due to significantly mitigated formation of Li dendrite
in the past decade. Recently, anode-free lithium metal batteries (AFLMBs) are proposed and have been studied intensively to
potentially outperform LMBs due to higher energy density and reduced safety hazards since the absence of Li metal during the
fabrication process of the cell. In general, researchers compare capacity retention, reversible capacity, or rate capability of the cells
to study the electrochemical performance of batteries. However, evaluating the behavior of batteries from limited aspects would easily
overlook other information hidden deep inside the meretricious results or even lead to misguided data interpretation. In this work, an
integrated protocol combining different types of cell configuration is proposed and validated for the first time to unravel the concealed
messages in LMBs and AFLMBs. Irreversible coulombic efficiency (irr-CE) from various contributions including reductive electrolyte
decomposition, dead Li formation, 13t intrinsic irreversible capacity of a cathode, and the subsequent irreversible reactions at cathode
containing oxidative electrolyte decomposition and cathode degradation upon cycling are successfully determined separately by the
integrated protocol for the first time. The decrypted information obtained from the proposed protocol provides an insightful

understanding of behaviors of LMBs and AFLMBs, which promotes their development for practical applications.



Lithium metal, with an ultrahigh theoretical specific capacity (3,860 mAh g') and extremely low redox potential (-3.040 V vs.
standard hydrogen electrode), has already been extensively investigated over the four decades’- 2. However, lithium metal batteries
(LMB) still suffer from several barriers and yet to be commercialized. More specifically, the safety issues induced by Li dendrite growth
and internal short-circuit (ISC)3, poor efficiency attributed to the formation of high surface area lithium (HSAL, dendrite) and dead Li*
5, and severe electrolyte decomposition at the negative electrode leading to electrolyte dry-up and the formation of thick solid
electrolyte interphase (SEI) that increases the internal resistance and consumes the electrolytes® 78 9. 10,

To overcome the aforementioned challenges, one has to systematically study Li metal stability/protection’!, SEI formation
mechanism'2 '3, and suppression of Li dendrite growth in LMB'# % 16 Many works have also been done by using different electrolyte
formulas, surface modified Li, and artificial coating layers to study their effect on increasing the electrochemical performance of LMB.
Meanwhile, several key factors would still affect the cycling performance of LMB and are crucial in achieving high specific energy of
500 Wh kg! demanded by electric vehicle energy-storage market such as electrolyte amount'’, temperature'®, pressure'®, amount
of Li or cahode®® 2!, and current density applied®, etc. Recently, Anode-free lithium metal batteries (AFLMBs) are considered as
phenomenal energy storage systems due to higher energy density than that of LMB which with excess Li in the system, and greatly
reduced safety risks since no Li metal is used during cell manufacturing, which remarkably increases the simplicity of cell fabrication
and reduces the cost of cell assembly, too?? 23 24,25, 26,27,

However, in most of the published works, the electrochemical performance of LMBs/AFLMBs is often discussed by comparing
capacity retention, reversible capacity, or rate capability, which easily overlooks or even misunderstands the information that is
concealed by the meretricious results when adopting only one or two points of view. To systematically evaluate the electrochemical
performance of both LMBs and AFLMBs, and unfold all the messages hidden within the battery, one has to comprehensively examine
the information from all the possible perspectives. More importantly, integrating all the unraveled phenomena and messages to have
a better overall evaluation of the battery systems is essential.

In this work, we systematically study four different types of cell configuration, including Li//Li symmetric cells?®, Li//Cu cells,
cathodel/Li cells, and cathode/Cu anode-free cells, as an integrated protocol to unfold the intrinsic reasons and contributions of
individual irreversible coulombic efficiency (irr-CE) in LMBs or AFLMBs. Meanwhile, we also observed dendritic Li induced internal
short-circuit and visualize the formation of dead Li in a Li//Cu cell using in-situ optical microscopy (OM) and transmission X-ray
microscopy (TXM), and proposed the mechanism of Li nucleation and deposition/dissolution on Cu.

Results

In-situ OM observation of Li deposition/dissolution. Li deposition/dissolution upon cycling with the subsequent dendrite growth
and formation of dead Li are observed by in-situ OM in Fig. 1a. In the beginning, both Cu and Li surfaces are very smooth. In the first
10 seconds of plating, there was a clear potential drop observed from the curve, which was due to the overpotential induced by the
initial nucleation of Li on Cu foil and SEI fracture. After the nucleation sites were formed, the polarization was found reduced. The
plated Li was homogeneous and dense during the first 100 seconds, however, granular Li started to grow on different spots of Cu foil
due to the inhomogeneous plating of Li. After the initial granular Li emerged, which served as a new nucleus, high surface area lithium
(HSAL) vigorously grew on top of the granule rather than the compact and uniform Li beside it on Cu foil. Additionally, non-uniform
dissolution of Li and formation of a rough surface at the Li electrode were also observed during the first 300 seconds, induced from
the locally heterogeneous current distribution, which also accelerated the formation of dendritic Li on the Cu electrode.

As the plating process continued, the HSAL eventually contacted the Li electrode and short-circuits occurred after 300 seconds
of Li plating. Then, the cell voltage was found suddenly lifted to -0.022 V vs. Li//Li* but not zero, indicating there is an SEI resistance
between two contacted electrodes. Although the potentiostat was still applying negative current, no extra Li was plated on the working
electrode during the short-circuit. When the cell was switched to a stripping mode at 650 seconds, the slightly positive cell voltage of
0.022V vs. Li//Li* was also observed in the stripping process due to the SEI resistance between both contacted electrodes as in the

deposition process. Besides, the morphology of the dendrite kept unchanged without Li deposition/dissolution during the short-circuit.



After 740 seconds at the stripping process, the short-circuited HSAL between two electrodes suddenly disconnected and started
to dissolve. However, dead Li was discovered after 40 seconds of stripping as the HSAL stopped dissolving due to the higher charge
resistance, leaving a large amount of dead Li on the Cu surface at the end of the stripping process. This results in poor CE observed
from the cycling performance of the cell.

Li nucleation and deposition/dissolution mechanism. Based on the OM (see Fig. 1a) and TXM (see Fig. S1) observation of Li
plating/stripping, the electrochemical phenomena of Li plating/stripping on Cu is investigated and the corresponding proposed
mechanism is shown in Fig. 1b. During the very beginning of Li deposition on Cu foil, an initial energy barrier needs to be overcome
by first forming nucleation sites on the clean Cu surface, which causes the initial higher overpotential seen from the curve. Then, Li
underneath the thick SEI layer on Li foil starts to dissolve and deposit onto the nucleation sites on the Cu surface, accompanied by
the decrease of overpotential. Next, in the Li stripping process from the Cu surface, the overpotential is induced from the resistance
of SEI layer protruding and fresh Li growth on the Li surface. At the end of the Li stripping process from the Cu surface, the cell
voltage suddenly lifted due to the full consumption of active Li, leaving some amount of dead Li at the Cu side. From our previous
results obtained from in-situ Transmission X-ray Microscopy (TXM)*, we observed that the formation of dead Li is normally from the
outer part of deposited Li which disconnects with the active Li at the electrode surface, similar to the observation in this work, and the
stacking of dead Li is also observed after several plating/stripping processes. At the same time on the other side, dendrites start to
evolve on the roughened Li surface due to non-uniform current distribution from the previous dissolution process. In the following
cycles, the deposition/dissolution of Li is similar to the first cycle in general, including SEl fracture, fresh Li nucleation, dendrite growth,
and dead Li formation at both sides. More detail regarding the SEI fracture mechanism is discussed in our recent work?. However,
it is worth noted that in the latter part of Li deposition in the second cycle, a second plateau with the potential similar to the deposition
overpotential in the first cycle appeared. It is suggested that the first and second plateau is ascribed to the newly deposited Li (HSAL)
stripping and the bulk (original) Li, which is covered by the thick SEI due to the low reduction potential of metallic Li, stripping on the
Li side, respectively. Thus, the overpotential relates to Li deposition/dissolution processes on the Li surface is significantly influenced

by the nature of SEI, the HSAL on both Cu, Li surfaces, and the charge transfer processes at both interfaces.
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Fig. 1 In-situ OM and Li deposition/dissolution scheme. a, In-situ OM measurement of Li deposition/dissolution on Cu electrode under
ultra-high current density of 500 mA cm for demonstration of short-circuit. b, Scheme of Li deposition/dissolution on Cu foil during
cycling of Li//Cu cell under current density of 0.2 mA cm™.

Proposed integrated protocol. In this section, the four types of cell configuration as an integrated protocol assembled by Li//Li
symmetric cell, Li//Cu cell, cathode/Li cell, and cathode/Cu anode-free cell was applied to comprehensively evaluate the performance
of LMBs/AFLMBs and unravel the unseen messages concealed in the individual candidates. Fig. 2 shows the charge/discharge

profiles of all the cell configuration used in the protocol. Fig. 3 shows the proposed integrated protocol and the schematics of each



cell configuration at its fully charged and discharged state. From the integrated protocol, one can decrypt different information from

each cell set-ups and dissect the origins of irreversible coulombic efficiency (irr-CE) and capacity within LMB/AFLMB quantitatively.
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Fig. 2 Electrochemical charge and discharge curves. a, Li//Li. b, Li//Cu. ¢, NMC//Li. d, NMC//Cu. All the cells use 1M LiPFs in EC/DEC
(1:1) as electrolyte with the current density of 0.2 mA cm=. We selected NMC-111 as the cathode material used in this electrolyte,
one can substitute desired cathode material for cathode study in cathode/Li cell and AFLMB.

Li//Li symmetric cell, with its charge/discharge curves shown in Fig. 2a, is a useful configuration that allows us to understand
the kinetics of Li deposition/dissolution by extracting the initial nucleation overpotential and polarization information 283 |t is also
a powerful tool to investigate internal short circuit (ISC), critical current density (CCD) phenomenon, or SEI polarization on Li surface
which although depends on the surface quality of both Li electrodes. However, irr-CE is unable to be obtained from Li//Li cell since
the CE is always ~100% due to excess Li from both Li electrodes which compensate the formation of dead Li and active Li lost from
reductive electrolyte decomposition (SEI formation or gas generation). As a result, the consumption of active Li due to the
aforementioned reactions is invisible, thus, seldom discussed and often overlooked in this cell configuration*. Generally, it is not easy
to report reliable and reproducible information on cycling performance or even ISC of this Li//Li protocol unless the quality of Li surface
employed, the amounts of electrolytes, and the pressure on the tested cell are well-controlled.

However, by replacing Li with Cu as the working electrode in Li//Cu cell as shown in Fig. 2b, it is possible to quantify the active
Li consumption at the Cu electrode by splitting out the proportion of irr-CE contributed from reductive electrolyte decomposition and
the formation of dead Li in each cycle, respectively. Fig. 3a and 3b show the scheme of Li//Cu cell at fully plated and stripped state
in the 1%t cycle. In the Li//Cu cell, since the excess Li is from the Li electrode, resulting in the Cu side as the limiting electrode. Since
there is no excessive metallic Li on Cu as it was in Li//Li cell to compensate the irreversible consumption of active Li on Cu. The
irreversible phenomena observed mainly reflect the behaviors of the Cu electrode. In general, the irr-CE of Li//Cu cell is higher in the
1st cycle containing both SEI formation via reductive electrolyte decomposition and dead Li formation. Although there still exists a
slight contribution from the SEI fracture in the subsequent cycles??, it is mainly contributed to dead Li formation (green bar in Fig. 3g)
after the formation of a stable SEI in the 1%t cycle, especially at low C-rate. Therefore, the irr-CE originated from the reductive
electrolyte decomposition (red bar in Fig. 3g) can be calculated by subtracting the value in the 15 cycle with that of the 2" cycle from
the Li//Cu cell protocol, and the useful information of irr-CE from the dead lithium formation and reductive electrolyte decomposition

can be successfully extracted from the Li//Cu protocol as shown in Fig. 3g. The Li//Cu cell is a useful protocol to provide reliable



information for the study of electrolyte?® 24 27, and surface engineering approaches?® 3! 32 for mitigating the irreversible Coulombic
efficiency ascribed to dead Li formation and reductive electrolyte decomposition.

The third protocol is a cathode//Li cell and the charge /discharge curves are shown in Fig. 2c, namely a half-cell for studying
phenomena taking place at the cathode. When the cathode//Li cell is fully charged, Li* is de-intercalated from NMC and plated onto
the Li anode along with the formation of dendritic or mossy Li (Fig. 3c). In reverse, Li* is stripped from the Li anode with some dead
Li left on it and intercalated back into NMC (Fig. 3d). However, since there is a great amount of active Li on the Li electrode compared
to that in the cathode electrode, i.e. the capacity ratio of the anode to cathode (A/C) is > 1 and cathode is the limiting electrode, the
excess metallic Li will compensate the active Li loss due to dead Li formation and reductive electrolyte decomposition at the anode
side, leading them invisible from the irr-CE observed. Since the irreversible reactions at the anode cannot be observed, this protocol
acts as an efficient tool to extract information relating to the irreversible reactions at the cathode including oxidative electrolyte
decomposition, cathode degradation, and 13t intrinsic irreversible capacity of cathode material in the 15 cycle33: 34.35.36.37 Generally,
the irr-CE of cathode//Li cells in the 1%t cycle is often found larger due to the cathode-electrolyte interphase (CEl) formation and
additional side reactions than that in the subsequent cycles. In particular, this phenomenon is more significant and often observed in
layered oxide cathode materials which can be attributed to mainly the slow lithium kinetics at high lithium contents and partially the
formation of LixMO.-like phases, and this intrinsic irr-capacity cannot be recovered in the absence of deep discharge of the cell or
unless cycling at the higher temperature to eliminate the kinetics limitation33 34 35 As for the subsequent cycles, the degradation of
cathode materials itself plays an important role in the following capacity fading. Besides, the oxidative electrolyte decomposition in
the subsequent cycles at high voltage may also generate irr-CE but less significant compared to the 15t cycle. Based on the above
mentioned three origins of irr-CE at the cathode, by transferring the irr-CE of 2™ cycle to that in 15! cycle, which is originated from the
oxidative electrolyte decomposition and the cathode degradation (blue bar in Fig. 3g), denoted as subsequent irreversible reactions
at the cathode (sub. irr-rxn at the cathode), it is possible to extract out the amount of irr-CE owing to the 15t intrinsic irr-capacity of the
layered oxide cathode together with the loss from CEI formation (shown in the yellow-gray alternating bar in Fig. 3g). Thus, from the
bar plot of cathode//Li cell in Fig. 3g, the irr-CE can be quantitively separated into the 15t intrinsic irr-capacity of the layered cathode
together with the irr-CE from the CEI formation and sub. irr-rxn at the cathode, respectively. If a deep discharge is performed in the
1st cycle, the 1%tirr-capacity, capacity loss from CEI formation, and the sub. irr-capacity can be discerned from the cathode//Li protocol
(see Fig. S2).

The cathode//Cu cell, which is also called AFLMB as displayed in Fig. 2d, can be recognized as a full cell with the A/C ratio = 1
since the active Li is purely from the cathode. The two half-reactions taking place in the AFLMB are comparable to those in cathode//Li
and Li//Cu cells, namely Li deposition/dissolution on Cu and cathode oxidation/reduction, respectively. When the anode-free cell is
fully charged, Li* is de-intercalated from NMC and plated onto the Cu along with the formation of dendritic or mossy Li (Fig. 3e). In
reverse, Li* is stripped from the anode with some dead Li left on Cu and intercalated back into NMC (Fig. 3f). Therefore, the
irreversible capacity and CE of AFLMB are significantly relative to that of Li//Cu and cathode/Li cells, and by integrating the information
of Li//Cu and cathode/Li cells, it is possible to dissect the proportion of irreversible capacity and CE in anode-free cells generated
from different origins as shown in Fig. 3g and will be discussed in the following paragraphs.

Since the capacity of anode and cathode changes along with the cycles in an AFLMB, its A/C ratio and limiting electrode will
also change, which will affect the analysis of the contribution of irr-CE. Therefore, it is important to know how the capacity changes
in both electrodes. From the perspective of capacity, if the cathode material used possesses the 1%t intrinsic irr-capacity of layered
oxide cathode, excess active Li would be left on Cu in the form of metallic Li causing the A/C ratio > 1 and cathode as limiting
electrode after the 15t cycle, causing the irr-CE of AFLMB only contributed from the cathode as that in an NMC//Li cell, and generating
high coulombic efficiency. In contrast, the irr-capacity of AFLMB will be only ascribed to the anode if the A/C ratio becomes < 1.
Additionally, since the irr-capacity caused by the subsequent irreversible reactions at the cathode is significantly low compared to

dead Li formation, the observed reversible (active) capacity of AFLMB can serve as an indication to the in-situ A/C ratio of the cell.



To study the effect of capacity retention on AFLMBs and LMBs, Fig. S3, and Fig. S4 show the charge/discharge profiles and cycling
performance results of NMC//Li cells with different A/C ratio. When the reversible capacity is kept almost the same to that of the 15
cycle discharge capacity as if in cathode//Li cell, it can be reckoned as the A/C ratio is > 1 where all the irr-capacity observed arouses
from the cathode. (see Fig. S4b) However, the hidden chemistry beneath this phenomenon is the continued consumption of excess
Li. This is because dead Li forms in each cycle, yet, since the active Li inventory within AFLMB cells is solely provided by the cathode
and limited, thus, it is continuously being consumed as shown in Fig. S4a.

During the continuous consumption of active Li inventory, there will be a transition state in a specific cycle when the A/C ratio
is about to become < 1. From Fig. S4b, this unique circumstance can be characterized by a sudden fading slope transition of the
discharge capacity of AFLMB, implying the excess Li is no longer enough to compensate dead Li formation in each cycle, which leads
to less active Li at the anode than that at cathode, limiting the observed reversible capacity of AFLMB as shown in Fig. 3g. Therefore,
the irr-CE observed will be the combination of both anode and cathode in transition state and dominated by dead Li formation
afterwards. As a result, the poor CE and significant capacity fading in the subsequent cycles of AFLMBs are mainly caused by the
formation of dead Li that could not be stripped back to cathode. To conclude, the larger the A/C ratio and less severe dead Li formation,
the later the transition state is occurred as shown in Fig. S4b. Thus, by enhancing the CE of Li plating/stripping and suppressing dead
Li formation, the capacity retention and the high CE region can be improved and prolonged in AFLMBs, respectively.

Given irr-CE, the irr-CE induced from dead Li formation and reductive electrolyte decomposition can be first quantified through
transferring the information from Li//Cu cell. Secondly, the proportion of irr-CE from the sub. irr-rxn at the cathode can be dissected
referring to the 2" cycle irr-CE of cathode//Li cell. Finally, if the cathode material used processes the 1t intrinsic irr-capacity and CEl
formation, the contribution of them can also be computed after separating that of sub. irr-rxn at the cathode from cathode//Li cell.
Moreover, oxidative electrolyte decomposition at the cathode side would also lead to the supply of additional active Li inventory plated
on Cu as the counter reduction reaction. Therefore, the partial consumption of active Li from the dead Li formation during the
discharge process may also be compensated by this irreversible reaction at the cathode. Considering the effect of A/C ratio on irr-
CE, when the A/C ratio is > 1, the proportion of irr-CE from the anode is not observable and plotted in the light color bar with a dashed
outline in Fig. 3g. When the in the transition state, some of the irr-CE from dead Li formation will be compensated by excess Li as

shown in the brown bar in Fig. 3g. Lastly, when the A/C ratio < 1, the irr-CE of AFLMB is mainly dominated by dead Li formation.
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Example 1: 1M LiPFg in EC:DEC under 0.2 mA cm™. Fig. 4 shows the corresponding irreversible CE at the 1%, the 2", and the 10"
cycle of Li//Cu, NMC//Li, and NMC//Cu cells under the current density of 0.2 mA cm2 in commercial electrolyte (1M LiPFg in EC:DEC).
From the result obtained from the integrated protocol, the irr-CE of the 15t and the 2" cycle of Li//Cu cell is 5.73% and 5.48%,
respectively, suggesting the 0.25% higher irr-CE than 2" cycle is mainly caused by the reductive electrolyte decomposition, where
the rest of ~5.48% can be considered as dead Li formation based on the approaches discussed in Fig. 3g. For cathode//Li cell (Fig.
2a) with A/C = 50, the irr-CE of 1%t cycle is 10.36% containing 9.46% of the 1%t intrinsic irr-capacity of cathode with CEI formation and
0.9% of subsequent irreversible reactions at cathode. In addition, it should be stated that the cycling performance of NMC//Li is only

independent of Li when the amount of active Li is sufficient enough with low charge/discharge rate. When increasing the current



density to 0.4 mA cm?, it is found that the capacity is declining quickly due to the cathode degradation induced from soft short-circuit
(SSC) and severe dendrite formation, as shown in Fig. S6 and Fig. S7.

NMC//Cu cell shows the highest initial overpotential among all the cell configuration, which can be attributed to the higher initial
Li nucleation barrier on Cu than on Li and charge transfer resistance of NMC cathode. Interestingly, the polarization at 50% stats-of-
charge (SOC) of NMC//Cu is lower than that of NMC//Li, as shown in Fig. S8a. This can be explained by the lower mass transport
resistance through thin SEI on Cu than thick SEI on Li due to the intrinsically-reactive nature of Li. This phenomenon is also seen
between Li//Li and Li//Cu cells. From the integrated protocol, the 15 cycle irr-CE of NMC//Cu (AFLMB) cell is comparable to NMC//Li
cell and can be also separated into 9.5% of 1%t intrinsic irr-capacity of NMC with CEl formation and 0.9% of subsequent irreversible
reactions at cathode since the A/C ratio is currently > 1 and the cathode is the limiting electrode, making the irr-CE from anode
invisible. In the 2" cycle, the irr-CE is decreased to 4.48%, with the contribution mainly from dead Li formation as the cell is in the
transition state to A/C < 1 and the irr-capacity and CE are limited by the anode. However, the higher irr-CE of AFLMB than Li//Cu cell
in the 10" cycle may due to more complicated cell chemistry involving dead Li formation or chemical crossover effect®. Yet, it can

still be concluded that dead Li formation is no doubt the greatest obstacle currently for the development of high-performance AFLMBs.
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Fig. 4 Results obtained from integrated protocol using 1M LiPFs in EC/DEC (1:1) as electrolyte under 0.2 mA cm2. a, Normalized
discharge capacity versus cycle number of NMC//Li and NMC//Cu cells. b, irreversible CE comparison of four cell set-ups using 1M
LiPFe in EC/DEC (1:1) as electrolyte with the current density of 0.2 mA cm2. NMC-111 electrode with an areal capacity of ~2 mAh
cm was used as the cathode electrode for demonstration in this work. The 10" cycle irr-CE of NMC//Li and NMC//Cu cells shown
here and for the rest of the examples in this work are the average irr-CE extracted from the linear fitted results of In(normalized
capacity) versus cycle number to present a more general and reliable irr-CE. It should be noted the average irr-CE of NMC//Cu cell
is calculated after transition state, namely in the region of A/C ratio < 1. The capacity retention comparison of NMC//Li and NMC//Cu
cells are shown in Fig. S5a.

Experimental validation for the proposed protocol. Since dead-Li formation is the major origin of irr-CE in AFLMB as mentioned
above and to further validate the reliability of the results obtained from the proposed protocol, the amount of dead-Li at different
cycles of AFLMBs and Li//Cu cells at their Li-stripped state is measured using the methods reported by Meng et al.>® and compared
with the values dissected from the protocol as shown in Fig. 5. It is observed that in Li/Cu cell, the deduction of the 15! reductive
electrolyte decomposition from the 1%t cycle irr-CE is close to the dead-Li obtained by titration gas chromatography (TGC) method,
which confirms the reliability of our proposed protocol for quantifying the origins of irr-CE in Li//Cu cell. However, it should be noted
that since the SEl fracture and formation would continue to occur in the subsequent cycles due to the unstable property of the as-
formed SEI and dendrite formation?®. Thus, the SEI feature and formation consume dead-Li and cause less detected value when

using the TGC method for quantifying dead-Li amount in the subsequent cycles.



Meanwhile, it should be noted that for the validation of NMC//Cu cells, Li° is used to represent the origin of the obtained value
from the TGC method instead of dead-Li since the presence of excess active Li after the 15t cycle of AFLMB left on Cu which is not
truly “dead”. From the results shown in Fig. 5, there is also a discrepancy between the total irr-CE value and the sum of 1%t reductive
electrolyte decomposition and Li° amount from the TGC method. This difference could originate from both electrochemically oxidative
and chemically reductive electrolyte decomposition in the 15t cycle of the NMC//Cu cell, respectively. As in the 2" and 10" cycles,
the increased discrepancy between the total irr-CE value and that of measured by the TGC method can be again explained by the
continuous SEI evolution in the subsequent cycles like in Li//Cu cells. To conclude, the amount of dead-Li in the 15t cycle of Li//Cu
cell and the dead-Li accumulation trend in both Li//Cu and AFLMB cells obtained from our proposed protocol is successfully validated
by the TGC method. However, by examining the proposed protocol, we could not only easily quantify the actual amount of dead-Li
excluding the potential discrepancy from the chemical side reaction between dead-Li and electrolyte but also deduct the portion of
irr-CE from other origins in AFLMBs, which provides a more comprehensive understanding of AFLMBs. Hence, for further evaluation
of the protocol under different circumstances, two example studies are conducted by changing the current density and electrolyte

formulation in the following sections, respectively.

B Total irr-CE of Li#/Cu
_- Total irr-CE of NMC//Cu
KX Li® from GC

L 1%t Red. E.D. from protocol

o =2 [+
=] (=] =]
I 1

Accumalated irr-CE (%)
1

: 1 t

; Z d s
Cycle

Fig. 5 Dead-Li validation for the irr-CE obtained from the proposed protocol using the titration gas chromatography method.

Example 2: 1M LiPFg in EC:DEC under 0.4 mA cm. The effect of current density is also studied using the integrated protocol. Fig.
6 shows the obtained results using the same electrolyte from the previous section but under a current density of 0.4 mA cm=2. The
1st 2ndand 10" cycle irr-CE of Li/Cu cell are 7.5%, 6.2%, and 8.6%, respectively, representing 1.3% of reductive electrolyte
decomposition on Cu with 6.2% of dead Li formation in the 1%t cycle and mainly dead Li formation in the subsequent cycles. While
the irr-CE of 11.19% for NMC//Li cell in the 15t cycle can be attributed to the combination of 10.62% 1%t intrinsic irr-capacity of NMC
and 0.57% subsequent irreversible reactions at cathode transferred from 2™ cycle. Therefore, after integrating the results from Li//Cu
and NMC//Li cells, the irr-CE of NMC//Cu cell in the 15! cycle can be summarized as 10.62% 15! intrinsic irr-capacity of NMC and
0.57% subsequent irreversible reactions at the cathode as A/C ratio is larger than one and the determining electrode is the cathode.
In the 2" cycle, the irr-CE is significantly larger than that in 0.2 mA cm, this can be explained by the increased dendritic and dead
Li formation rate under higher current density. Thus, the contribution of dead Li formation in irr-CE is higher and consumes more
amount of excess Li in each cycle, causing the faster transition to A/C < 1 and higher irr-CE of the 2™ cycle than 0.2 mA cm.
However, in the 10" cycle of NMC//Cu, the major origin of irr-CE is still the dead Li formation no matter the current density after the

A/C ratiois < 1.
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Fig. 6 Results obtained from integrated protocol using 1M LiPFs in EC/DEC (1:1) as electrolyte under 0.4 mA cm™2. a, Normalized
discharge capacity versus cycle number of NMC//Li and NMC//Cu cells. b, irreversible efficiency comparison of four cell set-ups using
1M LiPFs in EC:DEC as electrolyte with the current density of 0.4 mA cm™. The capacity retention comparison of NMC//Li and
NMC//Cu cells are shown in Fig. S5b. The charge/discharge profiles of each cell configuration are shown in Fig. S9.

Example 3: 1M LiPFg in EC:DEC with 5% FEC. Fig. 7 shows the results obtained from the integrated protocol using 1M LiPFs in
EC:DEC with 5% FEC as the electrolyte under the current density of 0.2 mA cm2. The 15t and 2" cycle irr-CE of Li//Cu is 4% and
2.9%, respectively. Similar to the previous case, the 1.1% difference can be attributed to the reductive electrolyte decomposition on
Cu in the 1%t cycle and the rest 2.9% can be attributed to dead Li formation. From the result of Li/Cu cell, the effect of FEC on
suppressing dead Li and dendrite formation can already be revealed from the lower irr-CE than that of without FEC additive.
Meanwhile, the irr-CE of NMC//Li cell in 1%t cycle can be separated into the 1%t intrinsic irr-capacity of NMC and CEl formation (9.72%)
and subsequent irreversible reactions at cathode (0.31%) including oxidative electrolyte decomposition and cathode degradation
transferred from 2" cycle. Finally, the irr-CE of NMC//Cu in the 1t cycle, same with that of NMC//Li cell, can be broken down to
9.72% of the 1%t intrinsic irr-capacity of NMC with CEI formation and 0.31% of subsequent irreversible reactions at cathode when the
A/C ratio > 1. However, the irr-CE of the 2™ cycle is 0.52% and significantly lower than that in the NMC//Cu cell without FEC added.
This can be again explained by the effect of FEC suppressing dead Li formation, leading to slower consumption of excess active Li
on Cu. Thus, the A/C ratio of the cell is sustained > 1 longer than that without FEC additive before transiting to A/C < 1 as discussed
above, and the irr-CE of the first four cycles is very low as shown in Fig. 7a. In other words, the transition state is delayed to the 5"
cycle. Meanwhile, the discharge capacity is found without decaying in the first four cycles, which also proves that the A/C > 1 region
is extended to four cycles. As a result, the irr-CE of the 2™ cycle is mainly due to the subsequent irreversible reactions at cathode
considering cathode is still the limiting electrode, different from those without FEC added. Later on, after the transition state and the
A/C becomes < 1, the increased average irr-CE of 3.1% can be thus attributed to the dead Li formation.

To conclude, if we compare the results obtained from the proposed protocol between with/without FEC as an additive, the lower
initial overpotential, and polarization shown by Li//Li and Li//Cu cells after the introduction of FEC reveals the effect of FEC on forming
better SEI and favoring Li nucleation on Cu. The lower irr-CE of Li//Cu cell and significantly lower irr-CE after the 15 cycle in NMC//Cu
(AFLMB) cell indicate the ability of FEC to suppress dendrite and dead Li. Interestingly, the irr-CE of NMC//Li cell does not show
significant difference with/without FEC suggesting the contribution of FEC is less notable for the cathode. Although it has been
reported that the addition of FEC into electrolytes can lead to a more compacted and stable LiF-rich SEI, which is also beneficial to
the uniform Li deposit and better electrochemical perofrmance*’. By summarizing all the contributions from the above configuration
within the proposed protocol, we can quantitively unravel the effects of FEC on mitigating the formation of dead Li and forming stable

SEl in AFLMB.
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Fig. 7 Results obtained from integrated protocol using 1M LiPFg in EC/DEC (1:1) with 5% FEC added as electrolyte. a, Normalized
discharge capacity versus cycle number of NMC//Li and NMC//Cu cells. b, irreversible CE comparison of four cell set-ups using 1M
LiPFg in EC/DEC (1:1) with 5% FEC added as electrolyte with the current density of 0.2 mA cm. The capacity retention comparison
of NMC//Li and NMC//Cu cells are shown in Fig. S5c. The charge/discharge profiles of each cell configuration are shown in Fig. S10.

Discussion

In summary, we revealed the formation of dead Li and dendritic Li alongside with the internal short-circuit via in-situ OM, and
proposed the mechanism of Li deposition/dissolution on Cu. Furthermore, by combining the information and irreversible coulombic
efficiency of four different cell set-ups, an integrated protocol is proposed to unravel the concealed messages of various irreversible
Coulombic efficiency. From the decrypted information, the origin and proportion of irreversible coulombic efficiency in AFLMBs
induced from dead Li formation, reductive/oxidative electrolyte decomposition, 1%t intrinsic irreversible capacity of the cathode, and
cathode material degradation can be quantified and revealed. Although AFLMBs suffer from high irreversible coulombic efficiency
and quick capacity fading and often recognized as a poor cell configuration, AFLMB is the indispensable key in this integrated protocol
to facilitate the development of electrolyte and improve the performance of LMB and AFLMB, just like a rose always has its thorns.
In general, the integrated protocol proposed here can be further expanded to comprehensively examine the effectiveness of various
strategies on improving the electrochemical performance of LMBs or AFLMBs, to realize next-generation high energy rechargeable
lithium battery involving metal deposition/stripping chemistry.

Methods
Materials

The commercial NMC electrodes (Amita Technologies Inc. Taiwan) contain 88.5 wt% of active material (LiNi1;3C01/3Mn1302,
NMC-111), 4 wt% of polyvinylidene fluoride binder (PVDF), and 7.5 wt% of conductive carbon (2.5 wt% of Super P with 5 wt% of
KS6). The nominal areal discharge capacity of NMC electrodes used is 2 mAh cm-2,

Cu foil was used as an anode electrode in the anode-free cell. The Cu foil was cut into 19 mm in diameter, washed by 1M
hydrochloric acid for 10 minutes in an ultrasonic cleaner, followed by rinsing with deionized water and acetone for three times, and
finally vacuumed in the desiccator for 30 minutes before use.

Cell Assembly

The optical microscopy (OM) Li//Cu cell was assembled by sealing a Li foil and copper foil with a distance around 250 um in-
between inside a plastic pouch cell. Copper wire was used as terminal for both electrodes and external circuit for electrochemical
measurements. The OM cells and CR2032 coin cells were all assembled in an argon-filled glovebox (UNIlab Plus Glove Box,

MBRAUN) where the oxygen and moisture content were kept less than 1 ppm.



Li foil (~300 um, FMC Corporation) was attached on a 500 um spacer and used as an anode in NMC//Li cell, identical electrodes
in Li//Li symmetric cell, and tri-layer Celgard 2325 PP/PE/PP membrane as separator. The NMC//Cu cells were assembled by pairing
NMC electrode with a copper foil, with a 800 um spacer to minimize the thickness difference of assemblies within in the cell between
NMC//Cu and NMC//Li cells to unify the cell pressure and make the results obtained from each cell configuration the most reliable.
The electrolyte used was 1M lithium hexafluorophosphate (LiPFs) in the mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) (v:v = 1:1) (Sigma-Aldrich) with or without 5% of fluoroethylene carbonate (FEC).

In-situ Optical Microscopy Observation

In-situ plating and stripping of Li on copper foil was observed using optical microscopy (OM) in a plastic pouch cell by applying
500 mA cm of charge/discharge current density, as shown in Fig. 1a and the movies are also included in the supporting information.
The electrochemical measurement of the cell was simultaneously conducted on a PGSTAT101 Autolab potentiostat (Metrohm), with
the potential and current resolution of 3 uV and 10 nA, respectively.

Electrochemical Tests
Galvanostatic charge/discharge was used to cycle batteries with applied current density of either 0.2 or 0.4 mA cm to study
the effect of charge/discharge rate. Galvanostatic charge/discharge tests were performed on Arbin BT-2000 (Arbin Instruments)

battery test equipment at room temperature.
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Figure 1

In-situ OM and Li deposition/dissolution scheme. a, In-situ OM measurement of Li deposition/dissolution
on Cu electrode under ultra-high current density of 500 mA cm-2 for demonstration of short-circuit. b,
Scheme of Li deposition/dissolution on Cu foil during cycling of Li//Cu cell under current density of 0.2
mA cm-2.

(a) 150 — (b) 150 — :
e tem : LiliC — st
g 100 —2nd g ] | } 2nd
— —3rd — S— 1
> S0 —dth o 50 ——dth
=21 ——5th o ——5th
s o —en| 8 0 ——th
o ——Tth o —Tth
2 = 8th 2 e Btth
@ -100 —%h | T 100 ——ath
[&] —10th Q — 1 0th
_1W 'l 1 L L L L _150 1 L A L 1 L
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 25
Areal Capacity (mAh cm™) d Areal Capacity (mAh cm™?)
(C) 45 (d) 45
4.0 4.0
a 3.5 a’ 3.5
@ o]
o o
5 —lct| B
= a0 —ond| § 30
> —3d | >
= —ath | =
& 25k —sth | & 25
System : NMC/ILi ——Gith —Gth
Electrolyte - 1M LiPFs EC/DEC (1:1 —7th —7th
2.0 | Electrelyte : 1l sl E( ) 8th 20 8th
Current Density : 0.2 mA cm 9th —6&th
i Amount of Electrolyte : 50 L ——10th i System : NMC//Cu — 10th
~0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 20 2.5

Areal Capacity (mAh cm?) Areal Capacity (mAh cm?)



Figure 2

Electrochemical charge and discharge curves. a, Li//Li. b, Li//Cu. c, NMC//Li. d, NMC//Cu. All the cells use
1M LiPF6 in EC/DEC (1:1) as electrolyte with the current density of 0.2 mA cm-2. We selected NMC-111 as
the cathode material used in this electrolyte, one can substitute desired cathode material for cathode
study in cathode/Li cell and AFLMB.

(a) Li/Cu (c) NMC/Li (e) NMC/Cu
aamttaa N I 0 |
Sl 0 L TANTET

| L] w L ¥

LS

Fully charged] Li plated

T S | SR

g4 $ ¢ [

L L

Bl ottt l S

L.

Fully discharged/ Li stripped
- [ Li foil [ Active Li Il Dead Li

(9) [ pead Li [l Red. E.D. Ml Sub. irr-rxn at Cathode == CEI formaiton from Ox. E.D.
I compensated by excess Li [ 1% intrinsic irr-capacity of Cathode

1# Cycle Transition 10* Cycle
tircu ETINGI |-
+ : &7 AE () i

Cathode/Li  Invi iible
-

e AFLe 2 e | W |

rr- ;

Capacit :

Y| R <op.~ AFLMB
1%t Cycle

 [Active Capacity E - Anode
- ' AFLMB
Transition | | T E | Cathode
| Il 1| Anode

o Consumed Active Cap. E
100 Cyeto [ (= BN | Cathode
| Cathode
| i Anode

Figure 3



Integrated protocol and scheme of different cell configuration at fully charged and discharged states. a, b,
¢, Scheme of Li//Cu, NMC//Li, and NMC//Cu cells at fully charged/ Li pated sate in the first cycle,
respectively. d, e, f, Scheme of Li//Cu, NMC//Li, and NMC//Cu cells at fully discharge/ Li stripped state in
the first cycle, respectively. g, Proposed integrated protocol to unravel the origins of irreversible CE in
AFLMB by Li//Cu and cathode/Li cells. The blue shell on Li represents the SEl layer. Red. E.D. stands for
the reductive electrolyte decomposition, Ox. E.D. for oxidative electrolyte decomposition, and sub. irr-rxn
for subsequent irreversible reactions, respectively.
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Figure 4

Results obtained from integrated protocol using 1M LiPF6 in EC/DEC (1:1) as electrolyte under 0.2 mA
cm-2. a, Normalized discharge capacity versus cycle number of NMC//Li and NMC//Cu cells. b,
irreversible CE comparison of four cell set-ups using 1M LiPF6 in EC/DEC (1:1) as electrolyte with the
current density of 0.2 mA cm-2. NMC-111 electrode with an areal capacity of ~2 mAh cm-2 was used as
the cathode electrode for demonstration in this work. The 10th cycle irr-CE of NMC//Li and NMC//Cu cells
shown here and for the rest of the examples in this work are the average irr-CE extracted from the linear
fitted results of In(normalized capacity) versus cycle number to present a more general and reliable irr-CE.
It should be noted the average irr-CE of NMC//Cu cell is calculated after transition state, namely in the
region of A/C ratio < 1. The capacity retention comparison of NMC//Li and NMC//Cu cells are shown in
Fig. S5a.
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Dead-Li validation for the irr-CE obtained from the proposed protocol using the titration gas
chromatography method.
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Figure 6

Results obtained from integrated protocol using 1M LiPF6 in EC/DEC (1:1) as electrolyte under 0.4 mA
cm-2. a, Normalized discharge capacity versus cycle number of NMC//Li and NMC//Cu cells. b,
irreversible efficiency comparison of four cell set-ups using 1M LiPF6 in EC:DEC as electrolyte with the
current density of 0.4 mA cm-2. The capacity retention comparison of NMC//Li and NMC//Cu cells are
shown in Fig. S5b. The charge/discharge profiles of each cell configuration are shown in Fig. S9.
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Figure 7

Results obtained from integrated protocol using 1M LiPF6 in EC/DEC (1:1) with 5% FEC added as
electrolyte. a, Normalized discharge capacity versus cycle number of NMC//Li and NMC//Cu cells. b,
irreversible CE comparison of four cell set-ups using 1M LiPF6 in EC/DEC (1:1) with 5% FEC added as
electrolyte with the current density of 0.2 mA cm-2. The capacity retention comparison of NMC//Li and

NMC//Cu cells are shown in Fig. S5c. The charge/discharge profiles of each cell configuration are shown
in Fig. S10.
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