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ABSTRACT: Although lithium metal and anode-free rechargeable batteries (LMBs and AFBs) are phenomenal energy storage
systems, the formation of lithium deposits with high surfaces during repeated plating-stripping cycles has hindered their
practical applications. Recently, extensive efforts have been made to prevent the growth of high-surface lithium deposition,
e.g., electrolyte modification, artificial coating deposition, lithiophilic current collectors, composite lithium metal electrodes,
etc. In most of these approaches, coulombic efficiency (CE) has been used as a quantifiable indicator for the reversibility of
the LMBs and AFBs. The interpretation and validation of research results, however, are challenging since the measurement
of CE is affected by several parameters related to battery assembly and testing. This study aims to unveil the interplay of
several potentially overlooked parameters regulating the CE, such as stripping cutoff voltage, electrolyte quantity, pre-cycling
to form solid electrode interphase (SEI), and electrode surface modification, by applying two alternative electrochemical
methods. The hidden aspects of nucleation overpotential revealed by studying these parameters, as well as their influence on
the composition and stability of the SEI are discussed. Overall, this work provides an insightful understanding of the methods

and parameters used for assessing the performance of LMBs and AFBs.

INTRODUCTION

The future generation of rechargeable batteries has to be
highly energy-efficient to meet the ever-increasing de-
mands of the electronics industry and electric vehicles 1. So
far, one of the most promising lines of development has
been employing lithium metal as the negative electrode in
such batteries 2. Lithium metal is considered the ultimate
choice of anode materials because of its high theoretical
specific capacity (3860 mAh g-1) and lowest electrochemi-
cal potential (-3.04 V vs. ESH) 3. Despite these prominent
merits, the industrial deployment of lithium metal batteries
(LMBs) has been impeded by the critical problems of low
coulombic efficiency (CE) and poor cyclability 4 The funda-
mental problem stems from the formation of lithium metal
deposits with high surface area (i.e, dendrites, whiskers,
mossy lithium) during plating, which in addition to the cre-
ation of large reactive surfaces, eventually leads to the for-
mation of inactive lithium (dead lithium) during the strip-
ping process 7. Consequently, lithium metal anodes suffer
from poor cycling stability and low CE. More recently, an-
ode-free lithium metal batteries (AFBs), obtained by remov-
ing the metallic lithium anode at the initial state, have
shown a potential to further increase battery energy density
8-11 The low CE and poor cycling reversibility reported in
the literature for these systems, however, are not satisfac-
tory compared to those of LMBs, mainly because there is no

lithium reservoir to replenish lost lithium. Similar to LMBs,
AFBs also suffer from problems originating from the crea-
tion of high surface area lithium and the formation of inac-
tive lithium, which is directly correlated with low CE 12-15,
Over the past few decades, extensive efforts have been de-
voted to understanding the mechanism of the formation of
high surface area lithium deposition 1619 and developing
strategies to achieve high CE in LMBs and AFBs, such as de-
veloping new electrolyte/additives 20-24, electrochemical
treatments 2>-27, surface engineering 28-31, solid-state elec-

trolytes 32-34, and lithium host modification 3536 and so on
437,

Most previous works highlighted the achievement of high
CE, frequently linked to high cycling reversibility with the
low surface area electrodeposition of lithium (non-den-
drite); however, CE can be easily misunderstood or over-
looked especially in half-cells 38. The measurement of lith-
ium CE is often affected by various factors 3940, and the elec-
trochemical measurement methods reported in the litera-
ture often give different values, even for the same cell de-
sign. Few researchers have explicitly addressed the known
parameters in determining the CE of LMBs and AFBs, as well
as the tradeoffs between CE and cycling reversibility 38-42,
For example, Xiao et al.?° discussed the fundamental defini-
tion of CE in various cell configurations (i.e, Lithium-ion
batteries, LMBs, and AFBs). They examined the compari-
sons between CE and capacity retention with different types
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Fig. 1: Evaluation of LMBs and AFBs using half-cell electrochemical methods: schematic description of the methods a)

conventional and b) reservoir method.

and quantities of electrolytes. More recently, Winter et al.#!
focused on the reversibility of lithium cycling, regarding a
range of experimental parameters, such as current density,
capacity, and electrolyte type, in both symmetric (Li || Li)
and asymmetric (Cu || Li) configurations. Different methods
have also been developed to evaluate the CE of LMBs. Ad-
ams et al. #2 developed a new method originating from the
Aurbach et al. #3 approaches to more accurately measure the
CE based on the reservation of the lithium metal on the elec-
trode surface, also known as the “reservoir method”. Un-
doubtedly, these types of studies are of great aid in explain-
ing the reported differences and improving the research
community's ability to perform more systematic and viable
studies. Still, some key parameters which could have a sig-
nificant impact on the outcome have been underestimated
or not completely considered in the CE measurements.

In this work, two alternative electrochemical methods, de-
fined as “conventional” and “reservoir” (vide infra) have
been used to investigate the evolution of the CE in ZnO-
coated Ni foam current collectors for AFBs. The effect of the
modification of the current collector and electrolyte solu-
tion on the electrochemical plating and stripping of metallic
lithium has already been studied in half-cell setups 10:44-48,
Using three-dimensional (3D) structures coated with lithi-
ophilic materials is an approach that has recently received
considerable attention 4250, As studied previously 51-53, a
thin layer of ZnO on a 3D current collector influences the
morphology of deposited lithium and improves electro-
chemical performance. Here, 3D Ni foam coated by ZnO was
used to characterize the CE of LMBs and AFBs. In such a sys-
tem, the effect of various parameters, often neglected in the
study of the CE in LMBs and AFBs, such as upper discharge
cutoff voltage, thicknesses of the protective artificial coat-
ing, solid electrolyte interphase (SEI) formation, and elec-
trolyte volume will be thoroughly examined. Indeed, the

choice of a reliable electrochemical protocol is critical to
correctly correlate the effect of the different parameters.
The methods used until now to measure CE and cycling per-
formance of LMBs and AFBs are not always rigorously de-
fined, and they are not always compatible among them, of-
ten leading to inconsistent results. It is worth mentioning
that the influence of some known parameters, such as cur-
rent density and electrolyte composition, is not covered
here, and the readers are referred to the previous refer-
ences for more information about them 38-42,

RESULTS AND DISCUSSIONS

The two approaches employed to investigate the CE behav-
ior of lithium deposition-dissolution with the half-cell con-
figuration are illustrated in Fig. 1. The so-called “conven-
tional” method (Fig. 1a) is the simplest method and has
been often used in the literature to determine CE and cy-
cling stability. It consists of plating a given amount of lith-
ium on the lithium-less working electrode (Qr), followed by
stripping until a cutoff voltage (Qs) is reached. This cutoff
indicates that all the removable lithium has been stripped
from the electrode surface. In this method, the CE can be
tracked with the cycle number, and it can be calculated as
the ratio between the amount of lithium stripped from the
substrate and the previously plated lithium, as indicated in
Eq. 1.

CE = Stripping capacity (Qs) % 100% Eq. 1
Plating capacity (Qp)

Recently, Adams et al. 2 modified the Aurbach et al. 43 ap-
proach, known as the “reservoir” method, and proposed a
new method to determine the average CE, as shown in
Fig. 1b. A single lithium deposition-dissolution cycle is used
in this method to produce the SEI on the electrode surface.
Next, the lithium reservoir (Qr) is plated on the electrode,



and then the battery undergoes continuous stripping/plat-
ing cycles with a fixed capacity lower than the initial lithium
reservoir (Qc < Qr) for n cycles. The side reactions gradually
consume the lithium reservoir during cycling 4251, and even-
tually, after n cycles, the lithium reservoir is completely de-
pleted, as indicated by the sharp increase of the stripping
potential. In this method, the average CE over n cycles can
be calculated by using Eq. 2, which is a first-order expansion
of Eq. 1:

_ _ Qr-Qc
cE = (1 e ) x 100% Eq. 2

In the following section, we will discuss how and why sev-
eral parameters, such as stripping cutoff voltage, pre-cy-
cling SEI formation, modification of electrode surface, and
electrolyte amount, substantially impact the CE measure-
ments in conventional and reservoir methods. Noted that
the electrolyte chosen to carry out this work (1M LiTFSI in
DOL / DME (1/1 vol.) with 2 wt.% of LiNO3) had already
been widely used in the literature for LMBs and AFBs since
recognized for its high cycling stability and optimal cou-
lombic efficiency 5455.

Influence of the cutoff voltage

Researchers have shown that the upper cutoff potential is
critical for transition metal oxide cathode materials since
capacity fade is accelerated in the higher upper cutoff po-
tential 5657, Likewise, the upper cutoff voltage is an influen-
tial parameter that impacts the electrochemical perfor-
mance of LMBs and AFBs 585%. The effect of upper cutoff volt-
age on the plating-stripping cycling performance was eval-
uated by using different cutoff potentials of 0.5V, 1.0V,
1.5V, and 0.2 V (Fig. 2a and S1). Setting the stripping volt-
age to the lower cutoff voltages results in the limitation of
conversion-dealloying and re-alloying processes, plating
and stripping thus becoming the main processes °-62, Fig.
2b shows that, after stabilization in the first 20 plat-
ing/stripping cycles, the CE value slightly increases with in-
creasing cutoff voltage. Nevertheless, as shown in the table
inset of Fig. 2b, the fluctuation of the CE, measured as the
standard deviation of CE values between cycles 20 and 160,
increases from 0.5 % to 0.8 % for 0.2 V to 1.5 V cutoff volt-
ages, respectively. A control sample without ZnO was used
to evaluate the CE fluctuations observed at higher voltages.
Despite the absence of ZnO, the fluctuation was still visible
(Fig. S2 in the Supporting Information). This suggests that
factors such as SEI evolution or reactivation of trapped lith-
ium could be contributing to the CE fluctuations, rather than
the conversion-dealloying and re-alloying processes reac-
tion of ZnO. More importantly, longer cycle life is observed
for lower cutoff voltages, which is attributed to lower elec-
trolyte decomposition and irreversible electrochemical re-
actions, as discussed later. Therefore, it is recommended to
lower the cutoff voltage to increase the cycle life. Hence, a
0.2V cutoff voltage was chosen for the following electro-
chemical analyses.
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Fig. 2: Influence of stripping cutoff on the CE and cycling
stability of conventional electrochemical method: a) volt-
age versus capacity profile of ZnO with 25 nm thickness coated
Ni foam and b) cyclic performance and CE dependence for the
different cutoff voltages of 0.2, 0.5, 1.0, and 1.5 V at the current
density of 1 mA cm-2 and capacity of 1 mAh cm-2.

Influence of pre-cycling

In several previously published papers, several dis-
charge/charge cycles in a potential range above 0V vs.
Li*/Li are applied to the cell to stabilize the SEI before start-
ing the plating/stripping process ¢3. However, to the best of
our knowledge, a comprehensive study on the influence of
this pre-cycling procedure on CE and the cycling stability of
the following plating/stripping process has not been con-
ducted. To verify its effects, several cells pre-cycled five
times between 0.01V and 1V at 0.2 mA cm~2 were com-
pared to cells where pre-cycling was not applied. During the
discharge, lithium reduces the thin layer of native oxides on
the surface of the Ni foam substrate by an irreversible con-
version reaction (e.g.,, NiO + 2Li* + e~ — Ni? + Li20) ¢*. When
Zn0-coated Ni foam is used, lithium ions react with ZnO and
form Li20 and LiZn via a conversion reaction followed by al-
loying ¢5. The ZnO-coated sample provides a higher capacity
than non-coated Ni foam between 0.01 and 1 V (cf. Fig. S3).
As shown in Fig. 3a, almost no differences in the cycling sta-
bility are observed for the cells with and without pre-cy-
cling when using the conventional method of plating-strip-
ping. The stabilized SEI can probably be easily changed and
damaged by the following lithium stripping and plating cy-
cles. However, pre-cycling has a clear beneficial influence
on the cycling performance when using the reservoir
method (Fig. 3b). This can be explained by the fact that the
initial SEI layer formed during the pre-cycling remains in-
tact as the initially plated lithium reservoir is not com-
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Fig. 3: Comparison of the effect of SEI activation on electrochemical performance and relationship between cell per-
formance and nucleation overpotential: a) cycling performance and CE measurement with the conventional method w/o
SEI activation of pure Ni sample with 50 pl of electrolyte, b) voltage curves of reservoir method for the Ni and ZnO-coated Ni
electrodes w/o SEI activation, c) impact of SEI activation cycle on the nucleation overpotential of the first half-discharge of the
samples (inset table represented the measured nucleation overpotential). Measurement of nucleation overpotential in three-
electrode Swagelok T-cell w/o SEI activation: d) overall voltage profile, e) counter electrode, and f) working electrode contri-

bution.

pletely stripped. These results are consistent with the dis-
cussion in the later section (vide infra) where it will be
shown how SEI will change during cycling, thereby altering
the mechanism of cell failure.

The results show that by applying five cycles of SEI stabili-
zation, the nucleation overpotential increases from 109.5 to
121.2 mV for non-coated Ni foam and from 15.6 to 61.8 mV
for ZnO-coated Ni (Fig. 3c). Several studies have demon-
strated that the nucleation overpotential, defined as the
voltage difference between the lowest point and higher flat
segment of voltage (AE, Fig. 3c) is a key parameter provid-
ing information related to lithium deposition and lithiophi-
licity of the electrodes which influence the battery perfor-
mance %6-6%, In particular, a lower value of nucleation over-
potential should indicate more favorable and smoother lith-
ium electrodeposition via more homogeneous nucleation
and a reduced formation of lithium dendrites, with a subse-
quent improvement of the electrochemical performance.
This is not the case in the results shown in Fig. 3, where the
cells with higher initial nucleation overpotential show the
best cycling stability when using the reservoir method. In
order to investigate the existence of a possible relationship
between nucleation overpotential and cell performance,
specific analyses were carried out using a Swagelok three-
electrode T-cell. Fig. 3d shows the overall voltage profile of
the Swagelok T-cell electrode (Eworking - Ecounter). Similar to
the results obtained in two-electrode coin cells, the nuclea-
tion overpotential is higher for the cell submitted to the pre-
cycling procedure. The voltage of the counter electrode
(Fig. 3e) sharply increases, while the working electrode
(Fig. 3f) shows almost no drop in the potential during lith-
ium plating for both cells. Once the plating starts, the coun-
ter electrode potential experiences a gradual decrease until

a stable state is reached, which appears in the overall poten-
tial during the lithium deposition process. The surface area
associated with the creation of pits on the surface of lithium
metal continues to increase on the counter electrode during
the process, resulting in decreasing potential of the counter
electrode and overall cell polarization 7071, It means that the
energy necessary to activate lithium stripping at the lithium
metal counter electrode is much higher than that necessary
for forming nucleation sites on the working electrode. In
conclusion, there is no correlation between the nucleation
overpotential and the performance of the batteries since the
so-called nucleation overpotential simply does not corre-
spond to the effective activation energy for the formation of
lithium metal plating nuclei.

Furthermore, another question was raised about the obser-
vation of alower nucleation overpotential in lithiophilic ma-
terials. In this case, to pinpoint the source of the nucleation
overpotential in lithiophilic materials, ZnO-coated Ni foam
(as a lithiophilic electrode) was used as the working elec-
trode and compared with uncoated Ni (Fig. S4). As shown in
Fig. S4b, itis evident that during lithium plating, for both un-
coated and ZnO-coated Ni electrodes there is a constant
voltage decrease to a steady-state level in the working po-
tential. As shown in Fig. S4c, the initial drop in cell potential
is predominantly due to the sudden drop in the counter
electrode potential, which, as explained, could be due to the
pitting effect on the lithium metal surface of the counter-
electrode. In the ZnO-coated sample, the plating peak in the
counter electrode shifts to a lower overpotential because of
the extra capacity required for the conversion-alloying re-
action. This extra capacity is responsible for reducing the
observed nucleation overpotential in the ZnO-coated elec-
trode compared to the uncoated Ni electrode. Note that the



Pure Ni 10 nm 25 nm 50 nm 100 nm
Increase the thickness of deposited ZnO layer

b C
. 0.454 — pure Ni ——2Zn0O 10nm ;Q\
Tj ——2Zn025nm  —— ZnO 50nm ~
S 030 ——Zn0100nm  —— ZnO 150nm §

. [}

ES S
= k5]

o Qo
2 2
° k] B Pure Ni ZnO 10nm
> 3 87- Zn0O 25nm ZnO 50nm

8 Zn0O 100nm Zn0O 150nm o B
00 04 08 12 16 20 0 20 40 60 80 100 120 140 160 180 200 220
Time (h) Cycle number
1. 1

d 0 —PugaNi eg\ 00
— | ——2Zn0O10nm LS
TQ 0.8 ——ZnO 25nm 3 99+ 5 #’ o
| — (o]
= 061 23 300m 5 o 986 988 990 989
> ——2Zn0 150nm 2 1 5
S 04- D 97.7

S L 97
202 ” m = 9.8
S 00 b (% 96

0.2

0 20 40 60 8 100 120 140
Time (h)

160 180 200

T T T T T T
Pure Ni 10nm 25nm 50nm 100nm 150nm
Zn0 ZnO0 2ZnO ZnO
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nucleation overpotential is dominated by the working elec-
trode in the second half-discharge cycle, unlike the first half-
cycle, which should account for a true nucleation overpo-
tential of the system, in line with our previous report 7° and
the report by Seok et al. 7. These results collectively indi-
cate that the origin of the nucleation overpotential is largely
overlooked as an indicator of the energy required to form
the lithium nucleation, leading to misguided data interpre-
tation.

Modification of electrode surface

A recent trend among papers has been to modify current
collectors to improve lithium nucleation and growth behav-
ior 495072-74 Previously we have shown that the use of ZnO-
coated Ni foam leads to the formation of lower surface area
lithium and overall leads to better electrochemical perfor-
mance 75. Yet, achieving maximum electrochemical perfor-
mance requires the optimization of ZnO layer thickness. For
this reason, five Ni foam substrates coated with ZnO layers
of increasing thickness going from 10 to 150 nm were pre-
pared by atomic layer deposition (ALD). Based on the scan-
ning electron microscope (SEM) and X-ray photoelectron

spectroscopy (XPS) analysis, it was concluded that ZnO ho-
mogeneously covered the surface of the Ni foam. A detailed
discussion of the SEM and XPS measurement can be found
in the Supplementary information in Fig. S5. As previously
done in the literature 10445176-79 hoth the reservoir and the
conventional methods were used to evaluate their perfor-
mance and determine the optimal thickness of the coating
layer. As shown in Fig. 4a, the prepared samples show dif-
ferent colors due to interference effects in the thin ZnO lay-
ers of varying thicknesses. Before measuring the CE, a pre-
cycling procedure consisting of five cycles was used to form
the SEI, as shown in Fig. S6. Since the samples coated with
thicker ZnO layers logically contain more zinc oxide, their
pre-cycling procedure, which corresponds to the conver-
sion alloying of zinc results in longer reaction times. A com-
parison of the first cycle CE with the thickness of the ZnO
layer is shown in Fig. 4b. The thickness of the ZnO layer sig-
nificantly impacts the CE for the first cycle, and by increas-
ing the thickness, lithium consumption increases. There has
been a change in the nucleation and lithium growth overpo-
tentials upon plating for different thicknesses of ZnO. Ac-
cording to the three-electrode system previously discussed,
the counter electrode is most likely the main contributor.
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1.0 mA cm-2,

Then, the conventional method is used to verify the effect of
ZnO thickness on lithium metal cycling at a current density
of 1 mA cm2 and capacity of 1 mAh cm?, as shown in Fig.
4c. An identical behavior is observed for all thicknesses, a
decrease of the CE followed by an increase and a stabiliza-
tion/fluctuation until a decrease of the reversible capacity,
the sign of the battery failure. Currently, for the ZnO sam-
ples, the reason behind the CE increasing in the initial cycles
of the experiment and its following decrease is unclear. In
addition, with an increase in deposit ZnO thickness, the CE
fluctuates more. Possibly, it is caused by isolated lithium
that can be reconnected in a subsequent plating/stripping
cycle when lithium is deposited homogeneously 385,

Regarding performance, even though the average CE of un-
coated Ni foam looks better than that of ZnO-modified sam-
ples when the common method is used, the latter samples
exhibit much better cycling stability for all ZnO coating
thicknesses. The best cycle life is obtained with a ZnO layer
thickness between 10 nm and 50 nm; indeed, these samples
show stable cycling up to about 190 cycles before fading. In
contrast, with the reservoir method, both cycling stability
and calculated average CE improve while increasing the
ZnO layer thickness (Fig. 4d and e).

The different results obtained with conventional and reser-
voir methods make it quite challenging to accurately deter-
mine the optimal thickness of ZnO. The conventional
method can provide cycle-by-cycle efficiency; however, in
the following section, we will demonstrate that the cycling
performance of the cells determined with it is also tremen-
dously dependent on the volume of electrolyte. Moreover,
this method is not reflective of practical LMBs since these
typically contain excess Li. Accordingly, the conventional
plating and stripping method can be more effectively used
in AFBs systems or for screening different electrolytes at

low potentials. On the other hand, the reservoir method
with partial plating and stripping leaves a layer of lithium
reservoir after the first cycle, comparable to what is typi-
cally operated in practical LMBs. This method, however,
does not consider the loss of lithium during the first cycle
thus providing a more accurate estimation of the average CE
for LMBs. It is particularly important to consider the loss of
lithium during the first cycle in AFBs where the lithium
coming from the cathode is limited. According to the reser-
voir method results, the 100 nm and 150 nm layer modified
ZnO are promising. Nevertheless, they have a first cycle CE
of 78.2% and 68.4%, respectively, making questionable
their practical application in AFBs. Hence, the lower thick-
ness of the ZnO causes reduced loss of lithium during the
first cycle of the conversion/alloying process, which could
be more useful for AFBS. On the other hand, given the sub-
stantial excess of lithium in LMBs, the samples with a
thicker layer of ZnO would be more suitable for use as a host
to infuse molten Li.

Influence of electrolyte amount

The amount of electrolyte also significantly impacts the CE
and cycling performance of LMBs and AFBs 3941, Half-cell
Li||Ni batteries containing 50 pL, 75 pL, and 100 pL electro-
lytes were prepared to verify the influence of the amount of
electrolyte on the cyclability. As shown in Fig. 5a, a larger
amount of electrolyte results in a longer pre-cycling proce-
dure. The increased amount of electrolyte on the surface
may thus cause the degradation of the larger amount of
electrolyte and the formation of a thicker SEI during activa-
tion. Using the conventional method, cycling stability is
evaluated after the stabilization process, as shown in Fig.
5b. These results show that a larger volume of the electro-
lyte leads to an increase in cell lifetime. By doubling the
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tional method).

amount of electrolyte, the number of cycles doubles. On the
other hand, the batteries opened and inspected after cycling
were completely dry. Continuous electrolyte loss due to the
formation and continuous growth of SEI layers, as well as
high surface area or dead lithium formation 89, leads to bat-
tery failure.

Additionally, a two-electrode Swagelok Li||Ni cell was used
to investigate the effect of electrolyte amount on cyclic sta-
bility. As shown in Fig. 5c-d, long-term cycling leads to a
progressive increase in polarization and a parallel gradual
decrease in CE of the half-cell. Before the complete failure,
the cell was opened and refilled with 100 pL of fresh elec-
trolyte. This refilling leads to a decrease in polarization and
complete recovery of the previous lithium plating/stripping
conditions (black curve in Fig. 5c and e). The addition of
100 pL of electrolyte induces an immediate increase in CE
(black scatters Fig. 5d). These results clearly show that not
only the electrolyte amount plays a significant role in cy-
cling stability but also that electrolyte consumption is the
main cause of failure in a conventional electrochemical test.
These results are coherent with recent reports by Li et al. 80
and Xiao et al. 3%. As a comparison, the same analysis was
conducted with the reservoir method (Fig. 5f). In this case,
the failure results are independent of the amount of electro-
lyte. Despite the reduced electrolyte volume, cell failure was
not affected, indicating that the mechanism of cell failure is
regardless of the amount of electrolyte. If a dominant failure
mode can be identified through diagnostic testing, it allows
an accurate estimation of cycle life and CE for LMBs and
AFBs 81, The mechanism behind cell failure in this case will
be studied in the following section (vide infra).

Mechanism of cell failure

It is well known that the SEI layer plays a critical role in the
electrochemical behaviors of batteries 82-8 as the instability
of the SEI is the main cause of electrolyte depletion. To fur-
ther clarify and understand the reason for electrolyte deple-
tion during electrochemical lithium plating/stripping with
both conventional and reservoir methods, XPS was used to
analyze the SEI layer formed on Ni foam at various stages of
plating/stripping cycles (Fig.S7a) including preliminary
SEI (discharge to 0.0 V), plated Li, stripped half of the plated
lithium (the reservoir method), and fully stripped sample
(the conventional method). In general, the SEI layers are
composed of relatively enriched inorganic species in the in-
ner part close to the lithium metal surface and a higher con-
tent of an organic layer with polymeric species in the outer
part close to the electrolyte 8687, The inorganic part of the
SEI layer originates mainly from the decomposition prod-
ucts of electrolyte lithium salts and additive and/or residual
salts trapped in the SEI layer, i.e., LiTFSI and LiNOs, while
the organic species of the SEI layer are assumed to form via
the decomposition and polymerization products of the sol-
vent 8889 j.e, DOL and DME. As shown in Fig. 6, the C 1s XPS
spectra display several characteristic peaks of the compo-
nents of the polymeric surface layer. All show strong char-
acteristic salt peaks at 293 eV corresponding to the -CFx
group, which originates from either pristine LiTFSI salts or
incomplete salt decomposition (Li2NSO2CF3, LiSO2CF3, and
LiyCz2Fx) °0-2. These compounds show characteristic peaks
at 533 eV in the O 1s, 399.6 eV in the N 1s, and 169.3 eV in
the S 2ps/2 23. Further reduction of these compounds results
in inorganic compounds such as LisN, LiF, Li2S204, LizS,
LixSy0,, LiCF3, and LixCz2Fy 909293, The peaks at 284.8 and
286.5 eV are attributed to aliphatic hydrocarbons and to C-



0 species, respectively °4%. Further, the peak at 289 eV orig-
inates from carbonate species such as lithium carbonate
(Li2C03), lithium alkyl carbonates (ROCO:Li), and semi-car-
bonated species such as (CH20CO:Li): and/or polymeric
species of poly-DOL 88959, The SEI layer contains organic
compounds formed by the reduction of DOL and DME 9.
Upon stripping half of the plated lithium metal, there is a
slight decrease in the organic-inorganic compounds. While
the stripping is completed and all the metallic lithium has
been removed, similar to the conventional electrochemical
method, the intensity peaks of both organic-inorganic lay-
ers sharply decrease, suggesting that part of the SEI may
have dissolved.

The O 1s spectrum exhibits two peaks at 533 and 531.5 eV
corresponding to C-O/salt and C=0 (i.e, Li2COs3,
(CH20CO0zLi)2, and ROCO:Li), respectively 238897, The C=0
peak has a distinct intensity between the Li-plated and to-
tally stripped samples, suggesting that electrolyte (salt/sol-
vent) contributes more to SEI composition during plating
and/or that part of the SEI is dissolved/removed during
stripping. Additionally, the samples with lithium plated on
the surface displayed a Li.O peak at 528.4 eV derived from
the LiNOs decomposition, in accordance with the previous
report 92

NO3~ + e~ + 2Li* - NO2 + Li2O

NOs- + 2e- + 2Li* —» NO2 + Li20

In addition to LiTFSI, LiNOs also contributes to forming the
SEI layer 23. Regarding the N 1s spectra for the native SEI
sample, two peaks at 399.6 and 407.6 eV can be assigned to
nitrogen in the N-S (salt) bond and —NOs-, respectively
23,9091 The lithium plated samples presented an additional
peak around the 404 eV which is assigned to functional ni-
tro groups R-NO2 (R=organic) or nitrite (NO2") compounds,
suggesting that LiNOs is reduced to NOz radical and initiates
a polymeric reaction with DOL to from organic nitro (R-
NO2) compounds °2. Therefore, LiNOs3, as well as other elec-
trolyte components, undergoes decomposition during plat-
ing and stripping. Two distinct species can be identified in
the S 2p spectra. The peak around 169.3 eV is attributed to
sulfonyl groups -S02CF3 from the pristine salt or its incom-
plete decomposition products. Also, the peak around
167.4 eV belongs to sulfonyl residuals with stripped fluo-
rine —S02CF2* or LixSOy 939598, The S 2p spectra exhibit a
similar pattern to those of C1s, O 1s, and N 1s during the
plating and stripping of Li.

Overall, the differences between the C1s, O 1s, N 1s, and
S 2p spectra of the plated and stripped lithium samples are
clear and pronounced. As illustrated in Fig. 7, SEI continu-
ously grows during the deposition of Li® and remains un-
changed during the half-stripping of the Li° (as in the reser-
voir method). When lithium metal is completely stripped
from the substrate (the same procedure as the conventional
electrochemical method), on the contrary, the content of or-
ganic-inorganic compounds within the SEI layer signifi-
cantly reduces. It seems reasonable to assume that some SEI
parts dissolve while lithium is entirely stripped from the
electrode surface. The electrolyte depletion for the conven-
tional electrochemical method is connected to the evolution
(destruction/reconstitution) of the SEI during the lithium

plating and stripping for each cycle. In this manner, the re-
maining portion of Li° on the surface may mitigate electro-
lyte decomposition (similar to the reservoir method).
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Fig. 7: The SEI evolution during plating and stripping of Li:
[) preliminary SEI formed on the surface of Ni foam, II) during
the plating, SEI continuously grows, III) during half-stripping,
the SEI remains unchanged, and IV) fully stripping of lithium
leads to SEI dissolution.

Evolution of the SEl in AFBs

To further elucidate the behavior of the SEI during the com-
plete stripping of plated lithium, anode-free cells were in-
vestigated using Ni current collector as the anode and com-
mercial LiFePO4 (LFP) electrodes as the cathode. Such sys-
tems contain a limited source of lithium ions generated
from the LFP cathode, and therefore any inefficiency in lith-
ium plating-stripping can be quickly detected. As illustrated
in Fig. 8a, Li-ions are de-intercalated from the LFP electrode
and plated onto the Ni foam when the anode-free cell is fully
charged. In reverse, during the discharge of the cell, Li-ions
are intercalated back into the LFP electrode. All batteries
were first submitted to a full charge/discharge cycle at a
constant current of 0.1 mA cm-2 within a potential range of
2.5-4.2 V. For the subsequent cycles, the upper cutoff volt-
age was constantly set at 4.2 V while different lower cutoff
voltages were used to evaluate the SEI dissolution. In the
first protocol, the lower cutoff voltage was set at 2.5 V, indi-
cating that all the removable lithium has been stripped from
the anode electrode surface (similar to the conventional
method). The galvanostatic cycling curves with the corre-
sponding CE and capacity retention are shown in Fig. 8c and
S8, respectively. In the reservoir method (Fig. 8d), after ex-
tracting all the Li-ions from the LFP and plated to the Ni sur-
face, the batteries were cycled with a limited stripping ca-
pacity (1.0 mAh cm-2, Qc) rather than to a constant lower
cutoff voltage. Extra active lithium metal remaining on the
anode surface (Qr) serves as a lithium reservoir in the sub-
sequent cycles and supplies active lithium for consumption
by the side reactions in the subsequent cycles. After n cycles,
the reservoir lithium on the substrate is completely con-
sumed, which is visible by decreases in the lower cutoff volt-
age to 2.5 V. The average CE over n cycles can be calculated
by using Eq. 2. In addition, for the first protocol, the average
CE can be calculated according to Eq. 3:

Cang _ 1 Zn Stripping capacity % 100% Eq. 3

k=2

n-1 Plating capacity
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Fig. 8: Evolution of the SEI in anode-free Ni||LFP cell: a) schematic illustration of conventional and reservoir methods, b)
average CE calculated for conventional and reservoir methods (three identical samples were measured, and each bar repre-
sents a single cell), and charge/discharge voltage profile selection in conventional (c) and reservoir (d) method, when current
density at the first cycle was at 0.1 mA cm-2 and for the following cycles were under 0.5 mA cm-2; in reservoir method, once

the voltage drop to 2.5 V (35th cycle) the reservoir has consumed its entire capacity.

It is noted that the CE of the first cycle is not included in the
calculations for both protocols. As shown in Fig. 8b, the av-
erage CE of the reservoir method is found to be higher com-
pared to the conventional method. This lower CE for the
conventional method could be ascribed to the fact that the
continuous formation/repair of the SEI layer induces higher
Li consumption, which is in limited amounts in the cathode.
Conversely, by keeping some metallic lithium on the anode
electrode, the SEl is better preserved during cycling, leading
to a higher CE. This finding is in line with previous reports
99100 and the results shown in the aforementioned sections
for common and reservoir methods, clearly indicating how
it may be possible to improve the CE of AFBs in practical ap-
plication.

CONCLUSIONS

Two different electrochemical methods were utilized in this
study to highlight the effect of different experimental fac-
tors, which are often neglected in many studies, on the
measurement of CE and cycling performance of
LMBs/AFBs. Hidden and inconspicuous electrochemical
and cell parameters can substantially affect the perfor-
mance of the benchmark system. As a result of the findings
in this paper, several key points were clarified:

Cutoff: Despite the fact that the average CE decreases by
lowering the upper cutoff potential in the conventional elec-
trochemical method, the cycle life can be extended. In other
words, increased high cutoff potentials lead to reduced
lifespan due to the further decomposition of electrolytes
and irreversible electrochemical reactions. Accordingly, the
lower cutoff voltage is recommended for lithium plating and
stripping tests.

Pre-cycling for initial SEI formation: Galvanostatic pre-
cycling to form and stabilize SEI is here shown to not affect
the cycling performance and CE measurements for the con-
ventional electrochemical method. Most probably, the sta-
bilized SEI can be easily changed and damaged by the com-
plete stripping of lithium and the continued plating of Li.
However, in the reservoir method, stabilizing the SEI via
pre-cycling before lithium deposition improved CE values.
Due to the initial SEI formation, the nucleation overpoten-
tial of the electrode increases; this allows the unveiling of
the hidden aspects of the nucleation overpotential of the
batteries.

Nucleation overpotential: The results from three-elec-
trode cells indicate that the energy barrier for stripping or
extracting lithium from the lithium metal counter electrode
is significantly higher than the energy barrier for forming
nucleation sites on the working electrode when the cell
starts cycling. This also explains why the pre-cycling to form
initial SEI induced a higher nucleation overpotential.

Modification of electrode surface: The optimal thickness
of ZnO coating on the Ni foam current collector was shown
to be below 50 nm when using the conventional method,
whereas increasing the thickness improves the perfor-
mance in the reservoir method. The results indicate that the
lower thickness of ZnO would be more suitable for use in
AFBs with a limited source of lithium in the cathode elec-
trode, whereas a higher thickness of ZnO would be more
beneficial for infusing molten lithium to use as an anode in
the LMBs. In general, it is challenging to determine the ef-
fective optimal thickness of coatings in modified materials.



Quantity of electrolyte: In the conventional electrochemi-
cal method, the mechanism of cell failure is electrolyte de-
pletion rather than dendrite formation, and the cycle life of
a battery is directly proportional to its electrolyte volume.
In contrast, the reservoir method shows that the failure is
independent of the amount of electrolyte. Furthermore, XPS
analysis reveals that the evolution of SEI during lithium
plating and the entire stripping of lithium for each cycle
leads to electrolyte depletion in the conventional electro-
chemical method.

SEI in AFBs: The results for AFBs show similar that the cy-
cled life could be improved by keeping some metallic lith-
ium on the anode electrode, resulting in higher stability of
the SEI and thus higher CE values.

We believe that by gathering this type of information, re-
searchers may be able to gain a deeper understanding of the
efficiency of different parameters but also of different ana-
lytical methods in the thorough understanding of lithium
plating and stripping processes.

EXPERIMENTAL SECTION

Materials. Diethyl zinc (DEZ), 1,2-dimethoxyethane (DME),
1,3-dioxolane (DOL), lithium nitrate (LiNO3), Bis(trifluoro-
methylsulfonyl)amine lithium salt (LiTFSI), and Li metal foil
(350 pm thick) were all purchased from Sigma. The lithium
iron phosphate (LFP) on Al foil with a capacity of 2.0
mAh cm~2 was purchased from Lifesize company in Sweden.
Nickel (Ni) foam with a thickness of 300 uym, > 0.1 g cm-3
volume density, >99% purity and 95-98 % porosity was
purchased from TMAX company in China. All other chemi-
cals used in this work were of analytical reagent grade and
were used without further purification.

Material synthesis. An atomic layer deposition (ALD) pro-
cess was used to modify the surface of Ni foam with lithi-
ophilic zinc oxide (ZnO) materials with different thick-
nesses. The deposition was carried out in a home-built re-
actor at 100 °C with DEZ and milli-Q water as precursors
and co-reactants, respectively. Precursors were maintained
at room temperature, and the lines connected to the cham-
ber were heated at 80 °C to prevent condensation. A typical
ALD sequence was applied with a 0.4 s pulse of DEZ and a
2 s pulse of water. Each pulse was exposed for 30 seconds
and purged for 40 seconds using Argon between pulses. The
different thickness of ZnO was depicted by varying the num-
ber of ALD cycles from 50 to 500 cycles.

Electrochemical measurements. Electrochemical meas-
urements were performed in CR2032 coin-type cells assem-
bled in an argon-filled glovebox (MBraun) with less than
one ppm Oz and H20. The electrolyte used in this paper con-
sisted of 1M LiTFSI in DOL / DME (1/1 volume ratio) with
2 wt% of LiNOs. A piece of Celgard 2325 was used as a sep-
arator. The pure Ni or ZnO coated foam (1.27 cm @) was
used as a working electrode, whereas the reference/coun-
ter electrode was a piece of Li metal foil. The data was col-
lected using the potentiostat capabilities of the Biologic
MPG-2 system at 25+2 °C. The assembled cells were pre-cy-
cled between 0.01 and 1 Vat 0.2 mA cm™2 five times to make
the SEI stabilization procedure. For the full cell AFBs analy-
sis, the cells were first cycled at a mild constant current con-
dition at 0.1 mA cm-2 for the first cycle within a potential
range of 2.5-4.2 V; the following cycles were performed at

the current density of 0.5 mA cm-2. Three-electrode meas-
urements were performed to decouple the potential contri-
butions from Li and Ni foam electrodes in order to study the
nucleation overpotential. Two pieces of Celgard 2325 as the
separator and 1.0 mL of electrolyte were used for the
Swagelok cells. The non- or ZnO-coated Ni foam (0.95 mm
@) were used as a working electrode, whereas two pieces of
Li metal foil (10 mm @ and 750 um thick, Alfa Aesar) were
used as the reference and the counter electrode.

Characterizations. The XPS results were obtained from the
coin cell to investigate the plating and different stages of Li
stripping on the SEI with the constant current density of
0.5 mA cm-2 The samples were rinsed by immersion in
DME, and the residual DME was removed by drying in the
Ar glovebox prior to XPS analysis. The samples were trans-
ferred to an XPS chamber using a vacuum transfer vessel.
The XPS measurements were taken using PHI 5500® and
Kratos Axis Supra and spectrometers equipped with a mon-
ochromatic Al Ka radiation (1487 eV) source. The binding
energy was calibrated to the -CFx peak in the C 1s spectra
(293.0 eV). Data were analyzed with the CasaXPS package
software, employing the Gaussian-Lorentzian peak shape
GL(30).
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