
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

4.
12

.2
02

5 
18

:3
0:

52
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Understanding S
aInstitute of Materials Research and Eng

Technology, and Research), 138634, Singap
bMaterial Science and Engineering Resea

Aerospace, Institut Teknologi Bandung, Jl.

E-mail: sumboja@itb.ac.id

† Electronic supplementary informa
https://doi.org/10.1039/d3ra03184e

Cite this: RSC Adv., 2023, 13, 25673

Received 13th May 2023
Accepted 22nd August 2023

DOI: 10.1039/d3ra03184e

rsc.li/rsc-advances

© 2023 The Author(s). Published by
EI evolution during the cycling
test of anode-free lithium-metal batteries with
LiDFOB salt†

Naufal Hanif Hawari, ab Huiqing Xie,a Achmad Prayogi, b Afriyanti Sumboja *b

and Ning Ding *a

Anode-free lithium-metal batteries (AFLMBs) have the potential to double the energy density of Li-ion

batteries, but face the challenges of mossy dendritic lithium plating and an unstable solid electrolyte

interphase (SEI). Previous studies have shown that the AFLMBs with an electrolyte containing lithium

difluoro(oxalato)borate (LiDFOB) salt outperform those with lithium hexafluorophosphate (LiPF6), but

the mechanism behind this improvement is not fully understood. In this study, X-ray photoelectron

spectroscopy (XPS) depth profile analysis and electrochemical impedance spectroscopy (EIS) were

conducted to investigate the SEI on plated Li from the two conducting salts and their evolution in

Cu‖NMC full cells during cycling. XPS results revealed that an inorganic-rich SEI layer is formed in the

cell with LiDFOB-based electrolyte, with a low carbon/oxygen ratio of 0.56 compared to 1.42 in the

LiPF6-based cell. With the inorganic-rich SEI, a dense electroplated Li with a shining surface on the

Cu substrate can be retained after ten cycles. The inorganic-rich SEI enhances the reversibility of Li

plating and stripping, with a high average CE of ∼98% and a stable charge/discharge voltage profile.

The changes in SEI resistance and cathode electrolyte interphase resistance are more prominent

compared to the changes in solution and charge transfer resistances, which further validate the role

of the passivation films on Li deposits and NMC cathode surfaces in stabilizing AFLMB cycling

performance.
Introduction

Lithium (Li) metal is hailed as the next holy grail of high-energy-
density anodes, which promises the lowest electrochemical
potential (−3.04 V vs. standard hydrogen electrode) and the
highest theoretical specic capacity (3861 mA h g−1).1,2

However, Li metal is costly and handling Li metal requires ultra-
low humidity, which increases the production costs.3 Further-
more, the use of excessive Li may pose safety concerns for the
equipped battery.4 Thus, anode-free lithium-metal batteries
(AFLMBs) with all the active lithium supplied from the cathode
materials become the most promising choice as the next-
generation rechargeable batteries, with energy densities of up
to 423W h kg−1 and 1514W h L−1.5 It is also noteworthy that the
production of AFLMBs is compatible with the existing
manufacturing facilities for Li-ion batteries.
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Nonetheless, AFLMBs suffer fast capacity fading due to the
limited Li supply.6–8 In particular, interfacial reactions that form
the solid electrolyte interphase (SEI) layer consume the active Li
and adversely affect the AFLMBs cell life.9,10 The undesirable
heterogeneous SEI layer may form due to inherent electrolyte
instability at low reduction potentials and inhomogeneous
surface chemistry. This passivation layer produces unequal
electric eld distribution and Li concentration gradient, which
may be the root cause of Li dendrites growth.11 The unstable Li
dendrites could lose electrical contact with the Cu current
collector during cycling, resulting in “dead” Li that is electro-
chemically irreversible.12 Thus, the formation and evolution of
SEI inuence Li plating and stripping during cell cycling, and
affect the coulombic efficiency (CE) of AFLMBs.

Various strategies have been employed to suppress the dead
Li formation in AFLMBs, focusing on modied current collec-
tors,13,14 carbon host materials,15 articial solid electrolyte
interphase additives,16 and innovative electrolyte strategies.17

Modied current collectors, such as those coated with protec-
tive layers or porous structures, are reported to mitigate the
dead Li formation by promoting more uniform lithium plating
and stripping.18 Carbon-based hosts can serve as a physical
barrier against dendrite growth and enhance lithium ion
transport.15 However, Li host with high contact area may
RSC Adv., 2023, 13, 25673–25680 | 25673
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promote excessive SEI formation, leading to electrolyte deple-
tion. An articial SEI protective layer can be engineered through
additives or coatings, enhancing electrolyte compatibility and
preventing the continuous growth of detrimental Li dendrites.18

However, developing an articial SEI remains challenging due
to the trade-off between ionic conductivity and mechanical
robustness.19 In the end, material choice of electrolyte (i.e.,
solvent, co-solvent, salt, and additives) still play a pivotal role in
AFLMBs performance as it controls the Li+ ion ux, current
density, and de-solvation mechanisms that can lead to
homogenous and dense Li plating on the current collector.

The role of electrolyte solvents and salts in the formation and
evolution of SEI lm as well as Li electrodeposition, has been
reported in the literature.20–23 Ether-based solvents, such as
dimethyl ether (DME), are widely studied to achieve smooth
lithium plating in Li‖Li or Li‖Cu symmetric cells.22,24 However,
its low working voltage inhibits its compatibility with the high-
voltage cathode. Using highly concentrated electrolytes can
solve this problem, but the high production cost will be
unavoidable.25 Notably, carbonate solvents can achieve AFLMBs
with high cut-off voltage.26 Common combinations of carbonate
solvents with a high dielectric constant (e.g., ethylene carbonate
(EC)) and low viscosity solvent (e.g., diethylene carbonate (DEC))
can be employed in AFLMBs.27 However, the commercial elec-
trolyte for Li-ion batteries with LiPF6 as the conducting salt
results in poor Li deposits due to the autocatalytic reaction of
LiPF6 with a trace amount of water.28 This reaction generates HF
that damages SEI on the Li metal surface and causes poor
cycling stability of AFLMBs. Besides, HF could also initiate
transition metal dissolution on the cathode side, further dete-
riorating the battery performance.29

Therefore, choosing a compatible Li salt for carbonate elec-
trolytes is crucial for enabling high-energy-density and stable
AFLMBs. Lithium diuoro(oxalato)borate (LiDFOB) has
emerged as a suitable choice to replace LiPF6 in prolonging the
cycle life of AFLMBs with a carbonate-based electrolyte.30–32 In
a LiFePO4 (LFP)‖Cu cells, the oxalate group in LiDFOB was re-
ported to regulate the growth of LiF particles by serving as
a capping agent, producing a uniform distribution of LiF
particles on the LFP surface.33 Weber et al.32 employed different
salt compositions in AFLMBs with LiNi0.5Ni0.3Co0.2O2 cathode.
Cells with LiDFOB salt cycled between 3.6–4.5 V can reach 60
cycles with capacity retention above 80%, whereas cells with
LiPF6 only lasted for 10 cycles. The performance improvement
of AFLMBs with LiDFOB salt can be related to the SEI compo-
sition and morphology of the electrodeposited lithium.22,34

Reports using Li‖Li cells have shown that SEI inuences the
lithium morphology and CE, which can be demonstrated by
measuring the changes in the internal resistance by electro-
chemical impedance spectroscopy (EIS).35 The cells that
produce dense plated Li morphology are reported to have
a stable solution resistance, an increase of charge transfer
resistance, and an increase in interfacial lm (i.e., SEI) resis-
tance aer the symmetric cell is cycled for 600 hours. However,
these prior reports are limited to Li‖Li cells, where the Li supply
is unlimited and is completely different from Cu‖NMC cell
conguration.
25674 | RSC Adv., 2023, 13, 25673–25680
In this work, we study the SEI evolutions governed by the two
conducting salts (i.e., LiPF6 and LiDFOB) in a full-cell congu-
ration during the cycling test. The effect of salt type on the
performance and stability of AFLMBs is investigated. Cu‖NMC
cell with high cathode mass-loading of 20 mg cm−2 is used,
mimicking the industrial standard for cathode mass loading. X-
ray photoelectron spectroscopy (XPS) depth prole analysis is
used to examine the SEI composition formed by different salts
aer the formation cycle. The plated Li of different cycles is
monitored with SEM to reveal its morphology. The resistance is
checked by EIS to further reveal the evolution of SEI behaviour
in cell operation. Our ndings demonstrate that AFLMBs with
LiDFOB-based electrolytes exhibit better performance and
stability compared to those with LiPF6. Specically, the
inorganic-rich SEI formed with LiDFOB promotes stable SEI
formation and better Li plating and stripping kinetics, resulting
in ∼98% CE with a retained shining and dense plated Li. These
mechanistic insights can further explain the behaviour of LiD-
FOB salts in SEI formation for prolonging the AFLMBs cycle life.
Experimental section
Materials preparation

A 9 mm thick electrodeposited copper foil (Jingliang Copper Co.,
Ltd) was used as a working electrode in AFLMBs. LiNi0.6Mn0.2-
Co0.2O2 (NMC622, ANR Technologies Pte., Ltd) powders were
mixed with polyvinylidene uoride (PVDF, Solef® 5130) and
Super C65 conductive carbon (TIMCAL) with a ratio of 9 : 0.5 :
0.5, respectively. The obtained slurry was coated on aluminum
foil and punched into a disk with a diameter of 12 mm. The
NMC622 active material mass loading is 20 ± 0.5 mg cm−2. The
electrolyte is comprised of 1 M lithium diuoro(oxalate) borate
(LiDFOB, water content < 500 ppm, Yacoo Science Co., Ltd) or
1 M lithium hexauorophosphate (LiPF6, battery grade,
$99.99%, Sigma Aldrich) dissolved in ethylene carbonate
(EC, Sigma Aldrich) : diethyl carbonate (DEC, Sigma Aldrich)
(1 : 1, v/v), which has been dried with 4 Å molecular sieves for 48
hours prior to the mixing. The CR2032-cells were assembled
inside an Ar-lled glove box (MBRAUN, Germany) with O2 and
H2O concentrations maintained at less than 0.1 ppm. Each cell
contains 60 mL of electrolyte with the Cellgard® 2400 separator
(F = 16 mm).
Electrochemical measurements

The formation cycle was done by applying a current rate of
5 mA g−1 to 3.8 V, then 25mA g−1 to 4.5 V, followed by discharge
at 50 mA g−1 to 2.8 V. The galvanostatic charge–discharge was
conducted at room temperature with a battery analyzer (Neware
Battery Testing System) within the potential range of 2.8 V to
4.5 V at 50 mA g−1. Linear scan voltammetry (LSV) was con-
ducted with Autolab PGSTAT 302N (Metrohm AG) from the
open circuit voltage (OCV) to −0.2 V. The electrochemical
impedance spectroscopymeasurements weremeasured at room
temperature with Autolab PGSTAT 302N (Metrohm AG) in the
frequency range of 1 MHz to 0.01 Hz, with an amplitude of
10 mV aer fully charged to 4.5 V and rested for 24 hours.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, the EIS result was tted with the NOVA Soware.
The electrolyte conductivity was measured with Pt microelec-
trode with TSC 1600 equipment (rhd Instruments) connected to
Autolab M204 (Metrohm AG). Cell impedances with 1 M LiD-
FOB or 1 M LiPF6 in EC : DEC (1 : 1, v/v) were measured at the
temperature range from −10 to 70 °C with 10 min for
equilibration.
Surface characterizations

The cells were evaluated aer 100% charge (SOC) in the 1st, 5th,
and 10th cycles, respectively. All the cells were disassembled
inside the glovebox and washed with anhydrous dimethyl
carbonate (DMC, dried with 4 Å molecular sieves) to thoroughly
remove the electrolyte's remnant. The lithium-plated copper foil
was then dried under a vacuum at room temperature for one
hour. The sample was transferred to the characterization
chamber (e.g., SEM or XPS) using an airtight container. The
samples were exposed to the air for a maximum of 10 seconds.

JEOL JSM-7600F eld emission scanning electron micros-
copy (FE-SEM) was used to observe the morphology of plated
lithium. Characterization of X-ray photoelectron spectroscopy
(XPS) was carried out at high vacuum (3.8 × 10−8 Torr) in the
PHI Quantera SKM X-ray photoelectron spectrometer with Al ka
source (1486.6 eV). The examined areas were 250 mm2. XPS
depth prole analyses of the SEI were done with Ar+ sputter-
etching at different stages: 0 min (surface), 6 min, and
12 min. The etching rate is 1.67 nm min−1 based on SiO2. The
obtained XPS spectra were calibrated to a C–C bond with
a binding energy of 285 eV and tted using CasaXPS (version
2.3.17, Casa Soware Ltd).
Results and discussion

In this study, the full-cell AFLMBs were assembled using elec-
trolytes consisting of 1 M LiDFOB in EC : DEC (1 : 1, v/v) or 1 M
LiPF6 in EC : DEC (1 : 1, v/v) and NMC622 cathode with high
areal mass loading of 20 mg cm−2. The cells were cycled
between 2.8 and 4.5 V in a full charge–discharge mode at
a constant current density of 50 mA g−1 (or at a rate of C/4) aer
the formation cycle. The performance of AFLMBs depends on
the salt choice in the electrolyte, suggesting that the salt
participates in the SEI formation and inuences the following Li
plating process.36 The SEI composition can alter the distribu-
tion of electric current and Li+ ux across the current collector,
directly impacting the shape and structure of electrodeposited
Li metal.37 To assess the chemical composition of the SEI at
different depths, X-ray photoelectron spectroscopy (XPS) depth
proling was employed on the deposited Li at Cu foil aer the
formation cycle. The depth prole of the SEI is determined
through a sputter-etching process with accelerated Ar+ ions
prior to the XPS measurement at different stages, namely the
surface (i.e., 0 min), 6 min, and 12 min. The SEI surfaces were
gradually removed through etching time, and then the
distinctive photoelectron signature was collected.

The XPS spectra of both samples at various etching times can
indicate the presence of organic and inorganic components of
© 2023 The Author(s). Published by the Royal Society of Chemistry
the resultant SEI (Fig. 1).38 The C 1s spectra in Fig. 1a and
b display the characteristic inorganic peak of Li2CO3 (289 eV)
along with deconvoluted peaks of organic compounds, such as
carbonyl group C]O (287.2 eV), polyether carbon C–O (285.8
eV) and hydrocarbon C–C/C–H (285 eV).28,30,39 The C 1s XPS
spectra of the cell with LiDFOB from 0 to 12 minutes of etching
time are dominated by the inorganic compounds (Fig. 1a), as
shown with the presence of Li2CO3 with less prominent C 1s
spectra intensity compared to the cell with LiPF6 salt (Fig. 1b).
The lower organic compound in the SEI may reect less SEI
breakage and formation during Li plating, resulting in a high
CE during the charge–discharge cycle.40

Compared to Li deposits from the cell with LiDFOB, the SEI
formed in the cell with LiPF6 is enriched with organic
compounds, evidenced by high intensity of carbonyl, polyether,
and hydrocarbon peaks (Fig. 1b). The C 1s spectra intensity
remains signicant even at the inner SEI of LiPF6 cell (i.e., aer
6 and 12 minutes of etching time), as shown with the polyether
compound dominating the peak intensity. Therefore, the use of
LiPF6-based electrolytes can lead to the formation of an organic-
rich SEI layer. The organic-rich SEI strongly bonds with Li metal
due to its low interfacial energy.41 Thus, it may experience the
same volume change with Li during the plating and stripping,
leading to SEI breakage during cycling. Moreover, its low
interfacial energy also facilitates vertical and dendritic Li
growth, which is detrimental to battery performance.12

The O 1s XPS spectra can further conrm the presence of
inorganic compounds in the SEI.39 Fig. 1c and d show the O 1s
spectra for the cells with LiDFOB and LiPF6 salt, respectively.
The peaks associated with inorganic phases, such as LiOH
(531.5 eV), Li2O (532.5 eV), and Li2CO3 (532.9 eV), along organic
phases such as carbonyl (533.8 eV) and polyether (534.9 eV), are
detected in both of O 1s spectra.39,42 The relative atomic
concentrations of carbon with oxygen are calculated based on C
1s and O 1s peak area to quantify the organic or inorganic
phases inside the SEI. The SEI of the cell with LiDFOB salt
possesses signicantly lower organic compounds (i.e.,
inorganic-rich), with a C/O ratio of 0.56 at the surface, compared
to that with LiPF6 salt (C/O ratio of 1.42). Hence, the use of
LiDFOB-based electrolytes can lead to the formation of an
inorganic-rich SEI layer. The inorganic lithium compounds
were reported to have weak bonding with high interfacial energy
with Li metal.43,44 Thus, the produced inorganic-rich SEI can
keep its integrity during Li plating and stripping.40 Besides, the
inorganic-rich SEI also possesses a high Young's modulus that
can suppress dendritic Li growth and penetration.45 The high
mechanical stability of inorganic-rich SEI could also prevent the
SEI from continuous breakage during the Li plating and strip-
ping, retaining high CE and stable cycle life of the battery.40

Besides the SEI components, the energy required to disso-
ciate the Li+ from the solvent component (i.e., de-solvation
energy) electrolytes is critical for the kinetics performance
because the solvent molecules around Li+ have to be completely
stripped off before plating into the substrate.46 To show the de-
solvation energy of LiPF6 and LiDFOB salt in the EC : DEC
solvent, we have added the comparison of the Arrhenius plot
between the 1M LiPF6 and 1M LiDFOB in EC : DEC, as shown in
RSC Adv., 2023, 13, 25673–25680 | 25675
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Fig. 1 XPS depth profile analysis of electroplated Li after the formation cycle, with etching times of 0, 6, and 12 minutes. C 1s XPS spectra of
plated Li with (a) LiDFOB and (b) LiPF6 electrolyte salt. O 1s XPS spectra of plated Li with (c) LiDFOB and (d) LiPF6 electrolyte salt.
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Fig. 2a. The activation energy (Ea) of 1 M LiDFOB is 0.168 eV,
compared to 0.176 eV for 1 M LiPF6. The lower Ea value of
LiDFOB salt suggests that the LiDFOB salt has a low de-
solvation barrier for Li+ and promotes the facile de-solvation
process of Li+ compared to LiPF6 salt in a carbonate-based
solvent. Thus, Li+ could easily dissociate from EC : DEC
solvent and easily plated to Li.

LSV plot in Fig. 2b also supports this argument, where the
electrolyte that contains LiDFOB salt reduced rst at a potential
of 1.24 V, compared to 1.05 V of Li‖Cu cell with LiPF6 salt. Faster
de-solvation of LiDFOB leads to early SEI formation, suggested
to be benecial to protect the electrolyte from decomposition,
as well as controlling the local current density across the current
collector.47 With controlled local current density and synergistic
effect of inorganic-rich SEI, the cell with LiDFOB salt achieves
a low nucleation overpotential of 0.08 V, compared to 0.18 V of
the cell with LiPF6 salt (Fig. 2c). Lower nucleation overpotential
can be regarded as low energy to form Li nuclei.48 Thus, LiDFOB
salt can be a benecial contributor to achieving facile nucle-
ation and homogenous spatial distribution of nuclei.

The morphologies of plated Li in the Cu‖NMC cells with 1 M
LiDFOB or 1 M LiPF6 in EC : DEC (1 : 1, v/v) electrolyte aer fully
charged at the 1st, 5th, and 10th cycle are depicted in Fig. 3.
Initial plating at the formation cycle shows the Li dendritic
growth with LiDFOB salt (Fig. 3a). Due to the presence of surface
cracks, pits, and subsurface impurities on Cu foil, the localized
high electron density at these inhomogeneous sites may lead to
the preferential gathering of Li-ions and electrons at the inter-
face, thereby resulting in the formation of dendritic Li upon the
initial cycle.6 As the cycle number increases, the plated Li with
LiDFOB becomes dense and spherical-like, as shown in Fig. 3b
and c. The inorganic-rich SEI layer is known to have a low Li+

diffusion barrier, which facilitates a fast and uniform Li-ion
diffusion during the Li plating, as illustrated in Fig. 3d.49

Moreover, the dense plated lithium led to a good mechanical
25676 | RSC Adv., 2023, 13, 25673–25680
integrity of deposited lithium on the copper foil, proven by the
retained shining Li deposits aer 10 cycles (Fig. S1a–c†).

On the other hand, the Li morphology plated with LiPF6 salt
tends to form a mossy structure, as shown in Fig. 3e–g. The
organic-rich SEI has a high porosity, which promotes hetero-
geneous local current buildup, leading to uneven Li+ transfer
inside SEI.34 Thus, the organic-rich SEI even can promote the
growth of dendritic Li, as illustrated in Fig. 2h.49 This dendritic
Li is easily detached from the current collector (Fig. S1d–f†).

The electrochemical performance of Cu‖NMC cells with
LiDFOB and LiPF6 salt is depicted in Fig. 4. As the inorganic-
rich SEI governed by LiDFOB promotes dense electroplated Li
on Cu foil, the Li reversibility of the cell is positively affected
and shows an overlapping voltage prole (Fig. 4a). On the other
hand, organic-rich SEI in the cell with LiPF6 induces the mossy
and dendritic Li growth on Cu foil. Thus, the Li loss caused by
irreversible Li plating-stripping with LiPF6 salt is prominent, as
illustrated by the cells' voltage degradation in Fig. 4b. The
Cu‖NMC cell with LiDFOB salt demonstrates an impressive
average coulombic efficiency of 98% and capacity retention of
52% even aer 50 cycles (Fig. 4c). In contrast, cells utilizing
LiPF6 salt exhibit a complete depletion of capacity aer 40
cycles. This highlights the signicant performance enhance-
ment achieved by incorporating LiDFOB salt in anode-free
lithium metal batteries for extended cycles. The relatively low
stability of the cell with LiDFOB salt in this study can be justi-
ed by the use of a high cathode mass loading, a non-
uorinated solvent, and a wide operating voltage range, all of
which collectively contribute to the observed stability levels.32

Besides shortening the battery cycle life, the SEI formation
and evolution are important factors that govern the changes in
the battery resistance.34,45 Therefore, the electrochemical
impedance spectroscopy (EIS) of cells with LiDFOB and LiPF6 is
measured at the 1st, 5th, 10th, and 15th cycle (at a fully charged
state) to monitor the cell resistance change from electrolyte,
cathode, and anode. The details of the tting procedure and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Arrhenius plot of 1 M LiPF6 in EC : DEC (1 : 1, v/v) and 1 M LiDFOB in EC : DEC (1 : 1, v/v) electrolyte obtainedwith electrolyte conductivity
measurement from 70 °C to −10 °C. The electrolyte conductivity was measured from −10 to 70 °C. (b) LSV scan of Li‖Cu half cell with 1 M LiPF6
and 1 M LiDFOB in EC : DEC (1 : 1, v/v) electrolyte with a scan rate of 0.1 V s−1. (c) Li plating overpotential at first discharge of Li‖Cu half cell with 1 M
LiPF6 and 1 M LiDFOB in EC : DEC (1 : 1, v/v) electrolyte at a current density of 1 mA cm−2.
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parameters are given in ESI S2 and S3,† respectively. The ob-
tained Nyquist plot of both samples is composed of two semi-
circles with distinct characteristics. The rst semicircle, which
dominates the impedance at high frequency, corresponds to the
electrode resistance. It can be further analyzed by deconvolut-
ing it into two semicircles from the passivation layers on the
cathode and anode, as depicted in Fig. S2a.† Meanwhile, the
last semicircle at low frequency is associated with the charge
transfer resistance (Rct).

The impedance of symmetric cells composed of Cu‖Cu
(Fig. S2c†) and NMC‖NMC (Fig. S2d†) retrieved from the two
fully charged Cu‖NMC cells was measured to dene the
contribution of the cathode and anode passivation layer. For
the negative side, the symmetric Cu‖Cu cell (Fig. S2c†)
exhibits smaller semicircles compared to NMC symmetric cell
(Fig. S2d†). Comparing these to the full cell impedance
spectra (Fig. S2a†), the negative lithium electrode contributes
to high frequency (i.e., rst semicircles), while the positive
© 2023 The Author(s). Published by the Royal Society of Chemistry
electrode contributes to the medium frequency (i.e., second
semicircle). This result is in line with the study by Iurilli
et al.,50 which explains that the high and medium frequencies
observed in the rst semicircle are attributed to the imped-
ance of the passivation layer at the anode side (RSEI-anode) and
the cathode side (RCEI-cathode), respectively. The tted Nyquist
plots and parameters are shown in Fig. S3 and Table S1,†
respectively.

The changes in the resistance value of cells with LiDFOB and
LiPF6 within the rst 15 cycles are shown in Fig. 5a and b,
respectively. The cell with LiDFOB shows a stable impedance
over the cycles compared to the cell with LiPF6, which correlates
well with the improved cycling stability and high CE. Further-
more, the changes in the RSEI-anode (Fig. 5c) and RCEI-cathode

(Fig. 5d) are prominent. Thus, the battery's performance is
related to the formation of the passivation lm on Li and
NMC622 cathode surfaces. In contrast, the changes in Rs

(Fig. S4a†) and Rct (Fig. S4b†) are relatively small, indicating that
RSC Adv., 2023, 13, 25673–25680 | 25677
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Fig. 3 (a–c) SEM images of plated Li on Cu foil after fully charged at different cycles with LiDFOB salt. (d) Illustration of dense Li plating with
inorganic-rich SEI. (e–g) SEM image of plated Li on Cu foil after fully charged at different cycles with LiPF6 salt. (h) Illustration of dendritic Li
plating with organic-rich SEI. All the cells are cycled from 2.8–4.5 V with a current density of 50 mA g−1.

Fig. 4 Galvanostatic charge–discharge voltage profiles of Cu‖NMC
full cell with 1 M (a) LiDFOB and (b) LiPF6 in EC : DEC (1 : 1 v/v). (c)
Cycling stability of Cu‖NMC full cell with 1 M LiDFOB and LiPF6 in EC :
DEC (1 : 1 v/v).
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the electrolyte conductivity and electrode kinetics are not major
limiting factors in the electrochemical performance of the cells.

Fig. 5c shows the distinct behaviour of SEI resistance at the
anode (RSEI-anode) for cells with LiDFOB and LiPF6. Changes in
the SEI resistance may indicate the stability of SEI during
charge and discharge cycles. The volume changes during Li
plating can break the SEI, especially when Li is porous or
dendritic.49 Aer the formation cycle, the cells with LiDFOB
and LiPF6 exhibit RSEI-anode of 14.53 and 25.04 U cm2,
respectively. As the cycle number increases, the RSEI-anode of
the LiDFOB cell increases to 20.95 U cm2, while the LiPF6 cell
25678 | RSC Adv., 2023, 13, 25673–25680
decreases to 8.85 U cm2. The decrease of the RSEI-anode for the
LiPF6 cell can be attributed to the formation of porous lithium
structure and the continuous SEI breakage and formation in
each cycle.49 Fresh cracks of SEI expose Li metal, and SEI
formation occurs again.34 Thus, a thinner SEI may be formed,
reected in the decreased SEI resistance over the cycle
number. In contrast, the increase in the RSEI-anode of the
LiDFOB cell may reect the stable SEI formed at Li metal
surfaces. Previous research also reported that the increase in
SEI resistance correlates with the dense lithium metal plating
in the lithium metal battery.35 The presence of stable SEI and
densely plated Li metal was also reected in high CE and
stable cycling stability of cells with LiDFOB.

The evolution of interphase at the cathode is observed in the
evolution of the RCEI-cathode (Fig. 5d). The cathode electrolyte
interphase (CEI) plays a role in mitigating the capacity decay
due to transition metal dissolution at the cathode (i.e., the
crosstalk effect).6,51 In this case, the transition metal with IV+
oxidation state in the NMC cathode is likely to escape during
lithiation at a high cut-off voltage, which degrades the cathode
and increases the resistance of the battery.52,53 The cell with
LiPF6 salt exhibits an increased RCEI-cathode from 15.24 to 47.93
U cm2 aer 15 cycles, while the cell with LiDFOB decreases its
RCEI-cathode from 24.46 to 15.25 U cm2.

In particular, LiDFOB is known for stabilizing CEI by form-
ing LiF-rich phases while the electrolyte decomposes at the
cathode side, preventing continuous parasitic reactions at the
cathode (i.e., transition metal dissolution and electrolyte
decomposition).51 The presence of LiDFOB stabilizes the CEI
layer at the cathode surface, proven by the decreased RCEI-cathode

value following the cycle number. On the other hand, the
increase of RCEI-cathode on the cell with LiPF6 salt can be related
to the immature passivation layer formed at the NMC cathode
surface. The accumulation of CEI produces from the interfacial
reaction at the cathode side further increases the interfacial
resistance of the cathode and consumes the electrolyte.54
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Nyquist plots of the fully charged Cu‖NMC cells with (a) LiDFOB
and (b) LiPF6 salt at the 1st, 5th, 10th, and 15th cycle and the fitting data
of (c) solid electrolyte interphase resistance at the anode (RSEI-anode)
and (d) cathode electrolyte resistance (RCEI-cathode). The fitting
parameters are listed in Table S1.†
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Conclusions

The formation of mossy, dendritic lithium plating and unstable
SEI has long been known to be signicant challenges in the
cycling performance of AFLMBs. Previous works showed that
LiDFOB-based electrolytes had enhanced the life cycle of
AFLMBs. Our study adds to this body of work by highlighting
the role of LiDFOB salt in SEI formation. The XPS data indicates
that the inorganic-rich SEI formed on the Li deposit in the cell
with LiDFOB, which suppresses dendrite growth, promotes
a dense Li deposition, thus delivering high CE. With the
inorganic-rich SEI, a dense electroplated Li with a shining
surface on the Cu substrate can be retained aer 10 charge–
discharge cycles of Cu‖NMC cell. The cell with LiDFOB shows
a relatively stable impedance over the cycles compared to the
cell with LiPF6, which correlates well with the improved cycling
stability and high CE. The changes in RSEI-anode and RCEI-cathode

in both cells are more prominent compared to the changes in Rs

and Rct, indicating the improved cycling performance is related
to the formation of the passivation lm on Li and NMC622
cathode surfaces, rather than electrolyte conductivity and elec-
trode kinetics. The use of LiDFOB is shown to provide advan-
tages in the passivation of plated lithium and NMC cathodes,
leading to enhanced cycling performance of AFLMBs. These
ndings demonstrate the fundamental behaviour of LiDFOB
salts in governing stable inorganic-rich SEI and can provide
insights for the design of future high-performance AFLMBs.
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