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Regulating lithium (Li) plating with high reversibility on hard carbon (HC) anodes is a practical approach
to breaking through the bottleneck of the fast-charging lithium-ion batteries (LIBs). However, the solid
electrolyte interphase (SEI) working in the complex interfacial Li intercalation/deposition processes is
unstable, leading to unsafe Li plating with rapid capacity fading. Herein, we gauge the adsorption
tendency of film-forming additives (ethylene carbonate (EC) and fluoroethylene carbonate (FEC)) on a
carbon matrix containing defect features, thus achieving a robust SEI for HC to facilitate uniform and
reproducible Li plating. The results demonstrate that the tilted conformation of FEC induced by the
asymmetric electrostatic interaction leads to weaker adsorption between the C—O of FEC and the
defect site compared to that of EC. Therefore, the FEC encourages the SEl with more uniform and
excellent space continuity irrespective of the distribution of the defect on the HC. Combined with local
high-concentration electrolyte systems, the FEC-assisted SEl is excellent in regulating the Li plating
morphology and maintaining self-structural stability over cycling. Under Li plating occupation greater
than 16%, an average Coulombic efficiency (CE) of 99.8% for the HC anode over 250 cycles is retained
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by FEC, while that for the EC system is merely 97.9%. These findings are helpful in guiding the selection

rsc.li/ees of film-forming additives for different anodes in achieving reversible Li plating for fast-charging LIBs.

Broader context

Addressing the time-consuming charging process has become the top priority in battery industries. However, the graphite anode accompanied by unsafe
lithium plating has been considered the major obstacle for fast-charging lithium-ion batteries. Many efforts attempt to eliminate Li plating through electrode
or electrolyte modifications but are limited by the dynamic migration of the rate-limiting step that determines the fast-charging capability. In this work, by
understanding the adsorption tendency of film-forming additives on hard carbon, the FEC-assisted SEI is excellent not only in regulating the Li plating
morphology but also in maintaining self-structural stability over cycling. The average Li plating reversibility of the hard carbon anode can retain 99.8% over 250
cycles. As a result, the pouch cell can deliver a higher SOC (82.2%) and operate stably over 1700 cycles under 6C-rate charging. This work offers a guideline for
the selection of film-forming additives in achieving reversible Li plating for fast-charging batteries.

Introduction

The booming market of high energy density lithium-ion bat-
teries (LIBs) in transportation, portable electronics, and energy
storage systems has been witnessed in recent years, driven
largely by the urgency to combat energy shortage and carbon
emission.”? The consumer acceptance and market penetration
of electric vehicles (EVs) remain low, mainly attributed to the
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time-consuming charging of EV batteries. For instance, it
usually takes 2-6 hours for EV batteries to be fully charged,
while it merely takes several minutes to refuel a gasoline
vehicle.>* Fast charging has thus become one of the critical
initiatives in the battery or EV industries in the long run.
The major barrier to fast-charging LIBs lies in the restriction
of the graphite anode susceptible to lithium (Li) plating.> Due
to the low reaction kinetics of graphite, the polarization
inside LIBs grows and gradually reaches the critical value
where the anode potential is lower than 0 V (vs. Li/Li") under
fast charging,®” and then Li* ions are prone to depositing
onto the anode surface rather than intercalating into the
graphite. Uncontrolled Li plating causes a series of fast-
charging concerns, including fast capacity decay, battery
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volume deformation, thermal runaway, and dendrite-induced
safety hazards.*™®

Many efforts have attempted to overcome Li plating beha-
vior, involving a metal-based anode,'*! expansion of graphite
layer spacing,?*>* surface and defect engineering,> >’ and the
design of a weak solvation electrolyte.”®*' These methods are
somewhat useful for a single-step kinetic improvement under
specific conditions but are limited by the dynamic migration of
the rate-limiting step that varies instantaneously with cycling
conditions (state of charge (SOC), rates, temperature, etc.).*>
Therefore, whether Li plating can be eliminated while main-
taining a high SOC for anodes during fast charging is still
unknown. Releasing and then appropriately utilizing the Li
plating capacity on the anode can be considered a “win-win”
strategy, in which Li plating is no longer unsafe, and the SOC of
the anode after fast charging can approach 100%. Liang’s group
has demonstrated that Li plating reversibility on the graphite
anode under high-rate charging, where the Li plating capacity
accounts for 40% of the overall areal intercalation capacity of
the graphite anode, can reach up to 99.5% in local high-
concentration electrolyte (LHCE) systems.>* Xu et al. further
constructed a robust and LiF/LizN-rich SEI on the graphite
anode for regulating the Li plating layer.** Accordingly, the
compatibility of the SEI with both Li metal plating and Li-ion
intercalation chemistry at the anode interfaces is a prerequisite
to facilitate uniform and reproducible Li plating under fast
charging.

Unlike graphite, hard carbon (HC) featuring abundant
defect sites, nanopores, and short-range graphitized domains
can enrich Li active sites, shorten Li-ion diffusion, and reduce
local current density, allowing better rate performance.**?
Therefore, achieving high Li plating reversibility on the HC
anode should be more meaningful for fast-charging LIBs.
Although Li plating regulation on HC materials can be referred
to as the SEI strategy of the graphite, the structural difference of
SEI derived on graphite and the HC anode using the same
electrolyte remains uncertain. This is because the defects on
the HC surface have a higher density than that of graphite and
are also distributed randomly.’* The defect regions with high
electrochemical activity adsorb the electrolyte components and
hasten their reduction to form an SEI island, so the stability
and space continuities of the SEI on the HC heavily depend on
film-forming additives. However, the adsorption/decomposi-
tion tendency of film-forming additives in LHCE systems on
HC surfaces and their impact on SEI structures remains elusive.
Additionally, the evolution of the SEI before and after Li plating
on HC has not yet been thoroughly explored.

In this work, we demonstrated that film-forming additives
with a low adsorption tendency to defect sites can facilitate a
uniform SEI on the HC anode to regulate the Li plating
morphology under fast-charging conditions. Two classic addi-
tives, ethylene carbonate (EC) and fluoroethylene carbonate
(FEC), are compared and investigated on the carbon surface
with defect structures in the LHCE system. The adsorption
behavior of EC and FEC in the presence of abundant anions is
analyzed through density functional theory (DFT) calculations.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Energy & Environmental Science

The results reveal that interfacial FEC molecules with a tilted
configuration have lower adsorption energy than EC on a single
defect site. Thus, a uniform and LiF-rich SEI can be formed on
the HC by FEC regardless of the effect of surficial defects, while
the EC-induced SEI is relatively uneven and easily broken
during Li-plating cycles. When Li plating accounts for more
than 16% of the total areal intercalation capacity of the anode,
the average Li plating reversibility of the HC anode in FEC-
containing LHCE retains 99.8% over 250 cycles. Whereas to EC,
the reversibility of their uncontrolled Li plating is merely
97.9%, resulting in the accumulation of dead Li and a rapid
Coulombic efficiency (CE) decay. The self-made LiFePO,|HC
pouch cells with a low N/P ratio are 6C-cycled in the FEC-
containing LHCE, exhibiting long-term stability over 1700
cycles. This study provides an alternative approach to address
the Li plating issue and sheds light on the effect of additives in
LHCE systems on the HC anode for fast-charging LIBs.

Results and discussion
Analysis of Li plating reversibility

Local high-concentration electrolyte (LHCE) systems have been
confirmed to regulate Li plating on the graphite anode by its
unique solvation structure and anion-derived SEL>®7° Incor-
porating film-forming additives into electrolytes can establish a
qualitative solid electrolyte interphase (SEI) with excellent
space continuity, compactness, high ionic conductivity, and
stability.’* Since the electrolyte compatible with Li-metal/
Li-ion operation is required to regulate the Li plating morphol-
ogy, a typical LHCE system containing 1.4 M lithium
bis(fluorosulfonyl)imide (LiFSI) salt, 25 vol% dimethyl carbo-
nate (DMC) solvent, and 40 vol% 1,1,2,2-tetrafluoroethyl-
2,2,3,3-tetrafluoropropyl ether (HFE) diluent, was prepared
as the baseline LHCE. Two typical film-forming additives,
1.0 vol% ethylene carbonate (EC) and fluoroethylene carbonate
(FEC), were separately added into baseline LHCE to yield
additive-containing LHCEs (denoted as LHCE-EC and LHCE-
FEC).

A constant lithiation cycling (CLC) test was carried out to
evaluate the Coulombic efficiency (CE) of the hard carbon (HC)
anode for the three studied LHCEs in half cells.***° A CLC test
involves a complete lithiation process with a constant capacity
and a de-lithiation process with a cutoff voltage of 2.0 V (vs. Li/
Li*). An areal capacity of 0.9 mA h cm™> (1C = 0.9 mA h cm ?)
intercalation capacity based on a mass loading of 2.5 mg cm >
and initial Coulombic efficiency (ICE) was selected as the
constant lithiation capacity (Fig. S1, ESIt). As shown in
Fig. 1a, cells containing LHCE and LHCE-EC exhibit low
average CEs of 96.1% and 97.9% with a sudden drop after
nearly 100 cycles at 1C. By comparison, the cell using LHCE-
FEC shows stable cycling and maintains a 99.8% average CE
over 250 cycles without abrupt decline if the capacity decay of
sole Li intercalation/de-intercalation is deducted (Fig. S2, ESIt).
This demonstrates that introducing FEC to LHCE can extend
the cycling performance of the HC with Li plating. Similar
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(a) CE of half-cells cycled with LHCE, LHCE-EC and LHCE-FEC at 1-3C, respectively, in the CLC test. (b) Initial voltage curves of the HC anode in

the above-noted electrolytes during the CLC process. (c) Digital photos of HC anodes in the studied electrolytes after 100 cycles at 1C.

trends were also observed in LHCE-FEC cells at 2 and 3C with
average CEs of 99.3% (250 cycles) and 98.9% (200 cycles) which
far exceeds the performances of LHCE and LHCE-EC cells. As
examined by CLC rate tests, a high CE of >97% can still be
maintained for LHCE-FEC cells at 10C (Fig. S3, ESIt). Such high
performance, however, is not available for either LHCE or
LHCE-EC cells. The stepwise increasing overpotential and pre-
mature onset of Li plating follow the order of LHCE > LHCE-
EC > LHCE-FEC. Furthermore, the initial voltage curve of
constant lithiation reveals that Li plating occurs at the earliest
stage in LHCE cells at different C-rates (Fig. 1b). A prolonged
Li-ion intercalation process was found for LHCE cells in
the presence of EC, showing improved storage performance.
Notably, the proportion of Li-ion interaction capacity in
LHCE-FEC cells is the highest, accounting for 0.75, 0.59, and
0.53 mA h ecm™? at 1-3C, respectively.

Since Li plating contributes the lowest proportion of the
total lithiation capacity, the lifespan of LHCE-FEC cells can be
significantly extended. After disassembling cells, it was seen
through digital photos that anodes cycled in LHCE and LHCE-
EC are covered with a dense layer of Li metal, indicating that
HC anodes are subjected to the damage of uneven Li plating
with low reversibility (Fig. 1c). Conversely, much less Li deposit
macroscopically appears on the anode cycled in LHCE-FEC,

2502 | Energy Environ. Sci., 2024, 17, 2500-2511

indicating uniform Li plating under FEC additive regulation.
This result was further proved by the Li deposition/stripping
performance of the Li metal|bare Cu cells. In Fig. S4 (ESIf),
compared to LHCE or LHCE-EC, LHCE-FEC renders the cell
with a higher CE (98.5%) and lower overpotential, demonstrat-
ing the crucial role of the FEC additive in reducing the energy
barrier of Li nucleation and growth.

In baseline LHCE, HC anodes may be prone to suffering
from severe anion co-intercalation and graphene exfoliation
due to insufficient protection of the SEI after repeated lithiation
and de-lithiation."" It was previously reported that EC-
containing LHCE can form a LiF-rich SEI to regulate the Li
plating morphology on the graphite anode surface.***” How-
ever, massive Li deposits were found on the HC anode surface
in LHCE-EC cells under CLC tests, which was not the case in
LHCE-FEC cells. Besides, the CE of the LHCE-EC cells does not
exhibit satisfactory performance and is instead inferior to that
of LHCE-FEC cells, as examined by CLC tests. Furthermore, Li"
transference number does not show an obvious difference
among the three LHCEs after potentiostatic polarization tests
of Li|Li symmetrical cells (Fig. S5 and Table S1, ESIt). This is
probably due to the similar solvation structure for all studied
LHCEs as described by molecular dynamics (MD) simulations
and radial distribution function (RDF) (Fig. S6, ESIt). Although

This journal is © The Royal Society of Chemistry 2024
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FEC undergoes preferential reduction over EC,"" the inferior
performance is least likely to be caused by the slightly higher
LiF content from the reduction of FEC during SEI formation.
The decomposition of abundant FSI™ anions also contributes
to the LiF generation in all studied LHCEs. This brought a
concern about whether the addition of EC or FEC to baseline
LHCE could influence the SEI structure and Li plating behavior
on the HC surface.

Adsorption tendency of additives in LHCE

Several works have demonstrated that the surface defect
regions of carbon substrates have a significant impact on the
SEI composition and morphology.*>™® Effective adsorption
occurring on the defective sites would meliorate the surface
reactivity of the carbon substrate when electrolytes are further
decomposed/reduced.*®*” For this reason, a fundamental
understanding of SEI formation and its evolution on the HC
surface in LHCE systems needs to be provided on the atomic
scale. Adsorption structures of EC and FEC molecules in the
presence of an FSI™ anion and a Li" cation on the graphene
plane with a single vacancy (SV, assumed as a defect site) were
determined using density functional theory (DFT) calculations.
The adsorption tendency of EC and FEC molecules near the SV
region was investigated based on various adsorption configura-
tions on HC slabs (calculation details are given in the ESIY).
Fig. 2a shows both top and side views of a single FSI on defect-
free and SV graphene surfaces. When lithiation starts at the
anode side, the FSI tends to neutralize the charge on the
graphene surface with its negatively charged atoms. On a
defect-free graphene surface, four O atoms in a single FSI will
draw close to the surface as much as possible. However, on the
SV graphene surface, two O atoms in proximity to each other
will preferentially adsorb to the SV region. The adsorption
energy determined from DFT calculations is —2.60 eV for FSI
on defect-free surfaces, compared to —2.48 eV on SV graphene
surfaces. A more negative adsorption implies a more stable
configuration.

Furthermore, the adsorption configurations of pure EC and
FEC molecules on SV were also modeled by optimized struc-
tures (Fig. 2b). The EC molecule in a reduction boundary
exhibits a vertical conformation near the SV region with an
O atom in the carbonyl C=O group having interactions with
the SV surface. In contrast, the FEC molecule demonstrates a
tilted conformation with three atoms (two O atoms and one
F atom) in contact with the radical groups near SV. In addition,
the O atoms in carbonyl groups in EC are closer to the SV region
than those in FEC due to their stronger interactions with the SV
surface. This is further verified from the adsorption energy with
—1.01 eV for EC and —0.92 eV for FEC on the SV surface.

Since the solvent-Li-FSI-additive ion-pairs or clusters tend to
migrate as an entirety in LHCE systems, they have a higher
chance to overcome the electrostatic repelling force of
negatively charged anode and participate in SEI formation.*!
With the existence of an FSI near SV, the adsorption structure
of EC and FEC will change to some extent. The carbonyl
O atoms of EC and FEC will adsorb to the SV region together

This journal is © The Royal Society of Chemistry 2024
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with the FSI anion. In particular, EC shifts from a vertical to a
tilted conformation near the SV region, whereas FEC still
maintains its previous conformation (Fig. 2c). The established
adsorption structure of FSI in the EC-FSI configuration shows
that two O atoms from each O—S—O0 group along with two F
atoms adsorb to the SV region, in comparison with one O atom
from each O—S=—O0 group of FSI adsorbing to the SV region in
FEC-FSI. The adsorption energies of EC-FSI and FEC-FSI were
calculated to be —3.25 eV and —3.08 eV, respectively.

The adsorption configuration of additive-FSI systems on the
SV surface was also studied in the presence of a Li atom. In
Fig. 2d, three O atoms from O—S=—O0 bonds of an FSI anion in
Li-EC-FSI are prone to aggregation with the Li atom and
collectively approach the SV region. Meanwhile, EC transitions
from tilted to almost horizontal conformations with their
carbonyl O atom drawing closer to the Li atom. The adsorption
energy of Li-EC-FSI was calculated to be —4.32 eV. As for FSI in
the Li-FEC-FSI adsorption configuration, there are also three O
atoms from O=—S=—O0 groups approaching the SV region but in
a more scattered form around the Li atom. Unlike EC with
different adsorption configurations, FEC remains in its tilted
state induced by asymmetric electrostatic interaction at all
times, and two O atoms and one F atom are less close to the
Li atom near the SV region as well (—3.97 eV). In short, EC-
involved adsorption is generally more exothermic and stable
than FEC-involved adsorption in various configurations near
the SV region. The adsorption energies for configurations are
summarized in Table S2 (ESIY).

From DFT calculations, it has been proved that the rich
defect sites of the HC anode would influence the adsorption
tendency of additives in LHCE systems. The tilted conforma-
tion of FEC induced by the asymmetric electrostatic interaction
leads to weaker adsorption between the C=O0O of FEC and the
defect site than that of EC. Taken in this sense, the reduction of
EC is more likely to produce an aggregated structure if there are
multiple EC molecules existing near the SV site, while the
reduction products of FEC are dispersed more uniformly at
the beginning of cell operation. This process plays a critical role
in SEI formation. As illustrated in Fig. 2e, after the reduction of
EC, despite the formed SEI being rich in inorganic compo-
nents, they possibly aggregate and form local clumps in the
inner layer of the SEI on the HC anode. This inhibits ion
diffusion stemming from low Li-ion flux in the SEI under fast
charging conditions, giving rise to uneven nucleation sites and
serious Li dendrite growth. By comparison, the decomposition
of FEC on the HC surface is uniform and shows a low response
to defects, thus promoting the uniform growth of the anion-
derived SEI. Consequently, the Li deposition beneath the SEI
induced by LHCE-FEC can be more controllable and denser due
to the homogeneous LiF-rich SEI featuring high Li-ion flux and
stability.

Structural characterization of the SEI

The thickness of the SEI was measured on the nanoscale by
using transmission electron microscopy (TEM). The initial SEI
formed on the HC anode using a LHCE, before Li plating, is the

Energy Environ. Sci., 2024, 17, 2500-2511 | 2503
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Fig. 2 Top and side views of the optimized adsorption structures of (a) a single FSI on defect-free and SV graphene surfaces, (b) pure EC and FEC on the
SV graphene surface, (c) EC-FSI and FEC-FSI on the SV graphene surface, and (d) Li-EC-FSI and Li-FEC-FSI on the SV graphene surface. (e) Schematic
illustration of the effects of EC and FEC on SEl structures and Li plating morphology on the HC surface in LHCE systems.

thickest (~31 nm) among all studied LHCEs, which may be
assigned to the absence of a film-forming agent (Fig. 3a—c).
After introducing EC and FEC, the thickness of the SEIs was
reduced by 3-4 nm and 14-16 nm for the LHCE-EC and LHCE-
FEC, respectively. The interfacial chemistry on the HC surface
was detected by surface X-ray photoelectron spectroscopy (XPS).
Compared with the interface in the LHCE, the intensity of

2504 | Energy Environ. Sci., 2024, 17, 2500-2511

inorganic LiF, Li,O, and Li,CO; from F 1s and O 1s spectra
evidently enhances at the interface in LHCE-EC and LHCE-FEC
(Fig. 3d-f). The surface XPS spectra of F 1s show LiF (685.3 eV)
peaks that are attributed to the synergistic decomposition of
FSI, EC, and FEC.>>*' The higher content of C=0 bond in
LHCE-EC and LHCE-FEC is indicative of more organic lithium
ethylene decarbonate (LEDC, represented by C—0, C=0, and

This journal is © The Royal Society of Chemistry 2024
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C—C bonds), as noted by C 1s spectra, serving as an electron
insulator to block the further reduction of electrolytes. This is
primarily caused by the reduction of EC and FEC.

The density and spatial uniformity of the SEI components
were analyzed through the 3D depth profiling of time-of-flight
secondary ion mass spectrometry (TOF-SIMS). Signals of inor-
ganic species (LiF, Li,O, and Li,CO;) distribute uniformly
throughout the LHCE-FEC derived SEI, which is in sharp

This journal is © The Royal Society of Chemistry 2024

contrast to the heterogeneous and cluster-like inorganics in
EC-induced and additive-free SEIs (Fig. 3g-i). The higher
concentrations of LiF and Li,CO; are also in accordance
with the results of XPS spectra. The above results suggest
that chemical uniformity and spatial distribution of
SEI species were strongly influenced by the introduction of
EC and FEC. Combining a thinner inorganic-rich and che-
mically homogeneous SEI, high/uniform Li-ion flux and

Energy Environ. Sci., 2024,17, 2500-2511 | 2505
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diffusion channels can be formed on the surface of the
HC anode.

The mechanical properties of the SEI formed in the studied
LHCEs were examined through Atomic Force Microscopy
(AFM). Owing to the lack of an additive agent, the SEI formed
in the LHCE is of the lowest modulus and the highest mechan-
ical fragility (Fig. 3j-1). It is brittle and prone to crack by the
volume change during lithiation.***® The mechanical stability
of the SEI formed in LHCE-EC remains at a moderate level
while suffering from uneven stress distribution. Remarkably,
the FEC-induced SEI maintains the highest modulus that can
better withstand the volume change and stress fluctuation
caused by dendrite formation.

Li plating morphology and behavior

In addition to SEI evolution, elemental Li distribution before Li
plating and after complete lithiation (Li plating)/de-lithiation
on the HC anode surface was analyzed via TOF-SIMS mapping.
In Fig. 4a—c, Li- mapping indicates an aggregated pattern of Li
distribution on the HC surface in LHCE before Li plating. After
complete lithiation and de-lithiation, numerous areas of Li
enrichment can be found on the anode. The inhomogeneous
Li plating aggravates dendritic Li growth and dead Li
formation.*® After the introduction of EC, the distribution of
Li becomes less irregular on the anode (Fig. 4d-f), but some
local Li enrichments can still be observed after complete de-
lithiation. For LHCE-FEC, uniform Li distribution patterns
were observed on the HC anode (Fig. 4g-h). The less accumula-
tion of elemental Li confirms that the evenly scattered inor-
ganics induced from FEC provide uniform Li-ion diffusion
channels on the HC anode before Li plating. The overall weaker
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intensity of the Li signal after complete lithiation/de-lithiation
explains the thinner and uniform deposition layer along the HC
surface. Such a Li plating behavior would decrease the danger
of fast-charging and improve the reversibility of the Li plating
capacity, which explains the high average CE of the HC||Li half
cells with LHCE-FEC during CLC tests.

To visualize the evolution of Li plating behavior on the HC
surface, the stepwise lithiation process for the studied LHCEs
was modelled using COMSOL Multiphysics software. In Fig. 4j-
1, the low Li-ion flux of the interphase derived in the LHCE or
LHCE-EC exacerbates the “tip effect”, resulting in the severe
growth of Li dendrites. In contrast, high Li-ion flux interphase
induced from the FEC enables uniform Li deposition with low
surface areas. As the dendritic structures are indicative of Li
plating morphology, ex-situ scanning electron microscopy
(SEM) was applied to monitor the Li plating morphology at
the microscale. Random dendritic Li and filamentous struc-
tures become the predominant morphology on the HC anode
using an LHCE and LHCE-EC and start to grow laterally across
HC particles at the interface when cells reach a fixed capacity
(Fig. S7a-j, ESIT). By comparison, Li plating on the HC anode
using LHCE-FEC tends to form a dense and rounded morphol-
ogy. No dead Li was found after complete de-lithiation
(Fig. S7k-o, ESIf).

Because of the continuous Li plating, the internal resistance
of cells would gradually increase with higher lithiation capacity
of the anode as it cycles to different states of charge (SOCs).
Electrochemical impedance spectroscopy (EIS) measurements
reveal that the higher resistance of the SOC in the LHCE and
LHCE-EC cells was primarily caused by the declining active
surface area of the anode from Li plating (Fig. S8, ESIf). The

LHCE

0000
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LHCE-EC

Q000

P & GroAnLs
After complete lithiation
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Fig. 4 Li~ TOF-SIMS mapping of HC anodes (a) before Li plating, (b) after complete lithiation, and (c) after complete delithiation using LHCE. Li~ TOF-
SIMS mapping of HC anodes (d) before Li plating, (e) after complete lithiation, and (f) after complete delithiation using LHCE-EC. Li~ TOF-SIMS mapping
of HC anodes (g) before Li plating, (h) after complete lithiation, and (i) after complete delithiation using LHCE-FEC after 50 cycles of the CLC test at 1C.
())—() COMSOL models of the evolution of Li plating behavior on HC particles using LHCE, LHCE-EC, and LHCE-FEC, respectively.
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lower resistance of LHCE-FEC cells stands for the expanded
surface area, resulting from the growth of dense Li bumps
around HC particles under deep lithiation. The homogeneous
Li plating on the HC surface ensures a high/uniform Li-ion flux
of the LHCE-FEC-derived SEI with sufficient reaction areas and
ion diffusion activity in the HC bulk phase.

Effects of Li plating on SEI

After Li plating, the thickness of the SEIs was examined and
compared with their initial states. As noted in Fig. 5a-c, the SEIs
formed in the LHCE and LHCE-EC, after recasting, are much
thicker and rougher than their initial structures with evident
fragments. However, the restructured SEI in LHCE-FEC remains
smooth and almost intact in comparison to its original structure
with a thickness of around 16-17 nm. In-depth XPS spectra show
that the intensity of these organic/inorganic SEI species decreases
in the LHCE and LHCE-EC after Li plating on the HC anode
(Fig. 5d—f). This is ascribed to the SEI recasting by side reactions of
continuous Li dendrites exposure to electrolytes. Conversely, no
significant signal drop of species in LHCE-FEC-derived SEI before
and after Li plating indicates the function of a stable SEI to
effectively suppress Li dendrite growth and the volume change.
Li" ions normally have to overcome the energy barrier of the
interphase under lithiation. The SEI containing a large number
of fragments would increase the energy barrier of Li-ion diffu-
sion. A thinner and dense SEI can improve its stability and
shorten the path for Li-ion diffusion. For this reason, the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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internal resistance of SEI regeneration and anode kinetics
before and after Li plating were subsequently determined by
temperature-dependent impedance tests (Fig. S9, ESIf). The
values of activation energy (E,) were calculated based on the
Arrhenius law.>° By fitting the EIS spectra in the Arrhenius plot,
both charge-transfer resistance (R.;) and SEI resistance (Ry) can
be quantified for cells using the three LHCEs (Fig. S10, ESI{), in
which the SEI formed in LHCE-FEC exerts the lowest diffusion
(46.1/34.3 k] mol ™ for Rt before/atter) and de-solvation resistance
(42.8/27.5 KJ mol ™" for Ry peforesatier) before and after Li plating,
allowing the fast kinetics of Li" ions (Fig. S11, ESIt). As would
be expected, the diffusion polarization and random dendrites
can be greatly reduced and suppressed with the advantages of
high/uniform Li-ion flux in the FEC-induced SEL

Full cell proof-of-concept

The practicability of the studied electrolytes under fast char-
ging conditions was evaluated by full-cell tests using HC anode
and LiFePO, cathode (LFP|HC). The discharging rate was set to
be 1C constantly (excluding C-rate <1). To verify the reversible
Li plating, the ratio of negative areal capacity to positive areal
capacity (N/P ratio) was set as 0.8 for intentional Li plating on
the HC anode. The ICE of cells using LHCE, LHCE-EC and
LHCE-FEC were tested to be 68.5%, 64.1%, and 67.8%, respec-
tively (Fig. S12, ESIt). Charging full cells with a low N/P ratio
would lead to excessive cathodic Li inventory plated on the top
of the anode.**”! Thus, three-electrode cells were assembled
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(a) Cycling performance of the LFP||HC full cells in LHCE, LHCE-EC, and LHCE-FEC at 1C. (b) Capacity retention of full-cells at 1-3C after 500

cycles. (c) Voltage curves of the full cells in LHCE, LHCE-EC, and LHCE-FEC at the 5th and the 400th cycles. (d) Rate performance of full cells at 0.1-5C.
(e) Rate and (f) cycling performance of pouch cells in LHCE, LHCE-EC, and LHCE-FEC at 1-10C and 6C, respectively. (g) Long-term cycling stability of the
pouch cell using LHCE-FEC at 6C. (h) Comparison of the fast-charging capability of LHCE-FEC pouch cells with reported carbonaceous anodes and
electrolytes at 6C. 1C = 0.9 mA h cm~2 (coin-type full cell). 1C = 20 mA h (pouch cell). Voltage range: 2.0-4.2 V.

with Li metal chips as a reference electrode to probe Li
plating behavior in full cells (Fig. S13, ESIt{). At 1-3C (1C =
0.9 mA h em™?), Li plating capacity accounts for 0.31, 0.38, and
0.41 mA h cm 2 in LHCE cells, respectively (Fig. S14, ESIf).
With the existence of EC additive, the proportion of Li
plating capacity drops a bit corresponding to 0.25, 0.29, and
0.36 mA h cm > in LHCE-EC cells, respectively. Among the
three electrolytes, Li plating capacity retains the lowest values
for LHCE-FEC cells of merely 0.17, 0.2, and 0.22 mA h cm 2,
respectively. In addition, the internal resistance of LHCE-FEC
cells remains the lowest (Fig. S15, ESIT). Fig. 6a and b present
the cell cycling performance and capacity retention for various
electrolytes. LHCE and LHCE-EC cells have undergone dra-
matic capacity decay at the early stage of cycling with capacity
retention values of 81.46% and 87.74% after 500 cycles at 1C,
respectively. The LHCE-FEC cells could maintain a reversible
capacity of 0.68 mA h ecm 2 with a high retention of 99.21%
over 500 cycles. Voltage profiles of LHCE-FEC cells at the 5th
and the 400th cycles further prove the stable cycling and small
polarization (Fig. 6c). Cells using LHCE-FEC also have a better

2508 | Energy Environ. Sci., 2024, 17, 2500-2511

rate performance, showing high SOC and stable CE at 0.1-5C
(Fig. 6d and Fig. S16, ESIT). The corresponding SEM images
after 1C-rate cycling confirm the nearly dendrite-free HC sur-
face using LHCE-FEC, whereas the uncontrolled Li dendrite
growth can be noticed on HC anodes using LHCE and LHCE-EC
(Fig. S17, ESI¥). Similar trends of cycling performance have also
been observed at 2 and 3C (Fig. S18, ESIT). When increasing the
mass load of the HC anode to 4 mg cm ™, LHCE-FEC cells still
deliver a much higher reversible capacity and retention than
LHCE and LHCE-EC cells at 1-3C (Fig. S19, ESIt).

To validate the availability of the HC anode under extreme
fast-charging operations using the studied LHCEs, the self-
made 20-mA h LFP|HC pouch cells with the same N/P ratio
(0.8) were assembled using two single-layer electrodes in the
dimensions of 4.1 x 5.1 cm (Fig. S20, ESIf). Detailed para-
meters of pouch cells are presented in Table S3 (ESIf). A
constant-current constant-voltage (CCCV) charging mode was
selected for pouch cell tests and limited by a cut-off current
density of 0.05 C (1C = 20 mA h). The SOC of pouch cells was
obtained based on the ratio of the capacity of the CC stage to

This journal is © The Royal Society of Chemistry 2024
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the cell discharging capacity at 0.2C (Fig. S21, ESI{). Fig. 6e
shows that LHCE-FEC cells can maintain a high-rate stability of
up to 10C and can be charged from 90.1% to 71.2% SOC at 1-
10C before the CV process. In the case of the LHCE-EC cell, the
capacity deterioration occurs at a rate of 4C as well as rapid
capacity fading when the charging C-rate is further increased
(only from 78.5% to 50.2% SOC at 1-10C). Pouch cells with the
LHCE exhibit the worst rate performance, which is inferior to
those of conventional concentration electrolytes (CCE, 1 M
LiPFg in EC/DMC 1:1 by volume). The high proportion of CC
stage by voltage curves suggests that the lower polarization of
LHCE-FEC cells is primarily attributed to the uniform Li plating
and fast diffusion kinetics on the reacting interphase (Fig. S22,
ESIt). Under extreme cycling at 6C, LHCE-FEC cells could also
deliver a much higher SOC (82.2%) at the CC stage and cycling
stability than LHCE and LHCE-EC cells with a capacity retention
of 93.7% after 200 cycles (Fig. 6f). The high SOC of 82.2% exceeds
the United States Advanced Battery Consortium (USABC) metrics
for high-performance batteries (SOC > 80% under 4C-rate).”* In
addition, the long-term cycling stability (over 1700 cycles) is
maintained when capacity retention reaches 80%, and the voltage
evolution of the LHCE-FEC cell from the 1* to the 2000™ cycles
imply a lower cell polarization under 6-C cycling (Fig. 62 and Fig.
S23, ESIt). The SOC corresponding to the CC stage for pouch cells
was also compared with those carbonaceous anodes and electro-
lytes reported in the literature under practical 6-C cycling (Fig. 6h
and Table S4, ESIt), exhibiting the greater CC charge acceptance
of pouch cells using LHCE-FEC.”*™® Additionally, the 200-mA h
laminated double-side pouch cells were prepared to examine its
fast-charging performance (Fig. S24, ESIf). The SOC of 80.6%
from the CC stage still can be achieved with capacity retention of
92.1% over 200 cycles under 6-C cycling (Fig. S25, ESIT).

Until now, the unsafe Li plating encountered in anode has
long been considered as the major hurdle for fast-charging
LIBs. A single-step kinetic modification can only eliminate Li
plating at a specific condition while losing hold of the other.
Appropriately utilizing reversible Li plating capacity on the HC
anode has shown to be a promising approach for fast-charging
LIBs. By constructing an SEI with high Li-ion flux at the anode
interface using LHCE-FEC, the Li plating morphology was
actively regulated on the anode surface. The safety risk caused
by dendrite formation was minimized to a great extent, and
meanwhile, the high SOC could be maintained for anodes. On
the other hand, using the HC anode allows it to completely
exert its high-rate superiority while mitigating its deficiency,
namely low ICE, rendering HC a potential candidate for a fast-
charging anode. With the studied SEI of high compatibility at
the anode/electrolyte interface, the Li plating reversibility of the
LHCE system and the high-rate capability of the HC for fast-
charging LIBs can be integrated to their best advantage.

Conclusions

In this work, the adsorption tendency of EC and FEC and their
functions for the SEI structure on the HC surface were

This journal is © The Royal Society of Chemistry 2024
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elucidated in a typical LHCE system. DFT calculations unveil
that the FEC molecule can maintain the tilted conformation
that results in weaker adsorption between the C—O of FEC and
the defect site in the presence of abundant FSI~ anions and Li*
ions. The inorganic products of FEC are distributed uniformly
within the LHCE-FEC derived SEI, compared to the unevenly
aggregated inorganic clumps of the SEI formed in LHCE-EC,
irrespective of the defect distribution on HC. Accordingly, the
FEC-assisted SEI not only provides high Li-ion flux of the
interphase and uniform Li nucleation sites but also maintains
its self-structural stability over cycles. Cells using LHCE-FEC
could maintain an excellent average CE of 99.8% over 250
cycles. Owing to the robust SEI, the uniform Li plating mor-
phology with high reversibility was achieved during repeated Li
plating/stripping on the HC surface. The self-exacerbated den-
drite/dead Li formation can be well restricted. Meanwhile,
diffusion polarization was also greatly reduced before and after
Li plating, allowing the fast kinetics of Li" ions. As a conse-
quence, the self-made LFP||HC pouch cell with a low N/P ratio
exerts a high SOC (82.2%) and maintains a cycling stability of
6C for over 1700 cycles until reaching 80% retention, which
further confirms the applicability of the reversible Li plating
strategy under extreme fast charging conditions. This work has
demonstrated a new approach to address Li plating issues by
understanding the adsorption tendency of EC and FEC on the
carbon matrix. More selections for film-forming agents to
achieve the reversible Li plating for fast-charging LIBs need to
be further explored.
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