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ABSTRACT: Sluggish lithium-ion (Li*) transport through the elec- Pre-formed SEI  Evolution during fast charging Long cycles
trode—electrolyte interface hinders fast charging of lithium-ion batteries. . ;:; . 2 B o
Contrary to the conventionally slow-formed solid electrolyte interphase formation ":;} iy

(SEI), fast-formed SEI is proposed and evidenced to be beneficial in
enhancing the interfacial Li* transport and thus the fast-charging of the
graphite anode. Various characterization techniques including cryogenic
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transmission electron microscopy, in situ Raman spectroscopy, and gas Fast RS e, Loss
chromatography are applied to uncover the nanostructure, formation formation %~ . stable
pathways, and stability of SEI layers formed at varied current densities oS ” g O
during the formation process. The results show that the rapidly formed
SEI layer has more crystalline inorganic components with reduced size ) ) - )

. ) Li,0 ¥ Li,CO, " LIF  LiOH " LiPO,F,  Organics SOH
(4.4 nm at 5C vs. 8.0 nm at 0.2C), elevated stacking density (33% vs. ) ..

" PFg 2,4 DMC 7 FEC ¢ Li* ©electron < CH, +* CO,

12%), thinner (~7 nm vs. 18 nm), and faster Li* diffusion. With such a
preformed SEI layer, the capacity retention of the LiFePO,llgraphite cell is dramatically improved from 65% to 98% at 1C after

400 cycles.

on the formation of a good passivating solid electrolyte
interphase (SEI) layer at the electrode—electrolyte
interface."” To build a reliable SEI layer on the graphite anode,
LIBs newly assembled are initially cycled with sophisticated
conditions, typically at a low rate of <0.1C, to ensure a thick
protection layer on the anode surface.”” Although the slow
formation protocol is generally applied for current battery
manufacture, it may not be the best prerequisite for batteries
operating under different scenarios, such as fast charging.
The mass adoption of LIBs in electric vehicles demands fast-
charging capability, achieving 80% state-of-charge (SOC)
within 15 min.” Fast charging is pretty convenient for
consumers but remains challenging for the battery chemistry,
especially for the relatively sluggish Li* transport through the
conventionally slow-formed SEI layer.””® The resistance of the
SEI layer results in severe polarization, irreversible capacity
loss, and Li metal plating when a high charging current is
applied.””"" Recently, rapid formation protocols have been
used to enhance the fast-charging capacity and capacity
retention.'>™"° However, up to now, it has still been debated
whether the higher formation rate is beneficial or harmful to
facilitate fast-charging batteries.
To address the concerns regarding the rapid formation
protocol, it is essential to identify the exact composition and
morphology of the SEI layer formed at high rates. However, it

T he success of lithium-ion batteries (LIBs) relies greatly
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remains a big challenge to quantitatively draw a clear picture of
the inorganic—organic composite mosaic nanostructure of SEI
formed at different rates, which is critical to the Li diffusion
kinetics as well as the thermodynamical stability of the SEL
Yang found that the thickness of the SEI layer increases by
approximately 10 nm after 2000 cycles at a low charging rate
(0.5C) while its composition changes slightly.'® It is still
unrevealed whether the SEI layer can withstand mechanical
fracturing and thermal decomposition at a high rate.'”"®
Therefore, it is critical to establish a comprehensive relation-
ship for the SEI layer between fast kinetics and stable
thermodynamics.”'**

Herein, via quantitative identification of both the growth and
the evolution of the SEI layer, we succeeded in establishing the
correlation between the formation rate and the fast-charging
durability of Li-ion batteries. A varied SEI layer was achieved
by simply altering the current density during the formation
process, and its Li*-transport capability was evaluated by the
rate performance of the graphite anode. The composition and
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Figure 1. Rate-dependent SEI for the graphite anode. (a) Schematic for fast- and slow-formed interphase. (b) Irreversible capacity losses per
cycle and total irreversible capacity losses (inset) during formation processes. (c) EIS spectra of Lillrate-F-Gr (rate = 0.2C, 0.7C, 1C, 3C, and
5C) cells. (d) Rate performances of the rate-F-Gr in three-electrode cells after formation processes. (e) Long-cycling performance at 3C of
the rate-F-Gr (rate = 0.2C, 1C, and SC). The same rate was used for each charge and discharge.

nanostructure of interphases were revealed by X-ray photo-
electron spectroscopy (XPS), cryogenic transmission electron
microscopy (cryo-TEM), and electron energy loss spectrosco-
py (BELS). The influence of current density on the electrolyte
and its decomposition pathway has been probed by in situ
Raman and gas chromatography (GC). It is found that higher
current density facilitates formation of thinner (~7 nm at SC
vs. 18 nm at 0.2C) SEI layer rich in crystalline inorganics with
reduced size (~4.4 nm vs. 8.0 nm) and increased stacking
(33% vs. 12%), enhancing the Li* transport through the SEI
layer. Meanwhile, this rapidly formed SEI layer can maintain
composition and structure stability during fast charging. These
findings emphasize the essential role of interphase in regulating
the battery reaction kinetics and stable dynamics and provide
valuable guidelines for interface engineering without changing
battery chemistry, thus further improving the sustainable
lifespans of LIBs.

4628

Changing the current density during the formation process
is expected to tune the nanostructure of the SEI layer (Figure
1a). The three-electrode configuration enables precise graphite
potential control (0—3 V vs. Li*/Li) while preventing metallic
Li deposition (Figure S1). A fluoroethylene carbonate (FEC)-
based electrolyte was used since it shows better rate
performance than the ethylene carbonate (EC) counterpart
owing to its well-known film-formation capability (Figure
§2).2"** The cells were subjected to different formation
conditions with similar irreversible capacity (Figure 1b, ~0.3
mAh) rather than identical cycle number (Figure S3) to form
sufficient SEI by 0.2C (3 cycles), 0.7C (8 cycles), 1C (15
cycles), 3C (40 cycles), and SC (7S cycles) (Figure S4a—g),
yielding “rate-F-Gr” (e.g, 0.2C-F-Gr). Drastically increasing
the current density from 0.2C to SC increases the cell
polarization for about 84 mV and thus less Li* is intercalated
into the graphite (Figure S4f,g). Electrochemical impedance
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Figure 2. Interphase composition after formation. (a, b) XPS spectra of C Is and F Is from 0.2C-F-Gr, 1C-F-Gr, and 5C-F-Gr. (c, d) The
relative atomic ratio of C—Li, C—C, C—0, C=0, and ROCO,Li based on C Is spectra (c) and Li—F, P—F based on F Is spectra (d).
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Figure 3. Interphase nanostructure after formation. (a—c) Cryo-TEM images of SEI layers of the 0.2C-F-Gr, 1C-F-Gr, and 5C-F-Gr. (d—f)
The corresponding magnified regions of Figure 3a—c. (g) Statistical average SEI thickness based on TEM images. Error bars denote one
standard deviation calculated from 15 images. (h) Statistical average grain size of crystalline inorganic nanograins (Li,O/LiOH/Li,CO;).
Error bars denote one standard deviation calculated from 20 grains. (i) The statistical areal density of crystalline inorganics in the SEL The

areal density of crystalline inorganics was calculated by dividing the area of these crystalline inorganic nanograins by the overall area of the
SEI layer (labeled by a white dashed line).

spectroscopy (EIS) measurements demonstrate that the SC-F- highest resistance (Rgg = 15.6 Q). The interfacial resistance
Gr cell has the lowest interfacial resistance (Rgy = 4.4 Q, indicates the varied Li* conductivity of the SEI layer, which is
Figure 1c and Table S1), and the 0.2C-F-Gr cell exhibits the related to its nanostructure.””**
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Figure 4. Interphase stability after cycling at 3C for 200 cycles. (a—c) Cryo-TEM images of SEI layers on 0.2C-F-Gr, 1C-F-Gr, and SC-F-Gr.
(d) SEI layer thickness changes, (e) grain size changes, (f) areal density of crystalline inorganics changes before and after 200 cycles. Error
bars denote one standard deviation calculated from 15 images (d) and 20 grains (e).

To assess the Li*-transport capability of the as-prepared SEI
layers, we evaluated and compared the rate performances of
the graphite electrodes were evaluated and compared. Figure
1d and Figure SS show that all of the graphite with high-rate
formation displays better rate capacity than the 0.2C-F-Gr.
Notably, the SC-F-Gr delivers a capacity of 190 mAh g~' at
SC, while the 0.2C-F-Gr is 130 mAh g_l. This suggests that the
SEI layer formed under higher current density promotes faster
Li* transport, enhancing the fast-charging capability of the
graphite anode. To further validate the benefits of the fast
formation, the cycling performance was compared (Figure le)
and the SC-F-Gr displays a higher reversible capacity (288
mAh g7') than 1C-F-Gr (275 mAh g™') and 0.2C-F-Gr (269
mAh g™') after 200 cycles at 3C.

The nature of SEI layers formed at different rates was
probed by XPS. Based on the XPS spectra (Figure 2 and Figure
S6), the atomic ratio of C, Li, O, F, and P in SEI layers was
determined, and a notably higher F relative concentration in
the SC-F-Gr (Figure S6b) indicates the intensified decom-
position of F-containing solvent (FEC) or/and salt (LiPF) at
the high rate. The latter is confirmed by the slightly higher P
content in SC-F-Gr (0.49% vs. 0.33% in 0.2C-F-Gr, Figure
S6b). All the C Is spectra (Figure 2a) can be decoupled into
five peaks ascribed to ROCO,Li (~289.8 eV), C=0 (~288.6
eV), C—0 (~286.4 eV), C—C (284.8 eV), and C—Li (282.0
eV).”™*" Despite a negligible difference in the chemical
composition, the relative amounts of C—0O, C=O0, and
ROCO,Li decrease with increasing current density (Figure
2c), suggesting that the SEI layer formed at the lower current
density has more organic components, potentially resulting in
sluggish Li* transport.”**’ In addition, F Is spectra shows
Li,PO,F, (687.3 €V) and LiF (685.2 eV, Figure 2b) species
and 77.9% content of LiF are found in SC-F-Gr (Figure 2d),
which is believed to promote fast Li* transport through the SEI
layer.*
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Cryo-TEM was employed to investigate the nanostructure
and composition of SEI formed at different rates. Regardless of
the current density, the SEI layers exhibit a mosaic-like
structure where crystalline inorganic nanograins are embedded
within an amorphous matrix (Figure 3a—f and Figures S7—
S12). In the SEI layer formed at 0.2C, these small crystalline
inorganic nanograins, averaging ~8.0 nm in size, are sparsely
distributed in the amorphous substrate (Figure 3d) and its
areal density is approximately 12% (Figure 3i). Increasing the
formation rate from 0.2C to 5C is found to reduce the SEI
thickness (from 18 to 7 nm, Figure 3g) and decrease the grain
size (from 8.0 to 4.4 nm) but increase the stacking density
(from 33% to 12%) of the crystalline grains (Figure 3h,i).
Although crystalline Li,O exhibits a high Li* diffusion barrier,
its Li,O/Li,O nanograin boundaries are expected to serve as
effective pathways for Li* transport,’’ thereby reducing
interfacial impedance and enabling superior electrochemical
performance of the graphite anode.

Through EELS spectra, the presence of Li,O as a
dominating inorganic component in the SEI layer is confirmed
(Figure S13a). A prominent peak at 301 eV in the C K-edge
spectrum (Figure S13b) suggests a greater diversity of organic
species on the surface of 0.2C-F-Gr, which agrees with the
cryo-TEM observation (Figure 3d) and XPS results (Figure
2a).

To assess SEI dynamic stability, these rate-F-Grs were cycled
at 3C for 200 cycles (Figure 4a—c, Figures S14—16).
Compared to the SEI initially formed at 0.2C on the graphite,
the SEI after subsequent 200 cycles at 3C has more crystalline
inorganic components (Figure 4a,f) and increased thickness
(from 18 to 31 nm, Figure 4d). This evolution demonstrates
that the slowly formed SEI undergoes reconstruction and
growth during the subsequent 3C cycling. This evolution is
potentially due to the thermodynamically unstable organ-
ics”** and Joule heat.””*> The damaged SEI layer allows the
electrolyte to permeate the SEI layer, which promotes the

https://doi.org/10.1021/acsenergylett.5c02398
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Figure S. Formation mechanism of SEI layers at different rates. (a) In situ Raman spectra of the electrolyte near the graphite anode at
different current densities. (b) GC spectra obtained from the gases released at 0.2C and 5C. The detected CO, in the baseline is from the
glovebox. (c) The potential pathways for the decomposition of FEC and DMC at different current densities.

reformation of the SEI layer in the subsequent cycling.”® In
contrast, the SEI layers formed at 1C and SC maintain pristine
structure (Figure 4b,c) and slightly increase in thickness (~19
nm on 1C-F-Gr, and ~11 nm on SC-F-Gr) after 200 cycles at
3C (Figure 4d—f), which reveals that, albeit thin, the rapidly
prepared SEI layer is evidenced to be relatively compact and
stable during fast charging. These results are consistent with
the computational results, which demonstrated that a high
ionic conductivity of the SEI enhances interfacial stability.*”
The distinct SEI structures suggest that electrolyte reaction
mechanisms vary with current density. To probe the electrolyte
change under different rates, in situ Raman spectroscopic
measurement (Figure S17) was performed. At 0.1C, the
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Raman spectra of the electrolyte are almost identical to the
original one, showing peaks for free DMC molecules (918
em™),*® Li* bonded to DMC molecules (Li*=DMC, at 935
cm™), free FEC molecules (906 cm™), and Li* bonded to
FEC (Li*—FEC, at 920 cm™', Figure Sa and Figure S17d).
When at SC, Li*—solvent peak intensities (especially Li*—FEC
at 920 cm™'; Figure S18) decrease relative to free solvents,
indicating the rapid consumption of Li*—solvent complexes for
SEI formation.

The accompanying gas evolution during SEI layer formation
was monitored by GC (Figure Sb and Figure S19). Notably,
CO, is dominantly detected at 0.2C, while CO,, CO, CH,,
C,H,, and C,Hg are present at SC, implying varied reaction
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Figure 6. Electrochemical performance of graphite anode with rate-dependent SEI layer. (a, b) Activation energies related to Li* desolvation
(a) and Li* diffusion through the SEI layer (b) for Lillrate-F-Gr (rate = 0.2C, 1C, and 5C) cell in the 1 M LiPF; FEC/DMC electrolyte
calculated using the Arrhenius equation based on the fitted resistance from —10 to 20 °C. (¢, d) Rate performances (c) and long-cycling
performances (d) of LFPlIrate-F-Gr (rate = 0.2C, 1C, and 5C) full cells with graphite loading of 2.5 mg cm ™. (e) Long-cycling performances
of LFPIIGr pouch cells at 1C after preformation at 0.1C, 0.5C, and 1C for three cycles.

pathways dependent on the current density (Figure Sc).
Specifically, FEC is initially reduced to form VC radicals and
LiF (reaction (1)). At this low rate, VC radicals are likely
further reduced and recombined into poly-VC, releasing CO,
through reactions (2) and (3). In contrast, two C—O bonds in
the VC radicals may undergo cleavage (illustrated by blue lines
in reactions (4) and (5)) and further decompose into Li,O,
CO,, CO, and C,H, at a high rate. Consequently, a series of
gases is released, and the SEI layer formed at a higher rate has
more inorganic components. The formation of CH, and C,Hg
is attributed to the cleavage of the C—O bond in the DMC
(reactions (6) and (7)).*° Additionally, the cleavage of two
C—O bonds in DMC (labeled by the blue line, reaction (8))
may also occur and generate CO.

Elevated current densities enhance the chemical reactions
and induce a higher overpotential at the graphite anode, which
alters the thermodynamic pathway, suppressing the polymer-
ization of organic solvents (e.g, FEC) while promoting
inorganic species formation (e.g., LiOH, Li,O, Li,CO;),
leading to an inorganic-rich, thin SEI layer (<10 nm). The
grain size of inorganics follows a classical nucleation
mechanism (eq 1)*'

4632

YV,

m

Fn

(1)

where r is the critical radius, y is the surface energy of the SEI,
V,, is the molar volume of inorganics, F is Faraday’s constant,
and 7 is overpotential. The critical radius (r) is inversely
related to overpotential (17).*** In addition, the elevated
current density accelerates electrolyte reduction and depletes
surface Li*, establishing diffusion-limited conditions, which
inhibit the growth of grains, resulting in a dense SEI structure
with small inorganic grains, the compact structure of which
effectively suppresses electrolyte decomposition and maintains
interfacial stability during fast charging.

The aforementioned rate-dependent interphases provide a
feasible and ingenious approach to distinguish the processes
from Li" transport through the SEI layer and desolvation in the
same electrolyte in determining the rate-limiting reaction steps
in the batteries. To experimentally separate them and estimate
their activation energy, temperature-dependent EIS was
conducted on “Lillrate-F-Gr” cells, and the resistance for the
charge transfer (R,) and Li* transport through the SEI layer
(Rggy) were fitted as a function of temperature (Figure S20 and
Table S2). Based on the Arrhenius equation (eq 2)***
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the activation energy (E,) for the desolvation process was
calculated to be 64.0 kJ mol™" for 0.2C-F-Gr, 64.2 k] mol ™" for
1C-F-Gr, and 63.8 k] mol™! for SC-F-Gr (Figure 6a); the close
values suggest that the desolvation process is mainly dependent
on the electrolyte chemistry rather than the SEI layer.”** In
addition, the E, for Li* diffusion in the SEI layer was
determined to be 33.8 kJ mol™ for 0.2C-F-Gr, 32.3 kJ mol™
for 1C-F-Gr, and 31.2 k] mol™' for SC-F-Gr (Figure 6b),
demonstrating the faster Li* transport capability of the rapidly
formed SEI layer. This merit becomes more obvious in the EC-
based electrolyte (1 M LiPF; EC/DMC), in which the E, for
Li* diffusion in the SEI layer was determined to be 44.6 kJ
mol™" for 0.2C-F-Gr and 21.3 kJ mol™" for SC-F-Gr (Figure
S21 and Table S3).

The benefit of the fast-preformed SEI layer is also present in
the LiFePO, (LFP)llrate-F-Gr full cells (Figure 6¢ and Figure
S22). The cell with SC-F-Gr as the anode delivers a rate
capacity higher than those with 0.2C-F-Gr and 1C-F-Gr
(Figure 6¢), consistent with the three-electrode cell results
(Figure 1d). After 250 cycles at 3C, the capacity of LFPIISC-F-
Gr is 113 mAh ¢! while those of LFPII1C-F-Gr and LFPII
0.2C-F-Gr are 98 mAh g™' and 93 mAh g', respectively
(Figure 6d). For pouch cells (134 mAh), 1C was used during
the rapid formation process to prevent the potential Li
deposition caused by the localized high current densities
(>1C)."” The 1C-F-full cell and 0.5C-F-full cell deliver 110
mAh and 105 mAh, remaining 82% capacity and 78% after
2000 cycles, respectively (Figure 6e), while the 0.1C-F-full cell
retains 67%. These results demonstrate that the SEI layer
derived from higher current density is indeed beneficial for fast
interfacial Li* transport and improving the rate and cycling
performance of LIBs. This strategy is universal and has been
proven to be effective with the commercial electrolyte 1 M
LiPF; EC/DMC (Figures S23—S28).

In summary, clear pictures of the SEI layer formed at
different current densities are intuitively observed (Figure 1a),
showing that high current density can lead to favorable SEI
nanostructures, reduce inorganics size (~4.4 nm), and increase
stacking (33%), resulting in enhanced rate performance of
graphite. The abundant inorganic interphase notably facilitates
Li* diffusion within the SEI layer and suppresses the
continuous reaction between Gr and the electrolyte,
prolonging the lifespan of the battery and enhancing its
Coulombic efficiencies. These findings establish a direct
correlation between interphase nanostructure, fast-charging
kinetics, and long-term cycling stability, offering an actionable
design strategy for sustainable, high-performance LIBs.
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