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out on the graphite anode surface under 
fast-charging conditions in high-energy-
density cells. The irreversibility associated 
with Li plating leads to permanent loss 
of Li from the accessible reservoir and 
capacity fade, which is the key challenge 
that limits fast-charging of LIBs.

Strategies to prevent and/or mitigate 
the impacts of Li plating on graphite 
have drawn great interest in recent years, 
including: 1) alternative anode materials 
such as lithium titanate,[6] titanium nio-
bate,[7] and hybrid mixtures of hard carbon 
with graphite;[5] 2) modifying the elec-
trode architecture to facilitate enhanced 
mass transport;[8–12] 3) asymmetric tem-
perature modulation;[13] 4) surface coat-
ings to modify interface behavior;[14–17] and  
5) electrolyte modifications to increase 
ionic conductivity.[18–20] To date, a majority 
of work on fast charging of graphite aims 

to homogenize the current distribution throughout the elec-
trode thickness by improving mass transport in the electrolyte.

While these works have shown great promise for enabling fast 
charging and have demonstrated the importance of mass trans-
port, less attention has been paid to the role of the solid-electrolyte 
interphase (SEI) in determining fast-charge performance. In state-
of-the-art LIBs, a composite SEI consisting of a mosaic of inor-
ganic and organic species forms naturally during the initial charge 
due to electrolyte decomposition as the graphite electrode poten-
tial drops toward the equilibrium potential of Li metal (−3.04 V vs 
standard hydrogen electrode).[21–23] The primary means of engi-
neering the SEI has been through electrolyte modifications, which 
has proven to be a key enabler for the high Coulombic efficiency 
(CE) and long cycle-life of today’s LIBs.[24] The properties of the 
natural SEI are sufficient to enable stable cycling at low current 
densities, when the electrochemical potential remains >0 V versus 
Li/Li+, but do not prevent Li plating during fast-charging.

While artificial SEI (a-SEI) coatings have been studied to 
improve interfacial stability, less attention has been paid to 
optimization of a-SEIs for fast charging and suppression of Li 
plating. Our hypothesis in this work is that an ideal a-SEI for 
fast charging would: 1) have higher ionic conductivity than the 
natural SEI and low electronic conductivity; 2) be chemically 
homogenous, avoiding “hot-spots” within the SEI such as grain 
boundaries, local variations in composition and phase, etc.;  
3) be electrochemically stable both in contact with the liquid 
electrolyte and with Li metal, such that decomposition reactions 
do not occur even below 0 V versus Li/Li+; and 4) suppress both 
natural SEI formation and Li plating.

Enabling fast-charging (≥4C) of lithium-ion batteries is an important chal-
lenge to accelerate the adoption of electric vehicles. However, the desire to 
maximize energy density has driven the use of increasingly thick electrodes, 
which hinders rate capability. Herein, atomic layer deposition is used to coat 
a single-ion conducting solid electrolyte (Li3BO3-Li2CO3) onto postcalendered 
graphite electrodes, forming an artificial solid-electrolyte interphase (SEI). 
When compared to uncoated control electrodes, the solid electrolyte coating: 
1) eliminates natural SEI formation during preconditioning; 2) decreases 
interphase impedance by >75% compared to the natural SEI; and 3) extends 
cycle life under 4C charging conditions, enabling retention of 80% capacity 
after 500 cycles (compared to 12 cycles in the uncoated control) in pouch cells 
with >3 mAh cm−2 loading. This work demonstrates that 4C charging without 
Li plating can be achieved through purely interfacial modification without sac-
rificing energy density and sheds new light on the role of the SEI in Li plating 
and fast-charge performance.
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1. Introduction

Lithium-ion batteries (LIBs) have become a vital part of the way 
that society stores and uses electrical energy. Among the myriad 
applications, electric vehicles (EVs) are rapidly becoming 
the dominant source of demand for rechargeable batteries.[1] 
Despite significant advances over the past several years, further 
improvements in energy density, charging rate, and cycle life 
remain key challenges.[2] In particular, achieving all of these 
characteristics simultaneously is elusive.

Tradeoffs arise between energy density, charging rate, and 
cycle life when thicker (higher areal capacity) electrodes are 
used.[3] This has been largely attributed to mass-transport limi-
tations in the electrolyte within the porous electrode structures, 
which lead to increased cell polarization, current focusing, and 
inhomogeneous lithiation.[4,5] As a result, metallic Li can plate 
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Fortunately, there has been a great deal of recent work to 
understand solid electrolyte materials that are stable in contact 
with Li metal,[25] and nucleation behavior in Li metal anodes.[26] 
Motivated by this work in the solid-state battery community, 
we have recently developed atomic layer deposition (ALD) pro-
cesses for single-ion conducting solid electrolytes that are stable 
against Li.[27,28] In particular, ALD glassy Li3BO3-Li2CO3 (LBCO) 
solid electrolytes exhibit the properties listed above. LBCO films 
were shown to have the highest measured ionic conductivity of 
any ALD film reported to date (>2*10−6  S  cm−1 at 30  °C), and 
are stable when cycled in contact with Li metal.[27] LBCO mate-
rials have also previously been demonstrated as an artificial 
interphase in sulfide solid state batteries to improve interface 
stability and improve rate performance.[29]

ALD affords unparalleled control of film thickness and 
conformality owing to the self-limiting nature of the surface 
reactions.[30] ALD is a powerful means of interface modifica-
tion for electrode materials in LIBs,[31–40] but work to date has 
largely focused on coating cathodes to improve interface sta-
bility.[41–43] Reports of coatings on graphite have been limited to 
Al2O3

[31,32,34,44] and TiO2,[33,44] and have generally been extremely 
thin, often less than 1  nm. This is due to the fact that these 
oxide materials are relatively poor ionic conductors, even after 
they are electrochemically lithiated, which consumes Li.[45] In 
addition, the impact of ALD coatings on Li plating during fast 
charging of LIBs has not been previously studied.

A summary of previous work on modified graphite elec-
trodes for fast-charging is provided in Table S1 in the Sup-
porting Information. Much of the previous work, particularly 
on artificial SEIs, has not focused on Li plating, and did not 
conduct extended fast-charge cycling in full cells with cathode 
materials to quantify capacity retention. There are also rela-
tively few examples that used commercially relevant graphite 
loadings (>3 mAh cm−2), where Li plating is expected to be the 
largest barrier to fast-charging performance.

Herein we demonstrate the use of a single-ion conducting 
solid electrolyte (LBCO) coating on graphite. The conformal ALD 
coating is shown to eliminate natural SEI formation, resulting in 
a 75% decrease in interphase impedance. Cells with coated elec-
trodes exhibit superior rate capability and stability during fast 
charging. The cycle life to 80% capacity retention under 15 min 
(4C) fast-charging conditions was increased to 500 cycles, com-
pared to 12 for uncoated control cells. This is primarily attributed 
to the suppression of Li plating. In addition to demonstrating a 
new strategy to overcome energy/power density tradeoffs, this 
work points to the key role of the SEI and its associated imped-
ance in limiting the fast-charge capability of LIBs.

2. Results and Discussion

Graphite electrodes were prepared on a pilot-scale roll-to-roll 
slurry-casting system at the University of Michigan Battery 
Manufacturing Lab via the process shown in Figure 1a (further 
details in the Experimental Section).[5,9] To demonstrate that 
the LBCO ALD process could successfully coat postcalendered 
graphite electrodes, X-ray photoelectron spectroscopy (XPS) 
and scanning electron microscopy (SEM) were performed after 
the coating process. Figure 1b shows an XPS survey scan of a 

graphite electrode surface coated with 250 ALD supercycles of 
LBCO (≈20  nm). One supercycle consists of sequential expo-
sures of lithium tert-butoxide, ozone, triisopropylborate, and 
ozone, each separated by purging, as described previously.[27] 
This will be termed LBCO 250x throughout the manuscript, 
and other thicknesses will be described similarly based on the 
number of ALD cycles. As expected for the LBCO coating, the 
surface is composed of lithium, carbon, boron, and oxygen, 
and the peak positions match those for the glassy LBCO phase 
(Figure S3, Supporting Information), which has been shown to 
be amorphous using synchrotron X-ray diffraction.[27]

SEM imaging was performed on an LBCO-coated electrode to 
observe the morphology and conformality of the ALD coating. 
As shown in Figure  1c, the presence of a surface coating can 
clearly be observed, along with the exposed regions of the elec-
trode that resulted from tearing of the electrode to prepare the 
cross-section. While the entire surface of the electrode particles 
was conformally coated, when the electrode was torn to create 
a cross-section, the contact points between adjacent graphite 
particles resulted in these exposed regions. These point con-
tacts show that the particle-particle contacts formed during the 
calendaring process are maintained after coating, preserving 
electrical continuity throughout the electrode. The conformality 
of the film through the full thickness of the electrode, together 
with the electrochemical results shown in Figure 2, confirm 
that the ALD process successfully coated the entire electrode.

A high-magnification SEM image of a focused-ion beam (FIB) 
cross-section is shown in Figure 1d. The film is ≈40 nm thick, as 
expected for the 500x coating, and conformally coats along the 
entire surface of the graphite particle, including re-entrant surface 
geometries and the bottom surface that would be shadowed when 
using line-of-sight deposition methods. This type of conformal 
coating with precisely controllable thickness would be challenging 
to achieve with other coating techniques, demonstrating the 
unique properties of ALD for coating of electrode materials.

To investigate any physical changes to the electrodes that 
might have been caused by the elevated temperatures or vacuum 
conditions during the ALD process, the thickness and mass of 
multiple control (no exposure to the ALD chamber), heated 
control, and LBCO 250x coated electrodes were measured. The 
heated control was exposed to the temperature and pressure 
conditions of the ALD reactor for the same length of time as 
the 250x process. The resulting measurements are shown in 
Figure S1 in the Supporting Information, which indicate that the 
total thickness of the calendared graphite electrodes increased 
by ≈4–8% due to the ALD temperature and pressure conditions. 
SEM analysis of the electrodes before and after LBCO coating 
was performed to compare the electrode microstructure (Figure 
S2, Supporting Information). No significant differences in pore 
size, porosity, or particle size were observed. To exclude any 
potential effects from these slight structural changes on the 
observed electrochemical behavior, we also examine the perfor-
mance of the heated control without ALD coating below.

2.1. Suppression of SEI Formation during Preconditioning

Graphite electrodes (3.18 mAh cm−2 loading, details in the Experi-
mental Section) were prepared with varying numbers of ALD cycles 

Adv. Energy Mater. 2022, 12, 2102618



www.advenergymat.dewww.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2102618 (3 of 12)

(50x, 250x, and 500x corresponding to 4, 20, and 40 nm) to investi-
gate the impact of the ALD coating on cell performance and identify 
the optimal thickness. The electrode loading was chosen to strike a 
balance between energy density and power density. At this loading, 
we have previously shown that Li plating is the primary cause of 
capacity fade under fast-charge conditions.[9] These electrodes were 
assembled into coin cells with LiNi0.5Mn0.3Co0.2O2 (NMC532) 
cathodes for testing (details in the Experimental Section).

After assembly, the cells were preconditioned with (3) C/10 
constant current (CC) cycles, the first of which is shown in 

Figure  2a. The first plateau in the first charge (observed at 
≈3.0  V) is associated with the initial SEI that forms on the 
graphite surface as the potential of the electrode drops below 
the reductive stability limit of the electrolyte.[24,46] This pla-
teau, which appears as a peak in the dQ/dV plot (Figure  2b), 
decreases with increasing thickness of LBCO coating. The 
plateau is almost completely suppressed in the 250x sample 
and is absent in the 500x sample. This indicates that when 
the LBCO coating is sufficiently thick, it passivates the sur-
face of the graphite by blocking electron transport, preventing 

Figure 1. Demonstration of LBCO ALD coating approach for graphite electrodes. A) Schematic of the electrode fabrication process including slurry-
casting, calendering, ALD, and cell assembly. B,C) SEM images of a torn cross-section of LBCO 500x coated graphite electrode. D) SEM image of 
focused-ion beam cross-section through a single graphite particle showing the conformal LBCO encapsulation of the particle. E) XPS survey scan and 
calculated composition of 250x LBCO-coated electrode surface.
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reductive side-reactions with the salt and solvents that lead to 
SEI formation and growth. This is possible due to the wide 
electrochemical stability window of the LBCO solid electrolyte 
film,[27] which prevents reductive decomposition of the coating 
at the potentials where natural SEI formation normally occurs. 
The suppression of electrolyte decomposition not only enables 
superior control over interphase properties but could alleviate 
the need for preconditioning cycles in a manufacturing setting. 
This is one of the most costly and time-consuming steps during 
battery manufacturing, due to the very slow charging rates 
used, and the large footprint required for equipment.[47]

Further insights into the differences in the SEI formation 
process were acquired via XPS analysis of both the control 
and 250x electrodes at various stages of formation: 1) pristine;  
2) dipped in electrolyte; 3) after charging to 4.2  V  (charged); 
and 4) after one full cycle (discharged). These data, shown in 
Figure  2d, show substantial differences in the surface chem-
istry as the formation cycle proceeds. The pristine control 
electrode is comprised almost entirely of carbon, while the 
250x coating closely resembles the LBCO film composition 
(Figure  2D). A small amount of adventitious fluorine is pre-
sent, which results from exposure to electrolyte vapors in the 
glovebox environment.

After submersing the electrode in the liquid electrolyte 
for 30  min and rinsing with dimethyl carbonate (DMC), the 
control electrode was still comprised of >90%  carbon, with a 
modest increase in the amount of fluorine present. Examina-
tion of the F 1s core scan (Figure S4, Supporting Information), 
reveals that this F content arises from residual LiPF6 salt, rather 
than a reacted interphase. In comparison, the 250x LBCO elec-
trode exhibited a relatively higher increase in F content, most 

of which was LiF in character based on the core scans. This 
indicates that the LBCO ALD film chemically reacts with the 
electrolyte under open circuit conditions. The spontaneous 
formation of LiF under open circuit conditions has been pre-
viously been shown in similar electrolyte systems and was 
attributed to surface-dependent catalytic reduction of electrolyte 
species.[48] In the future, computational studies will be valu-
able to further elucidate this mechanism on the LBCO surface. 
Notably, the resulting surface did not increase in C content 
after the electrolyte exposure, indicating that solvent decompo-
sition does not occur on the LBCO surface. Furthermore, the 
B content only slightly decreases and does not experience a 
chemical shift (Figure S5, Supporting Information). This dem-
onstrates that an ultrathin LiF layer is present on the surface of 
the LBCO coating, which is significantly less than the escape 
depth of the photoelectrons emitted from LBCO. The thick-
ness of LiF was calculated to be ≈1  nm based on the electron 
effective-attenuation length calculator from the National Insti-
tute of Standards and Technology (Table S2, Supporting Infor-
mation).[49] Therefore, the a-SEI is composed of the single-ion 
conducting LBCO solid electrolyte, with an ultrathin LiF sur-
face layer (Figure  2C). Both of these materials exhibit a wide 
electrochemical stability window, which prevents natural SEI 
formation under reductive conditions.

Following the first C/10 charging half-cycle, the surface com-
position of the control electrode changed dramatically. The 
carbon content of the control decreased from 92% to 32%, 
while the Li content increased from nearly zero to 37%, the O 
increased from near zero to 20%, and the F increased from 5% 
to 10%. These changes are consistent with the natural SEI for-
mation that forms as the potential of the graphite electrode is 

Figure 2. SEI formation during first preconditioning cycle. A) Charge curve for first preconditioning cycle of graphite-NMC532 coin cells with varying 
thicknesses of the LBCO coating on the graphite electrode. B) Differential voltage curves corresponding to the SEI formation plateau in (A). C) Sche-
matic of the surface film evolution during preconditioning for control and LBCO 250x electrodes. D) Composition of electrode surface at various stages 
of preconditioning as measured by XPS after 60 s of Ar sputtering to reduce adventitious species.
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decreased below the reductive stability window of the electro-
lyte during lithiation.[46]

In contrast, the 250x LBCO electrode surface composition 
was nearly identical to the dipped sample, illustrating that the 
LBCO electrode prevented natural SEI formation. After dis-
charging the cell, neither the control nor the 250x LBCO elec-
trode exhibited substantial changes, although the control did 
decrease in Li content slightly.

The improved electrochemical stability of the 250x LBCO 
electrode compared to the control is consistent with the voltage 
curve analysis in Figure 2a,b. This is also consistent with cyclic 
voltammetry data for ALD LBCO, which do not show reductive 
currents as the electrode potential is decreased within the range 
of natural SEI formation.[27] These results illustrate the benefits 
of using a solid-state electrolyte with a wide electrochemical sta-
bility window to provide several of the properties of an “ideal” 
a-SEI that were listed above.

2.2. Improved Fast-Charging Performance

To study the influence of the a-SEI thickness on cycling perfor-
mance and fast-charging capability, coin cells were subjected to 
various charging rates and extended cycling at a 4C rate (further 
details in Figure S6, Supporting Information). 4C fast charging 
has been identified by the U.S. Department of Energy (DoE) 
and U.S. Advanced Battery Consortium as a target metric for 
EV batteries and thus was used as the primary charging rate 
in this work. The 250x coating had the best performance in 
terms of capacity retention and thus was selected as the optimal 
coating thickness for the remainder of the study.

To investigate cell performance in a more industrially rel-
evant format, single-layer pouch cells (70 cm2 electrodes) were 
fabricated for the control and the optimal 250x LBCO coating. 
The stack-specific energy density of these cells at C/3 was 
228 Wh kg−1 (further details in Figure S7, Supporting Informa-
tion). Extended cycling with 4C fast charging was performed, 
following the U.S. DoE test protocol for fast charging (further 
details in Figure 3 caption).[5,50] Consistent with this test pro-
tocol, the accessible capacity at low charge rate was also checked 
every 50 cycles. As shown in Figure 3, the control cells exhibit 
rapid capacity fading in the first 10–20 cycles before reaching a 
more stable aging condition. The rapid capacity fade in the ini-
tial cycles of the control corresponds to a dip in the CE, which 
has been shown to be a result of Li plating.[9] This irreversibility 
depletes Li from the active reservoir, resulting in the capacity 
fading observed in Figure  3. The driving force for additional 
Li plating is reduced with the loss of lithium inventory, and 
thus the capacity retention at the end of the tests approaches 
a plateau value, consistent with previous studies.[3,9,51,52] As a 
result, the capacity retention at C/3 is 67.3% after 50 4C-charge 
cycles. In contrast, the CE of the LBCO 250x cells is consist-
ently higher than the controls and do not exhibit the initial dip 
in CE. The LBCO 250x cells exhibit significantly less capacity 
fade, retaining 89.5% of the original capacity to 50 cycles, and 
79.4% after 500 cycles (Figure 3b).

The plot in Figure  3d shows only the cycles with 4C fast-
charging (without the periodic capacity checks). Compared to 
the accessible capacity of the initial 4C charge cycle, the control 

cell fades to 80% capacity after only 12 cycles. In comparison, 
the LBCO 250x retains more than 80% capacity throughout the 
500-cycle test. This represents a greater than 40-fold increase in 
cycle life.

Further insights can be gained by examining the charge 
curves for the 1st and 100th fast-charge cycles, shown in 
Figure 3e,f, respectively. During the first 4C charge, the con-
trol electrode exhibits a higher cell voltage, and this remains 
the case throughout cycling. As shown in Figure S8 in the 
Supporting Information, the voltage traces at a C/10 rate are 
nearly identical. Therefore, the higher cell voltage in the con-
trol is a result of larger polarization under fast-charge con-
ditions. This indicates that the LBCO coating reduces the 
cell impedance, which is analyzed in detail in the following 
section. After 100 cycles (Figure 3f ), the capacity of the con-
trol cell has faded dramatically, and the cell voltage quickly 
hits the 4.2  V cutoff. In the LBCO 250x cell, the accessible 
capacity within the CC portion of the charge is nearly double 
that of the control, and it retains a larger fraction of the ini-
tial capacity.

The decreased polarization in the LBCO cell also results in 
a higher energy efficiency (the ratio of energy delivered by the 
cell during discharge to energy input during charging), par-
ticularly during fast charging. As shown in Figure S9 in the 
Supporting Information, the energy efficiency of the LBCO 
cell is higher throughout cycling and does not exhibit the dip 
in the early stages that is observed for the control that corre-
sponds with Li plating. Another set of pouch cells was cycled at 
various rates to quantify the energy efficiency improvements, 
with the charge and discharge curves shown in Figure S10  
in the Supporting Information. The LBCO cell has higher 
energy efficiency at every rate of charge (Figure S9,  
Supporting Information), but a larger improvement is 
observed as the charging rate increases due to the smaller 
polarization. This increase in energy efficiency has important 
implications for the amount of electrical energy (and associ-
ated emissions) required to replace petroleum in powering 
the vehicle fleet.

Pouch cells were also fabricated for the heated control, as 
well as cells with both the NMC and graphite electrode coated in 
250x LBCO (Figure S11, Supporting Information). The capacity 
retention of the heated controls is slightly better than the con-
trol but exhibits a similar trend with a significant amount of 
Li plating. The cells with both the NMC and graphite coated 
with LBCO exhibit a slightly faster capacity fade than the cells 
with only the graphite coated. This suggests that the coating on 
the NMC is unnecessary for fast-charging when the graphite is 
coated. This is similar to the behavior observed previously for 
high voltage stability of ALD-coated electrodes[31] and is con-
sistent with the current understanding that the graphite elec-
trode is the limiting factor for fast-charging in state-of-the-art 
LIBs.

To confirm that the initial capacity fade in the control was 
a result of Li plating, pouch cells were disassembled after 
100 fast-charge cycles. As shown in Figure 4a, false-colored 
cross-sectional SEM images reveal a 20–30  µm thick layer of 
dead Li on the control electrode. A higher magnification image 
without false color is shown in Figure S12 in the Supporting 
Information, which clearly shows the distinction between the 
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round graphite particles and the porous dead Li layer. In con-
trast, the LBCO-coated electrode in Figure  4b exhibits only 
trace amounts of dead Li. The dead Li is formed due to irre-
versible stripping and reintercalation of Li metal that nucle-
ated and grew on the graphite surface.[53] This irreversibility 
depletes Li from the active reservoir, resulting in the capacity 
fading observed in Figure 3. In addition, the tortuous dead Li 
layer further impedes the mass transport in the cell during fast-
charging and decreases rate performance.[54]

2.3. SEI Impedance and the Role in Fast Charging

The results from these pouch cells demonstrate that use of a 
single-ion conducting solid electrolyte with a wide electro-
chemical stability window as an a-SEI on graphite is a viable 
means to improve capacity retention under fast-charge condi-
tions. To investigate the properties of the a-SEI further, we char-
acterized the frequency-dependent impedance of the control 
and 250x LBCO electrodes using electrochemical impedance 

Figure 3. Extended cycling of NMC532/graphite pouch cells with and without LBCO coating. A) Discharge capacity for each cell over the first 100 fast-
charge cycles and three capacity checks. Two replications are shown for each treatment. Labeled values are the higher of the two cells for each treat-
ment. Cycling data for additional cells and treatments are shown in Figure S11 in the Supporting Information. B) Discharge capacity for only periodic 
C/3 capacity-check cycles over 500 total fast-charge cycles. The 80% line is based on the initial C/3 capacity check. C) Coulombic efficiency values for 
fast-charge cycles in (A). Data points for the capacity checks and the subsequent fast-charge cycles were omitted due to changes in charge/discharge 
rates which cause unmeaningful CE values. D) Discharge capacity for 4C fast-charge cycles only. 80% line is based on initial fast-charge cycle. E) Charge 
curve for first 4C charge and F) Same for 100th 4C charge. For all 4C cycles, a constant current (CC) was applied until a cutoff voltage of 4.2 V, followed 
by a constant voltage (CV) hold until the total time for the charging step reached 15 min.
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spectroscopy (EIS). EIS analysis was performed in a three-
electrode cell using a Li-metal ring reference electrode (further 
details in the Experimental Section). This enables us to decon-
volute the contributions of each electrode to the total imped-
ance. Since the impedance of various processes within LIBs is 
known to change significantly as a function of state-of-charge 
(SOC),[55,56] we collected impedance spectra at several points 
during charging of the cells.

Contributions to the electrode impedance associated with 
distinct frequency responses were decoupled by fitting the 
spectra with the equivalent circuit model shown in Figure 5d. 
While there are numerous equivalent circuit models that have 
been implemented to fit LIB impedance spectra, the processes/
features included are generally consistent (further details in 
Supplementary Information).[57]

The results, shown in Figure  5, exhibit some similari-
ties between the control and LBCO 250x coated electrodes, 
but other key differences. Full details of the fitting results are 
shown in Table S3 in the Supporting Information. In general, 
the series and contact resistances (Rseries and RP-CC) are similar 
for the two electrodes and do not change substantially during 
charging. This is expected, as the origins of these impedances 
should not be significantly impacted by coating of the postcal-
endered electrode. In contrast, the charge-transfer resistance 
(RCT) decreases with increasing SOC for both electrodes, con-
sistent with previous reports.[55,58] This can be attributed to vari-
ations in the exchange current density as the concentration of 
Li in the electrode varies.[59]

The most substantial difference between the control and 
coated electrode is that the LBCO 250x has a significantly 
lower SEI resistance (RSEI) than the control (4.1  Ω  cm2 vs  
17.3–17.8 Ω cm2). This decreased SEI impedance can be ration-
alized by the facts that: 1) the LBCO coating successfully sup-
pressed natural SEI formation during charging and 2) The 
LBCO a-SEI has a sufficiently high ionic conductivity and low 

electronic conductivity, both of which are stable across a wide 
range of electrochemical potentials.[27] The lower RSEI reduces 
overall cell polarization, which is consistent with the voltage 
traces shown in Figure 3e.

Furthermore, at higher SOCs (120 and 83  mV), the lower 
RSEI in the LBCO-coated electrode results in a decrease in the 
total impedance of the graphite electrode compared to the con-
trol by a factor of 48% and 44%, respectively. This is likely to 
have important implications during fast charging, because Li 
plating is known to occur on particles or local regions of the 
graphite electrode that are fully lithiated.[60,61]

The fact that the SEI resistance and composition (as meas-
ured by XPS, Figure  2) do not change measurably at various 
states of charge are indicative of the LBCO film remaining 
intact and functional, despite the volume changes expected in 
the graphite particles during cycling. This is also consistent 
with the continued suppression of Li plating over more than 
500 cycles, which demonstrates that the ALD coatings provide a 
durable a-SEI under fast-charging conditions.

2.4. Delayed Nucleation of Li Plating

To further investigate the impact of the a-SEI on Li plating, a 
three-electrode single-layer pouch cell with an integrated Li 
metal reference electrode was used to monitor the graphite 
electrode potential during fast charging (further details in the 
Experimental Section). Figure 6a shows both the anode poten-
tial (vs Li/Li+) and total cell voltage during 4C charging at a 
constant current up to the 4.2 V cell voltage cutoff.

Consistent with the results above, the voltage curves are 
substantially different between the control and LBCO 250x 
electrodes. The control electrode potential (orange) quickly 
decreases, dropping below 0  V versus Li/Li+ after just 3  min 
of charging (183  s). As the potential continues to decrease, 

Figure 4. Postmortem SEM images of graphite electrode cross-sections after 100 fast-charge cycles for A) uncoated control and B) LBCO 250x.
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the curve reaches a local minimum at around 400 s, and then 
begins increasing toward 0  V versus Li/Li+ before reaching a 
plateau. The LBCO 250x electrode potential decreases more 
slowly, remaining above 0 V versus Li/Li+ for 500 s, and does 
not reach a local minimum within the duration of the constant-
current fast charging.

The onset of Li plating has been correlated with the local 
minimum in the electrode potential during fast charging.[62] 
Because Li plating can only occur when the electrode potential 

drops below 0  V versus Li/Li+, a more gradual potential drop 
during fast charging will delay the onset of Li plating.[9] Thus, 
the more gradual voltage drop and lack of a local voltage min-
imum observed in the LBCO electrode are consistent with the 
suppression of Li plating.

To further explore the implications of the reduced polariza-
tion and its implications for Li plating during fast charging, 
three-electrode pouch cells were charged at various rates from 
C/10 to 3C (Figure S13, Supporting Information). For 1C, 2C, 

Figure 5. Electrochemical impedance spectroscopy of graphite electrodes at various SOCs with/without LBCO ALD coating. A) Equivalent circuit model 
that was used to fit the EIS spectra. B) Stacked bar plot showing fitted resistance values for each resistance element of coated/uncoated electrodes at 
three different states of charge. Fitted resistances were multiplied by the area, 2.545 cm2 to get area-specific resistances. C) Schematic illustration of 
the origins of each circuit component in (A). D) Nyquist plots of uncoated control and E) LBCO 250x electrodes with selected frequencies labeled and 
marked by red dots and features labeled with their corresponding source based on the equivalent circuit model.
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and 3C, the LBCO 250x electrode potential remained above 
0  V  versus Li/Li+ for a significantly longer amount of time 
than in the control. This demonstrates that the amount of 
charge passed while the graphite electrode is below 0 V versus  
Li/Li+, and thus the driving force for Li plating, are signifi-
cantly reduced by the LBCO a-SEI, consistent with the cycling 
results above.

The spatial distribution in SOC and Li plating on the 
graphite electrodes were visualized using ex situ optical micros-
copy. Similar to the three-electrode cells, two-electrode half-
cells were charged at a 4C rate to 50% SOC. The cells were 
then immediately disassembled (within 1  min) and imaged 
to observe the amount of Li plating and the gradient in SOC 
through the thickness of the electrode before the open-circuit 
rest period. Coin cells were used for these experiments, as they 
can be disassembled more rapidly to “freeze-in” any SOC gradi-
ents by removing the electrolyte.

The resulting images are shown in Figure 6b,c. As graphite 
is lithiated, there is a clear change in color, allowing for optical 
visualization of the local SOC distribution throughout the 
electrode.[63] On the control electrode, there is a large amount 
(≈10 µm) of plated Li with a metallic luster on the top surface, 
and only a thin layer of fully lithiated (gold colored) graphite 
underneath. This gradient in SOC is attributed to current 
focusing near the graphite/separator interface, which is typi-
cally attributed to mass transport limitations in the electro-
lyte.[5,9] In contrast, the LBCO 250x electrode has only trace 
amounts of plated Li and a the gold-colored graphite region 
extends further into the electrode depth. This indicates that a 
larger fraction of the lithium was intercalated into the graphite 
during fast charging.

We attribute the suppression of Li plating and improved 
uniformity in the graphite SOC to the reduced SEI imped-
ance of the coated electrode, as well as the improved homo-
geneity and stability of the a-SEI compared to the natural 
SEI. The reduced impedance makes the intercalation process 
more facile, requiring a lower overpotential and delaying the 
point at which the electrode potential drops below 0  V  versus  
Li/Li+. While the control electrode overpotential is large enough 
such that there is a sufficient driving force to nucleate Li metal, 
the LBCO electrode does not reach this condition during the 

4C charge. Thus, while the a fraction of the charging current 
(and thus the Li flux) at the control graphite electrode is associ-
ated with Li plating, all of the Li flux in the LBCO electrode 
is associated with graphite intercalation. As a result, the total 
SoC of graphite in the LBCO electrode higher, and Li interca-
lation occurs deeper within the electrode volume during fast 
charging, as shown in Figure 6c.

We hypothesize that the improved chemical and structural 
homogeneity of the a-SEI itself at the nanoscale (compared to 
the natural SEI that forms without a coating) also plays a role 
in suppressing nucleation of Li during fast charging. An analo-
gous effect occurs in Li metal electrodes, where chemical/struc-
tural heterogeneity of the SEI on can result in local current 
focusing along the electrode/electrolyte interface, which leads 
to a nonuniform Li flux and can induce mechanical stresses 
within the SEI.[64] The use of a uniform, amorphous coating 
that is reductively stable at low potentials as an a-SEI should 
prevent the formation of “hot-spots” that lead to preferential Li 
nucleation due to a high local current density. In contrast, the 
natural SEI is thought to be composed of a chemically/structur-
ally inhomogenous mosaic, with local variations in ionic con-
ductivity, thickness, mechanical properties, and microstructure 
among the constituents. While a full mechanistic description of 
the spatial variations in current density will require follow-on 
modeling work, these observations highlight the potential for 
a pure surface modification to enable fast charging of graphite, 
despite the presence of electrolyte concentration gradients.

3. Conclusion

In this study, ALD was used to deposit a stable solid-state elec-
trolyte as an a-SEI on graphite, which resulted in a significant 
improvement in fast-charging performance without sacrificing 
energy density. These results have led to several key findings:

1) LBCO a-SEI coatings can eliminate natural SEI formation 
during preconditioning. The LBCO-coated electrode has an 
SEI resistance of 4.1 Ω cm2, representing a fourfold reduction 
compared to the naturally formed SEI on the uncoated con-
trol electrode. This is possible because of the fact that LBCO 

Figure 6. Fast-charging and Li plating in three-electrode pouch cells. A) Graphite electrode potential versus Li/Li+ (graphite vs reference) and cell 
voltage (NMC vs graphite) during constant-current portion of 4C fast charging for control and LBCO 250x electrodes in three-electrode single-layer 
pouch cells. B) Optical image of uncoated control graphite electrode cross-section after charging to 50% SOC at 4C in Li versus graphite coin cell.  
C) Same for LBCO 250x electrode.
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is electrochemically stable (including at 0 V vs Li/Li+) and is 
composed of a single-ion conducting SE with a higher conduc-
tivity that the components of the natural SEI on graphite. The 
suppression of electrolyte decomposition and high ionic con-
ductivity of the LBCO film also make it a promising candidate 
for use as an a-SEI on other electrode materials such as silicon, 
where a stable low-impedance interphase is also desirable.

2) Coating graphite with an a-SEI of LBCO dramatically reduces 
capacity fade during fast-charge cycling of pouch cells with 
commercially relevant loadings. The a-SEI results in a sig-
nificant improvement in cycle-life to 80% capacity retention 
with a 4C (15-min.) charging protocol (500 cycles, compared 
to just 12 for the uncoated control). This improved capacity 
retention is attributed to the suppression of Li plating. Three-
electrode measurements and postmortem optical imaging 
show that the decreased SEI impedance delays the onset of 
Li plating, which correlates with an improved uniformity of 
local SOC deeper within the electrode. In addition to improv-
ing Coulombic efficiency, the reduced cell polarization also 
increases the energy efficiency of the charging process.

3) The results of this study demonstrate that the SEI plays a key 
role in limiting fast-charging. To this point, the majority of 
fast-charging works have focused on improving mass trans-
port in the liquid phase to enable faster rate charging. The 
present work challenges the idea that electrolyte transport 
must be improved to enable fast charging and introduces an 
alternative strategy based only on interfacial modification of 
graphite. These observations highlight that while mass trans-
port plays a major role, rational design of an optimized a-SEI 
also presents an opportunity to enhance fast-charging. Fur-
thermore, since this is a fundamentally distinct approach, the 
results suggest a-SEI layers based on solid-state electrolytes 
could be combined with fast-charging strategies that utilize 
3D architectures and new electrolyte compositions, enabling 
further improvements in extreme fast charging.

4. Experimental Section
Electrode Fabrication: Graphite and NMC electrodes were fabricated 

using the pilot scale roll-to-roll battery manufacturing facilities at 
the University of Michigan Battery Lab, as reported previously.[9] The 
graphite electrodes were fabricated with a total loading of 9.40 mg cm−2 
including 94% natural graphite (battery grade, SLC1506T, Superior 
Graphite), 1% C65 conductive additive, and 5% carboxymethyl cellulose/
Styrene-Butadiene Rubber binder), resulting in a theoretical capacity of 
3.18 mAh cm−2. The specific surface area of the natural graphite specified 
by the manufacturer is 1.85 m2 g−1, as measured by Brunauer–Emmett–
Teller method. The particle size distribution is shown in Figure S14  
in the Supporting Information. The electrodes were calendered to a 
porosity of ≈32% (further details in the Supporting Information). After 
coating, drying, calendaring, and punching, the full electrodes were 
transferred into an Veeco/Cambridge NanoTech Savannah S200 ALD 
reactor that is integrated into an argon glovebox for ALD coating.

LiNi0.5Mn0.3Co0.2O2 (battery grade, NMC-532, Toda America) was 
used as the cathode material. The cathode formulation was 92  wt% 
NMC-532, 4  wt% C65 conductive additive, and 4  wt% polyvinylidene 
fluoride binder. The cathode slurry was casted onto aluminum foils 
(15 µm thick) with a total areal mass loading of 16.58 mg cm−2 and then 
calendered to 35% porosity. This yields an N:P ratio of 1.1–1.2.

Film Deposition and Characterization: The LBCO ALD film was deposited 
onto the electrodes using a modified version of the previously reported 

ALD process.[27] This process uses lithium tert-butoxide, triisopropyl 
borate, and ozone precursors. To ensure complete coverage of the high-
surface-area electrode, the lithium tert-butoxide pulse length was increased 
to 10  s, with a 20  s exposure, and the triisopropyl borate pulse was 
increased to 0.25  s, with 20  s exposure. The deposition was conducted 
with a substrate temperature of 200 °C. Film thickness was measured on Si 
wafer pieces placed adjacent to the graphite electrodes using spectroscopic 
ellipsometry. A Woollam M-2000 was used to collect data, which were then 
fit with a Cauchy layer on top of the native oxide of the Si.

Film composition was characterized with XPS using a Kratos Axis 
Ultra with monochromated Al Kα source. The XPS system is directly 
connected to an argon (Ar) glovebox to avoid all air exposure of 
samples. XPS data was analyzed with CasaXPS. Binding energies were 
calibrated using the CC peak in the C 1s core scan at 284.8  eV. The 
film and electrode morphology were characterized by SEM using a 
Helios 650 nanolab dual beam SEM/FIB system. Electrode masses 
were measured using a Pioneer-series balance [Ohaus] inside an Argon 
glovebox, and electrode thicknesses were measured using an electronic 
thickness gauge (547-400S, Mitutoyo).

Cell Assembly: 2032 coin cells were assembled by punching circular 
electrodes from the larger pieces of ALD-coated and control electrodes. 
These electrodes were placed into the cells, followed by Entek EPH 
separator, 75 µL of electrolyte (1 m LiPF6 in 3:7 Ethylene Carbonate (EC)/
Ethylmethyl Carbonate (EMC), Soulbrain MI), the NMC electrode, a 
stainless steel spacer, and a Belleville washer. Cells were crimped at a 
pressure of 1000 psi. Cells were tap charged to 1.5 V and then allowed to 
rest for 12 h to allow for electrolyte wetting. Three C/10 constant current 
preconditioning cycles were then performed on each cell using a cell 
cycler (Landt instruments) prior to other electrochemical characterization.

Pouch cell  electrodes (7  cm ×  10  cm) were punched and assembled 
into single-layer  pouch  cells  in a dry room (<−40  °C dewpoint) at the 
University of Michigan Battery Laboratory. Each pouch cell consisted of an 
anode, a cathode, and a polymer separator (12 µm ENTEK International 
LLC). A N/P ratio of ≈1.2 was fixed for all pouch cells. Three-electrode 
pouch cells incorporated a Au-coated Cu microwire between two layers 
of separator. Assembled dry cells were first baked in vacuum ovens at 
50  °C overnight to remove residual moisture prior to electrolyte filling. 
1 m LiPF6 in 3/7 EC/EMC with 2% vinylene carbonate (SoulBrain MI) was 
used as the electrolyte. The vinylene carbonate additive has been shown 
to suppress alkyl decarbonate formation and enable superior cycling.[65] 
After electrolyte filling,  pouch  cells  were vacuum-sealed and rested for 
24 h to allow for electrolyte wetting. Subsequently, two formation cycles 
were performed at C/20 and C/10 rates (one cycle for each C-rate). After 
formation, cells were transferred back into the dry room, degassed, and 
then resealed prior to subsequent cycling.

Electrochemical Characterization: EIS was performed using an 
SP-200 or VSP potentiostat (Bio-logic USA). The spectra were fit to 
the equivalent circuit shown in Figure  5 using the RelaxIS 3 software 
suite (rhd instruments GmbH and Co. KG). Three-electrode EIS 
measurements were performed using a commercial electrochemical 
test cell (ECC-PAT-Core, EL-CELL GmbH) with a Li metal ring reference 
electrode. Preconditioning, rate tests, and fast-charge cycling were 
performed using a Maccor series 4000 cell cycler.

Postmortem Characterization: XPS after preconditioning was performed 
as described above. Scanning electron microscopy and focused-ion beam 
milling was performed on a Helios G4 PFIB UXe (Thermo Fisher). The 
coin cells used for Figure 6b,c were disassembled using a disassembly die 
(MTI Corporation) as soon as possible after fast-charging was completed 
(within 1  min). The electrodes were immediately rinsed in dimethyl 
carbonate to remove residual electrolyte and halt Li transport through the 
liquid phase. The electrodes were torn to create a cross-section and then 
imaged with a VHX-7000 digital microscope (Keyence Corp.).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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