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ABSTRACT: Lithium-metal deposition on graphite anodes
limits the cycle life and negatively impacts safety of the current
state of the art Li-ion batteries. Herein, deliberate interfacial
modification of graphite electrodes via direct current (DC)
magnetron sputtering of nanoscale layers of Cu and Ni is
employed to increase the overpotential for Li deposition and
suppress Li plating under high rate charge conditions. Due to
their nanoscale, the deposited surface films have minimal impact
(∼0.16% decrease) on cell level theoretical energy density.
Interfacial properties of the anodes are thoroughly characterized
by atomic force microscopy (AFM), scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and spatially resolved mapping X-ray absorption near edge
structure (XANES) spectroscopy. The spectroscopic measurements indicate that the Cu and Ni coatings form oxide upon
exposure to an ambient environment, but they are reduced within the electrochemical cell and remain in a metallic state. Li
plating is quantified by X-ray diffraction and associated electrochemistry measurements revealing that the surface treatment
effectively reduces the quantity of the plated Li metal by ∼50% compared to untreated electrodes. These results establish an
effective method using interfacial modification to achieve deliberate control of Li-metal deposition overpotential and reduction
of lithium plating on graphite.
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1. INTRODUCTION

Lithium-ion battery technology is desirable for electric vehicles
(EVs) due to the high voltage, small size, and light weight of
lithium ion.1 In addition to high energy density, high power is
required for vehicle technologies and fast charge capability is
desired to facilitate consumer adoption. Notably, under fast
charge conditions, lithium-metal deposition can occur at the
graphite negative electrode.2 Without approaches to overcome
this phenomenon, the rate at which lithium-ion cells can be
charged is limited.3 Thus, renewed attention to interfacial
phenomena at the negative electrode−electrolyte interface4

and particular attention to modification of graphite electrodes
and characterization of their function under high current
charge is merited and timely.
Plated Li metal can become isolated or react with the

electrolyte consuming a portion of the cyclable lithium.5 This
is a critical issue in Li-ion batteries where the lithium inventory
is limited by the cathode, in contrast with Li-metal batteries

where the lithium electrode affords an effectively unlimited
supply. Physical isolation of the plated Li renders it
electrochemically inactive and results in cell capacity loss.2

During battery operation, graphite intercalation and Li
deposition reactions can occur in parallel6

x xLi Li C e Li Cx6 ( ) 6+ + →δ δ
+ −

+ (1)

x x x(1 )Li (1 )e (1 )Li0− + − → −+ − (2)

Equation 1 represents the graphite intercalation reaction,
which occurs generally between 0.2 and 0.065 V vs Li/Li+,6

and eq 2 represents Li deposition. As previously derived,6 the
condition for local Li deposition is met when the graphite
electrode potential, Eneg, becomes less than or equal to the
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potential ELi
+
/Li

0 in eq 3, including the contributions of
overpotentials for both the graphite electrode (ηneg) and for
the lithium deposition reaction (ηLi+/Li0)

E Eneg neg Li /Li Li /Li0 0η η− ≤ −+ + (3)

The three primary contributions to the overpotential for the
graphite electrode (ηneg) in eq 3 are (1) electrode charge
transfer, (2) mass transfer limitations in the electrolyte
(concentration overpotential), and (3) lithium solid-state
diffusion through graphite.7 The graphite overpotential is
highly dependent on the charging conditions, where fast rates,
low temperature, and high state of charge (SOC) all polarize
the electrode and, thus, facilitate Li deposition.2

Prior strategies for suppressing Li plating on graphite have
focused on minimizing ηneg, but only limited effectiveness has
been demonstrated. Modifying the composition of the
electrolyte, including the introduction of cosolvents or
electrolyte additives, has been used to reduce charge transfer
and concentration overpotential by reducing solid electrolyte
interphase (SEI) resistance or increasing ionic conductivity.8,9

Additives that lower impedance of the negative electrode
demonstrate the ability to decrease the onset current for Li
plating, but only marginal improvement is observed vs the
control electrolyte.8 Other approaches to increase lithium
diffusion in the graphite anode have been accomplished by
expansion of the graphite interlayer spacing,10 the use of
nanostructured carbon materials,11 or etching graphite to
increase its porosity.12 However, associated disadvantages of
these graphite modification strategies are that expanded
graphite has reduced reversible capacity due to a lower degree
of graphitization,13 and increasing graphite surface area results
in increased SEI formation and, thus, lower coulombic
efficiency.2

In contrast to previous approaches for suppressing Li plating
that focuses on decreasing the overpotential of the graphite
electrode, herein we report an approach whereby the
overpotential for Li-metal deposition (ηLi+/Li0) at the electrode
surface is deliberately increased through a facile interfacial
modification. Mathematical modeling14,15 and experimental
studies16,17 indicate that Li plating occurs primarily at the
electrode surface, where the graphite overpotential is highest
but can spread into the bulk of the electrode depending on the
magnitude of overpotential as a function of electrode depth.
During the deposition of Li via an electrocrystallization
process, the free energy barrier for formation of Li nuclei
must be overcome; however, the electrode surface−electrolyte
interface can present additional resistance. An overpotential is
needed to surmount the added energy cost and drive the
reaction kinetics. In theory, the total overpotential for the
electrocrystallization is the sum of four distinct contributions
(eq 4)

ct d r cη η η η η= + + + (4)

where ηct, ηd, ηr, and ηc are charge transfer, diffusion, reaction,
and crystallization overpotentials, respectively.18 As shown in
the recent work,19 the electrode polarization during electro-
crystallization of Li can be more simply described as the sum of
two terms: the nucleation overpotential (ηn), associated with
initial nucleation of Li clusters and observed as an initial
voltage drop, and the plateau overpotential (ηp), which
describes the continued growth of Li on existing nuclei.20,21

The overpotential for Li electrocrystallization is highly
dependent on the electrode substrate.22 The driving force for

the overpotential during Li nucleation is the interfacial energy
difference between the substrate and Li metal, which is
dependent on the dissimilarity in the crystal structure between
Li and the substrate for deposition.22 Specifically, Li metal
crystallizes in the BCC form.23 In this study, we demonstrate
modification of the surface of the graphite electrodes with Cu
or Ni metal, which both crystallize in an FCC structure.24,25

Furthermore, neither Cu nor Ni forms an alloy phase with Li at
room temperature and there is no single-phase solubility in Li
at room temperature.26 Thus, for heterogeneous nucleation to
occur, an overpotential is necessary to overcome the energy
barrier associated with the structural mismatch between Li and
the Ni and Cu metal surfaces.19,22 The deliberate increase in
overpotential afforded by the metal coatings will impede the
condition for Li nucleation (eq 4) from being reached,
resulting in reduced nucleation sites on the metal-coated
graphite surface. This is illustrated conceptually in Figure 1. It

should be noted that while the metal coatings will increase the
overpotential for the initial nucleation of Li on the surface, they
will not increase the overpotential for continued Li growth on
existing nuclei. However, with fewer nucleation sites available
for continued growth, the total quantity of Li plating is
anticipated to be reduced in the presence of the metal-coated
electrodes.
In the approach described herein, we use ultrathin (10 nm)

metal coatings of Cu and Ni deposited on the surface of the
graphite electrode. The metal coatings are characterized using
scanning electron microscopy (SEM), atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS), and X-ray
absorption spectroscopy (XAS). We demonstrate that the
approach reduces Li plating relative to untreated electrodes
and improves the capacity retention of NMC622/graphite full
pouch cells under extreme fast charging conditions. The results
establish a transformative concept for reduction of Li plating
on graphite via deliberate control of Li-metal deposition
overpotential through surface modification.

2. EXPERIMENTAL SECTION
2.1. Electrode Preparation. Graphite electrodes were prepared

by casting a slurry of 90 wt % natural graphite (SLC 1506T, Superior
Graphite), 3 wt % conductive carbon black (Super P, Timcal), and 7
wt % poly(vinylidene fluoride) (PVDF; KF-9300, Kureha) in N-
methyl-2-pyrrolidone (NMP) onto a Cu foil (MTI). NMC622
cathodes were prepared using a slurry of 90 wt % NMC (Targray), 5
wt % conductive carbon black (Super P, Timcal), and 5 wt %
poly(vinylidene fluoride) (Kynar) in NMP cast onto an Al-foil
(MTI).

Figure 1. Schematic representation of (a) Li-metal nucleation on the
graphite surface during high current charging and (b) reduced
nucleation due to increased overpotential for Li-metal deposition
afforded by a Cu or Ni surface coating with a structural mismatch.
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Direct current (DC) magnetron sputtering was performed using a
Kurt J. Lesker 75 PVD sputtering instrument located at the Center for
Functional Nanomaterials and Brookhaven National Laboratory. Cu
and Ni sputtering targets were of 99.999% purity. Cu and Ni films (10
nm thick) were sputtered on as-prepared graphite electrodes using
100 and 200 W power for Cu and Ni, respectively, with a base
pressure of 5 × 10−6 Torr and working Ar pressure of 8 mTorr.
Graphite electrode coatings with ∼50 cm2 area were sputtered at a
time, and individual electrodes for coin cells or pouch cells were then
cut from the sputtered electrode coatings. The deposition times
necessary to produce 10 nm films were determined from calibration
curves of deposited film thickness vs sputtering time.
2.2. Characterization of Metal Films. Scanning electron

microscopy images with a backscatter detector were collected with
an analytical high-resolution SEM (JEOL 7600F) instrument,
operating at an accelerating voltage of 5 kV. Energy-dispersive X-ray
spectroscopy (EDS) was collected using a JEOL JSM-6010PLUS
instrument with an accelerating voltage of 20 kV. AFM measurements
were collected on a Park NX-20 in noncontact mode. Ultraflat SiO2
wafers sputtered alongside the graphite anodes were used for the
AFM analysis. Post-sputtering, a portion of the deposited coating was
removed from the wafer by scratching with a pair of fine-tipped metal
tweezers, creating a step between the metal-coated and uncoated
areas. The process does not scratch the SiO2 wafer itself; however, it
can result in surface roughness in the crevice if the metal coating was
not completely removed. Regions with minimized surface roughness
were selected for AFM analysis.
XPS experiments were carried out in a UHV chamber equipped

with a SPECS Phoibos 100 MCD analyzer. A nonmonochromatized
Al Kα (hν = 1486.6 eV) X-ray source was used for the analysis of
powders and electrodes. The accelerating voltage was 15 kV, and the
current was 20 mA. The chamber had a base pressure of 2 × 10−9

Torr. Both powders and electrodes were pressed onto a conductive
carbon tape and mounted on the sample holder. Charge correction for
the data was done by adjusting the C 1s binding energy to 284.4 eV
for graphitic carbon (sp2) or 285.0 eV for nongraphitic hydrocarbon
(sp3) bonds.27−29 The XPS analysis regions measured were 925−970
eV for Cu 2p, 560−590 eV for Cu LMM, 845−890 eV for Ni 2p,
280−295 eV for C 1s, 525−540 eV for O 1s, 680−695 eV for F 1s,
and 50−60 eV for Li 1s. Epass of 25, step size of 0.05 eV, and scan
number of 10 were applied to measure each individual region.
Selected Cu−graphite and Ni−graphite electrodes, which had
undergone formation cycling, were Ar-sputtered for 0.5 h before
XPS measurements to obtain an adequate signal from Cu and Ni. Ar
sputtering was performed at room temperature with a pressure of 2 ×
10−5 Torr using an energy of 2 keV.
X-ray microfluorescence (μ-XRF) mapping and X-ray absorption

spectroscopy (XAS) measurements of Li/graphite experimental cells
were acquired at beamline 5-ID of the National Synchrotron Light
Source II (NSLS-II) at Brookhaven National Laboratory. Data
acquisition and visualization were performed using the python-based
beamline software developed for NSLS-II Beamline 5-ID. μ-XRF
maps were generated by fitting the fluorescence spectra using PyXRF
python-based X-ray fluorescence analysis package.30 XAS data were
aligned and normalized using the Athena software.31 Operando X-ray
absorption near edge structure (XANES) measurements were
performed in custom-built pouch type electrochemical cells with
either Cu−graphite or Ni−graphite working electrodes and Li counter
electrodes. Operando cells were (dis)charged at the C/5 rate between
0.01 and 1.3 V. Linear combination fitting (LCF) of the X-ray
absorption near edge structure (XANES) was performed using the
Athena software.31 LCF fits were performed on data 20 eV below to
20 eV above the edge energy (E0).
2.3. Electrochemical Measurements. Graphite, Cu−graphite,

and Ni−graphite electrodes were used in the assembly of half cells in a
coin cell format with Li counter electrode, polypropylene separator,
and 1 M LiPF6 30:70 EC/DMC electrolyte. Electrode diameter for
coin cells was 7/16”. A cell formation protocol of four cycles at the C/
10 rate between 0.01 and 1.3 V was used prior to electrochemical
impedance spectroscopy (EIS) measurements and C/2 cycling. PEIS

measurements were collected using a Bio-Logic VSP potentiostat
between 1 MHz and 10 mHz with a 5 mV sinus amplitude. For Li
plating experiments, the electrodes underwent one formation cycle at
the C/10 rate and a second discharge at C/10 to 0 V prior to being
subjected to voltage holds of −10, −15, or −20 mV for 6 h. Post-
electrochemical testing, coin cells were disassembled under an inert
atmosphere. Disassembled graphite electrodes were rinsed with a
dimethyl carbonate solvent and dried under vacuum. The electrodes
were kept under an inert atmosphere for X-ray diffraction (XRD)
measurements by employing a sample holder with a beryllium
window and an O-ring seal. XRD measurements were recorded with a
Rigaku SmartLab X-ray diffractometer, using Cu Kα radiation and
Bragg−Brentano focusing geometry. Scanning electron microscopy
(SEM) analyses of the Li-plated electrodes were conducted using a
JEOL 7600F instrument.

Full cell experiments were performed in single-layer pouch cells
with graphite electrodes paired with NMC622 cathodes. The negative
to the positive capacity ratio in the cells was 1.15 with electrode sizes
of 23.7 and 20 cm2 for the anode and cathode, respectively. Areal
loadings of the anode and cathode were 8.3 and 16.4 mg/cm2, and
their porosities were 43 and 35%, respectively. The cells were
prepared with a polypropylene separator and 1 M LiPF6 30:70 EC/
DMC electrolyte. A cell formation protocol of four cycles at the C/10
rate between 3.0 and 4.3 V was used to condition the cells prior to
additional cycling. Cells were cycled under two protocols: (1) C/2
discharge and charge between 3.0 and 4.3 V and (2) 1C discharge and
a charge time limited to 10 min using a 6C constant current step to
4.3 V followed by a constant voltage step at 4.3 V for the remainder of
the 10 min segment. Two cells per group (graphite, Ni−graphite,
Cu−graphite) were used to assess the reproducibility of the data.

3. RESULTS AND DISCUSSION
3.1. Surface Modification of Graphite with Nanoscale

Cu and Ni Layers. Metal-coated graphite electrodes were
prepared using DC magnetron sputtering to deposit 10 nm
films of Cu or Ni. Based on previous reports that provided
proof of concept for Li intercalation through 5−40 nm thick
films of Cu32−35 and 7.5 nm films of Ni,36 10 nm was selected
as the initial thickness for our study. At this thickness, the
contributions of the metal coatings to the inactive mass of the
electrode are insignificant: for a 1 Ah NMC622/graphite
pouch cell with total 320 cm2 electrode area, 20 mg/cm2

cathode loading, and negative to positive capacity ratio of 1.15,
the extra mass contributed by the metal coatings on the anode
would result in only a 0.16% decrease in energy density (Table
S1). Thus, the technical approach maintains cell-specific
energy relative to the current state of the art batteries. It is
noted that while in this study a PVDF-based binder was used
to fabricate the anodes, the metal coatings are anticipated to be
transferrable to aqueous-based binder systems such as
carboxymethyl cellulose (CMC)/styrene butadiene rubber
(SBR) binder that is used in state of the art anodes.37 The
metal coatings are applied to the anodes after the anodes have
been fabricated and solvent has been evaporated. Thus, the
protic media used to process the CMC/SBR binder system will
never be in contact with the surface metal films and, therefore,
will not alter the oxidation state of the metals.
The prepared samples were characterized using scanning

electron microscopy (backscatter imaging mode, BSE, Figure
2). The BSE yield dependence on Z enables clear contrast
between pristine graphite and graphite coated with the metal
films. Images of the electrodes collected from the top-down
indicate that the upper surfaces of the electrodes have a
uniform coating with Cu or Ni (Figure 2a,f). SEM-BSE images
of the electrode cross-sections (Figure 2g,i) reveal that the
sputtered films are predominant at the electrode surface.
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Energy-dispersive spectroscopy (EDS) mapping was used to
further characterize the films (Figure 2k,m; Figure S3). EDS
maps of the electrode cross-sections (Figure 2k,m) definitively
show that the deposited Cu and Ni are located on the upper
surface of the graphite anode. EDS maps collected from the
top-down (Figure S3) show that the deposited films are
relatively uniform on the graphite particles on the electrode
surface. Changes in surface roughness imparted from the metal
coatings are negligible. The height variation in the uncoated
graphite electrode surface is on the order of 1−10 μm, due to
crevices between adjacent micron-scale graphite particles that
comprise the electrode, which is approximately 2−3 orders of
magnitude greater than the thickness of the metal coatings (10
nm).
While the SEM images indicate that the metal films are

limited to the upper surface of the graphite electrode, in a
charging Li-ion battery, Li deposition occurs mainly at the
electrode−separator interface. Mathematical models predict
that Li plating occurs primarily at the graphite surface, due to
the high graphite electrode overpotential in this region.14,15

Experimentally, glow-discharge optical emission spectroscopy
depth profiling (GD-OES) experiments show that most plated
Li occurs at the anode/separator interface, but that the
deposited Li also spreads into the bulk of the electrode by
approximately 10 μm.16,17 The extent to which Li deposition
occurs in the electrode bulk is dependent on the magnitude of
the overpotential as a function of electrode depth.14,15

The thicknesses of the deposited Cu and Ni films were
verified via atomic force microscopy (AFM) of ultraflat SiO2
wafers sputtered alongside the graphite anodes. Representative
AFM images for the analyzed SiO2 wafers are shown in Figures
S4 and S5. The average Cu and Ni thicknesses determined
from this method were 10.2 ± 0.6 nm (n = 10) and 9.7 ± 0.7

nm (n = 10), respectively, indicating consistent preparation
under controlled experimental conditions.

3.2. X-ray Photoelectron Spectroscopy Character-
ization. The surface composition and oxidation state of the as-
prepared Cu and Ni films on graphite electrodes, as well as the
coated electrodes after undergoing formation cycling, were
probed using X-ray photoelectron spectroscopy (XPS) (Figure
3, Table S2). The Cu 2p3/2 spectrum of the as-prepared Cu-

coated graphite electrode shows a contribution from CuO,
including the main peak at ∼933.6 eV as well as two satellite
peaks around 942 eV, in good agreement with the literature
(Figure 3a).38,39 Additionally, there is another peak at ∼932.6
eV, which corresponds to Cu metal and Cu2O species in the
sample. Since Cu metal and Cu2O species have overlapping
binding energies and cannot be deconvoluted, the peak is fit to
both Cu2O and Cu species. Based on the fitting results and
calculation reported in the literature,38 ∼60% of Cu on the
surface is oxidized. In fact, the Cu LMM spectra, shown in
Figure S6, indicate Cu2O as the dominant species on the
surface.
XPS analysis of the pristine Ni-coated graphite electrode

indicates that the surface is comprised of NiO and Ni metal
(Figure 3c). Two main peaks positioned at ∼855.8 and ∼854.0
eV correspond to NiO, while a peak at ∼852.6 eV relates to Ni
metal (Table S1). These fitted main peaks and the satellite
peaks are in good agreement with previous reports of NiO and
Ni metal phases.40,41 Analysis of the relative peak areas yielded
the percent composition to be ∼80% NiO on the surface of the
as-prepared electrode. Both metal films exhibit significantly
oxidized surfaces indicating that substantial air oxidation of the
deposited metal occurred, likely as a result of storing the
samples in the ambient atmosphere.
Analysis of the metal-coated electrodes after undergoing

formation cycling (ending in the delithiated state) was
performed to elucidate how the oxidation state of the films
evolved after electrochemical cycling. Ar sputtering had to be
performed on the electrodes to observe the signal from Cu and

Figure 2. (a−i) SEM backscatter images of graphite electrodes (a, d,
g) pristine, (b, e, h) sputter-coated with 10 nm Cu, and (c, f, i)
sputter-coated with 10 nm of Ni. Images (a)−(i) show the samples
measured top-down, while (j)−(m) show cross-sectional images of
the electrodes. Small (∼20−100 nm) particles observed in the
electrodes are carbon black conductive additive. (j, l) SEM secondary
electron images and (k, m) corresponding composite EDS maps for
graphite electrodes sputtered with (j, k) 10 nm Cu and (l, m) 10 nm
Ni, respectively. For EDS maps, red, green, and blue pixels correspond
to X-ray signals from C, Cu, and Ni, respectively.

Figure 3. (a−d) XPS spectra of (a, b) Cu 2p3/2 region of (a) pristine
10 nm Cu−graphite electrode and (b) 10 nm Cu−graphite electrode
after formation cycling (charged state) and Ar sputtering; (c, d) Ni
2p3/2 region of (c) pristine 10 nm Ni−graphite electrode and (d) 10
nm Ni−graphite electrode after formation cycling (charged state) and
Ar sputtering.
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Ni transitions (Figures S7 and 3), likely due to SEI formation
on top of the metals that dampened the signal from the metal
photoelectrons. Ar sputtering experiments performed on
pristine metal-coated electrodes were used to verify that the
Ar sputtering process did not artificially reduce the films
(Figure S9). After formation cycling, the Cu film consists of a
single peak at ∼932.6 eV, with the peak corresponding to CuO
species no longer observed. While contributions of Cu2O and
Cu metal species cannot be deconvoluted from the Cu 2p
spectra, X-ray-generated Cu LMM spectra can be used to
distinguish Cu2O from the Cu metal.38 Comparison of LMM
spectra for Cu standards to the Cu−graphite electrode after
formation (Figure S6) indicates that that Cu2O is not present.
Thus, the combination of the Cu 2p and Cu LMM spectra
exhibits Cu metal as the primary species.
The assignment of the Ni 2p3/2 spectrum of a Ni-coated

graphite electrode after undergoing formation cycling is well fit
to Ni metal. The main Ni metal peak at ∼852.6 eV and two
satellite peaks are good agreement with the literature.40,41

Thus, both Cu- and Ni-deposited films are oxidized but
electrochemically reduced to Cu and Ni metal during
formation. For a 1 Ah NMC622/graphite pouch cell with
total 320 cm2 anode area, 10 mg/cm2 anode loading, and
negative to positive capacity ratio of 1.15, the electrochemical
reduction of the metal oxide films would consume 0.13 and
0.15% of the total lithium inventory in the cell (Table S1). The
loss of this quantity of Li would not significantly affect the N/P
capacity ratio of the cell.
The electrochemical reduction of the oxides during the

lithiation reaction is also anticipated to form Li2O as an
additional reaction product.42,43 The formed Li2O is not
expected to have a significant impact on the electrochemical
performance because (1) Li2O is already a major component
of the SEI formed on graphite anodes44 and (2) it has a similar
Li-ion diffusion coefficient compared with LiF and Li2CO3,
two other primary inorganic components of the SEI.45

The XPS data indicates that the Cu and Ni films are not
reoxidized during the delithiation (oxidation) process and
remain in the metallic state. In apparent contrast to this result,
previous literature demonstrates that CuO and NiO are able to
reversibly store Li ions by reducing to Cu and Ni metal (and
Li2O) during lithiation and by reoxidizing back to their pristine
state during delithiation.42,46−48 However, cyclic voltammetry
experiments indicate that the reoxidation reaction occurs at

approximately 2.45 V vs Li/Li+ for CuO electrodes42,48 and
2.25 V vs Li/Li+ for NiO electrodes.46,47 In comparison, the
metal coatings on graphite electrodes investigated herein are
delithiated to a voltage of only 1.3 V vs Li/Li+ due to the
limited (de)intercalation voltage window for graphite. The 1.3
V maximum is far below the required voltage for reoxidation of
the metals. Furthermore, in a practical Li-ion cell with an
appropriate cell anode:cathode capacity ratio, the voltage of
the graphite electrode will not increase beyond 1.3 V vs Li/Li+

during battery discharge, thus the coatings will remain in the
metallic state.
The chemistry of the solid electrolyte interphase layer

formed on the electrodes was also investigated using X-ray
photoelectron spectroscopy. SEI is known to form on graphite
electrodes and functions as an ionically conductive and
electronically resistive solid electrolyte.49 Li-metal electro-
deposition occurs underneath the solid electrolyte interphase,
directly on the electrode, rather than on top of the SEI.50

Continued lithium growth can pierce through the SEI film and
contact the SEI, resulting in additional film formation;50

however, Li does not plate on top of the SEI because the SEI is
electrically insulating.51,52 XPS C 1s, O 1s, F 1s, and Li 1s
spectra of formation cycled electrodes (ending in the lithiated
state) are presented in Figure 4 and Table S3. A full
description of the results is presented in the SI. Four C 1s
peaks are found at ∼290.0, ∼288.6, ∼286.7, and ∼285.0, which
correspond to carbonate, carboxylate, ether, and hydrocarbon
groups, for each sample with similar quantities. However, an
additional peak at ∼283 eV appears in the uncoated lithiated
electrode C 1s spectra corresponding to Li−C. This peak is
commonly observed in SEI studies of graphite and is attributed
in the literature to either lithiated graphite species LixC6

53,54 or
lithium carbide.29,55 This peak exhibits the only major
difference between samples for the C 1s, O 1s, and Li 1s
spectra, indicating similar SEI chemistry in the presence of the
metal coatings. No signal from Cu or Ni transitions was
observed without Ar sputtering (Figure S7), which strongly
suggests that the SEI is formed on top of the surface metal film
and its thickness is sufficient to dampen the metal photo-
electron signals.
The Li−C peak is detected for the control graphite electrode

but not for the metal-coated electrodes. We hypothesize that
the peak arises primarily from LixC6 species,

53,54 and that it is
only observed in the control graphite electrode because of the

Figure 4. XPS C 1s, O 1s, F 1s, and Li 1s spectra for uncoated graphite (control), Cu−graphite, or Ni−graphite anodes after formation cycling. No
Ar sputtering was performed on these samples. Plots of each respective spectral region are shown on the same scale.
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effect that the metal film and SEI layers have on the XPS
sampling depth. This observation is rationalized by the
inability of the Li−C photoelectrons to reach the surface of
the sample due to the thickness of the metal film as well as the
SEI layer. Based on the inelastic mean free path, the escape
depth of 95% of the photoelectrons is calculated to be ∼9
nm,54,56,57 which is less than the combination of the 10 nm
metal film and the SEI layer. This rationale is further supported
by the as-prepared uncoated and metal-coated XPS results of
the C 1s, F 1s, and O 1s spectra shown in Figure S8 and
tabulated values in Table S4. The intensity of the C 1s peak
decreased by a factor of ∼5 when comparing the uncoated
electrode to the metal-coated electrodes due to the impact of
the metal films on the detection of graphitic photoelectrons
from the underlying graphite. Furthermore, the F 1s peak
signal is significantly dampened by the metal coating and is
only weakly distinguishable from the background. This
difference can be quantified to a factor of ∼20 because of
the lower sampling depth of the lower kinetic energy F 1s
photoelectrons, ∼7 nm.54,58

The F 1s spectra of the cycled electrodes also show
significant differences between the uncoated and metal-coated
electrodes. The two observed peaks for the metal-coated
samples are located at ∼687.3 and ∼685.0 eV, which
correspond to P−F from electrolyte salt degradation products
(denoted as LiPxFy) and Li−F, respectively.29,54,59−61 For the
uncoated electrode, the higher binding energy peak signifi-
cantly shifts to higher energy, indicating that another species is
contributing to the signal. The fitted spectrum matches the two
peaks for P−F and Li−F but has an additional peak at ∼687.8
eV that corresponds to C−F groups in the PVDF binder.
PVDF peaks have been previously reported at binding energies
close to ∼688 eV.29,62,63 This finding is in good agreement
with the pristine graphite electrode fitting results reported
herein (Figure S8), which clearly indicate a peak at ∼687.8 eV
attributed to PVDF. As mentioned previously, the absence of a
metal film to dampen the F 1s signal in the uncoated electrode
allows the binder component to contribute to the signal.
Based on the XPS results, the chemistry of the SEI film is

not significantly affected by the deposited Cu or Ni and is not
anticipated to have a large impact on the electrochemical
behavior. Furthermore, because spectra associated with SEI

components are detected on the metal-coated electrodes even
though the analysis depth of the measurement is less than the
thickness of the metal coatings, the data suggests that
significant SEI formation occurs on the upper surface of the
deposited metal layers.

3.3. Operando XANES Characterization. Operando X-
ray absorption near edge structure (XANES) spectroscopy
measurements collected on the electrodes during the initial
formation cycle to probe the changes in the oxidation state of
the films with discharge and charge (Figures 5 and S10).
Operando XANES measurements of relevant standards for Cu
(Cu2O powder, CuO powder, Cu metal foil) and Ni (NiO
powder, Ni metal foil) were collected, and linear combination
fitting (LCF) was performed to estimate the phase
compositions of the deposited metal films as a function of
(de)lithiation. LCF results show that the as-prepared 10 nm
Cu-coated graphite electrode is a mixture of ∼22% Cu metal,
∼61% Cu2O, and ∼17% CuO. Notably, the results
demonstrate that during formation cycling, the Cu oxides
that comprise the film are fully reduced to Cu metal during the
initial lithiation and do not reoxidize during delithiation, in
good agreement with the XPS results. Similarly, the 10 nm
Ni−graphite coating in the as-prepared state exhibits a
composition from LCF fitting of ∼50% NiO and ∼50 Ni
metal. The film is irreversibly reduced to 100% Ni metal during
the formation cycle and does not reoxidize on charge within
the voltage window used. It is notable that while there is
excellent oxidation state agreement between XANES and XPS
results for the films after formation cycling, the XANES
analyses of the as-prepared Cu−graphite and Ni−graphite
electrodes indicate that the films are less oxidized when
compared to the XPS results. We rationalize this finding by
comparing the differing analysis depths for the two techniques:
for XPS, based on the inelastic mean free path of electrons in
Cu and Ni, the analysis depth is estimated to be less than ∼5
nm, while the XANES measurements are representative of the
entire 10 nm thick films.
X-ray fluorescence elemental mapping was used to further

probe the uniformity of the Cu and Ni films on the graphite
anode before and after formation cycling (Figure S11). XRF
maps suggest that the Cu and Ni films show some
compositional variation on the surface of the electrodes, as

Figure 5. Operando XANES results for (a−c) Cu−graphite electrodes and (d−f) Ni−graphite electrodes during a formation cycle at the C/5 rate
between 0.01 and 1.3 V vs Li/Li+. (a, d) Voltage profiles of operando cells. (b, c, e, f) Linear combination fit results for operando spectra during (b,
e) discharge and (c, f) charge.
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evidenced by fluorescence counts, which vary between 50 000
and 150 000. This variation is believed to be due to the
intrinsic height variability of the electrode surface, which is on
the scale of several microns since the dimeter of graphite
particles in the electrode is ∼10 μm. After formation cycling,
similar variation in fluorescence intensity is observed,
confirming that the metal films are not disrupted by the
(de)lithiation process.
3.4. Electrochemical Characterization. The galvano-

static voltage profiles of the metal-coated electrodes compared
to control graphite electrodes were probed in a half cell
configuration. C/10 voltage profiles are shown in Figure S12,
and tabulated capacities are presented in Table S5. Under this
test condition, the voltage profiles show no significant
differences between groups, and the metal coatings do not
increase polarization during (de)lithiation. Furthermore, the
results confirm that reduction of the metal films does not
significantly contribute to the irreversible capacity during initial
cycling.
Impedance response of the metal-coated electrodes was also

characterized in half cells post-formation cycling (Figure S13,
Table S6). The collected impedance spectra were fit to an
equivalent circuit model that is a modified version of the
Randles circuit,64 with RC elements in series. The first resistor,
R1, represents DC electrolyte resistance as well as ohmic
resistances of the cell components. R2 and CPE1 in the first RC
element and R3 and CPE2 in the second RC element are used
to fit the high to medium semicircular features in the Nyquist
plot and correspond to the ionic resistance and capacitance of
the surface films on the Li metal and graphite electrodes in the
cell. The fourth resistor (R4) and Warburg element in parallel
with the constant phase element (CPE3) are used to fit the
middle to low-frequency range spectra and approximate the
charge-transfer resistance, double-layer capacitance, and
diffusion coefficient of Li+ in the graphite electrode. The EIS
fitting results indicate that the metal coatings have little to no
effect on the ionic resistance of the electrode. Previous reports
have demonstrated that Li+ ions can effectively (de)intercalate
through nanometer-scale films of both Cu32−35,65 and Ni,36,66

supporting the current results.

The functional capacity of the metal-coated anodes
compared to pristine graphite anodes was investigated in a
single-layer pouch cell configuration with paired NMC622
cathodes. Bar graphs showing the statistical differences
between the capacity retention for the C/2 cell data and
6C/1C data are presented in Figure S14 and show a
significantly higher fade at the 6C charge rate. Under the C/
2 rate, average first cycle areal capacity, capacity retention, and
coulombic efficiency over 300 cycles were within error for the
three groups (Figure S15). However, when charging time is
reduced to 10 min (Figure 6), differences are observed
between the electrode types. While the first cycle capacities are
within error, by cycle 75, the cells containing the Ni−graphite
electrodes exhibit improved capacity retention compared to
the pristine graphite and Cu−graphite electrodes. The result
suggests that the Ni-coating hinders Li deposition under
extreme fast charging conditions. The ∼5% improvement in
capacity retention afforded by the Ni−graphite electrode
represents a significant improvement in performance for
technologically matured Li-ion technology.
Electrodes were harvested from cycled cells in the charged

state for each C/2 and 6C/1C condition to visually evaluate
any changes to the electrodes as a result of the cycling rate.
Images of the graphite, Cu−graphite, and Ni−graphite anodes
post-cycling are displayed in Figure S16. The cell design,
configuration, and electrode balance seem appropriate based
on the lack of any significant feature changes to the anodes
after 300 cycles at a C/2 rate. However, in the case of 6C/1C
cycling, there is clear evidence of Li plating by the white/silver
color on the surfaces of each of the six electrodes. Intriguingly,
the plated Li distribution on the anodes varies. When
considering these cells individually or as duplicate cell groups,
it is apparent that both Ni−graphite anodes present noticeably
less plated Li than the control uncoated graphite anodes. The
Cu−graphite anodes appear to also reveal slightly less Li
plating compared to the control; however, they are too similar
to form a conclusion solely based on inspection. It is notable
that the amount of plated Li on the cycled anodes correlates
very well with the cycling results during extreme fast charging
conditions. The Ni−graphite shows the best performance and
the lowest quantity of plated Li while there are no significant

Figure 6. Cycling of graphite/NMC622 cells under 1C discharge and a total charge time of 10 min, with a 6C constant current step followed by a
constant voltage step at 4.3 V for the remainder of the 10 min. (a) Areal capacities, (b) coulombic efficiency, and (c) capacity retention. Error bars
shown in the plots are representative of one standard deviation from the mean (n = 2). (d−f) Representative voltage profiles for (d) pristine
graphite electrodes, (e) graphite electrodes sputtered with 10 nm Cu, and (f) graphite electrodes sputtered with 10 nm of Ni. Error bars represent
one standard deviation from the mean (n = 2). Capacity retention is calculated relative to cycle 2 discharge capacity, the first cycle under the fast
charge condition.
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differences between the plated Li amount and cycling
performance of the graphite and Cu−graphite cases. While it
is unclear why Cu does not behave similarly to Ni, we
hypothesize that Li+ diffusion rate through the deposited metal
films may not be equivalent for Ni and Cu. Studies of the
effects of metal coating thickness on Li plating in full cell
configuration are underway to test the hypothesis.
Lithium plating experiments were performed to evaluate the

effectiveness of the Cu and Ni films at reducing Li-metal
deposition compared to uncoated graphite. Li-metal half cells
with fully lithiated electrodes were subjected to voltage holds
of −10, −15, and −20 mV for 6 h (Figure 7a,c). Under these
electrochemical conditions, where the voltage of the graphite
electrode is less than the thermodynamic equilibrium potential
for Li plating, Li deposition will occur unless there is an
overpotential associated with the Li deposition reaction. Note
that for these experiments, the electrodes were subjected to
formation cycling prior to the potentiostatic hold so that the
metal coatings were fully reduced and did not contribute
additional electron consumption to the measured current.
Current profiles reveal that under each potentiostatic
condition, the Cu−graphite and Ni−graphite electrodes deliver
less lithium-metal plating capacity compared to the uncoated
graphite electrode, providing evidence that the metal coatings

do indeed reduce lithium plating. The normalized Li-plating
capacities for the metal-coated electrodes were 30−40% lower
than the uncoated graphite plating capacity at each voltage
hold (Figure 8, Table S7). Post-testing, the electrodes were
recovered under an inert atmosphere and X-ray diffraction of
the Li-metal (110) peak was measured to quantify the
crystalline Li plated on each electrode type. X-ray diffraction
is a standard technique for quantification of crystalline
materials and is based on the principle that the intensity of
the collected pattern is proportional to the concentration of
the phase that produces it.67,68 This method has been used
previously to quantify deposited Li in a recent report.69 The Li-
metal (110) peak areas normalized against Cu(220) current
collector peak areas for the Cu- or Ni-coated electrodes are
approximately 50% of the control graphite electrode at each
condition (Figure 8, Table S8), validating the electrochemical
results. The electrochemical and XRD analyses clearly
demonstrate that the metal-coated electrodes reduce Li
deposition when the graphite electrode voltage is lower than
the thermodynamic equilibrium potential for Li plating, thus
providing considerable evidence that the metal films increase
the overpotential for the Li deposition reaction.
SEM backscatter images of the electrodes were collected

after plating at the 6 h, −20 mV condition (Figure 7g,i).

Figure 7. Plots of current and voltage vs time for graphite, Cu−graphite, and Ni−graphite held at (a) −10 mV, (b) −15 mV, and (c) −20 mV for 6
h. (d−f) Corresponding X-ray diffraction patterns of electrodes after Li plating showing Li-metal (110) peak. (g−i) LABE SEM images displaying
the morphologies of Li plated at −20 mV on the (g) uncoated graphite, (h) Cu-coated graphite, and (i) Ni-coated graphite electrodes.

Figure 8. Normalized Li-plating capacities and normalized Li(110)/Cu(220) peak area ratios from XRD measurements for fully lithiated electrodes
subjected to voltage holds of (a) −10, (b) −15, and (c) −20 mV for 6 h.
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Graphite particles as well as Cu and Ni coatings appear
brighter in the images compared with the plated Li due to
higher atomic number. On the uncoated graphite electrodes,
interconnected dense Li films were observed, covering much of
the electrode surface. In contrast, the structure of the graphite
electrodes is still apparent in the Cu- and Ni-coated electrodes,
which further confirms that nanometer thickness films of Cu
and Ni significantly inhibit the deposition of Li metal under
voltage conditions where plating occurs. Cross-section SEM
images of the electrodes (Figure S17) reveal that the plated Li
is contained to the upper layers of the graphite electrode, in
good agreement with previous theoretical14,15 and experimen-
tal reports.16,17 In the case of the uncoated graphite electrode,
where the quantity of the deposited Li is higher, it is observed
that the plated Li extends down into the electrode by
approximately 10 nm, reaching the second layer of graphite
particles.16,17 Additional SEM characterization of the Li
deposits is presented in the supporting information for both
1000× (Figure S18) and 5000× magnifications (Figure S19).
On all three electrode types, similar morphology of the Li
deposits is observed. Inspection at 5000× magnification
(Figure S19) reveals that the Li deposit morphology consists
mainly of irregular, globular-shaped features interdispersed
with few higher aspect ratio deposits.

4. CONCLUSIONS
In summary, we demonstrate that Li-metal deposition on
graphite electrodes can be suppressed through the increase of
the deposition overpotential by modifying the electrode
interface with nanoscale coatings of Cu and Ni. XPS results
reveal similar species on the surfaces of the uncoated and
metal-coated anodes after electrochemical cycling, indicating
the minimal impact of metal films on the surface chemistry of
the solid electrolyte interphase (SEI). Li-plating experiments
demonstrate that the metal films reduce the quantity of the
plated Li metal by ∼50% compared to uncoated graphite. The
efficacy of the metal films, specifically for Ni-coated graphite
negative electrodes, as a modification technique to reduce Li-
plating is apparent at high charge rates. NMC622/Ni-coated
graphite pouch cells tested under extreme fast charging
conditions (10 min charge time) exhibit enhanced capacity
retention with over 90% retention after 300 cycles,
corresponding to an ∼5% increase compared to cells
containing unmodified graphite electrodes. The findings
establish that with the rational design of an electrode interface,
the overpotential for Li deposition can be modulated,
providing a conceptual approach for reducing Li plating on
graphite anodes.
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