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ABSTRACT: Lithium nickel manganese cobalt oxides (NMCs) are promising cathode materials
for high-performance lithium-ion batteries. Although these materials are commonly cycled within
mild voltage windows (up to 4.3 V vs Li/Li+), operation at high voltages (>4.7 V vs Li/Li+) to
access additional capacity is generally avoided due to severe interfacial and chemomechanical
degradation. At these high potentials, NMC degradation is caused by exacerbated electrolyte
decomposition reactions and non-uniform buildup of chemomechanical strains that result in
particle fracture. By applying a conformal graphene coating on the surface of NMC primary
particles, we find significant enhancements in the high-voltage cycle life and Coulombic efficiency
upon electrochemical cycling. Postmortem X-ray diffraction, X-ray photoelectron spectroscopy, and electron microscopy suggest that
the graphene coating mitigates electrolyte decomposition reactions and reduces particle fracture and electrochemical creep. We
propose a relationship between the spatial uniformity of lithium flux and particle-level mechanical degradation and show that a
conformal graphene coating is well-suited to address these issues. Overall, these results delineate a pathway for rationally mitigating
high-voltage chemomechanical degradation of nickel-rich cathodes that can be applied to existing and emerging classes of battery
materials.

KEYWORDS: battery cathode, lithium nickel manganese cobalt oxide, electrochemical creep, cycle life, high voltage,
chemomechanical degradation, Coulombic efficiency

1. INTRODUCTION

Lithium-ion batteries (LIBs) have emerged as the preeminent
energy storage devices for renewable energy technologies.
High-performance applications, including electric vehicles,
often utilize cathode chemistries based on nickel-rich layered
lithium nickel manganese cobalt oxides such as NMC532
(LiNi0.5Mn0.3Co0.2O2), NMC622 (LiNi0.6Mn0.2Co0.2O2), and
NMC811 (LiNi0.8Mn0.1Co0.1O2).

1 Although these nickel-rich
cathode materials possess intrinsically high energy densities,
they suffer from severe cyclic stability issues due to chemical,
structural, and mechanical deterioration of the active material
during electrochemical cycling. For these reasons, the practical
operating window for layered cathodes has been empirically
limited to an upper cutoff voltage of 4.3 V vs Li/Li+.1

Nonetheless, since additional capacity and energy density can
be obtained by operating LIBs over wider electrochemical
voltage windows, the ability to safely and reliably utilize nickel-
rich cathode materials at higher states of charge (SOCs) is
greatly desired.
LIB cathode material degradation is severely exacerbated at

high operating potentials (>4.7 V vs Li/Li+). For example,
electrolyte decomposition reactions such as ethylene carbonate
dehydrogenation or PF6

− decomposition become increasingly

favorable at higher voltages due to the increased reactivity of
lattice oxygen.2,3 The resulting organic and lithium fluoro-
phosphate reaction products form a solid-electrolyte interphase
(SEI), which irreversibly consumes the lithium inventory and
impedes subsequent ionic transport. These compounds are
known to react with other electrolyte salt components to form
HF, which etches the active material and further accelerates
capacity fade.4 Structurally, charging NMC-based layered
oxides to high SOCs also induces severe anisotropic volumetric
changes in the NMC unit cell as the c lattice parameter
collapses for x(Li) < 0.5.5,6 Moreover, lithium extraction
results in compositional heterogeneity throughout the active
material particle, which is a consequence of non-uniform
distributions of interfacial chemical products, surface phases,
and reaction sites.7−9 The resulting spatial gradients in lithium
concentration induce internal strains, which can be relieved
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through particle cracking and intergranular fracture.10−12

Beyond forming additional interfacial degradation sites, these
cracks can also contribute to capacity fade as active material
fragments become electrically isolated and electrochemically
inactive.
To improve the cycle life of nickel-rich cathode materials,

coating layers such as Al2O3,
13−15 MgO,16 ZrO2,

15,17 TiO2,
18

LiBO2,
19 and Li2TiO3

20 have been explored as interfacial
buffers that scavenge HF from the electrolyte and shield the
cathode surface from electrolyte decomposition reactions.
However, these layers often possess low ionic and/or
electronic conductivity,21 which is detrimental to high-rate
cycling. Moreover, since these coating layers are often directly
bonded to the active material surface, changes in the cathode
unit cell volume at high SOCs can induce mechanical
delamination, irreversibly compromising the coating for future
cycles.22 Amorphous carbon coatings possessing weak carbon−
carbon bonds are similarly prone to mechanical failure.23

Therefore, a thin, conductive, conformal coating that acts as an
interfacial buffer layer while accommodating mechanical
changes is likely to be more effective at enabling reliable
high-voltage operation of nickel-rich cathodes.
Here, we demonstrate a strategy to enhance the high-voltage

cycle life and Coulombic efficiency of NMC cathodes via a
conformal, conductive graphene coating. Although graphene
coatings have been widely employed to improve the cycle life
of Ni-rich cathode materials, most reports explore the effect of
graphene coatings under mild operating voltage windows that
avoid severe degradation mechanisms.24−26 In this work, we
use a high upper cutoff voltage not only to accelerate interfacial
degradation, including electrolyte decomposition reactions, but
also to drive chemomechanical degradation at high SOCs, such
as particle fracture or electrochemical creep. Additionally, by
utilizing submicron primary particles in this study, we

circumvent issues of strain buildup within large secondary
particle structures and ensure that exposed NMC surfaces can
be uniformly coated with graphene. This strategy enables a
direct investigation into the role of optimized electronic
conduction pathways. Additionally, the choice to use relatively
small active material particles also enables a facile morpho-
logical assessment of chemomechanical degradation since
fracture and electrochemical creep events should appear on
the same length scale as the particles themselves. Postmortem
analysis using X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and electron microscopy reveals that the
graphene coating reduces the accumulation of interfacial
electrolyte decomposition products and the severity of
particle-level chemomechanical degradation. We propose that
the graphene coating promotes spatially uniform charge
transfer reactions across the electrode surface, which
delocalizes cycling-induced stress and reduces the propensity
for particle fracture. Moreover, the graphene coating is
mechanically compliant toward unit cell volume changes at
high SOCs and maintains electrical contact throughout cycling.
Graphene-coated NMC cathodes therefore achieve substan-
tially improved cycle life and Coulombic efficiencies under
high-voltage operation.

2. RESULTS AND DISCUSSION
2.1. Materials Characterization. NMC532 particles were

synthesized using a solid-state co-precipitation method.
Synchrotron radiation powder X-ray diffraction (SR-PXRD)
verified the synthesis of layered NMC532 (R-3m) with no
significant evidence of impurity phases (Figure S1). Additional
features in the SR-PXRD pattern, including the (006)/(102)
peak splitting, confirmed the synthesis of a layered structure.
Rietveld refinement indicated that the lattice parameters of the
as-synthesized NMC agreed well with prior reports (Table

Figure 1. Morphology and electrochemical performance of graphene-coated NMC. (a) Top-down scanning electron microscopy image of the
NMC-GrEC electrode. (b) Higher-magnification scanning electron microscopy image of the region outlined in yellow. (c) Bright-field transmission
electron microscopy image of the NMC-GrEC electrode. (d−g) Electrochemical performance of NMC-GrEC and NMC-CBPVDF electrodes
performed at 0.5C: (d) Cycle life test; (e) Coulombic efficiency; (f, g) voltage−capacity plots showing the evolution of electrode polarization for
the (f) NMC-GrEC and (g) NMC-CBPVDF electrodes.
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S1).5 Inductively coupled plasma mass spectrometry (ICP-
MS) was used to quantify the NMC transition metal ratio,
which confirmed the target composition of 50% nickel, 30%
manganese, and 20% cobalt (Table S2). Scanning electron
microscopy (SEM) showed that the synthesized powder was
composed of primary particles with sizes ranging from
hundreds of nanometers to 1 μm in diameter (Figure S2),
with no evidence of well-defined secondary particle agglom-
erates.
Following synthesis, the NMC particles were uniformly

coated with graphene and ethyl cellulose (GrEC) using a
previously established solution-phase method.25,27 The coating
conformality was confirmed using SEM and transmission
electron microscopy (TEM) (Figure 1a−c), which revealed
the presence of a percolating network of graphene flakes
throughout the electrode, consistent with prior work.25,27,28

After fabricating electrodes with the GrEC powder (NMC-
GrEC), the electrode was heated to pyrolyze the ethyl cellulose
(EC) polymer, which largely volatilizes the EC, compacts the
electrode, and generates a carbon residue that helps form a
percolating, electrically conductive network among the
graphene-coated NMC particles.24,25,27−30 Subsequent
Raman spectroscopy of the electrode confirmed that the
ratio of the D and G peaks decreased (at 1350 and 1580 cm−1,
respectively) (Figure S3), suggesting that EC decomposition
resulted in a more graphitic carbon network that facilitates
efficient charge transfer. The uncoated NMC powder was also
mixed with carbon black (CB) and polyvinylidene fluoride
(PVDF) to fabricate control electrodes (NMC-CBPVDF).
2.2. Electrochemical Characterization. 2.2.1. Galvano-

static Cycling. The cycle life behavior of the NMC-GrEC and
the NMC-CBPVDF electrodes was investigated using galvano-
static cycling to an upper cutoff voltage of 4.8 V vs Li/Li+

(Figure 1d). During the activation cycle, the NMC-GrEC
electrode achieved a discharge capacity of 203.1 mAh g−1,
whereas the NMC-CBPVDF control electrode discharge
capacity reached only 188.1 mAh g−1, suggesting that the
graphene coating enabled increased lithium utilization from the
NMC lattice. After 50 charge−discharge cycles at 0.5C, the
NMC-GrEC electrode retained 70.9% of its original capacity,
which was far superior to the 20.7% capacity retention
observed for the NMC-CBPVDF control electrode. The
extremely poor cycle life observed for the NMC-CBPVDF
control electrode was attributed to two factors. First, the high
primary particle surface area provided ample surfaces upon
which electrolyte decomposition reactions or surface phase
formation could occur.2,3,31,32 Compared to conventional
electrodes fabricated using secondary particles of NMC, the
NMC-CBPVDF electrode, which utilizes submicron particles
with no surface protection, exhibits a precipitous decline in
cycle life. This behavior is consistent with trends for other
reports utilizing comparatively larger single-crystal NMC
particles.32 Second, the high upper cutoff voltage exacerbated
the severity of these interfacial chemical degradation
mechanisms and promoted additional bulk chemomechanical
degradation associated with layered oxides at high SOCs.5,33

Nonetheless, the observed capacity fading reinforces the need
for mitigation strategies that can enable improved high-voltage
operation.
The Coulombic efficiency results (Figure 1e) also highlight

the improved charge−discharge behavior of the NMC-GrEC
electrodes. The first cycle Coulombic efficiency (FCE) was
higher for the NMC-GrEC electrode (94.49%) than for the

NMC-CBPVDF electrode (92.9%), which implies that the
NMC-GrEC electrode lost fewer lithium ions to parasitic side
reactions as the solid-electrolyte interphase (SEI) formed
during the first cycle. This FCE is the highest reported among
the many coating and doping strategies that have been
attempted for NMC532 half cells at voltages beyond 4.6 V vs
Li/Li+ (Table S3). With additional cycling, the Coulombic
efficiency of the NMC-GrEC electrode remained consistent
after 50 cycles, while the Coulombic efficiency of the NMC-
CBPVDF electrode declined after the 30th cycle. As a result,
the average Coulombic efficiency of the NMC-GrEC electrode
(99.68%) remained considerably higher than the average
Coulombic efficiency of the NMC-CBPVDF electrode
(98.57%).
The voltage−capacity plots indicate that the charge−

discharge behavior was relatively stable for the NMC-GrEC
electrode (Figure 1f), with only a mild polarization increase
over 50 cycles. This polarization growth was again attributed to
the high primary particle surface area and high cutoff voltage.
On the other hand, the sudden increase in the position of the
voltage shoulder (initially at ∼3.7 V vs Li/Li+) and the
increasing magnitude of the Ohmic drop between charge and
discharge indicate that the inferior cycle life for the NMC-
CBPVDF electrode was related to a significant increase in
electrode polarization (Figure 1g). These results suggest that
as the NMC-CBPVDF electrode was charged, fewer lithium
ions than expected were extracted before the cutoff voltage was
reached, limiting the overall per-cycle reversible capacity.

2.2.2. Electrochemical Impedance Spectroscopy. To
investigate the observed improvements in the high-voltage
cycling and charge−discharge behavior for graphene-coated
NMC, electrochemical impedance spectroscopy (EIS) and
corresponding equivalent circuit modeling were utilized to
quantify changes in cell impedance. Distribution of relaxation
times (DRT) analysis was also performed to accurately
determine the polarization processes and the corresponding
frequencies in the EIS response. The Nyquist plots for the
NMC-CBPVDF and NMC-GrEC cells before cycling both
show one semicircle followed by the diffusion region (Figures
2a and Figure S4). Using the corresponding DRT data (Figure
S5), the semicircle was deconvoluted with three processes

Figure 2. Additional confirmation of material degradation after
cycling. (a, b) Nyquist plots obtained via electrochemical impedance
spectroscopy (a) before cycling and (b) after 50 cycles. Panel (a) and
the inset of (b) show zoomed-in views of the high-frequency
responses. (c, d) High-resolution powder X-ray diffraction patterns
near the vicinities of the (c) (003) peak and (d) (018)/(110) peaks
for the pristine NMC powder and for samples that were cycled 50
times.
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occurring at high and medium frequencies, which correspond
to the electrode−current collector interface (P1 at ∼105 Hz),
lithium metal−electrolyte interface (P2 at ∼102 Hz), and
electrode−electrolyte interface (P3 at ∼5 Hz).34 To fit the EIS
spectra, an equivalent circuit model was used that contained an
inductor (L), ohmic resistance (R0), two RQ elements that
modeled P1 and P2, and a Randles circuit (Figure S6a) that
modeled P3 and Li-ion solid-state diffusion.
According to the results in Table S4, the NMC-GrEC

electrode possesses lower charge transfer impedance (R3 of 85
Ω) than the NMC-CBPVDF electrode (R3 of 118 Ω) before
cycling. This result is consistent with expectations gleaned
from the NMC-GrEC electrode microstructure. Since the
NMC particles were conformally coated with a percolating
carbon network possessing intrinsically high electronic
conductivity (∼104 S/m),29 electrons and holes could be
immediately supplied to charge compensate near sites where
lithium (de)intercalation occurs. This mechanism enabled
efficient charge transfer across the surfaces of the active
material particles.24,28 In contrast, carbon black particles, which
possess lower intrinsic conductivities,35 acted as point contacts
between active material particles, thereby permitting only
localized charge transfer.
After 50 cycles, the Nyquist plots for both electrodes each

contain two semicircles and a diffusion line (Figure 2b). The
DRT analysis for the samples after 50 cycles suggests that the
first semicircle in the Nyquist plot (Figure 2b inset) was
composed of impedances associated with the electrode−
current collector (P1) and lithium metal−electrolyte (P2)
interfaces. The process assigned to charge transfer at the
electrode−electrolyte interface (P3), which occurs at medium
frequencies, increases in magnitude and shifts to lower
frequencies with cycling (Figures S5 and S7b,d). The DRT
analysis implies that the P3 process comprises only a small
portion of the large semicircle in the Nyquist plot of the cells
after 50 cycles (Figure 2b). The remainder of the second
semicircle corresponds to a fourth process at lower frequencies
(P4 at ∼9 mHz) and was assigned to degradation processes at
high voltage. Importantly, this conclusion was corroborated by
additional DRT tests performed on replicate NMC-CBPVDF
and NMC-GrEC electrodes cycled between 2.0 and 4.3 V vs
Li/Li+ at the same applied current rate (see analysis in the
Supplementary Information and Figures S7a,c and S8a,b). The
DRT response of these replicate cells shows a P4 process with a
negligible magnitude when compared to the DRT response of
the cells cycled at high voltage, providing strong evidence for a
relationship between the cutoff voltage and the magnitude of
the P4 polarization (Figure S7). The voltage-dependent
activation of this process suggests that it could be related to
degradation mechanisms at high voltages, such as chemo-
mechanical changes in the active material or the formation of a
thick chemical interphase. Correspondingly, another RQ
element was added to the equivalent circuit model and used
to fit the high-voltage EIS data after cycling (Figure S6b).
According to the fit results (Table S4), the charge transfer

impedance (R3) for both electrodes increased after 50 cycles.
This increase was greater for the NMC-CBPVDF electrode
(180 Ω, corresponding to a 153% increase) compared to the
NMC-GrEC electrode (120 Ω, corresponding to a 141%
increase). Moreover, the magnitude of the surface film
impedance (P4) at low frequencies was significantly higher in
the NMC-CBPVDF (18,500 Ω) electrode compared to the
NMC-GrEC electrode (6850 Ω). These EIS results, coupled

with the galvanostatic cycling data, suggest that active material
degradation accumulated in a manner that increased the
electrode charge transfer impedance. However, since these
impedance values were lower for the NMC-GrEC electrode,
the graphene coating apparently mitigated NMC degradation
and ensured a more efficient charge−discharge process. Finally,
the improved electrochemical performance of the NMC-GrEC
electrode was likely related to the significantly lower R4
impedance associated with high-voltage degradation.

2.3. Postmortem Characterization. 2.3.1. High-Reso-
lution X-ray Diffraction. To further explain the electro-
chemical results, high-resolution SR-PXRD was performed on
fully discharged samples to investigate cycling-induced
structural changes. Since the NMC unit cell dimensions are
highly dependent on the SOC, discharging the electrodes to
the same voltage and then measuring the (110) and the (003)
peak positions can elucidate differences between the lithium
content of the two samples. As NMC is charged to moderate
SOCs, lithium is removed from the NMC structure, causing
the unit cell to contract in the a = b directions and expand in
the c direction since unoccupied sites in the lithium layer
promote oxygen−oxygen repulsion across the resulting van der
Waals gap. During charging, the NMC (110) peak is known to
shift to higher angles, while the (003) peak shifts to lower
angles.5,6 Although these peaks are expected to return to their
original positions at the end of discharge, the postmortem
diffraction patterns showed that this phenomenon was not the
case for the (110) and the (003) peaks in the cycled samples
(Figure 2c,d). The deviations in the diffraction peak positions
are more severe for the NMC-CBPVDF electrode, suggesting
that a large population of NMC was unable to relithiate during
the 50th cycle discharge step. This result could occur for
multiple reasons, including the formation of interfacial
electrolyte decomposition products that kinetically limit charge
transfer reactions or cycling-induced volumetric changes that
cause cracking, particle fracture, or detachment from the
conductive path to the current collector. Charging to higher
SOCs is also known to induce mechanical degradation due to a
collapse of the c axis of the unit cell.5,36,37 Importantly,
postmortem scanning transmission electron microscopy and
ICP-MS analysis show that the cycling irreversibility was not
due to differences in surface rocksalt phase formation or
transition-metal dissolution between the two samples (see
Figure S9, Table S5, and corresponding STEM and ICP-MS
analyses in the Supporting Information). Nonetheless, the SR-
PXRD results corroborate the galvanostatic cycling and EIS
results, further suggesting that the graphene-coated electrode
experienced reduced material degradation compared to the
control sample.

2.3.2. X-ray Photoelectron Spectroscopy. XPS was then
used to investigate the differences between the surface
chemistries of the two electrodes before and after cycling.
The C 1s spectra for both electrodes before cycling show an
intense peak at 284.8 eV, corresponding to C−C bonds
(Figure 3) from adventitious carbon and the conductive
carbon additives. The NMC-CBPVDF electrode also exhibits
spectral intensities in the range of reported values for C−O
bonds (286.1 eV) and CO/O−C−O bonds (287.4 eV),
which likely originate from carbon−oxygen surface functional
groups on carbon black.38 In contrast, the C 1s spectrum for
the pristine NMC-GrEC electrode surface is dominated by the
C−C bonding character, consistent with previous reports for
pyrolyzed graphene-ethyl cellulose films.25,29,39,40 The differ-
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ence in the C−F bond intensities near 290.7 eV is attributed to
the absence of polyvinylidene fluoride binder in the NMC-
GrEC electrode.
Following electrochemical cycling, the C 1s and O 1s XPS

spectra exhibit increased spectral intensities at binding energies
corresponding to carbon−oxygen bonds in both electrodes,
likely due to the formation of interfacial organic decomposition
products (Figure 3). This conclusion is supported by the
growth of carbon−oxygen bond intensities (CO at 531.8 eV
and C−O at 533.2 eV) and the decrease in transition metal-
oxygen bond intensities (529.1 eV) in the O 1s spectra.
Similarly, the Mn 3p and the Co 3p peaks are initially
prominent in the Li 1s XPS spectra for both pristine samples
but significantly decrease in intensity after cycling (Figure
S10). These trends suggest that an organic-rich SEI layer
formed during cycling that attenuated the transition metal-
oxygen signal from the NMC bulk (Figure 3), consistent with
the galvanostatic cycling and the EIS results. While carbon
black is known to react with electrolyte components to form
organic decomposition products,41 the absence of out-of-plane
dangling bonds on graphene likely minimizes its chemical
reactivity with the electrolyte. Indeed, the C 1s spectrum for
the NMC-GrEC electrode after cycling is still dominated by
C−C spectral intensities, suggesting that the graphene coating
successfully maintains a highly conductive surface over the
operating lifetime of the cell.
The chemical natures of the inorganic degradation products

differ between the two cycled electrodes (Figure 3). The Li 1s
and the F 1s spectra (Figure S10) suggest that LiF (56.1 eV
and 685.4 eV), a LiPF6 salt decomposition product,42 is
present in both cycled samples. Additional salt degradation
reactions generate phosphate compounds, which can sub-
sequently react with lattice lithium to form LixPOyFz species.

3

Significantly, the P 2p spectrum (Figure 3) for the cycled
NMC-CBPVDF electrode shows prominent spectral intensities
at binding energies close to reported values for LixPOyFz
(136.0 eV), whereas the NMC-GrEC electrode exhibits greater
intensities close to the binding energies reported for
phosphates (134.5 eV). These results imply that fewer

fluorophosphate degradation products were present on the
NMC-GrEC electrode. Since the graphene coating presumably
limits the amount of electrolyte that can contact the active
material surface, it reduces interactions between charged oxide
surfaces and electrolyte solvent molecules, kinetically suppress-
ing dissociation reactions such as ethylene carbonate
dehydrogenation.2,3 Moreover, the coating also limits the
contact between the electrode surface and phosphate-based
reaction intermediates, which can generate surface protic
species that form HF and LixPOyFz. Together, these benefits
likely result in preserved lithium inventory, reduced active
material etching, and ultimately improved Coulombic
efficiency and cycle life.

2.3.3. Scanning Electron Microscopy. Finally, postmortem
SEM was performed on the cycled electrodes to investigate
morphological changes that occurred during cycling. First,
interparticle cracking was observed (Figure 4), which likely

originated from anisotropic changes in the unit cell volume at
high SOCs or spatially non-uniform charge transfer reactions
between particles, both of which would generate strain energy
that drive particle fracture. Second, intraparticle cracking was
observed in primary particles. The NMC-CBPVDF electrode
showed significant signs of both failure modes, with wide gaps
forming between individual primary particles (Figures 4a and
Figure S11). In contrast, fewer and thinner intraparticle and
interparticle cracks were found on particles in the NMC-GrEC
electrode (Figures 4b and Figure S12). Third, electrochemical
creep was observed, as evidenced by a terrace-like surface
morphology on primary particles. This phenomenon is
consistent with lattice-invariant shear associated with the O3
to O1 phase transformation for layered cathode materials33

such as LiCoO2,
43−46 LiNiO2,

47−49 and NMC.36,50 Signifi-
cantly, the severity of electrochemical creep was much lower in
the NMC-GrEC electrode (Figures 4b and Figure S12). To
confirm that this observation was consistent across different
areas on the electrodes, over 2000 primary particles on each
electrode were analyzed via SEM to identify signs of
electrochemical creep. Approximately 18% of the primary
particles evaluated for the NMC-CBPVDF electrode showed
terracing, compared to only 6% of the primary particles
evaluated for the NMC-GrEC electrode.
Furthermore, evidence of changes in the particle morphol-

ogy was correlated to differences between the SR-PXRD
patterns of the pristine and cycled samples. The magnitude of
the changes in the (110) and the (003) full-width half maxima
(Figure 2c,d) after cycling suggested that the domain sizes and
microstrain amounts evolved differently between the two
samples, which was consistent with the mechanical deforma-
tion observed in SEM. Rietveld refinement of the SR-PXRD
patterns for the cycled samples revealed that the domain size

Figure 3. XPS C 1s, O 1s, and P 2p spectra of the NMC-GrEC and
NMC-CBPVDF electrodes before cycling (top) and after cycling
(bottom). The P 2p spectra for the pristine samples were not taken
since the phosphorus character will only be present after electrolyte
contact.

Figure 4. Postmortem scanning electron microscopy images of the
(a) NMC-CBPVDF electrode surface and (b) NMC-GrEC electrode
surface. Both scale bars are 2 μm.
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decreased and the microstrain increased for the NMC-
CBPVDF sample after cycling. In contrast, no significant
changes were found between the NMC-GrEC sample and the
pristine NMC powder (Figure S13 and Table S1). Therefore,
postmortem SEM provided a morphological confirmation of
chemomechanical degradation after cycling to high SOCs,
corroborating the SR-PXRD and Rietveld refinement results.
2.3.4. Discussion. The observed electrochemical perform-

ance enhancement in the NMC-GrEC electrodes is likely
related to the improved lithiation dynamics enabled by a
conformal carbon coating. Prior work has identified composi-
tional heterogeneity across active material particle surfaces
during cycling.7−9,51 In secondary particle-based electrodes,
reaction non-uniformity is related to the contact between
adjacent primary particles, which can change as a result of
cycling-induced anisotropic strains, as well as the electrolyte
penetration into the interior of the agglomerate.8,12,52,53 In
these structures, intergranular fracture is a well-known failure
mechanism that underlies capacity fading due to the loss of
electrical contact between individual grains. Therefore, using
primary particles in this work ensures that all NMC surfaces
that could be exposed to the electrolyte during cycling were
coated by a conductive carbon layer, thus enabling an
investigation into the relationship between surface electronic
conductivity and charge-transfer-induced chemomechanical
degradation. For primary particles, other factors can also
contribute to reaction non-uniformity, such as crystallo-
graphically anisotropic lithium diffusivities or the presence of
high-impedance surface phases.8 The graphene coating
demonstrated in this work is unlikely to affect these sources
of compositional heterogeneity since they are inherent to the
material system. However, a surface coating nonetheless
presents an opportunity to engineer the dynamics of interfacial
charge transfer reactions in the context of electronic
connectivity within the electrode, which is highly important
irrespective of the particle size or composition.8

Since intercalation reactions depend on electrically con-
ductive pathways for charge compensation, a conductive
network based on non-uniformly distributed carbon black
particles results in high spatial variations in surface electrical
resistance,54 promoting hotspots with high lithium-ion current
densities on the particle surface. During charging, regions
neighboring these current hotspots would be delithiated first,
with two implications for mechanical degradation. First,
lithium-poor and lithium-rich regions with different molar
volumes would exist simultaneously within a particle,
generating a corresponding stress field that varies with lithium
content. Non-uniform stress and strain distributions are likely
precursors to intraparticle and interparticle fracture.37,55,56

Second, highly delithiated regions can act as nucleation sites
for the high-voltage O3 to O1 phase transition that induces
electrochemical creep.33 In contrast, a layer that can supply or
accept electrons anywhere on the particle surface, such as a
graphene coating, delocalizes these hotspots and thereby
promotes more spatially uniform compositional and volumetric
changes during cycling (Scheme 1). We anticipate that future
studies will continue to explore the relationship between
surface conduction and reaction uniformity, utilizing techni-
ques such as scanning transmission X-ray microscopy that
allow visualization of the SOC within a single particle via Ni K-
edge mapping. It is also important to consider the possibility
that delithiation induces changes in the NMC electrical
conductivity, which could generate new electrical conduction

pathways at high SOCs. However, since the electrical
conductivity of GrEC films is 3 orders of magnitude greater
than that of layered lithium transition metal oxides (104 S/m vs
101 S/m),29,57,58 electrons are likely to continue to conduct
along the graphene network even if the NMC bulk electrical
conductivity changes.
A feedback loop exists between particle-level mechanical

degradation and changes in interfacial chemistry, crystallog-
raphy, and electrochemical activity. Cracking and lattice-
invariant shear both generate new surfaces that quickly react
with the electrolyte, which can lead to additional SEI or
rocksalt phase formation. Effective mitigation of particle-level
mechanical degradation can address these issues, therefore
enabling lower electrode polarization and improved Coulom-
bic efficiency during long-term cycling. In addition, although
fracture-initiated particle detachment can significantly contrib-
ute to capacity fade,54 this negative effect can be reduced by
engineering the electronic conduction path within an
electrode. Here, the conformal graphene network plays this
role since it acts as a conductive network that captures particle
fragments generated via intraparticle and interparticle fracture,
thereby ensuring that fragments remain electrochemically
active. This mechanism has been proposed to explain cycle
life improvements in other systems that undergo volume
expansion during lithiation, such as graphene-coated silicon
microparticles.23

Finally, the conductive graphene coating possesses electrode
engineering advantages over other inorganic coating layers that
have been employed to stabilize the electrode−electrolyte
interface.21,22 To overcome the low electrical conductivity of
these materials, one approach is to increase the fraction of
conductive carbon in the electrode. However, this strategy
results in compromised electrode-level energy densities. In
contrast, electrodes utilizing graphene-coated NMC have
intrinsically higher packing densities than electrodes fabricated
with an equivalent fraction of carbon black (Figure S14a,b),
resulting in high volumetric capacities even at high applied
current rates (Figure S14c). These positive impacts across
multiple length scales are enabled by the intrinsically robust
mechanical, chemical, and electronic properties of graphene
that present distinct advantages over other surface coating
schemes.

Scheme 1. Schematic Showing Proposed Degradation
Mechanisms for the (a) NMC-CBPVDF Electrode, Which
Are Mitigated in the (b) NMC-GrEC Electrode Due to the
Presence of the Graphene Coating
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3. CONCLUSIONS

In this work, we showed that a conformal graphene coating
comprehensively enhances the high-voltage electrochemical
performance of NMC cathode materials, including significantly
improved cycle life, increased Coulombic efficiency, and slower
impedance growth. XPS analysis revealed that graphene-coated
NMC electrodes exhibited reduced spectral intensities
corresponding to electrolyte decomposition products, suggest-
ing that the interfacial graphene layer minimizes parasitic
interactions between the electrode and electrolyte. Post-
mortem electron microscopy showed that the cycling improve-
ments were also related to suppressed mechanical degradation,
evidenced by fewer signs of cracking and electrochemical creep
for the graphene-coated NMC particles. This observation was
consistent with fewer changes in the crystallite size and
microstrain values obtained from Rietveld refinement following
high-resolution SR-PXRD. Therefore, we propose that the
conformal graphene coating enables spatially uniform charge
transfer reactions across the particle surface, delocalizing
cycling-induced stress that can initiate mechanical degradation.
Overall, this study highlights the importance of the relation-
ships among interfacial coating layers, lithiation dynamics, and
chemomechanical degradation of the active material, which is
highly relevant for the development of systematic engineering
strategies aimed at improving the performance of high-voltage
LIB electrode materials.

4. EXPERIMENTAL METHODS
4.1. NMC Synthesis. A solid-state co-precipitation method was

used to synthesize the NMC532 active material. Ni(II) acetate
tetrahydrate, Mn(II) acetate tetrahydrate, and Co(II) acetate
tetrahydrate precursors (MilliporeSigma) were dissolved in deionized
water in a 5:3:2 molar ratio, yielding a 0.2 M transition metal
precursor solution. At the same time, oxalic acid dihydrate
(MilliporeSigma) was dissolved in deionized water to form a 0.1 M
solution of oxalic acid. After 10 min of stirring at 300 RPM, the oxalic
acid solution was added dropwise to precipitate the precursors from
the solution. The mixture was then further stirred at 300 RPM for 3 h
before the water was evaporated using a rotary evaporator (Buchi
Rotavapor R-300 System). The resulting powder was dried overnight
under dynamic vacuum at 80 °C and then subsequently calcined at
450 °C under 50 sccm of flowing oxygen for 6 h using a tube furnace
(Thermo Scientific Lindberg Blue M). After the powder cooled to
room temperature, lithium hydroxide monohydrate (MilliporeSigma)
was added in a 3 mol % excess and uniformly mixed into the powder
using a mortar and pestle. The final powder mixture was calcined
under flowing oxygen at 550 °C for 8 h and then was subsequently
heated to 850 °C for 12 h, ultimately yielding stoichiometric
NMC532. All ramp rates used were 5 °C/min.
4.2. Graphene Exfoliation. The graphene/ethyl cellulose

(graphene/EC) powder was prepared by mixing 100 g of 150 mesh
flake graphite (MilliporeSigma), 6 g of ethyl cellulose powder (4 cP,
MilliporeSigma), and 1 L of 200 proof ethanol (Decon Labs) using a
Silverson L5M-A shear mixer for 2 h at 10,230 RPM. Large,
unexfoliated graphite flakes were removed from the dispersion by
centrifuging at 7500 RPM for 20 min using a Beckman Coulter J26
XPI centrifuge. Following centrifugation, the supernatant was
harvested and flocculated by adding a solution of NaCl in water
(0.04 g/mL) to reach a final ratio of 1.74:1 graphene dispersion:so-
dium chloride solution. This mixture was then centrifuged again at
7500 RPM for 7 min to sediment the graphene/ethyl cellulose
powder. The powder was collected, thoroughly rinsed with deionized
water to remove residual sodium chloride, vacuum-filtered, and dried
under an infrared lamp overnight. Thermogravimetric analysis
revealed that the resulting powder possessed a graphene fraction of
approximately 33 wt %.

4.3. Electrode Fabrication. The NMC-CPBVDF electrode slurry
was prepared by homogeneously mixing a 90:5:5 weight ratio of
NMC, Super P (Alfa Aesar), and polyvinylidene fluoride (PVDF,
MTI Corporation) with N-methyl-2-pyrrolidone (NMP, Millipor-
eSigma) using a centrifugal mixer (Thinky USA). To promote better
homogeneity and viscosity in the electrode slurry, PVDF was first
mixed with NMP at 80 °C overnight to form a 6 wt % solution. To
fabricate the graphene electrodes (NMC-GrEC), graphene/EC
powder and multiwalled carbon nanotubes (MWCNT, Millipor-
eSigma) were dispersed in ethanol for 1 h using a Fisher Scientific
Sonic Dismembrator Model 500 set at a power output of 40 W. To
match the carbon content of the control electrode (i.e., 5% conductive
carbon), a 95:4.5:0.5 ratio of NMC, graphene, and MWCNT was
used. Here, a small amount of MWCNT was added to improve the
mechanical integrity of the binder-free electrode. Additionally, since
prior work found that only 0.5 wt % graphene is needed to
conformally coat LiNi0.8Co0.15Al0.05O2 secondary particles,

24 4.5 wt %
graphene was used in this work to ensure that all primary particle
surfaces were coated. Any remaining graphene flakes formed a
composite with the graphene-coated NMC particles that promoted
charge transport within the electrode.

To promote better homogeneity and slurry stability during
electrode casting, a solvent exchange with NMP was performed.
NMP was added to the graphene/EC-MWCNT-ethanol dispersion,
and the ethanol was subsequently removed by stirring the graphene/
EC-MWCNT-NMP-ethanol solution on a hot plate set at 70 °C.
Following the solvent exchange, NMC powder was annealed at 250
°C for 1 h in flowing oxygen and then mixed with the exfoliated
graphene/EC-MWCNT solution using a centrifugal mixer (Thinky,
USA). Both slurries were cast onto aluminum foil and dried at 120 °C
in a convection oven followed by a second drying step at 80 °C under
dynamic vacuum. Although the NMC-GrEC electrode contained no
additional polymeric binder, the MWCNTs and the conductive
carbon residue formed by the decomposition of the ethyl cellulose
together acted as the binding components in the electrode.
Consequently, no film delamination was observed during casting
and drying, which was consistent with previous reports.25,27 The
average active material loadings for both the NMC-CBPVDF and the
NMC-GrEC electrodes were maintained at ∼3 mg cm−2. Electrode
discs were punched out and calendered with approximately 6 MPa
applied pressure. A micrometer (Mituyo) was used to measure the
thickness of the electrodes. For NMC-GrEC electrodes, ethyl
cellulose was removed from the electrodes via thermal annealing at
250 °C in flowing oxygen for 1 h. 2032-type two-electrode coin cells
were assembled in an Ar glovebox (VAC Omni-Lab) versus a lithium
(Alfa Aesar) counter electrode and 1 M LiPF6 in 1:1 vol/vol ethylene
carbonate/ethyl methyl carbonate (EC/EMC, MilliporeSigma) as the
electrolyte. The separator used was Celgard 2325.

4.4. Electrochemical Characterization. Galvanostatic cycling
was performed between 2.0 and 4.8 V vs Li/Li+ using an Arbin LBT-
20084 battery cycler. Prior to cycling at 0.5C, electrodes were
activated using a 0.1C constant current-constant-voltage (CCCV)
protocol. Specifically, after a galvanostatic step, cells were held at the
respective cutoff voltage until the current reached C/20. Rate
capability tests were performed using a constant charge-fast discharge
protocol. Electrochemical impedance spectroscopy measurements
were performed on fully charged electrodes using a Bio-Logic VSP
potentiostat between 1 MHz and 1 mHz. Distribution of relaxation
times analysis was performed using the DRTtools MATLAB
toolbox.59

4.5. Raman Spectroscopy. Raman spectra were collected with a
Horiba Scientific XploRA PLUS Raman microscope with a 532 nm
laser excitation wavelength at 16.75 mW laser power and an 1800 g/
mm grating for 20 s.

4.6. X-ray Diffraction. Synchrotron radiation powder X-ray
diffraction (SR-PXRD) experiments were carried out on Beamline 5-
BMC at the Advanced Photon Source (APS) at an energy of 19.97
keV (λ = 0.6208 Å). After cycling, NMC powder was harvested from
cycled electrodes inside an Ar glovebox. The powders were then
transferred into capillaries and sealed shut. During acquisition, the
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capillaries were continuously rotated about a horizontal axis. The
incoming X-ray beam spot size was 2 × 8 mm2. The powder
diffractometer was employed in a high-resolution Bragg−Brentano
geometry with a double bounce pseudo-channel-cut crystal
configuration of two Si(111) crystals. In the detector arm, an anti-
scatter flight tube followed by Soller slits with a vertical blade was
employed to limit horizontal axial divergence. To improve resolution,
a Ge(220) analyzer crystal was utilized before acquiring the signal
with an Oxford Cyberstar scintillation counter. Rietveld analysis was
performed with GSAS-II software.60 The refined parameters were the
lattice constants (a and c), sample displacement, crystallite size and
microstrain (both isotropic), and the Ni in Li site fraction. The
standard reference material LaB6 was utilized to obtain the
appropriate instrument profile parameters of the setup.
4.7. Inductively Coupled Plasma Mass Spectrometry. To

analyze the transition metal ratio of the synthesized NMC, a small
amount of synthesized NMC powder was added directly into a 50/50
mixture of trace-grade nitric acid and hydrochloric acid. After
complete digestion of the powder overnight at 65 °C, ultrapure
water was added to dilute the solution to a 4% (v/v) acid
concentration in a sample volume of 10 mL. To quantify transition
metal dissolution in pristine samples, NMC-GrEC and NMC-
CBPVDF electrodes with the same active material mass loading
were each immersed in 1 mL of 1 M LiPF6 in 1:1 vol/vol ethylene
carbonate/ethyl methyl carbonate (EC/EMC, MilliporeSigma),
sealed under argon, and placed in an oven at 60 °C. Two replicates
were made for each sample. After 7 days, the electrolyte was harvested
and digested overnight using trace-grade nitric acid in a water bath set
at 65 °C. Following digestion, the solution was diluted to a 3% (v/v)
acid concentration in a 5 mL sample volume. All ICP analysis was
performed using a ThermoFisher iCAP Q ICP-MS.
4.8. X-ray Photoelectron Spectroscopy. Postmortem X-ray

photoelectron spectroscopy measurements were performed using a
Thermo Scientific ESCALAB 250 Xi+ system (Al Kα radiation,
∼1486.6 eV) at a pressure of ∼5 × 10−8 Torr. Acquisition was
performed using a 900 μm spot size. Samples were charge
compensated with a flood gun. To prepare samples for XPS analysis,
coin cells were disassembled inside an Ar glovebox and thoroughly
rinsed with dimethyl carbonate. After drying on a hot plate inside the
glovebox at 120 °C for 48 h, the electrodes were transferred into the
XPS analysis chamber using a sealed transfer vessel to prevent
ambient exposure. All peaks were charge corrected to adventitious
carbon at ∼284.8 eV.
4.9. Scanning Electron Microscopy. Scanning electron

microscopy was performed using a Hitachi SU8030 SEM. Cross-
sectional samples were prepared by immersing electrode discs in
liquid nitrogen for 20 s prior to cleaving with a razor blade. The
electrochemical creep and fracture analysis was performed at various
points across the surfaces of the NMC-CBPVDF and NMC-GrEC
electrodes to ensure that representative statistics were acquired.
Approximately 2000 particles were assessed for electrochemical creep
and fracture in both electrode compositions. Particles were considered
to be fractured if the gap distance formed by particle fracture was ∼10
nm or greater. Similarly, particles were considered to have
experienced electrochemical creep only if a terraced morphology
was evident on the surface. Since a thick layer of graphene flakes could
obfuscate the NMC surface during SEM analysis, both electrodes
were slightly scratched using a razor blade to allow imaging of
particles buried in the interior of the electrode. Particle surfaces on
both the NMC-CBPVDF and NMC-GrEC electrodes were then
analyzed in various regions on the electrode surface and subsurface.
4.10. Scanning Transmission Electron Microscopy. Electro-

des were prepared for scanning transmission electron microscopy
(STEM) analysis by focused ion beam (FIB) milling on a FEI Helios
Nanolab SEM/FIB. STEM investigations were performed using a
JEOL JEM ARM200CF aberration-corrected STEM that was
operated at 200 kV.
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