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Abstract

A multi-layer of stacked-graphene (8 layers of basal planes) grown by chemical vapour
deposition (CVD) is introduced as an artificial solid electrolyte interphase (SEI) layer onto a
transition metal oxide cathode for lithium-ion batteries. The basal planes are generally regarded
as a strong physical barrier that prevents lithium-ion diffusion, although it is believed that a
small number of lithium-ions can migrate through the defect sites of the stacked layers.
Interestingly, the unique design of the stacked-graphene perpendicular to the basal planes not
only effectively suppresses the formation of instable SEI layers, but also achieves a reasonable
amount of battery charge capacities. To correctly understand the impact from the stacked design,
we further studied the rate kinetics difference between slow cycles (0.125 C—0.250 C—0.400
C—0.125 C) and rapid cycles (C—2 C—3 C—C). We propose that the clap-net like design of
the stacked-graphene could enable the effective conducting pathway for electron transport,
while protecting the active material inside. The magnetic measurements reveal the efficient Li*
(de)intercalation into graphene-layers. The artificial SEI also renders the electrode/electrolyte
interface more stable against dynamic rate changes. The present approach provides a particular
advantage in developing high stability battery that can be utilized at various charge rates.
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1. Introduction

Li-ion batteries have been widely used as an energy storage system for powering portable
devices such as mobile phones and laptop computers since the successful commercialization
by Sony in 1991 [1,2]. Recent developments in the batteries have led to a continuous interest
in developing high energy density battery for electric vehicles (EV) and electrical grid
applications owing to their high volumetric/gravimetric density, high energy density, flexible
design, and environmentally benign property [1-6]. Certain advantages have allowed the
expand of the energy storage system into more sophisticated applications that require a higher
level of stability in service. One of the key components that determines the performance and
stability of the battery is the type of intercalation compound [6,7]. The intercalation material,
i.e., cathode can be categorized into three different types of composites based on the crystal
structure, namely, spinel (LiMn204), olivine (LiMPO4, where M=Fe, Mn, Co, Ni), and layered
transition metal oxides (LiMO,, where M= Mn, Co, Ni, Al) with distinguishing ionic diffusion
channel [8-11]. Among the cathode materials, the layered structure has attracted much
attention due to its successful commercialization with high specific capacity (< 200 mAhg™)
[2,8,12]. Further research on the battery chemistry of the layered oxide material had led to the
development of the mixed transition metals oxide composite, i.e. LiNixMnyCo.02 (NMC,
where x+y+z = 1) with a a-NaFeO,-structure (R3m space group). The NMC cathode has
emerged as a promising electrode material as the mixed transition metals between Ni, Co, and
Mn offer synergetic benefits over a single transition metal cathode [2,13—15]. A tailored NMC
structure into a dual layer system, represented by the formula of xLi,MnO3 - (1 — x)LiMO,
(M= Mn, Co, Ni), offers extra charge capacity. The electrode composite of the dual layer system
is known as the Li-rich transition metal oxide cathode proposed by Thackeray et al [15]. The
Li-rich battery benefits from its superior specific capacity (~250 mAhg™') and high operating
voltage (>4.6 V vs Li% [15-17]. Since then, interest in the Li-rich battery has dramatically
increased, giving rise to the development of its derivatives such as ‘layered-layered-spinel’
electrode, Sn-stabilized Li-rich cathode, Al substituted Li-rich material, and Fe substituted Li-
rich composite [18-21]. Recently, there has been a growing trend towards the development
of layered Ni-rich oxide cathode due to its high energy density and promising reversible
capacity [22]. While there have been extensive developments of the high-energy density
materials, the adaptation of the fundamental layered structure remains unchanged, and thus

some intrinsic problems causing battery fading are still present. The degradation of the two-



dimensional layered structure attributed to the formation of the solid-electrolyte interphase
(SEI) layer is one of the fading mechanisms that lead to the charge capacity decrease, voltage
decay, and power fading of the lithium-ion battery [23]. Electrode exfoliation, SEI growth and
stabilization, and the subsequent lithium plating are known to be the dominant processes
involved for the fading mechanism during charge-discharge [23]. On the one side, the
formation of SEI layer is a critical factor, which causes the degradation of the electrode material
and thus capacity fading. On the other side, it is also the key factor that provides the kinetic
stability by preventing the redox reaction stemming from the electron transfer from higher to
lower Fermi energy between electrode and electrolyte. The SEI layer also plays an important
role in preventing the dissolution of the transition metal into the electrolyte and the oxygen loss
from the active material [6,7,23,24]. The chemical and physical properties of the SEI on the
battery electrodes have been widely studied. Previous studies on the SEI composition identified
the formation of Li,O, Li»COs3, and LiF (e.g LiPFs, LiBF4 electrolyte) near the lithium metal
substrate, whereas the major products at the electrolyte side were reported as alkyl carbonates,
i.e. dicarbonates ((ROCO:;Li)2) and/or semicarbonates (ROCO,Li) [25-28]. Based on the
chemical compositions, Peled et al. proposed the mosaic-type SEI model to describe the
formation and growth of the SEI layer during charge-discharge [25]. The SEI layer is
considered as a mosaic consisting of multiple inorganic and organic components, allowing
lithium ions to move through the phase boundaries. The mosaic model has been widely

accepted, yet the detailed mechanism of SEI formation remains unclear.

Graphene has emerged as an attractive functional material for energy storage applications
owing to its outstanding electrical conductivity (~2000 Scm™), large active surface area (~1500
m?g!), high energy density and mechanical stability [29-34]. It has been also reported that the
graphene can effectively inhibit the dissolution of the transition metals (e.g. Mn, Co, Ni) into
the battery electrolyte [33,35,36]. Graphene not only hinders the side-reaction between the
electrode and electrolyte, but also tends to increase the oxidation state of the transition metal,
which in turn prevents the dissolution of the active material into the electrolyte during charge-
discharge [35]. Another interesting feature of graphene is the ability of producing stable SEI
layer on the electrode [37]. This feature called our attention to the concept of artificial SEI
layer, which prevents the access of the electrolyte to the electrode and renders the surface
chemically stabilized while it allows the migration of the lithium ions into the battery electrode
[38—40]. The migration mechanism of the lithium-ions into the artificial SEI layer has become

a central issue for the battery performance and rate capability. Several studies have explored



the lithium-ion intercalation into the graphite or stacked carbon nanostructures [29,41,42].
Recently, there has been a great interest in the stacked graphene system, which can be
distinguished from the normal graphite, due to their unique electronic properties depending on
the way of stacking and the number of graphene layers [43—47]. A particular interest is devoted
to the lithium-ion diffusion through the basal plane [44,47]. Whereas the lithium-ion diffusion
through the edge planes between graphene layers have been widely studied, the investigations
of the lithium-ion diffusion trough the basal plane are scarce as the perpendicular layer is
generally regarded as a strong physical barrier that prevents the lithium-ion migration.
However, a previous study by Yao et al. suggests the possible diffusion of lithium ions through
the defect sites, i.e. grain boundaries and vacancies [44]. In addition, according to the layer-
dependant capacities, it has been reported that higher than 6 graphene layers will reasonably
increase the battery capacity by pure lithium ions intercalation [44]. Also, Persson et al.
identified the grain boundary as a possible lithium-ion diffusion channel between stacked

graphene layers [46].

In this study, we present an unique artificial SEI layer with 8 layers of stacked-graphene
grown by chemical vapour deposition (CVD) and transferred onto the layered
Li(Ni1sMn13Co1/3)O2 cathode layer-by-layer. Kinetic investigations were conducted using
different charge rate sets between slow cycles and rapid cycles of the lithium-ion cells to
accurately evaluate the impact of the stacked graphene on the SEI formation and
electrochemical properties. Lithium-ion diffusion through the defect sites of the stacked-
graphene is confirmed. Interestingly, the stacked design perpendicular to the
Li(Ni1sMn13Co1/3)Oz electrode, not only effectively suppresses the formation of the SEI layer,
but also provides a certain amount of charge capacity with improved rate capabilities. The clap-
net like design of the stacked-graphene enables the effective conducting pathway for electron
transportation achieving reasonable battery performance. Furthermore, it maintains the initial
local atomic environments of Mn-O, Co-O, and Ni-O, impeding carbonates by-products. It also
renders the interface stability against dynamic rate changes. This study provides insights into
the development of high-energy density electrodes with enhanced stability for the lithium-ion

battery.



2. Experimental

2.1. Graphene growth and transfer

Graphene was prepared first by cleaning copper foil (25 mm copper foil, Alfa Aesar), with
dilute nitric acid (5%), followed by acetic acid, and lastly isopropyl alcohol. The foil was then
loaded into a quartz tube furnace and ramped up to 1070 °C in the presence of hydrogen gas,
and annealed for 1 hour. This was followed by a 30 min growth with a gas flow of 20 sccm
hydrogen, and 30 sccm methane, and a pressure of ~200 Pa. The foil was then rapidly cooled
to room temperature by opening the lid of the CVD system in the presence of hydrogen gas.
Graphene was transferred to Li(Ni1sMni13Co13)O: electrode by a thermal release transfer
process. Copper with graphene foil is covered with thermal release tape (Nitto, 90 °C release).
The copper is etched away in solution of 20% ammonium persulphate, leaving 1 layer of
graphene on the tape surface. Up to 8 layers were transferred sequentially (layer-by-layer) by
first applying the tape with uniform pressure to battery substrates (denoted as GNPS8L),
followed by removal of the tape backing by heating the substrate to 100 “C. The synthesis

process was performed inside a Class 1000 (ISO 6) clean room.
2.2. Electrode material characterization

The cycled coin cells were disassembled under argon atmosphere (Ar-glove box: H>O <1 ppm
and Oz < 1 ppm), and the cathodes cycled at different charge regimes were carefully taken and
rinsed by DMC, followed by a drying process under vacuum, for the material characterizations.
Magnetic measurements were conducted on the Li(Ni;sMni;3Co13)O2 (NMC111) and the
stacked-graphene (8-layers) coated Li(Nii;3sMni3Co013)O2 cathodes (GNPSL) at different
cycled states using a physical property measurement system (Quantum Design PPMS
Dynacool). The magnetic susceptibility of the cathode composites was measured under the
magnetic field of 30k Oe at 5 K. The molar magnetization property was also investigated by
applying 1000 Oe magnetic field in the temperature range between 5 K and 300 K. SEM images
of the cathodes (NMC111 and GNPS8L) at reference state and cycled states were acquired by a
scanning electron microscopy (SEM, FEI Quanta 250 FEG). The powder diffraction data of
the cathodes with the different cycled conditions were collected using Bruker D8 X-ray
diffractometer with the X-ray source of Cu Ka radiation. The XRD peaks were recorded by

step scanning in the range of 20= 10-90° with the increment of 0.02°. Raman spectra were



collected by a 3D laser Raman micro-spectrometer (Nanofinder 30, Tokyo Instruments).
Raman investigation was conducted for 5 different points for each sample using a 532 nm
excitation laser (green laser, spot size ~ 2 um ) with 50x objective lens (Nikon), and 600
grooves/mm grating. X-ray photoelectron spectroscopy (XPS, AXIS Ultra HSA KRATOS) was
performed for the ex-situ study of the cathode materials at different rate regimes. Al Ka was
used as the X-ray source, and it was operated at 10 kV and 160 W under ultra-high vacuum
(107 torr). The background of the spectra was fitted using a Shirley-type function. The spectra

profiles were defined by a Gaussian-Lorentzian function using CasaXPS application.
2.3. Electrochemical characterization

NMCI11 electrodes were prepared by mixing the Li(Nii;3Mn13Co1/3)O2 active material (MTI,
Japan) with carbon black (Super C65) and polyvinylidene fluoride (PVDF) binder in a weight
ratio of 80:10:10 (=NMCI11:Carbon black:PVDF) in N-mehtyl-2-pyrrolidone (NMP, Sigma
Aldrich) solution. GNPSL electrodes were produced by the thermal-realising taping method of
graphene on the as-prepared NMC111 electrodes. The electrode slurries were coated on the
aluminium current-collector using an electrode coater equipped with a doctor blade and a dryer
(MTT, Japan), and the casted film was dried at 60 °C for overnight. The casted electrodes were
taken into the vacuum oven and dried at 120 °C for another overnight. The casted electrodes
were roll-pressed with 10 um thickness after the vacuum drying, and transferred into an Ar-
glove box in order to assemble the electrode components into a CR2032 coin cell type. Prior
to assembling, the electrodes were cut into a piece of discs to 16 mm in diameter. Li metal was
used as the counter electrode (anode), and it was cut into the same diameter size as the cathode.
The cathode and anode were physically separated by a membrane separator (CELGARD Inc.).
1 M lithium hexafluorophosphate (LiPFs) in ethylcarbonate (EC), diethylcarbonate (DC), and
dimethylcarbonate (DMC) (EC:DC:DMC = 1:1:1 in volume) was used as the electrolyte. A
stainless steel spacer and a steel spring were put on top of the anode, and they were sealed by
a hydraulic crimping machine (MTI, MSK-110). The assembled coin cells were charged and
discharged with the current rate of 1 C, 2 C, 3 C, and back to 1 C (denoted as rapid charge
regime), and the cells were charged and discharged with the current rate of 0.125 C, 0.250 C,
0.400 C, and back to 0.125 C (denoted as slow charge regime) using an 8-channel battery
analyser (MTI). The galvanostatic profile was obtained in the voltage range of 2.0 — 4.2 V at

room temperature with 40 cycles for each cell.



3. Result and discussion

Magnetism studies are particularly useful in understanding the local atomic environment of the
Li(Ni1sMn13Co1/3)O2 cathode composite and providing insights into the graphene defects and
charge rate kinetic of the stacked-graphene Li(Nii;3Mni;3Co13)O2 cathode (GNP8L). The
Curie-Weiss temperature (0), denoted as Weiss constant (Table. S1), from the magnetic
susceptibility measurements can offer information on the type and strength of the magnetic
exchanges. Especially, the identification of an antiferromagnetic exchange proves the presence
of the 180° Ni-O-Ni interactions between the Li-layer and the transition metal layer in the
electrode. In addition, the evaluation of the magnetic moment (us) upon the number of
graphene layers offers information about the occurrence of the graphene defects. Fig. la
exhibits the schematics of the battery cathode coated by the stacked graphene with defect sites.
The interactions appeared at the electrode interface on Li* charge rate kinetics is also displayed.
It has been demonstrated that the graphene grown by the CVD method can well maintain the
initial electron spin state along with a wide range of the substrate [48]. This feature is illustrated
as the electrons with identical spin states onto the graphene layer. The green circle represents
the individual lithium-ion and the orange arrow indicates the migration pathway. The different
migration speed of Li" is likely to be attributed to the rate dependent intercalation mechanism
[49]. Whereas the Li" migrates through the defect sites instantly at a rapid charge rate, the Li*
possibly competes with other Li+ and/or Li+ based compounds (e.g. LiF, LiOH, and lithium
carbonates) resulting from SEI dissolution into the electrolyte at a slow charge rate. The
difference in the charge rate could determine the presence of the steric hindrance at the defect
sites. Fig. 1b compares the performance of the electrochemical cells with the different number
of graphene layers. GNP8L revealed the best charge capacity and rate capability except for the
initial cycle. Further information on the electrochemical performance can be seen in Fig. S1
and Fig. S2. The magnetization and reciprocal magnetic susceptibility are compared in Fig.
lc—e. No saturation was found in the magnetization curve (Fig. 1e) for each sample, indicating
antiferromagnetic interactions. As shown in Fig. 1c, the electrodes appear to be paramagnetic
above 150 K, and thus the Curie-Weiss law of X,,, = C/(T — 0), where C is the Curie constant
(C=Nu?/3ky , N: Avogadro number, u: effective moment and kB: Boltzmann constant) and
0 is the Weiss constant, can be applied with the linear fitting between 150 K and 300 K. The
Curie-Weiss temperature for the NMC111-REF, GNP2L-REF, GNPSL-REF, GNP8L-Rapid,
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Fig. 1. (a) Schematics of stacked-graphene coating on the Li(Ni;;sMn;3Co13)0, (NMC) cathode, and difference in the charge
rate kinetic at graphene defect sites and the electrode interface. (b) Galvanostatic profile of 2-layers stacked graphene NMC
(GNP2L), 4-layers stacked graphene NMC (GNP4L), and 8-layers stacked graphene (GNP-8L), and their (c) reciprocal
magnetic susceptibility between 5 K and 300 K. The applied magnetic field is 1000 Oe. (d) The correlation of experimental
magnetic moments and charge losses after cycling on the number of stacked-graphene layers. Green arrow indicates the
magnetic moment changes after cycling (e) Hysteresis loop of magnetization at 5 K of Li(Ni;;3Mn;3Co13)0, (NMC) reference
cathode, GNP2L at reference, GNP8L at reference, 8-layers stacked graphene NMC with rapid cycles (GNP8L Rapid) from
C to 2 Cto 3 C and back to C rate, and 8-layers stacked graphene NMC with slow cycles (GNPSL Slow) from 0.125 C to
0.250 C to 0.400 C and back to 0.125 C.

and GNPS8L-Slow were evaluated to be —76.32 K, -79.98 K, -280.40 K, -44.18 K, and -62.74

K, respectively (detailed information on magnetization is summarized in Table S1). The



negative values of the Curie-Weiss temperatures further support the antiferromagnetic
interactions. The origin of the antiferromagnetic interactions can be explained by the presence
of Ni** in the lithium layer of the Li(Nii;3Mni;3Co013)O: cathode as it induces a 180°
antiferromagnetic interaction with the Ni** in the transition metal layer [50-52]. Slight
hysteresis loops could be observed for each electrode as can be seen in Fig. 1b. The remnant
magnetization of NMC111 (REF) was measured to be 3.08 emu-mol!. The remnant
magnetization was 4.16 emu-mol™!' for the GNP2L (REF) cathode and was 1.45 emu-mol™! for
the GNPSL (REF) cathode. After the electrochemical cycles, the remnant magnetizations
increased from 1.45 emu-mol™! to 3.64 emu-mol! and to 4.66 emu-mol™! for the slowly cycled
GNP8L and rapidly cycled GNPSL, respectively. The slight opening of the magnetization curve
is associated with a 180° ferromagnetic interaction between the Ni** in the lithium layer and
Mn*" in the transition metal layer [51-53]. These results signify larger changes in the local
atomic environment of the stacked-graphene cell at slow charge rates. Another significant
finding that can be deduced from the magnetic measurement is the magnetic behaviour of the
stacked graphene itself. Defect induced magnetization by graphene could be identified in Fig.
1d, e. The magnetic behaviour in NMC111 electrode can be described by the transition-metal
only (TM-only) magnetization since the cathode is mainly composed of Mn**, low-spin Mn*",
Co*", and Ni**. The coating of 2-layers stacked graphene is likely to add some magnetic
moments due to the defect induced magnetization by graphene. The experimental magnetic
moment resulting from the defects tends to increase with the increment of the graphene layers
(see Fig. 1d). However, the magnetization (emu/mol) declines when the number of graphene
layers increases higher than 6-layers (see Fig. S3). These findings are in agreement with a
number of previous studies, which have explored the defect induced magnetism in graphene
[54-57]. It has been reported that defects such as adatoms and/or vacancies can be present in
graphene [44,54,56]. A magnetism study of graphene by Nair et al. reported the relationship
between the magnetic property and the defect concentration based on point defects [57]. The
magnetic moment is likely to be high per unit defect at very low concentrations of point defects,
whereas the magnetic moment dramatically decreases at a certain level of the defect
concentration. It should be also noted that those defects allow the transportation of lithium ions
into the electrode in spite of the high diffusion barrier from the stacked layers [35,44]. The
(de)intercalation of lithium ions to the active material is believed to lead to higher graphene
defects.[58] The increase of the magnetization (emu/mol) at both cycled cells (GNP8L(Slow)
and GNPS8L (Rapid)) indicates a rise in the number of the defects. The magnetic moment of the



NMCIII electrode increased from 2.42 ps to 2.57 psat the slow charge regime, while it
declined to 2.31 pgsat the rapid charge regime. On the other hand, the magnetic moment of
GNP8L decreased from 2.90 psto 2.42 ps and 2.23 s for the slow charge regime and rapid
charge regime, respectively. This discrepancy is attributed to the engineered electrode interface
rendered by the stacked-graphene layers. The Li(Nii;sMni3Co13)O2 cathode without any
surface treatment can be easily oxidized by the electrolyte (PFg), leading to the oxidation
changes in the transition metals. The HF compound stemming from the residual water is
another critical factor that can dissolve the transition metals. These surface interactions lead to
the local atomic phase changes in the transition metal elements, thereby forming low-spin
transition metals. The decline of the magnetic moment of NMCI111 electrode at the rapid charge
regime can be explained by the occurrence of the low-spin transition metals. On the other side,
lithium ion vacancies or oxygen vacancies can be formed through the transition metal migration
and the loss of lithium ions during charge-discharge. The lower the charge rate is, the deeper
the Li* (de)intercalation is. It thus results in the formation of a larger number of vacancies that
could invoke high-spin transition metals, leading to higher magnetic moments. By contrast, the
drop in the magnetic moment of GNP8L at both charge regimes could be explained by the Li*
intercalation either into layers or on defect sites. The charge loss after electrochemical cycles
is also correlated to the number of stacked-graphene layer and the magnetic moment of the
electrode, as presented in Fig. 1d. The charge loss was minimum for the GNPS8L cell on cycling.
The electrode coated with 2-layers and 4-layers of graphene revealed higher charge capacity
loss after cycling. This result supports the concept of the corrosion-SEI dominant regime,

which is discerned in accordance with the number of graphene layers [44].

The rate kinetic study was conducted to gain insights into the electrochemical
performance and stability of the cathode with the stacked-graphene system. Two
distinguishable regimes of charge rates were applied in order to reproduce some harsh
environments at the electrode/electrolyte interface stemming from the lithium-ion
(de)intercalation. Fig. 2 presents the rate capability (Fig. 2a and b) and the galvanostatic profile
of NMCI111 and GNPSL (Graphene 8L) samples with the variations of charge rates between C,
2C, and 3C at the rapid-charge regime and 0.125 C, 0.250C, and 0.4 C at the slow-charge
regime. Whereas the change in the specific charge capacity was not significant at the slow-
charge regime, there was a notable difference at the rapid-charge regime. Interestingly, GNP8L

(Graphene 8L) cell revealed better rate capability and capacity retention than those of NMC111
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Fig. 2. Kinetics investigation of Li(Ni;;sMn;;3Co01,3)O02 (NMC111) and graphene coated NMCI111 with 8 layers of stacked-
graphene (Graphene 8L). Rate capability at (a) rapid charge regime (C, 2 C, 3C and C-rate) and (b) slow charge regime (0.125
C, 0.250 C, 0.400, and 0.125 C-rate). Galvanostatic profile of (¢) NMCI111 and (d) Graphene 8L (GNPSL) at slow charge
regime in the voltage window of 4.2-2.0 V. Galvanostatic profile of (¢) NMC111 and (f) Graphene 8L (GNP8L) at rapid charge
regime in the voltage window of 4.2-2.0 V.

cell at the rapid-charge regime. Stacked graphene perpendicular to the substrate, known as the
basal plane, has been generally considered as a physical barrier that blocks diffusion of lithium
ions into the electrode substrate by steric hindrances [44,46]. Although ionic diffusion is highly
limited between the stacked layers of graphene , some defect sites such as divacancies, ordered
defects, and grain boundaries are likely to allow lithium ions to diffuse through the basal plane

[44,46]. Also, it should be noted that the galvanostatic profile of GNP8L (Graphene 8L) cell



showed clearer separations in the rate regime compared to NMC111 cell at high charge rates
(Fig. 2e and f), indicating better capacity retention and stability against dramatic changes in the

ionic diffusion kinetic.

Fig. 3 compares the differential capacity obtained from initial, 9th, 15th, 25th, and 38th
cycles of NMC111 and Graphene-8L (GNP8L) cells at the rapid charge regime with C, 2 C, 3
C, and C-rate applied and at the slow charge regime with 0.125 C, 0.250 C, 0.400 C, and 0.125
C-rate applied in the voltage window of 2.0 — 4.2 V. The initial peak location of NMCI11 cell
at around 3.8 V ascribed to Ni*/ Ni**/Ni*" oxidation shifted to 3.74 V during the 0.125 C-rate
cycling at the slow charge regime (Fig. 3a). There has been also an irreversible decrease in the
peak intensity after the initial charge of NMCI111 cell, implying phase changes in the local
atomic environment of the cathode or/and the formation of SEI layer. The initial redox reaction
of Graphene-8L (GNP8L) cell was found at around 3.8 V at a rate of 0.125 C, which is almost
the same as in that of the NMCI111 cell. By contrast, the intensity of the initial dQ/dV peak of
Graphene-8L (GNP8L) showed a similar level to that on further cycles (Fig. 3b). On the other
hand, the trend of spectrum shift at the rapid charge regime was similar between NMC111 and
Graphene-8L (GNPSL) cells as shown in Fig. 3¢ and d. While there has been a notable
difference in the intensity of the initial discharge, the location of the chemical potential
attributed to the Ni**/ Ni**/Ni** reduction was similar regardless of the charge rate regime. Peak
broadening and intensity decrease upon higher charge rates could be identified on both samples,
indicating a continuous capacity fading. However, Graphene-8L (GNP8L) appeared to be more
durable against charge variations that could lead to the formation of unstable SEI layers.
Particularly, at the rapid charge regime, Graphene-8L (GNP8L) not only exhibited a higher
peak intensity, but also better stability showing less changes in the redox voltage levels. The
voltage difference of the redox reaction between C and 3 C-rate was 0.06 V for NMCI111 and
0.01 V for Graphene-8L (GNPSL). The present observations on the electrochemical behaviour
of the lithium ion cells are significant in two aspects. Firstly, it is surprising that the cells with
stacked-graphene layers revealed better performance in the charge compensation process as
compared to NMCI111 cell. The fully covered electrode with 8 layers of graphene would be
nonideal for lithium-ion diffusion, but they can still migrate through site defects. It has been
also known that graphene synthesized on copper foil by chemical vapor deposition (CVD)
introduces a homogeneous distribution of defects [59]. The key factor for delivering better
charge capacity is possibly due to the functional design of the stacked layers, which mimics a

pile of clap-net that is likely to be beneficial for collecting electrons from the intercalated



lithium ions (Fig. 1a). Secondly, the observations further support the concept of the rate-
dependent intercalation pathway [49]. The discrepancy in the electrochemical behaviour upon
different rate regimes can be explained by the inhomogeneous phase transformation that
depends on the charge rates [49]. At a slow charge rate, the phase transformation of the active
material particles tends to be homogenous, whereas the phase transformation at a rapid charge
rate appears to be inhomogeneous as only particular particles are involved in the lithiation.
Consequently, the lithium-ion at a higher charge rate is more likely than the lithium-ion at a
lower charge rate to (de)intercalate in the cathode through the site defects or grain boundaries
of the stacked graphene. This explains the relatively higher battery performance of Graphene-
8L (GNP8L) as compared with NMCI111 at the rapid charge regime.
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Fig. 3. dQ/dV plot vs cell voltage profile between initial and 40th cycle: (a) NMC111 at slow charge regime, (b) Graphene-8L
(GNP8L) at slow charge regime, (c) NMC111 at rapid charge regime, and (d) Graphene-8L (GNPSL) at rapid charge regime.

Fig. 4a and b shows the SEM images of NMC111 and GNP8L cathodes at the reference
state where no current was applied, and the observations on cycled cathodes at rapid and slow
charge regimes. It can be seen from the SEM images that NMC111 underwent disruptions of
the conductive additives or binding material, and dissolution of the active material particles
after charge-discharge. By contrast, the stacked-graphene coated samples (GNPSL) revealed a

well-preserved coating condition. The X-ray diffraction patterns are compared in Fig. 5a. Both

NMCI111 and GNPSL could be indexed by the LiMO; (trigonal, R3m) structure, where M =

Mn, Ni, and Co. Each of two coin cells for the sample type and the corresponding states were
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Fig. 4 SEM images of (a) NMC111 cathode at reference state (REF) where no current was applied, and at slow rate regime
(NMCI111(Slow)) and rapid rate regime (NMC111(Rapid)). SEM images of (b) GNPSL cathode at reference state (REF)
where no current was applied, and at slow rate regime (GNP8L(Slow)) and rapid rate regime (GNP8L(Rapid)). (c) Comparison
of powder diffraction patterns between NMC111 and GNP8L cathodes. The cells at the rapid charge regime were cycled at

C, 2 C, 3C and C-rate, while the cells at the slow charge regime were cycled at 0.125 C, 0.250 C, 0.400, and 0.125 C-rate in
the voltage window of 4.2 —2.0 V.

prepared. NMC111 showed a notable change in the peak intensity at (003). While the peak
increased after rapid cycles, the peak dramatically decreased after slow charge-discharge of

NMCI111 cells. There has been also a marked change in the peak intensity at (101), (104) and
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Fig. 5 Comparison of powder diffraction patterns between (a) NMC111 and GNPSL cathodes. (b) Key Raman spectra (Aig, D-
band, and G-band) of NMC111 and GNPSL at reference state, slow charge regime, and rapid charge regime. (¢) Comparison
of the XRD intensity ratio changes of 1(003)/1(004) between NMC111 and GNP8L. (d) The location change of Raman A,
mode on different charge rate regimes between NMC111 and GNPSL. The blue arrow represents the slow cycle regime, while
the orange arrow indicates the rapid cycle regime. Raman intensity change of D-band/G-band on different charge regimes.
The cells at the rapid charge regime were cycled at C, 2 C, 3C and C-rate, while the cells at the slow charge regime were cycled
at 0.125 C, 0.250 C, 0.400, and 0.125 C-rate in the voltage window of 4.2 —2.0 V.

(108). Especially, after the slow cycles, the peak intensity of NMC111 at (101) declined
substantially. By contrast, the peak intensity of GNPSL at (003) was similar between rapid
and slow cycles. Also, there have been little change in the peak intensity at (101) for GNP8L
after the electrochemical cycles. The peaks at (101) and (104) are generally considered as an
indication of the successful lithium-ion (de)intercalation [60]. The decrease in the intensity at
those peaks represent the loss of lithium-ions of NMC111 cathode during charge-discharge,
implying a phase transition in the crystallography structure. In addition, the variations in the

peak intensity at (108) of NMC111 indicate the structural distortion in the layered structure of

the trigonal phase (R3m) [61]. The coated cells with stacked-graphene (GNPSL) displayed
significantly improved stability to the substrate structure on charge rate variations. To further
understand the local atomic environment in the layered structure, the intensity ratio of
diffraction peaks between (003) and (104) was evaluated as can be seen in Fig. 5c. The peak
intensity of Ioo3/Ii04 is known to be associated with the Ni** cation mixing at the lithium-layer
site. The higher the value of Too3/I 04 is, the lower cation mixing between Ni** and Li" at the

lithium-layer is [62,63]. It can be seen from the trend of Ioo3/Ii04 that the Ni*" at the lithium-



layer is likely to be diminished during Li* (de)intercalation at rapid charge rates on both
NMC111 and GNPSL cells. However, the peak intensity of Ioo3/I104 decreased in the slow charge
regime of NMC111 cell, implying increment in the cationic disorder. Interestingly, the peak
intensity of loo3/l104 in the rapid charge regime of GNPS8L cell was rather increased. This
signifies a well-ordered layered structure in GNPSL cathode even after the severe
electrochemical cycles. The results obtained from the Raman spectroscopy are compared in
Fig. 5b. Raman spectroscopy provides key information about the local atomic structure of the
MOgs octahedron (M=Transition metal). It also offers some insights into the carbon or graphitic
system due to the high sensitivity of Raman scattering (D-band and G-band) to the distortion
in the sp? carbon atoms. The Raman mode of Ay, is attributed to the M-O stretching, and it
represents the order in the layered structure of hexagonal rock-salt system. The Az mode was
located at approximately 600 cm™! for both NMC111 and GNPSL cathodes at the reference state
(REF). After rapid cycles, the Ajg of NMCI111 shifted towards a higher frequency, but no
significant change was observed in GNPSL (GNP8L Rapid), as exhibited in Fig. 5d. After slow
cycles, the location of A, shifted towards a higher frequency as 611 cm! for NMC111 and 604
cm! for GNP8L. At both charge regimes, GNPSL revealed better stability, and these results are
in good agreement with the powder diffraction measurements. It seems that those cells cycled
at the slow charge regime could fully activate the redox reactions for the charge compensation
mechanism, which in turn results in higher charge capacity as shown in Fig. 2. On the other
hand, at the rapid charge regime, the obtained capacity was relatively lower than that of the
slow charge regime, although it reached the target voltage quicker. At constant current cycles,
the slow charge rate generally exerts higher impact on the underlying structure due to the fully
activated/oxidized active materials, which leads to high battery capacity. The stacked-graphene
coating on the Li(Nii;;3Mn;3Co1/3)Oz cathode appears to be stable under the cycling condition,
i.e., dynamic changes of charge-discharge rates. The tendency could be also found in the
Raman D-band and G-band of the cathode materials. The ratio of Raman peak intensity Ip/Ig
can be used as an indicator to evaluate the defects in the carbon and graphitic system. The
appearance of the G-band can be attributed to the plane stretching motion between sp? carbons,
whereas the D-band is assigned to the structural defects (e.g. broken sp?) and/or edge effects
of the graphitic system [64—66]. The higher the value of Ip/Ig is, the more defects and disorders
in the structure are [64,65]. It is difficult to directly compare the Ip/Ig ratio between NMC111
and GNP8L cathodes, due to the different origin of the carbonic system. However, there was

an important difference in the value of Ip/Ig between the slow charge and rapid charge regime



as presented in Fig. 5b and d. The change of Ip/Ig was not significant for NMC111, but there
was a notable increase in the value of Ip/lc for GNPSL. The increment of the ratio was
relatively large at the slow charge regime, indicating a higher degree of defects and disorders
of the sp? carbon bonding. These results are consistent with the magnetic measurements on the
defect-induced graphene upon different charge regimes (Fig. 1). Due to the steric hindrance,
which is possibly originated from the rate-dependent (de)intercalation, the cathode cycled at
slow charge rates may introduce relatively a larger number of defects on the stacked-graphene
layers. The increase of disorders and defects (higher Ip/Ig) could diminish the electron
conductivity, which in turn results in lower charge capacity [66,67]. This is in accord with the
electrochemical measurements (Fig. 2). The formation of graphene layers identified by Raman

2D-band can be seen in Fig. S4.

The chemical property of the electrode materials was examined using XPS to evaluate
the oxidation states of the transition metals, as well as to compare the SEI formation on the
electrode upon different charge rates. Fig. 6 presents the XPS spectra of NMCI111 and GNP8L
at Mn 2p, Ni 2p, O 1s, C Is, and F 1s between the slow and rapid charge regimes. The binding
energy values of Mn (2ps/2) and Mn (2p12) were approximately 642.3 eV and 654.0 eV at the
reference state (REF), respectively, indicating the presence of Mn*" on both samples [68]. On
the other side, the peaks at 641.7 eV and 653.3 eV imply the existence of some Mn** in the
cathode at the reference state as can be seen in Fig. 6a and d [69]. It is likely that the Mn in the
pristine material exists as a mixed oxidation state between Mn** and Mn*'. This can be
explained by the presence of low-spin Mn*" and/or the electron transfer between Mn*" and Ni?*
[70-72]. The spectral shift on both cells towards higher oxidation state in Mn 2p was only
marginal at the rapid charge regime. However, at the slow charge regime, the shift was dramatic
in NMCI111 cell as it shifted from 642.3 eV to 645.2 eV while the change remained insignificant
in GNPSL cell. This observation indicates the irreversible loss of the Mn of which its oxidation
state lies between Mn*" and Mn*" from NMC111 cathode in the slow charge regime. The Ni
(2p32) and Ni (2p12) peaks were identified at 854.5 eV and 872.1 eV followed by shake-up
peaks (satellites) at approximately 860.9 eV and 879.0 eV (Fig. 6b and e), respectively,
suggesting the existence of Ni** in the pristine composite. There were also two minor peaks at
approximately 855.9 eV and 874.0 eV attributed to the Ni**. The occurrence of the minor peaks
can be also caused by electron transfer between Mn*" and Ni?*. The trend of the XPS spectral
shift of Ni 2p is comparable to that of the Mn 2p on both GNPSL and NMC111 cathodes on
charge-discharge. As to NMCI11 cell, the oxidation state change of Ni 2p was prominent at
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Fig. 6 XPS spectra of NMC111 sample: (a) Mn 2p, (b) Ni 2p, and (c) O Is at reference state (REF), slow charge regime from
0.125 C to 0.250 C to 0.400 C (Slow) and back to 0.125 C, and rapid charge regime from C to 2 C to 3 C and back to C
(Rapid). XPS spectra of GNPSL sample: (d) Mn 2p, (e) Ni 2p, and (f) O Is at reference state (REF), slow charge regime
from 0.125 C to 0.250 C to 0.400 C (Slow) and back to 0.125 C, and rapid charge regime from C to 2 C to 3 C and back to C
(Rapid). XPS spectra of NMC111 sample: (g) F 1s and (h) C 1s at reference state (REF), slow charge regime from 0.125 C
t0 0.250 C to 0.400 C (Slow) and back to 0.125 C, and rapid charge regime from C to 2 C to 3 C and back to C (Rapid). XPS
spectra of GNPSL sample: (j) F 1s and (i) C Is at reference state (REF), slow charge regime from 0.125 C to 0.250 C to 0.400
C (Slow) and back to 0.125 C, and rapid charge regime from C to 2 C to 3 C and back to C (Rapid).

slow charge rates, and this tendency was similar to that of Mn 2p. However, the spectral shift

of Ni 2p was also notable at rapid charge rates as it shifted from 854.5 eV to 858.9 eV (Fig. 6b)



after 40 cycles. On the other hand, the spectral changes of Ni 2p were relatively small in GNP8L
cell as shown in Fig. 6e. It is likely that the Ni in GNP8L cell underwent less phase transition
and/or less dissolution into the electrolyte upon charge-discharge. Ni is generally known as the
major contributor to the charge compensation mechanism due to its two-stage oxidation of
Ni?*/Ni** and Ni**/Ni*" during charge-discharge. Moreover, Ni is also relevant to the cation
exchange between Li and Ni at the layered structure, and thus affects the ionic diffusion rate.
As a consequence, the complex manner of the Ni in the cathode composite gives dynamic
spectral changes upon different cycling conditions. Similarly to Ni 2p, there was a major
binding energy shift in Mn 2p at the slow charge regime of NMCI111. This result could be
attributed to the oxidation state change from mixed Mn**/Mn*" to Mn** which contributes to
the charge compensation mechanism. However, it is difficult to explain the major changes
towards higher binding energy only by considering the irreversible oxidation change of Mn,
since the electrons transferred are not sufficient to cause such a large spectral shift. The major
reason for the spectral change of the Mn 2p in NMC111 might be due to the Mn dissolution
from the electrode surface into the electrolyte during electrochemical cycling. It is believed
that the trace amount of Mn** in the cathode triggers the acidic corrosion reaction with the HF
stemming from the decomposition of LiPF¢ salt, as a consequence of residual water in the
electrolyte [73,74]. Though the origin of the spectral shifts differs upon chemical species, it is
the slow charge regime that reveals the higher binding energy shift after 40 cycles. There are
two possible explanations for this result. As presented in the galvanostatic profile (Fig. 1a and
b), the slow charge rates seem to fully activate the transport of electrons involved in the charge
compensation mechanism, and thus results in higher charge capacity than the rapid charge rates.
This in turn exerts a strong influence on the atomic phase transition of the transition metals.
These findings are consistent with the results obtained from XRD and Raman spectroscopy.
Another possible explanation is the rate-dependent phase transformation, as previously
mentioned. At the rapid charge regime, either a fully intercalated or a fully deintercalated phase
exists, whereas intermediate phases are likely to be present at the slow charge regime [49].
Hence, there will be larger spectral shifts at slow charge rates due to the coexistence between
the fully oxidized transition metal and the larger amount of the intermediate phases. However,
at both cases, GNP8L demonstrated its superior capability to protect the cathode material from
its atomic phase transformation and dissolution into the electrolyte. The results obtained from
the XPS analysis for O 1s are shown in Fig. 6¢ and f for NMC111 and GNPS8L, respectively.
The peak at approximately 529.3 eV is associated with the lattice oxygen (Mn-O, Co-O, and



Ni-O) in the cathode composite at the reference state [75]. The intensity of this peak was
relatively low in GNP8L as compared with that in NMCI111. This observation could be
attributed to the coating of the stacked graphene with 8-layers, which in turn hinders the XPS
beam penetration. There was also a smaller peak at approximately 531.3 eV in NMC111 at the
reference state. The peak corresponds to Li>COs, which generally appears at the pristine state
of the cathode material [75,76]. XPS Ols of GNP8L would be mainly described by another
notable peak at approximately 532.2 eV (Fig. 6f), which can be assigned to the metallic
carbonate (COs>") and the oxygen bond to graphene [75-77]. The appearance of the peak at
532.2 eV in GNPSL signifies a strong affinity between graphene and Li(NiisMni;3Co1/3)O2
composite [78]. There has been a notable change in the intensity and location of the Ols
binding energy after the rapid cycles of NMC111 cells. The shifts towards a higher binding
energy was dramatic at the rapid charge regime of NMC111 as can be seen in Fig. 6¢. This
observation accords with the XPS spectral shifts of the transition metals, and the charge kinetic
appears to be more sensitive to the oxygen anions, which are believed to be evolved in the
oxygen gas during charge-discharge [79,80]. By contrast, there has been little difference in the
spectral shifts at Ols between the reference and cycled states of GNPSL cells, exhibiting
considerable stability against oxygen loss, SEI formation from metal carbonates, and charge
kinetics. Fig. 6g and i compare the XPS spectra obtained from the F 1s region on NMC111 and
GNP8L cathodes. At the reference state (REF), where no current was applied, there was a peak
at 687.7 eV that corresponds to the F from the PVDF binder and/or LixPOyFz species on both
cathodes [81,82]. After the rapid cycles, the F 1s of NMC111 contained a new peak close to
685.3 eV. The new peak can be assigned to the F species in LiF, which is one of the key
components of SEI layer [37,81,83]. At the slow charge regime, the LiF peak did not occur in
the F 1s of NMC111 sample. In contrast, as to GNPSL, the LiF peak at F 1s was observed at
the slow charge regime, whereas it was not clear at the rapid charge regime. These intriguing
observations raise questions about the nature of charge-dependent (de)intercalation of the
lithium-ions. Homogenous and steady (de)intercalation at the slow charge regime is likely to
result in less LiF formation in the SEI layer. Inhomogeneous and active (de)intercalation at the
rapid charge regime tends to produce a higher amount of LiF on the electrode surface as a part
of SEI layer. This can be simply explained by the vigorous decomposition of the LiPFs into
LiF and LixPFy at higher C-rates, and thus a higher amount of LiF will be formed on the
Li(Ni1sMn13Co1/3)O2 composite. However, a new surface environment originated from the

stacking of 8 layers of graphene on the electrode possibly alters the way the LiF is formed



depending on charge rates. Graphene itself is believed to be very effective in forming a
stabilized and well-defined SEI layer [37,44]. In addition, the structure of stacked graphene
layers, commonly termed as the basal plane, is generally known to form a thinner SEI layer as
compared with the edge plane [84]. The appearance of the LiF peak in the region of F 1s at the
slow charge regime of GNP8L (Fig. 61) could be attributed to the steric hindrance from the
aggregated lithium-ions [44]. At fast charge rates, the native Li* will intercalate to the cathode
composite rapidly passing through the defects and grain boundaries of the graphene layers.
However, at slow charge rates, the native Li" may compete with the LiF component in the
electrolyte, which in turn leads to the steric hindrance at the defect sites (Fig. 1a). The C1s XPS
spectra consists of 284.2 eV, 285.6 eV, and 290.6 eV are shown in Fig. 6 for NMCI111 and
GNP8L cathodes, respectively. The first peak at approximately 284.2 eV can be assigned to the
conductive carbon [78,85]. The second peak at 285.6 eV and the third peak at 290 eV are
attributed to the PVDF binder [73,86]. After the rapid cycling of NMCI111 cell, the C-H peak
slightly increased and shifted towards higher binding energy indicating some chemical
modifications in the PVDF binder. This is in accord with the spectral change of the C-F peak,
also suggesting chemical changes in the PVDF binder after the rapid cycles of NMCI111 cell.
At the slow charge regime of NMC111, the C-H and C-F peaks have disappeared as presented
in Fig. 6h. Instead, a peak possibly related to carbonates derivative could be observed. There
have been also some changes on the C 1s spectra of GNP8L as can be seen in Fig. 6], but the
shape of spectra between the reference state and the cycled states with different charge rates
remained consistent. This finding suggests the enhanced chemical stability against the

electrode dissolution into electrolyte during charge-discharge, by the stacked graphene.

4. Conclusion

This study has demonstrated, for the first time, the intriguing capability of the stacked-graphene
design (8 layers of graphene basal planes) as an artificial solid interphase layer (SEI) for
lithium-ion batteries. Lithium-ion diffusion through the stacked-graphene layers (basal planes)
is believed to be significantly suppressed by the physical barrier offered by the stacked-
graphene design. Surprisingly, the cell (GNP8L) with the multi layers of stacked-graphene
grown by CVD method has displayed a similar level of the battery capacity as NMC111 at slow
rate regime in spite of its high lithium-ion migration barrier. Moreover, GNPSL has revealed a

better charge capacity and rate capability at rapid charge rates. The magnetic measurements



prove the effective Li* intercalation into the stacked layers. Therefore, we propose that the
lithium-ions migrate through the defect sites and grain boundaries benefit from the clap-net
design of the stacked-graphene enabling a unique structure for efficient electron transport,
protecting the active material inside. In both cases, the stacked-graphene cells have presented
stable SEI formation under different charge rates bias. It also effectively maintains the local
atomic environments of the Mn-O, Co-O, and Ni-O during Li* (de)intercalation. The rate
kinetics investigation into the formation of SEI layers at the electrode/electrolyte interface not
only proves the superior stability of the stacked-graphene system, but also confirms the rate-
dependent intercalation mechanism. Our findings shed light on developing electrode materials

with enhanced stability, particularly devoted to fast charging applications.
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