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Abstract: The tendency of Li plating at the surface of thick graphite electrodes greatly
limits its application in electrical vehicle (EV) batteries for fast charging applications. To
address this concern, we innovatively proposed a gradient porosity architecture to facilitate
mass transport and suppress the Li plating in the thick anodes for fast charging applications.
This concept was approved through a thick 3-layered graphite electrode with the highest
porosity in the top layer and lowest porosity in the bottom layer, contacting with the current
collector. The gradient porosity structure in the 3-layerd graphite electrode was confirmed
by electron microscope and mercury porosimetry measurements. Used as the anodes of
lithium-ion batteries, 3-layered graphite electrode demonstrated unprecedentedly superior
rate capability and durability over 1-layered electrode. The post-mortem analysis on the
cycled cells shows that 3-layered electrode could significantly suppress the Li plating at
the high rate up to 4C, which might be responsible for the derived cells with improved
performance. The excellent electrochemical behaviors of 3-layered graphite electrode are
associated with the favored mass transport originated from the unique gradient porosity
structure. This is in consistent with the theoretical studies that the introduction of the
gradient porosity lowers Li-ion concentration gradient in the electrolyte in the region close

to the separator and slows down the process to reach the threshold value of Li plating.
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1. Introduction

The rapid growth of global electrical vehicles (EVs) market requires lithium-ion
batteries (LIBs) with both high-energy density and fast-charging capabilities'. However,
the rate to charge the current high-energy EV batteries is limited due to adverse battery
performance and safety issues at high current densities?. The main culprit of this limitation
is the inevitable Li plating on the graphite!- 3 at high rates, which is predominately used
anode materials in state-of-art (SOA) LIBs*. The Li plating on graphite occurs when the
charging rate exceeds diffusion rate of Li* within the graphite electrode’, particularly for
thick electrodes at high current densities® 7. The formation of metallic Li on the graphite
anode surface can cause irreversible lithium loss, rapid capacity fade, electrolyte

decomposition, internal micro-short and other deleterious effects®.

The key to realize fast charging LIBs lies in reducing the anode polarization to have
anode potential above that for Li plating?. The concentration polarization, along with the
charge-transfer overpotential and ohmic voltage drop, drives the anode potential below the
thermodynamic potential of Li metal (<0 V versus Li*/Li), leading to the Li plating at the
surface of graphite’. Surficial coating with Al,O38, MoO,-MoP,°, and graphene!®, and
treatment with acid and base!! could effectively reduce the charge-transfer impedance
through facilitating Li-ion and/or electron transport at the surface of graphite particles. The
ohmic voltage drop could be reduced through the employment of electrolytes with high Li*
transference number!> 13, selection of electrode materials'4,electrode design with high
electronic conductivity!> and utilization of separators with high electrolyte uptake!® 7.
Both approaches could improve the intercalation kinetic process but have a limited effect

in improving the sluggish Li* transport across the electrodes. In fact, the mass transport
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within a graphite anode plays a decisive role in determining how fast a cell could be

charged'®, especially at high rates in electrodes with high mass loadings'®.

Constructing electrodes with designed porous architectures is an effective way to
improve the mass transport and mitigate the Li plating!’. During the fast charge operation,
the Li* transport limitation will inevitably establish a concentration gradient within the
graphite anode, leading to a spatially inhomogeneous charging current?® 2!, The energy
dispersive X-ray diffraction measurement on a thick graphite electrode reveals that the
LiC¢ phase accounts for all Li present at the electrode/separator interface and its
concentration exponentially falls towards the current collector under certain charging
conditions??. This Li inhomogeneity might lead to the Li plating in the region close to the
electrode surface and the Li-starving region close to the current collector when we charge
thick electrodes at high rates?? 23. All these observations imply that, compared with other
regions, the region close to the electrode surface plays a more critical role in Li plating in
anodes. Introducing a secondary porous network (SPN) with pore channels perpendicular
to the current collector could facilitate the electrolyte transport through the whole the
electrode and effectively suppress the Li plating within graphite anodes even at high rates.
Successful examples include laser-structured graphite electrodes with patterned pores> 24
25, freeze-casted graphite electrodes with lamellar porous structure? >’ and magnetically
aligned graphite electrodes with graphite flakes aligned in the out-of-plane direction?®.
Despite of effectiveness of SPN, it is challenging to successfully and economically create

SPN in the electrodes.

An alternative approach to address this concern is to introduce a varied porosities

into the thick graphite electrode for fast charging LIB applications. The varied porosities
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could enhance the electrolyte infiltration, decline the polarization and increase the
utilization of active materials in the thick electrodes®® 3°. Regardless of the critical role of
anode in fast charge applications, most research on the gradient porosity, however, has
been reported on the cathodes?!: 32 with using small particles in the top layer and large
particles in the bottom layer to construct a bi-layered electrode to improve rate
capabilities®3. However, it is unclear that the improved rate performance is the result of the
gradient porosity feature or utilization of small particles. In further, investigations on the
anodes with varied porosity have been rarely reported and their role in LIBs at high rates

is still uncertain?®: 39,

In this work, we firstly propose to establish a gradient porosity architecture to
improve the mass transport and suppress the Li plating in a thick anode for the fast charge
applications. This concept will be validated through a thick 3-layered electrode containing
the same graphite but various porosity in every layer. The high loading 3-layered graphite
electrode was fabricated through a facile approach, three-repeat conventional bar coating
method. The thick graphite electrode has the highest porosity in the region close to the
surface and the lowest porosity towards the current collector. The high porosity could favor
the mass transport of electrolyte and thus alleviate Li plating in the region close to the
graphite electrode surface. Compared with conventional electrodes with a high and uniform
porosity, the gradient porosity electrode has the advantage of lower overall porosity and
consequently higher areal mass loading. The superiority of the gradient porosity electrode
in improving the battery performance over traditional electrodes with uniform porosity will

be demonstrated.

2. Experimental
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2.1. Electrode fabrication and cell assembly

Graphite (Dso of 16.9 um and Dy, of 26.7 um, Targray), polyvinylidene difluoride
(PVDF 9130, Kureha) and carbon black (100-200 nm, Super C45, MSE Supplies) were
used as received without any modification or further treatment. Graphite and carbon black
powders were dispersed in the binder solution with PVDF dissolved in N-
Methylpyrrolidone (NMP) and well mixed by using a mixer (Thinky 100) to get a uniform

slurry. The same slurry was used to fabricate both 1- and 3-layered electrodes.

A graphite electrode with gradient porosity feature could be fabricated through a
facile approach involving repeated bar coating followed by pressing, as shown in Figure
1. For bottom layer coating, the well mixed slurry was casted onto the Cu foil and then
dried in vacuum oven at 80 °C for 12 h. The dried coating was calendered to a thickness to
meet the targeted porosity. The same approach was repeated to coat the second layer
(middle layer) on the bottom layer, and third layer (top layer) on the middle layer. Every
layer was pressed to a thickness to achieve the targeted porosities of 15% for bottom layer,
25% for middle layer and 35% for top layer. The final 3-layered electrodes had an overall
porosity of ~25%, which is generally applied to electrodes with moderate areal capacities
for EV applications!”. The 10% difference made it feasible to generate different porosities
in neighbored electrode layers during the electrode fabrication and to distinguish the
porosity changes along the thickness direction in the final electrodes under the inspection.
The same approach was used to produce the 1-layered electrode with a single laminate on
the Cu foil, and the dried coating was calendered to have a same and uniform porosity of

~25%. Both dried 1- and 3-layered electrodes had the same mass loading of ~ 9 mg/cm?

Page 6 of 27
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and were composed of 92% graphite, 2% carbon black and 6% PVDF. The physical

properties of both 1-layer and 3-layer electrodes are detailed in Table S1.
2.2. Characterizations
2.2.1. Material and electrode characterizations

Morphology and surface: Scanning electron microscope (SEM) and Energy
dispersive spectroscopy (EDS) were performed on a JEOL IT-200 InTouch microscope at
20 kV to collect information about the morphological and surficial information about the
pristine and cycled electrodes. Before SEM observations, the cells underwent rate tests
were charged (delithiated) to 1.5V and disassembled inside the glovebox. The harvested

electrodes were carefully rinsed by the ethyl methyl carbonate (EMC) and dried.

Mercury intrusion/extrusion: Mercury Porosimetry characterization was conducted
at MSE Supplies LLC using a Micromeritics’ AutoPore V 9600. The measurements were
performed with a penetrometer of 5.9 ml bulb volume and 0.392 ml stem volume. For the
sake of accuracy, a sample weight of 0.4-0.5 g (~30 pieces of 1.6 cm? coated electrode
pieces) was added to the penetrometer. The data were collected within a pressure (P) range
of 0-420 MPa. Pore diameters were calculated assuming pores with a cylindrical shape and
mercury-graphite contact angles of 130° to determine the pore size distribution (PSD). The

porosity of electrode coating (&.pasing) Was calculated through following equation (1):

Vpore/mcoating Vpore/mcoating
Ecoating = % =

(1)

coating/mcoating Vcoating
Msample X (1 - WCu%)

Where Veoating, Meoatings Msampie a0 W, %0 are the volume of coating, mass weight of
coating, mass weight of electrode sheet and mass weight percentage of Cu foil in the

7
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electrode sheet respectively. It is noted that pore volume (V),,.) did not include the volume
contribution from pores with diameter of >30 um, which is larger than Dy, of graphite

particles used here2.
2.2.2. Electrochemical characterizations

The prepared graphite electrodes were cut into disks of 1.6 cm? and assembled in
2032-type coin cells with lithium metal as counter electrodes. The solution containing 1.2
mol/L LiPFg in ethylene carbonate (EC)/EMC (3/7 by weight) was used as the electrolyte.

All cells were assembled inside the glovebox.

Formation: Galvanostatic cycling tests of all assembled cells were conducted on a
Neware BTS4000 at a constant current of C/10 over the voltage range from 1.5 V to 0.01
V at room temperature. After 3 formation cycles, cells were divided into three groups for
further electrochemical investigations. The cycling test was applied to one group of cells,

and rate tests for the rest two group cells.

Rate capability: After 3 formation cycles, two types of rate tests were conducted on
two groups of cells respectively. For the first group of cells, the constant current-constant
voltage (CC-CV) mode was applied to both charge (delithiation) and discharge (lithiation)
processes. A constant current of C/3 was used to delithiate the cells to 1.5 V followed by
voltage hold at 1.5 V until the current below C/20 or the total delithiation time reached 3
hours. An incremental current density (C/10, C/2, 1C, 2C and 4C) was applied to the
lithiation processes. At every rate, the cells were lithiated to 0.01 V with a constant current
density followed by voltage hold at 0.01 V until current density below C/20 or the overall
lithiation time reached the time corresponding to the rate. For the second group of cells,

the same CC-CV mode was applied to the lithiation processes, but, at every rate, the cells

8
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were lithiated to 80% state-of-charge (SOC) without controlling the cutoff voltage. At

every rate, the cells underwent three cycles.

Cycling test: After 3 formation cycles, the cycling test was conducted on the third
group of cells. The CC-CV mode was applied for the cycling test with the voltage window
of 1.5 V-0.01 V. A constant current density of C/3 was used for the delithiation process,

and 2C for the lithiation process.
2.3. Modeling

The half-cell rate capability experiments with cell lithiated to 80% SOC were
modeled using the Newman pseudo-2D model implemented in COMSOL Multiphysics
5.6® software. A detailed description of the modeling equations and boundaries (e. g.,
current collector/graphite interface, graphite/graphite interface at different porosity regions)
are described elsewhere’*. A schematic of 1- and 3-layered model is shown in Figure 8a.
These were described with a 1D geometry in the numerical model, using the parameters
listed in the Table S2-4 (including the physical properties of 1.2 M LiPF¢ in EC/EMC (w/w,
3/7), graphite, and Li metal interface kinetics). The only difference in parameters between
the 1- and 3-layered models was the porosity in each region and corresponding tortuosity
(which alters local effective ionic conductivity and effective diffusivity of the solid phase).

The criteria for lithium metal plating were set with the lithtum overpotential

Ni=¢s—$1<0 (2)

where ¢ is the potential in the liquid phase and ¢ is the potential in the solid phase.
These values correspond to conditions where metallic Li formation is thermodynamically

allowable.
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3. Results and Discussion

Using a facile approach shown in Figure 1, a gradient porosity feature could be
established in a laminated electrode with the porosity of each layer well controlled. This
could be confirmed by the SEM observations on 1- and 3-layered graphite electrodes (Fig.
2). Compared with 1-layered electrode (Fig. 2a), the 3-layered electrode (Fig. 2¢) has a
rougher surface with more loosely packed graphite particles. The loosely packing of
particles is in consistent with the relatively higher porosity of top layer in 3-layered
electrode (35%) than that across the 1-layered electrode (25%). In the scope of inspection,
observations on the cross section (Fig. 2d) demonstrate the compaction degree varied along
the thickness in the 3-layered graphite electrode: a dense layer near the current collector
(bottom layer, ~32 um), relatively loose middle layer (~36 um) and the most loose top
layer (~36 pum). On the contrary, the 1-layered graphite electrode shows a uniform and
isotropic compaction degree without obviously and relatively dense and/or loose layers
observable across the whole electrode (Fig. 2b). Given the same graphite and carbon black
used for every laminate, the variety of compaction degree will build a gradient porosity
across the 3-layered electrodes and the pore size distribution, which will be discussed

below.

The establishment of gradient porosity could be further verified by the porosity
analysis on the 3-layered graphite electrode. Figure 3a shows the mercury intrusion and
extrusion porosimetry curves for 1- and 3-layered graphite electrodes. Regardless of the
porous structure, the intrusion curves of both electrodes demonstrate a slop followed by a
plateau in the low-pressure region of <0.04 MPa, characteristic of large pores (>30 um)

constructed by packed electrodes pieces®> 36. From the middle to high pressure, the

10
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intrusion curve of both electrodes shows a three-step incremental changes followed by a
horizontal plateau at high pressure, indicative of the variety of pore size distribution in the

electrodes. This could be corroborated by the analysis on the pore size distribution (PSD).

Figure 3b shows that the PSD of the 1-layered electrode can be partitioned into
two characteristic pore size regions, one for medium pores (60 nm < pore diameter < 550
nm) with a peak at ~202 nm and the other for large pores (550 nm < pore diameter < 4.8
um) with a peak at ~1.4 um. Assuming that pores are tetrahedral (Dy,iq = 0.225 Dsg, particte)
and octahedral voids (Dy,ig = 0.414 Dsg, paricic) in a close packing of spherical particles, the
agglomerates of graphite particles (Dso = 16.9 um) will generate pores with the diameter
in the range of 3.8-7.0 um. Given that the electrodes were heavily calendered, it is
reasonable to consider that large pores are associated with the voids in the graphite matrix
and the medium pores are from the graphite/carbon black mixture matrix. Besides large-
and medium-pore regions, the PSD of 3-layered electrode shows an additional region with
small pores (pore diameter < 60 nm). In addition, the 3-layered electrode has a broader
large-pore region with an additional peak at ~2.5 um. The small pores could be ascribed to
the voids in the agglomerates of carbon black particles with the same assumption for
packing graphite particles. The emergence of small pores implies that the electrode coating
was highly compressed, leading to the close packing of small carbon black particles and
low porosity. The broader large-pore region with a larger pore size indicates that the
electrode coating had particles loosely packed and thus high porosity. In other words, low
and high porosities coexist in the 3-layered electrode. This is in consistent with the structure

constructed in the 3-layered electrode, which has a compacted bottom layer with a low

11
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porosity of ~15% and loose top layer with a high porosity of ~35%, while 1-layered

electrode merely has one coating with uniform and same porosity of ~25%.

Gradient porosity electrode has comparable battery performance in terms of
specific capacity and irreversible capacity loss (ICL). Figure 4 shows that both 1- and 3-
layered electrodes exhibit almost identical discharge (lithiation) curves with a slope feature
above 0.25 V followed by three plateaus at ~ 0.25, ~0.15 and ~0.05 V, characteristics of
the lithiation of graphite. The specific capacity delivered by both 1- and 3-layered
electrodes is almost same as ~350 mAh/g (delithiation capacity in the 3™ formation cycle).
Both electrodes have almost same ICL, which is ~6% in the initial cycle, greatly drops to
~1% in the 2" cycle and slightly reduced to ~0.8% in the 3" cycle. The consistent
electrochemical performance of 1- and 3-layered graphite electrodes suggests minimal

effort of electrode pore structure when they were cycled at low charge and discharge rate.

The benefit of gradient porosity feature on the transportation of Li ions across the
graphite electrode could be observed from the fast-charging and cycling tests. When the
lithiation processes were terminated at the same cut-off voltage 10 mV, the 3-layered
electrodes showed almost overlap voltages and delivered almost identical capacity with
those from 1-layered electrodes (Fig. 5a). However, the 3-layered electrode demonstrates
slightly higher capacity during the delithiation processes, especially at higher rates (Fig.
Sb). This implies that the gradient porosity could effectively improve the coulombic
efficiencies of cells. More important, the electrode with the gradient porosity feature
demonstrates the unprecedently superior cycle life over that with homogeneous porosity
(Fig. 5¢). The 3-layered electrode retains the high capacity of 125 mAh/g after 150 cycles,

when the cells were lithiated (discharged) at 2C rate. However, less than 50 mAh/g is

12
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retained in the 1-layered electrode after merely ~50 cycles. In addition, the coulombic
efficiency of 1-layered electrode drops to <99% after 50 cycles, but it is still higher than
99% for 3-layered electrodes even after 150 cycles. The lower coulombic efficiency
implies that the lithium dendrite, or “dead” lithium, accumulated in the 1-layered electrode,

leading to fast capacity decay.

The superiority of gradient porosity structure in suppressing Li plating could be
validated through the post-mortem analysis on the electrodes harvested from the cells
underwent 4C rate tests with the lithiation cut-off voltage of 10 mV. Figure 6 shows
spherical graphite particles observable at the top surface of both 1- and 3-layered electrodes
(Fig. 6b and 6d). A large amount of white agglomerates, which are composed of numerous
small particles with irregular shape and wide range of size, could also be observed at the
surface of the 1-layered electrode (Fig. 6a). On the contrary, bare white agglomerates could
be found at the surface cycled 3-layered electrode (Fig. 6¢ and 6d). The energy dispersive
X-ray spectroscopy (EDS) mapping over the cycled 1-layered graphite electrode shows a
representative white agglomerate is only composed of O element without detectable C, F
or P elements (Fig. 6e to 6i). The absence of C, F and P excludes the possibility that these
white agglomerates are oxidized lithium salt from the residual electrolyte or solid
electrolyte interface (SEI) formed at the surface of graphite electrodes during the
lithiation/delithiation processes. It is highly possible that these white agglomerates come
from plated Li metal particles, which were oxidized in the course of transferring samples
to SEM chamber, although no Li element is identified due to its low-energy radiation
characteristics. Apparently, the gradient porosity feature plays a crucial role in suppressing

the Li plating in the thick graphite electrode. The greatly improved rate capability and cycle

13
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life of batteries (Fig. 5) is the result of the suppressed Li plating in 3-layered electrodes?,
compared to those with 1-layered electrodes. It is worth to note that the cut-off voltage of
10 mV (vs. Li*/Li) used here was slightly above the thermodynamic potential of Li metal
(<0 V vs. Li*/L1) at room temperature. However, the Li plating could take place above 0 V
(vs. Li*/Li) at a higher temperature?'. The fast charge operation generally generates
intensified heat® 37 and nonuniform temperature distribution within the electrodes?!. Given
the sluggish mass transport and consequently high polarization, it is rational to observe the
locally plated Li metals at the surface of 1-layered graphite electrode after the fast charge
operation with the cut-off voltage above 0 V (vs. Li"/Li). However, the gradient porosity
feature improves the mass transport and reduces the polarization within the electrode,
predicted from our theoretical calculations (Fig. 8). Together with the high cut-off voltage
of 10 mV, the 3-layered graphite electrode has the capability of suppressing the Li plating

even at a high temperature after the fast charge operation.

It is clear that the promise of 3-layered electrodes in improving rate capability of
LIBs is not fully manifested during cycling with shallow lithiation and a fixed cut-off
voltage. The superior fast charging capability of 3-layered electrode is better validated by
the results from the second type of rate test, where the terminated condition of 10 mV cut-
off voltage was replaced by 80% of the graphite theoretical capacity in the lithiation process
at all rates (Fig. 7). When the lithiation rates are less than 1C, the 1-layered electrode
exhibits smooth voltage curves (Fig. 7a). However, there is a voltage dip around 200
mAh/g when the lithiation rate is 2C, and this voltage dip shifts to the lower SOC with
increasing lithiation rates (4C and 6C) (Fig. 7a). As for the 3-layered electrodes, there is

no voltage dip during the lithiation process until the lithiation rate is 4C. Furthermore, the

14
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delithiaton capacities of the 3-layered electrode are 250 mAh/g at 2C, 150 mAh/g at 4C
and 100 mAh/g at 6C, which are 1.13, 1.5 and 2 times higher than those of the 1-layered
electrode at 2C, 4C and 6C respectively (Fig. 7b). Together with the less polarized voltage
profile during high-rate lithiation, it is obvious that the 3-layered electrode has much better
fast charging performance. In further, we believe that the voltage dip is indicative of the Li
plating and the gradient porosity could effectively suppress the Li plating in the 3-layered

graphite electrode at high rates, which will be discussed in the modeling below.

To better understand the role of gradient porosities in graphite electrode, theoretical
simulations were conducted, and the results are shown in Figure 8 for 1C and 4C lithiation
rates, at the threshold for Li plating (i.e., when the local Li overpotential at the separator
reaches zero). When this condition is reached, the local (average) SOC profile for the 3-
layered electrode lies above the profile for the 1-layered electrode (Fig. 8b). This
demonstrates that introducing gradient porosity improves the utilization of graphite and
thus leads to the higher capacity in the 3-layered electrode at the plating threshold. This
higher graphite utilization is ascribed to the faster ionic transport that occurs in the outer
portions of the 3-layered electrode.This effect is also corroborated by the higher Li
concentration in the middle layer of 3-layered electrode, especially at 4C (Fig. 8c). It is
instructive to note that the Li-ion concentration in the 3- and 1-layered models do not
correlate with the trend in local SOC, as the Li-ion concentration is higher near the
separator and lower near the current collector for the 3-layered model, compared to 1-
layered model (Fig. 8¢). Furthermore, there is no Li-ion depletion in either model at these
rates. The equilibrium potential, which is directly related to local surface SOC, is lower

through the thickness of the cell for 3-layered case (Fig. 8d), which is consistent with the
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trends in local SOC (Fig. 8b). This trend is also correlated with the difference in liquid
potential (¢) profiles, between the 3- and 1-layered models (Fig. 8e). Specifically, the
gradient porosity has more profound impact on the material utilization, tortuosity and
diffusion length in the region near to the separator. Compared with 1-layered model, the
increased porosity and, consequently, reduced tortuosity near the separator significantly
lower the gradients in liquid potential are lower near the separator for the 3-layered case
(Fig. 8e). Therefore, the improved ionic transport via increased porosity in the 3-layered
electrode increases capacity at the plating threshold by reducing large gradients in the
liquid potential and equilibrium potential near the separator. In other words, the 3-layered
electrode has the region near the separator far away from the threshold for Li plating when
it is lithiated to the same SOC as that of the 1-layered electrode. This is consistent with the
results from our rate capability measurements with stable electrochemical performance and
suppressed Li plating observed on the 3-layered electrodes (Fig. 6 and 7). It is worth to
note that the gradient porosity feature enables graphite electrodes superior battery
performance over those with uniform and homogeneous porosity. However, the porous
structure of 3-layered electrodes constructed here is not optimal. The optimum
configuration is highly dependent on parameters including material properties (e.g., ionic
conductivity of the electrolyte, tortuosity correlation for a graphite material etc,), mass
loading, porosity (and, consequently, tortuosity), thickness, and C-rate. These complexities
make generalizing design strategies difficult (other than increasing porosity in the anode
near the separator), and the optimization and guide to design of layered structures are

treated in a separate work.>*
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4. Conclusions

A gradient porosity feature was successfully incorporated into a thick 3-layered
graphite electrode. The gradient porosity feature facilitates the Li-ion transportation across
the electrode, evidenced by the 3-layered graphite electrode with stable performance at the
rate up to 4C, high capacity and coulombic efficiency. Furthermore, cells with 3-layered
graphite electrode exhibit greatly improved cycle life, compared to those with 1-layered
electrodes. The superior durability of 3-layered electrode over 1-layered electrode is
associated with the significantly suppressed Li plating during numerously repeated
lithiation/delithiation processes. The concept of gradient porosity for improving mass
transport and mitigating Li plating and the facile approach of fabricating layered electrodes
proposed here are of both scientific and practical significance in electrode design and

manufacturing for fast charge applications.
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Bottom Layer Middle Layer Top Layer

Figure 1. Schematic illustration of process to fabricate 3-layered electrodes with varied
porosities along thickness direction.
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Figure 2. SEM images of top surface (a, ¢) and cross section (b, d) of 1-layered (a, b) and 3-
layered (c, d) graphite electrodes.



Page 22 of 27

Journal of Materials Chemistry A

T T T T _\e_ T T
=
B Cfzczcczczozoszszoicocoogetzzd @Essreeniie e oo (=
= e
L
83
=
2
L
[
= g
S .
=
T e S III|||||IIIIII||||IAI IIIIIII A H|||“|I|II‘||\A |||||||||||| 03
I”I.A.’l‘rl.
lo
13
et e o foa e ot o o oo e b, |l el Bt b Tk ek ot o) e e et it 0’
=
1 1 1 l 1 1 1 1
o ol =) < o o — <
o o cn O = oo ol & S
= g = = R ) = <,
< o < = < < < <
(8/1w) uoisnnuy [eyuaIdgfI(] 5077
T L T ¥ T ¥ T T X T 2 T X T mm
o} =
B ]
B o
Eoocbee e o e EEEbe e e e g m 2 _mM =
bz 4
TE8
. Ble-%. L EEE]lew
b -y E (i
< ]
5441 =
— 1 p—
e S T T A\M \\\\\\\\\\\\\\\\\\\\\ —_ W
E =
E =
7]
W
- 2
FSSEESE=SS=S=CScSScLECSCSSC@EESSSSS22Sg=2S2222222:22 i geocs ek [ ial
1 i
Sl Bedie e aien e, “laie o BT Gl e i W e =
E 1S
i W §
| 1 ] L ] 1 1 1 m
vy < ) o - o > o =
w 0~ o0 () | et — uy <
8| — e S — — < =}
ey < < < <

S S . S 5
(8/7w) sumjo A 2104 2ANEMUWN)

Pore Diameter (nm[)
T10UTIONS (D)
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of 1- and 3-layered graphite electrodes.
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Figure 5. Voltage profiles (a), specific capacities (b) of 1- and 3-layered graphite electrodes with
various fast-charging rates, and the cycling performance (c) of 1- and 3-layered graphite
electrodes with 2C charging rate. The CC-CV mode was applied to both rate and cycling tests.
At every rate, all cells were charged to 1.5 V, discharged to 10 mV and underwent three cycles.
For comparison, the 3™ voltage profiles at every rate were plotted together. The specific
capacities in (b) were averaged from three cells with 1- and 3-layered electrodes respectively.
During the cycling test, a constant current density of C/3 was used for the delithiation process,

and 2C for the lithiation process.
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Figure 6. The low (a, ¢) and high (b, d) magnifications SEM images of cycled 1- (a, b) and 3- (c,
d) layered graphite electrodes. The EDS mappings (e, f, g, h and 1) of cycled 1-layered graphite
electrodes. Both graphite electrodes were harvested from cells underwent 4C rate test with the

cut-off voltage of 10 mV. All cells were delithiated to 1.5V before disassembly.
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Figure 8. Schematic illustration (a) of 1- and 3-layered graphite cells used for simulation. The
average local SOC (b), Li-ion concentration (c), equilibrium potential (d) and liquid potential (¢,)
(e) as a function of position in the electrode at the plating threshold at 1C (black) and 4C (blue)
for 1- (dashed lines) and 3-layered electrodes (solid lines). The boundary for the electrode-
separator interface and from low porosity to high porosity are indicated with vertical lines.



