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For the development of high-performance lithium-ion batteries (LIBs), numerous studies on 3-dimensionalized
electrode structures have been conducted to improve the ionic diffusion, rate performance, and electrolyte
wetting ability. Due to the decrease in ionic polarization, structured electrodes show much higher capacity
retention compared to typical electrodes, especially at high current rates. In this study, pore-structured graphite
(Gr) electrodes were synthesized using pore-formation agent particles (polytetrafluoroethylene (PTFE)), which
possess a unique thermal unzipping property. After the heat treatment, the PTFE particles were depolymerized to
form micro-sized pores. The effect of the 3-dimensionalized electrode structure on the electrochemical properties
was investigated in detail. As a result, it was observed that the rate capability and cycle life of pore-structured Gr
electrodes enhanced owing to their improved physical properties, such as wetting ability and shortened ionic
diffusion pathways. Because our approach does not require changes in the existing electrode chemistry and slurry

process, it is one of the most cost-effective and applicable ways to improve fast charging capability.

1. Introduction

The demand for lithium-ion batteries (LIBs), which possess excellent
characteristics such as high energy density, high power density, and long
cycle life, has been steadily increasing with the increase in the use of
portable electronic devices and electric vehicles (EVs) [1-3]. In partic-
ular, for EV applications, fast charging capability is a critical issue that
can reduce the charging time from hours to minutes [4-6].

To keep up with the demand for high-performance LIBs, many
studies have been conducted on the optimization of the electrode
structure. The migration of Li* ions in highly tortuous electrode struc-
tures and thick electrodes is difficult owing to inefficient transport [7].
Furthermore, tortuous electrode structures are accompanied with con-
centration polarization. Consequently, the deeper side of the electrodes
shows less reaction with Li* ions compared to the electrode surface,
which exhibits poor capacity retention at high current densities [8]. In
addition, heterogeneous reactions in the electrode thickness direction
could lead to Li plating and capacity fading [9-10].

* Corresponding author.
E-mail address: hjkimc@gist.ac.kr (H.-J. Kim).
1 Co-first authors with equal contribution

https://doi.org/10.1016/j.apsadv.2021.100168

To improve Li" ion transport limitations in the electrode, an elec-
trode structure design with a facile Li* ion supply is a promising
approach to improve the performance of LIBs [11-15]. Several ap-
proaches have been conducted to control the electrode morphology to
enhance the diffusion rate of Li* ions. For example, Pfleging et al.
conducted laser treatment on post-calendered electrodes to obtain a 3D
microstructure called the micro-grooves [16]. The specific discharge
capacity of the laser-structured electrodes improved significantly at a
current rate of 1 C, resulting from the acceleration of electrolyte wetting
in the electrodes. However, because laser structuring is inevitably
accompanied with a slight loss of active material, it is preferable to
minimize the electrode ablation [17]. Chen et al. improved the elec-
trochemical performance of graphite (Gr) anodes using laser treatment
while minimizing the electrode loss [18]. They produced 3D electrode
architectures with arrays of vertical pore channels through the electrode
thickness, resulting in rapid Li" ion transport. Consequently, the
laser-patterned graphite electrode showed cycle ability greater than
97% and capacity retention greater than 93% after 100 cycles at current
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rates of 4C and 6C, respectively. Freeze casting is another method for
fabricating 3D electrode structures. Dang et al. created a low-tortuous
structure using the freeze-drying of slurries cast to fabricate the
graphite electrodes. The low-tortuous structure improved the
electrolyte-wetting ability and showed superior capacity retention and
rate capability, which accounted for the enhanced ionic transport [19].
Chen et al. developed low-tortuosity carbon frameworks for facile Li*
ion paths. The 3D electrodes exhibited high ionic and electronic prop-
erties. Dang and Chen showed a new electrode structure method that
effectively transported Li* ions by lowering the tortuosity [20].
Pore-structuring, which uses thermally unzipped particles, has been
reported as an effective way to obtain micro-structured electrodes and
improve the performance of LIBs without capacity loss [21-23]. Choi
et al. used polymethyl methacrylate (PMMA) as a pore-forming agent for
Si-based electrodes. The porous architecture contributes to the devel-
opment of cycle ability. Capacity retention of 62% was achieved after
100 cycles at a current rate of 0.5 C, whereas a typical Si electrode
retained 39% capacity [24]. Lui et al. fabricated 3-dimensional ordered
macroporous (3DOM) TiO; electrodes with highly enhanced ionic
transfer. This electrode shows outstanding high-rate capability and
provides a capacity of 174 mAh g ™! at a current rate of 2 A g}, which is
2.6 times greater than that of the original electrode (67 mAh g’l) [25].
In this study, we conducted a physico-electrochemical character-
ization of pore-structured graphite electrodes. Polytetrafluoroethylene
(PTFE) was used as a pore-formation additive due to its chemical sta-
bility and thermal properties of unzipping [26-28]. To the best of our
knowledge, PTFE has been widely used as a pore agent in fuel cells and
capacitors; however, few studies have adopted it for LIBs despite its
excellent chemical stability and insolubility in almost all solvents. Poly
(amic acid) (PAA) was used as a binder because its mechanical prop-
erties are improved by thermal treatment, whereas typical binders
generally become brittle [29]. For the fabrication of pore-structured
electrodes, the post-calendered electrodes consisting of Gr, conductive
carbon, PAA binder, and PTFE (denoted as GCPP) were heat-treated at
600 °C for 1 h in an argon gas atmosphere. As a result, the ionic resis-
tance in the structured electrodes was significantly reduced compared to
the typical Gr electrodes, showing a significantly improved rate and
cycle performance. Our approach is believed to be highly applicable to
commercial LIBs as it does not require changes to the current
slurry-casting process and expensive equipment for fabrication [30].

-

Calendering

-

Calendering

&
GCPP electrode

Applied Surface Science Advances 6 (2021) 100168
2. Experimental section
2.1. Sample preparation

In this study, we analyzed the cell performance of typical Gr elec-
trodes and pore-structured Gr electrodes. The fabrication process of
structured Gr electrodes is illustrated in Fig. 1. For the sample prepa-
ration, Gr, super C65 (MTI Korea, 99.8% purity) as a conductive carbon,
PAA binder (PNS Technology), and PTFE (35 um, Sigma-Aldrich) dis-
solved in N-methyl-2-pyrrolidone (NMP, 99.5% purity, Aldrich) solvent
were homogeneously mixed using a planetary ball mill (PM100, Retsch
Technology, Germany) with a rotation speed of 200 rpm for 30 min
under an argon atmosphere. The weight ratio of each component (Gr
powder, super C, PAA binder, PTFE) was 90:2:8:40, respectively. The
thoroughly mixed slurry was coated on the Cu foil (thickness = 20 pm)
with a doctor-blade. Thereafter, it was dried at 80 °C in the air for 20 min
and then vacuum dried for 12 h. The dried electrode was uniformly
calendared to have a porosity of 30% using a manual rolling press ma-
chine (TOB new energy, China). Next, the as-prepared GCPP electrodes
were heated in the following process. First, they were annealed under
argon flow from room temperature to 200 °C at a heating rate of 10 °C
min~". Second, they were continuously heated to 600 °C at a low heating
rate of 2 °C min~! to prevent the formation of cracks in electrodes.
Finally, the heating temperature was maintained at 600 °C for 1 h to
depolymerize the PTFE in GCPP electrodes. As a result, the pore-former
additive was decomposed to have a highly porous morphology: the
porosity of pore-structured Gr electrodes is about 50%. For comparison,
typical Gr electrodes were prepared with Gr, super C, and poly-
vinylidene fluoride (PVDF) binder in a 90:2:8 wt ratio: herein, the
loading level of Gr active material is the same in typical and GCPP
electrodes (8.5 mg cm™2). For the coin-type full cells, typical cathodes
were prepared with LiNiggMng1Co 102 (L&F, Korea), super C, and
PVDF binder in a 90:4:6 wt ratio. We set the porosity of each electrode to
30% by calendering. The electrode porosity is defined as follows:

V_w!{ 81424 &
P P2 P3 100 (1)
X
\%4

Porosity (%) =

where V is the volume of the electrode composite, C is the proportion of
each component in the electrode, W is the weight of electrode composite
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Fig. 1. Schematic illustration of typical Gr and pore-structured Gr electrodes, showing the trade-off between electrical and ionic conductivity in the typical electrode

and improved ionic conductivity in the structured electrode.
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per area, and p is the true density of each component.
2.2. Material characterization

The morphology and composition of the samples were investigated
by scanning electron microscopy (SEM, Hitachi S-4700) and high-
resolution transmission electron microscopy (HRTEM, JEM-2100F). X-
ray photoelectron spectroscopy (XPS, MultiLab 2000) was employed to
analyze the chemical composition and bonding configuration of the
composites. For XPS measurements, a micro-focused monochromated Al
Ka X-ray source was used under a vacuum of 5 x 10~° mbar, and the
analyzed region was 0.4 mm x 0.4 mm. Fourier-transform infrared
(FTIR) spectroscopy was conducted to confirm the structure of the PAA
binder before and after heat treatment. FTIR spectra were collected
using a Vetex70v FTIR spectrometer at room temperature in the range of
650-4000 cm~! with attenuated total reflectance (ATR) mode. To
analyze the wetting characteristics of typical and structured Gr elec-
trodes, contact angle measurements of a DI water droplet on electrodes
were executed. Thermogravimetric analysis (TGA, TGA-50, SHIMADZU)
was applied to investigate the decomposition temperature of PTFE. It
was investigated under N, atmosphere at a heating rate of 5 °C min !
from 25 °C to 600 °C. The electrode surface of samples was investigated
by atomic force microscope (AFM, XE-100, Park systems). AFM mea-
surement scale is 80 pm x 80 pm on each sample at a scan rate of 0.1 Hz.
The surface area was calculated using the XEI program. Raman spec-
troscopy (Horiba, Optron, LabRAM HR Evolution) was performed using
a 532 nm laser at 1.3 mW.

2.3. Electrochemical measurement

For electrochemical measurement, all working electrodes were
punched into discs with a diameter of 10 mm: loading mass of Gr and
LiNig gMng 1Cog.102 (NMC811, L&F materials) in each electrode was
approximately 8.5 mg cm™2 and 14 mg cm 2. The electrodes were
assembled into CR2032 coin cell in an argon-filled glove box with Oy
and HyO contents of less than 0.6 ppm. A polypropylene membrane
(Celgard 2400, thickness of 20 pm, diameter of 19 mm) was used as the
separator. The electrolyte contained 1 M LiPFg in ethylene carbonate
(EC) / diethyl carbonate (DEC) (1:1, v/v). After assembly, cells were
stabilized for 12 h at room temperature for thorough wetting.

To evaluate electrochemical performance, galvanostatic charge-
discharge cycling tests were conducted on Gr-NMC811 full cell in the
voltage range of 2.5-4.3 V, using a battery cycler (WBCS 3000, Wona-
tech, Korea). In structured Gr/NMC811 full cells, the n/p ratios were set
to around 0.9 to compensate for the capacity loss originating from SEI
(Solid Electrolyte Interphase) formation [31-32], whereas it was 1.0 in
typical Gr electrodes. For forming a stable SEI layer, Gr/NMC811 full
cells were pre-cycled at a low current rate of 0.1C in the initial 5 cycles.
Then, rate capability tests were conducted at variant charging current
rates from 1C to 3C with a fixed discharging current rate at 0.5C. Cycling
tests were implemented at the charging rate of 2C and discharging rate
of 0.5C. Specific capacities and current densities were based on the mass
of Gr active material (1C = 372 mA g’lc,r).

Electrochemical impedance spectroscopy (EIS) was conducted on
typical and structured Gr electrodes to analyze ionic resistance (Rjop),
associated with diffusion resistance as Lit ions pass through pores in
electrodes. In particular, we assembled pristine symmetric cells, which
were composed of two same electrodes, to investigate the intrinsic
impedance characteristics of each electrode. All EIS measurements were
carried out at a voltage amplitude of 10 mV in a frequency range from
200 kHz to 100 mHz using a potentiostat (VSP, Biologic, France).
Nyquist plot fitting was conducted using the Z-Fit program (Biologic)
which can calculate the internal resistance value in the electrode. To
identify electrode resistance, we considered ohmic resistance, electronic
resistance (contact resistance), constant phase element (CPE), and
modified restricted linear diffusion.
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To compare the electrochemically active surface area (ECSA) of Gr
electrodes, cyclic voltammetry (CV) test was employed using non-
lithium intercalating electrolyte, which is 0.1 M tetrabutylammonium
perchlorate (TBAClOy4, Sigma- Aldrich, USA, >99%) in EC/DMC (1:1, v/
v) to prevent a faradaic current. The CV measurement was performed at
open circuit potential (OCP) to identify the electrode capacitive cur-
rents. The potential range was set to —50 to 50 mV (vs. saturated
calomel electrode, SCE) at scan rates from 2 mV s to 8 mV s~ L. The
specific capacitance of Gr electrodes was calculated as follows [33-34].
Cyp= u )

s-m

Where Cg, is the specific capacitance (F g’l), I. and I; are cathodic
and anodic current density (mA g’l), s is the scan rate (mV s’l), and mis
the active material mass of an electrode (g).

2.4. Tortuosity measurement

Tortuosity of the electrode can be calculated through the Rj,, value
obtained through the symmetric cell EIS. Tortuosity (r) can be calcu-
lated as follows [19]

an -Ak-e
T=—""

2d 3)

where A, d, and ¢ are the surface area, thickness, and porosity of the
electrode, respectively; x (8.17 mS cm™ 1) is the conductivity of the
electrolyte. Tortuosity values were divided by two in order to only ac-
count for one of the two electrodes.

3. Results and discussion
3.1. Materials characterization

Fig. 1 schematic illustration shows the ionic diffusion limitation in
typical electrodes, and the improved diffusion pathway in structured
electrodes. In general, the calendering process is essential for Gr anodes
to generate conductive networks in electrodes [35-36]. However,
several closed pores are formed after calendaring, resulting in poor
electrolyte wetting ability and Li" ion transport [37]. In particular, in
high current rates, limiting ionic pathways in calendered electrodes
causes low capacity retention originating from ionic polarization. In
addition, Li" ion could be plated on the Gr anode during fast charging,
which incurs severe capacity decay and safety issues. In structured
electrodes, abundant pore networks facilitate ionic diffusion migration
and prevent Li plating through rapid Li* ion flux.

Figure Sla shows a digital image of Gr, conductive carbon, and PTFE
particles in equal proportions in a GCPP electrode. The apparent volume
of the PTFE particles seems approximately same as that of graphite;
therefore, significant pores are expected to form in the structured elec-
trode. Figure S1(b-d) show the SEM images of Gr, carbon, and PTFE; the
average particle sizes were ~20 ym, ~55 nm, and ~35 um, respectively.
The irregular PTFE particle sizes result in a non-uniform pore size dis-
tribution of the structured Gr electrode, as shown in Figure S1d. Because
graphite particles are densely covered with nano-sized conductive car-
bons and binders, the surface of a typical electrode seems impenetrable,
as shown in Fig. 2(a—c). The PTFE particles were embedded with Gr
particles in a GCPP electrode, as shown in Fig. 2(d—f). Figure S1d shows
an SEM image of the elliptical-shaped PTFE particles. Due to the high
ductility of PTFE particles, they were transformed into a flat shape
through calendering as the particles were not crushed by pressing. After
heat treatment, the PTFE particles were thermally unzipped and micro-
sized pores were developed, as shown in Fig. 2(g-i).

The increased pore sizes in structured Gr electrodes were expected to
provide electrolyte-penetrating routes and ionic transport pathways.
The typical electrode exhibited a dense electrode structure with several
closed pores, which disturbed the electrolyte wetting and Li" ion
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Cross-sectional SEM images of the (a—c) typical Gr and (d-f) structured Gr electrodes.
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diffusion in Fig. 3(a—c). However, the pore-structured Gr electrode
revealed a lot of micro-sized pores, which were expected to enhance the
wetting ability and ionic diffusion rate.

Contact angle measurements were employed to investigate the
wetting ability of typical and structured Gr electrodes, as shown in
Fig. 4. For a typical electrode, the initial contact angle of a DI water
solvent drop was 84°, compared to a structured electrode, which was
comparatively 1.16 times lower (72°). In addition, further wetting of the
structured electrode was faster than that of a typical electrode, as shown
in Fig. 2c. After allowing the wetting of a structured electrode for
additional 10 min, the contact angle became twice (14°) than that of a
typical electrode (7°).

For further analysis of the electrode surface morphology, AFM
measurements were conducted on Gr electrodes, as shown in Figure S3.
The roughness average (Ra) of a structured Gr electrode was 0.496 pm,
whereas a typical Gr electrode exhibited a roughness of 0.321 pm,
showing enhanced electrode surface roughness. The changes in physical
properties due to pore structuring are believed to improve ionic diffu-
sion, which is the rate-determining step at high current rates.

The surface chemistry of GCPP electrodes before and after the heat
treatment was investigated using XPS measurements to confirm the
removal of PTFE particles during thermal treatment, as shown in Fig. 5
(a-b). As shown in Fig. 5a, for a GCPP electrode, the XPS spectrum of C 1
s can be divided into two peaks. One peak is at 285 eV, which is asso-
ciated with C—C (or C = C) bonds in Gr, PAA binder, and conductive
carbon [38-40], and the other is at 292 eV, which corresponds to the C-F
bond in PTFE [41]. After annealing, the peak at 292 eV disappeared,
indicating that the PTFE particles were successfully eliminated. In the F
1 s spectrum, in Fig. 5b, a C-F bond-related peak at 689 eV vanished after
heat treatment [41].

TGA measurements were performed to investigate the thermal
behavior of PTFE powders. As shown in Fig. 5¢, PTFE thermally de-
composes at temperatures above 450 °C, showing that heating the GCPP
electrode at 600 °C for 1 h is considered a sufficient condition to elim-
inate all the PTFE particles. In conclusion, the removal of PTFE powders
during thermal treatment was demonstrated using XPS and TGA mea-
surements, which were consistent with the SEM images of the structured
Gr electrode shown in Fig. 2(g-i).

The FT-IR spectra of the PAA binder before and after the heat
treatment are shown in Fig. 5d. The typical peaks of PAA were observed
at1720 cm™1, and 1650 cm ! related to C = O stretching in the acid and
amide functional groups [42]. In addition, the N—H bending peak of the
amide group was observed at 1502 cm™! [43]. After heat treatment of
PAA, the characteristic amide peaks disappeared, while several new
peaks corresponding to polyimide (PI) appeared. The peaks at 1776
em™! and 1720 ecm™! correspond to the C = O asymmetric and sym-
metric vibrations of the imide group in PI, respectively [42,44]. The
C—N stretching in the imide ring was observed at approximately 1370
cm~! [45]. In general, the heat treatment of the electrode has a disad-
vantage as the binder materials are pyrolyzed at high temperatures
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(typically above 300 °C), and the binding ability to fix the active ma-
terials to a current collector weakens, resulting in cracks and deterio-
ration of the electrode structure [46-47]. However, as the PI binder is
known to possess remarkable mechanical properties and thermal sta-
bility [48-49], it is plausible that structural integrity of the structured Gr
electrode was maintained without structural degradation during the
heating process, as can be seen in Figs. 3 and 4.

Raman spectroscopy was adopted to compare the crystallinity of
pristine and heat-treated graphite particles (600 °C for 1 h), as shown in
Figure S4. The D band at 1355 cm™* and G band at 1583 cm™! corre-
spond to the disordered sp® hybridized carbon and the Epg symmetry of
the sp? hybridized carbon, respectively. The intensity ratio values of I/
I of the Gr particles were similar, showing no significant changes in
crystallinity during heat treatment.

3.2. Electrochemical characterization

Fig. 6 shows the EIS results of typical and structured Gr electrodes
used to analyze the internal resistance. The data obtained using an
equivalent circuit model in Fig. 6a are well-fitted with the experimental
data. In the high-frequency range, a semicircle is associated with elec-
tronic resistance, which is related to the contact resistance between the
particles and the electrode material and current collector [50]. In the
mid to low frequency range, 45° slope is related to the Li" ion diffusion
resistance through the electrolyte-filled pores in the electrodes [51]. The
contact resistance is almost identical to the typical (0.5 Qcm?) and
structured (0.8 Qcm?) Gr electrodes. In contrast, at mid to low fre-
quency, a structured Gr electrode shows two times lower Rion compared
to a typical Gr electrode (37.6 — 17.7 Q cm?). This demonstrates
improved ionic diffusion rate through the electrolyte-filled pores in
electrodes. As indicated in Fig. 2(a—c), because the graphite particles
were densely packed among the conductive carbons and binders, it is
plausible that such materials interrupted the Li* ion diffusion [52].

To investigate the 3D electrode structural effects on the ionic diffu-
sion pathways, the tortuosity was calculated based on Eq. (2) to measure
the effective Li" ion diffusion length in typical and structured Gr elec-
trodes. In general, 3D electrodes exhibit low tortuosity values, providing
low-tortuous pathways for ionic transport [53-54]. As a result, the
tortuosity values for typical and structured Gr electrodes were 6.67 and
3.98, respectively, showing a reduction in the apparent ionic diffusion
length by 40% in Table 1. This is owing to the numerous micro-sized
pores in the structured Gr electrode, which improved the ionic diffu-
sion network and electrolyte wetting ability. The improved physical
properties of the 3D electrode are expected to contribute to the
enhancement of rate capability, especially at high current rates [55-56].

The state of charge (SOC) was set to SOC50 for each Gr electrode to
analyze the SEI resistance (Rsei) and charge transfer resistance (Rct). As
a result, the Ret of a structured Gr electrode reduced from 19.8 Q cm? to
3.6 Q cm?, whereas the Rsei increased from 5.5 Q ecm? to 10.4 Q cm?, as
shown in Figure S2. This result is ascribed to the enlarged electroactive
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Fig. 4. Contact angle of a DI water solvent drop on the (a) typical Gr, (b) pore-structured Gr electrodes, and (c) changes in the contact angles over wetting time.
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Table 1
Parameter results of typical and structured Gr.
Electrode Rion Electrode Calculated
porosity (%) (Ohm) thickness (um) tortuosity
Typical Gr 30 47.87 69 6.67
Structured 50 22.63 91 3.98
Gr

surface area of the structured Gr electrode [7].

To confirm the improved kinetic properties obtained by 3-dimen-
sionalization, the rate capability test was conducted on typical and
structured Gr electrodes, as shown in Fig. 7(a—c). The discharge capacity
of typical and structured Gr at a low current of 0.1C delivers a compa-
rable capacity of approximately 332 mAh g~!. On the contrary, as the
current density increased, the discharge capacity of the typical Gr
significantly decreased compared to that of the structured Gr. At high
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current rates of 1C, 2C, and 3C, the typical Gr displayed capacities of 276
mAh g1, 233 mAh g7}, and 138 mAh g, respectively, while the
structured Gr showed much higher capacities of 308 mAh g™, 257 mAh
g1, and 194 mAh g, respectively. In addition, the charge over-
potential of a typical Gr electrode was much higher than that of a
structured Gr electrode, especially at high current rates. These results
imply that the improved physical properties of pore-structured Gr
electrodes affect the electrochemical kinetics owing to the reduced ionic
diffusion pathway.

A cycling test was conducted to analyze the effect of a 3D structure
on capacity retention at a high current rate of 2C, as shown in Fig. 7d.
After 100 cycles at a current rate of 2C, the structured Gr electrode
delivered 233 mAh g}, whereas the typical Gr electrode exhibited 92
mAh g1, demonstrating that the 3D architecture ameliorated the cycle
ability. The enhanced cycle performance is ascribed to the rapid Li™
diffusion in the structured Gr electrode, which prevented ionic con-
centration polarization that generates a non-homogeneous reaction
along the electrode depth [57].

Figure S5 shows the coulombic efficiency (CE) of the Gr electrodes
obtained from the results in Fig. 7d. Because a large surface area causes
more Li" ion consumption during SEI formation [13], a structured Gr
electrode shows a lower initial CE (77.3%) than that of a typical Gr
electrode (82.6%). On the other hand, during cycling at a current rate of
2C, the structured Gr electrode exhibited a higher CE than that of a
typical Gr electrode, demonstrating the prevention of Li metal plating.

To compare the electrochemically active surface area (ECSA) of Gr
electrodes, non-aqueous electrochemical double layer capacitance

(DLC) was analyzed using CV measurement in Figure S6. Instead of
electrolyte containing lithium salts, the non-lithium intercalating elec-
trolyte was used to provide reasonable estimates of ECSA by preventing
a faradaic current. Figure S6(a-b) exhibits a semi-rectangular CV scan
with a broad current plateau, but the CV curve of a typical Gr electrode
shows small curvature at a high scan rate of 8 mV s~ ! originating from a
high tortuous electrode structure [58]. Since a structured Gr electrode
delivers a higher Cg, value than that of a typical Gr electrode (0.28 F g !
vs. 0.24 F g~ 1), and capacitance values are proportional to ECSA, it was
demonstrated that structured Gr electrodes have larger ECSA.

For further analysis, SEM was applied to post-cycled typical and
structured Gr electrodes after 100 cycles at a current rate of 2C. As
shown in Fig. 8(a-b), Li metal was plated on the surface of a typical Gr
anode, resulting from limiting the Li* ion diffusion step. However, the
structured Gr electrode in Fig. 8(c—d) maintained its morphology, and no
plated Li metal was observed. This is because the interfacial area be-
tween the electrolyte and electrode surface layer was enlarged, resulting
in an enhanced active site and ionic diffusion rate. The results of the
cycle test and SEM in Fig. 7d and Fig. 8(c-d) indicate that pore struc-
turing improves the electrochemical properties and prevents lithium
plating, which causes further capacity decay and safety issues resulting
from lithium dendrite [59-60].

Table S2 summarizes the cell performance of other studies that
facilitate 3D electrode structures. Previous researches deliver signifi-
cantly enhanced electrochemical properties, demonstrating the effect of
physical property on cell performance. Although the laser ablation
method shows more significant performance improvement, using
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Fig. 8. Top-down SEM images of the (a-b) typical Gr and (c-d) structured Gr electrodes after 100 cycles at 2C (inset images are photographs of post-cycled

Gr electrodes).

unzipping polymer method has the advantage of no loss of electrode
active material.

4. Conclusion

In this work, we fabricated 3D Gr electrodes using a facile heat-
treatment and investigate physico-electrochemical characteristics. The
improved physical properties such as high wetting ability, low tortuos-
ity, and large electrode surface area reduce ionic resistance in the
structured Gr electrode. As a result, the rate capability of a structured Gr
electrode exhibits 194 mAh g~!, whereas a typical electrode shows 138
mAh g~! at a high current rate of 3C. In addition, the structured Gr
electrode delivers 2.53 times higher capacity (233 mAh g!) than a
typical Gr electrode (92 mAh g ™) after 100 cycles at a current rate of 2C.
Such an enhanced rate and cycle performance are ascribed to 3D elec-
trode structure: micro-sized pores in the structured Gr electrode provide
a new electrolyte impregnation route and improve ionic diffusion rate.
Since our approach does not require changes to the existing electrode
chemistry and slurry process, it is considered one of the most cost-
effective and direct-applicable ways to commercial LIBs.
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