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ABSTRACT : Various steps

in the electrode production

process, such as slurry mixing,

slurry coating, drying, and cal-

endaring, directly affect the

quality and, consequently,

mechanical properties and

electrochemical performance

of electrodes. Herein, a new method of slurry coating is developed: Double-coated electrode.

Contrary to single-coated electrode, the cathode is prepared by double coating, wherein each

coat is of half the total loading mass of the single-coated electrode. Each coat is dried and

calendared. It is found that the double-coated electrode possesses more uniform pore distribution

and higher electrode density and allows lesser extent of particle segregation than the single-

coated electrode. Consequently, the double-coated electrode exhibits higher adhesion strength

(74.7 N m−1) than the single-coated electrode (57.8 N m−1). Moreover, the double-coated elec-

trode exhibits lower electric resistance (0.152 Ω cm−2) than the single-coated electrode (0.177

Ω cm−2). Compared to the single-coated electrode, the double-coated electrode displays higher

electrochemical performance by exhibiting better rate capability, especially at higher C rates,

and higher long-term cycling performance. Despite its simplicity, the proposed method allows

effective electrode preparation by facilitating high electrochemical performance and is applicable

for the large-scale production of high-energy-density electrodes.
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1. Introduction

Rechargeable lithium-ion batteries (LIBs) have

played a crucial role in the development of portable

electronic devices because of their excellent proper-

ties such as higher energy and power density, wider

operating voltage range, and lower self-discharge

characteristics than those of other battery systems

[1-3]. Recently, concerns about environmental prob-

lems caused by carbon dioxide emission and fossil

fuel depletion have expedited the commercial growth

of high-energy-density batteries for use in applications

such as electric vehicles (EVs) and energy storage sys-

tems (ESSs). To meet this requirement, conventional
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LIBs have been widely used; they are now accepted

in automobile industries. Nevertheless, substantial

improvement in the performance and energy density

of the existing LIBs is necessary to satisfy the

requirements of EVs and ESSs.

Various strategies have been developed toward the

improvement in the energy density of battery systems

such as development of new active materials with

high energy density such as Li Ni0.8Mn0.1Co0.1 [4-6],

change in battery designs [7], and modification of

manufacturing methods [8,9]. Among these, the

development of new battery components and alter-

native design require considerable efforts and com-

promises on battery stability. In contrast, increasing

the electrode thickness has been considered as a

practical and promising approach to achieve high-

energy-density LIBs [10-12].

A typical cathode for LIBs contains four compo-

nents: the active material, conductive carbon addi-

tives e.g. Super P, polymeric binders e.g. polyvinylidene

fluoride (PVDF), and Al current collectors [1-3].

Cathodes are fabricated by coating an aqueous or

non-aqueous cathode slurry containing the active

material, conductive carbon additives, and polymeric

binders on Al current collectors. Thicker electrodes

require a thicker wet slurry coating layer having a

substantially larger amount of solvent than thinner

electrodes. Although increasing the drying tempera-

ture is a straightforward way to accelerate solvent

evaporation, this method deteriorates the electrode

properties as it allows particle segregation [13] due

to phase separation caused by capillary forces. Con-

sequently, low-density electrode additives such as

polymeric binders and conductive carbon additives

accumulate at the top surface of the electrode and

are degraded at the current collector–electrode inter-

face [14,15]. The extent of particle segregation is

proportional to the capillary path length [16-18].

Segregation affects the particle arrangement and

pore structure in the electrodes, decreasing the elec-

trochemical performance of LIBs [10,32-34]. Addi-

tionally, the calendaring process directly influences

Fig. 1. Schematic of the electrode fabrication process for (a) SLMO and (b) DLMO.
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the density and homogeneity of electrode compos-

ites. The inherent nonuniformity induced by the

process of powder compacting becomes more severe

as the film thickness increases [19,20]. Conse-

quently, thicker electrodes have an increased risk of

nonuniformity, which may cause deterioration of

electrode quality after calendaring.

Many efforts have been devoted toward the

development of thick electrodes composed of multi-

ple layers with different electrode components

[16,21-23]. LIBs comprising multilayered cathodes,

with different proportions of electrode components

in each layer, exhibit high electrochemical perfor-

mance. However, the use of thicker electrodes with

composition identical to that of commercial high-

performance LIBs is considered the most promis-

ing and practical approach for realizing high-energy-

density LIBs for EVs and ESSs.

In this study, we investigated the tap density,

physical uniformity, and electrochemical properties

of thick double-layered cathodes. We compared the

performance of single-layered and double-layered

cathodes containing the same amount of the active

material (Fig. 1). The single-layered electrodes were

prepared by coating the electrode slurry on Al foil

once, followed by drying and calendaring (Fig. 1a).

Double-layered electrodes were prepared in two

steps (Fig. 1b). (i) The electrode slurry was coated

on Al foil, dried, and calendared to fabricate an

electrode containing half the mass loading of the

single-layered electrodes. The electrodes fabricated

in this step were called the primary coated elec-

trodes. (ii) Subsequently, the electrode slurry was

coated again on the primary coated electrodes, fol-

lowed by drying and calendaring, to fabricate dou-

ble-layered electrodes. The process was controlled

to ensure that the single-layered and double-lay-

ered electrodes had the same mass loading. The

morphological properties, composition, adhesion

properties, and electrochemical performance of sin-

gle-layered and double-layered electrodes were

investigated through field emission scanning electron

microscopy (FE-SEM) coupled with energy-disper-

sive X-ray spectroscopy (EDXS) and by using a

surface and interfacial cutting analysis system

(SAICAS) and battery cyclers.

2. Experimental

2.1. Materials

Lithium manganese oxide (LiMn2O4, LMO, Iljin

Materials, Republic of Korea), conductive carbon

(Super–P Li, Imerys, Switzerland), polyvinylidene

fluoride (PVdF; KF–1300, Mw = 350 000, Kureha,

Japan), N–methyl–2–pyrrolidone (NMP, Sigma

Aldrich Co., Ltd., Anhydrous, 99.5%, USA), alumi-

num foil (15 μm, Sam–A Aluminum, South Korea),

polyethylene (PE) separators (ND420, Asahi Kasei

E–materials, Japan, thickness = 20 μm), Li metal

foil (thickness = 200 μm, Honjo Metal Co., Ltd.,

Japan) were used as received without further purifi-

cation. A mixture of 1.15 M Li hexafluorophosphate

(LiPF6) in ethylene carbonate (EC)/ethyl methyl car-

bonate (EMC) (3/7 by volume) was purchased

(Enchem Co., Ltd., South Korea) and used as an

electrolyte without further purification. 

2.2. Electrode preparation

Single-layered and double-layered LMO electrodes

were prepared by a simple slurry coating method

using a doctor blade. A homogeneous slurry was pre-

pared by ball mixing commercial LMO active pow-

der (94 wt.%), conductive carbon (Super P, 3 wt.%),

and a polyvinylidene fluoride binder (PVDF, 3

wt.%) with NMP as a dispersing agent. To pre-

pare the single-layered LMO (SLMO) electrode, the

slurry was cast onto the Al foil current collector

using a doctor blade, followed by drying in a con-

vection oven at 130oC for 3 h. Subsequently, the

electrode was roll pressed by using a gap-control

roll-pressing machine (CLP–2025H, CIS, South

Korea). The gap was controlled to be 60% of the

initial cathode thickness. For the double-layered

LMO (DLMO) electrode, the first coat was applied

using half the amount of slurry by adjusting the

doctor blade gap, followed by drying (130oC for

3 h) and calendaring. The second coating was

applied with the remaining slurry mass, followed by

drying (130oC for 3 h) and calendaring. In both

coatings, the calendaring gap was controlled to be

60% of the initial cathode thickness. The prepared

SLMO and DLMO were cut into discs (diameter =

12 mm) and further dried at 60oC for 12 h under vac-

uum before being transferred into an Ar-filled glove
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box for cell assembly. The total mass loading for

SLMO and DLMO was controlled to be ~14 mg cm−2,

while the electrode densities for SLMO and DLMO

were 1.9 and 2.3 g cm−3, respectively.

2.3. Electrode characterization

The morphological and compositional analysis of

SLMO and DLMO electrodes were examined using

a field emission scanning electron microscope (FE–

SEM, JSM–6390, JEOL, Japan) equipped with an

energy-dispersive X-ray spectroscopy (EDX) detector

(GENESIS XM2, EDAX Inc., USA). To prepare a

specimen for cross-sectional images, each SLMO

and DLMO were cut using an Ar–ion milling sys-

tem (E3500, Hitachi, Japan) at a constant power of

2.1 W (6 kV and 0.35 mA) under a vacuum level of

< 2.0 × 10–4 Pa. The electric resistance Rel of the elec-

trodes was determined by a four-point probe CMT-

SR1000N Resis t iv i ty  Measurement  System

(Advanced Instrument Technology). 

2.4. Cell assembly and electrochemical performance

To evaluate the electrochemical performance of

prepared SLMO and DLMO cathodes, 2032–type

coin cells (SLMO or DLMO/Li metal) were assem-

bled in an Ar–filled glove box. After cell assembly,

cells were aged for 12 h at room temperature

(25oC) and precycled, comprising of cell formation

and stabilization cycles. Cell formation was done at

C/10 (0.154 mA cm–2) for both charging and discharg-

ing in constant current (CC) mode for 1 cycle, fol-

lowed by cell stabilization step where charged at C/

5 (0.308 mA cm–2) in CC/constant voltage (CV)

mode and discharged at C/5 (0.308 mA cm–2) in

CC mode for 3 cycles using a charge/discharge bat-

tery cycler (PNE Solutions, Korea). For rate capa-

bility evaluation, cells were charged at a constant

rate of C/2 (0.77 mA cm–2) in CC/CV mode, while

discharged at various C–rates ranging from C/2 to

20 C (discharging rate sequence = C/2, 1C, 3C,

5C, 7C, 10C, 15C, 20C, and C/2). Five cycles

were conducted for each discharging rate step.

Cycle performance of coin cells was evaluated by

charging at C/2 in CC/CV mode, while discharg-

ing at 1C in CC mode for 700 cycles. For both

rate capability and cycle performance evaluation,

operating voltage range and temperature were con-

trolled in the range of 3.0 – 4.4 V and 25oC.

3. Results and Discussion

The morphological, structural, and elemental anal-

Fig. 2. SEM images and EDXS results showing the cross-section, C and F mapping profiles, and surface morphology of

(a–d) SLMO and (e–h) DLMO.
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yses of the electrodes were conducted through SEM

and EDXS (Fig. 2). As shown in the cross-sec-

tional SEM images (Fig. 2a), SLMO had large and

irregular pore cavities that were more concentrated in

the middle to lower regions of the electrode, making

the electrode thick (~85 μm) and porous. In compari-

son, DLMO had more regular and smaller pore cavi-

ties throughout the composites, making the electrode

denser and thinner (~65 μm; Fig. 2e).

PVDF polymeric binders contain carbon (C) and

fluorine (F), whereas conductive carbon contains

only C. Therefore, comparing the elemental map-

ping images of C and F could elucidate the distri-

bution of polymeric binders and conductive carbon

in the electrodes. SLMO possessed low C density

near the Al substrate and in the lower region of

the electrode, whereas DLMO showed high C den-

sity in that region (Fig. 2b, 2f). In contrast, SLMO

displayed high C density in the upper region of the

electrode, whereas DLMO showed low C density in

that region. Furthermore, the SLMO surface was

covered with F, which indicated the presence of a

“blanket” of polymeric binders over the surface

(Fig. 2c). In contrast, DLMO showed a uniform

distribution of polymeric binders over the entire

area of the electrode (Fig. 2g). Thus, we confirmed

that the method of electrode preparation had a pro-

found effect on the electrode microstructure.

Fig. 3. Schematic of the electrode preparation steps for (a) SLMO and (b) DLMO



전기화학회지, 제 25권, 제 1 호, 2022 37

The changes in the physical state of the elec-

trodes during the drying and calendaring processes

are demonstrated in Fig. 3. In SLMO (Fig. 3a),

extensive solvent evaporation during drying induces

capillary forces that move the light electrode com-

ponents such as polymeric binders and Super-P

toward the top surface of the electrode. This causes

particle agglomeration that results in the formation

of a porous network of voids within the electrode

and nonuniform component distribution. A uniform

distribution of the conductive material is required to

ensure high electrical conductivity because the spe-

cific electrical conductivity of a cathode active

material is considerably low [24]. Moreover, high

electrode density (mass loading per unit volume) is

essential for the high electrochemical performance

of electrodes. Owing to its compact morphological

structure, uniform distribution of polymeric binders,

and dense distribution of conductive C near the Al

current collector, DLMO exhibited a lower sheet

resistance (0.152 Ω cm−2) than SLMO (0.177 Ω

cm−2) [25].

The distribution of electrode components, espe-

cially that of polymeric binders, affects the adhe-

sion properties of electrodes. The formation of an

intimate contact between electrodes and current collec-

tors is important to achieve stable electrochemical

properties [26-28]. The breakdown of the electrically

conductive network among the active material, con-

ductive carbon, and current collector in electrodes

can lead to electrode failure [26]. Consequently, the

adhesion properties of SLMO and DLMO were

investigated using the SAICAS. SAICAS is better

compared to the conventional peel test because it can

determine adhesion properties at a specific depth by

measuring both horizontal and vertical forces [29]. The

fluctuations exhibited by the SLMO in the cutting

mode and the unstable profile during the peeling

mode (Fig. 4) is attributed to the uneven distribu-

tion of the binder and particle agglomeration leav-

ing larger gaps and pores (corresponding to Fig. 2)

[29]. The DLMO showed a more stable profile

indicative of even particle distribution. Further-

more, the DLMO (74.7 N m−1) exhibited higher

adhesion strength than SLMO (57.8 N m−1). The

inferior adhesion properties of SLMO were

attributed to the decreased distribution of poly-

meric binders on the Al-facing side of the electrode

compared with that in DLMO, as seen in the

cross-sectional SEM images (Fig. 2). 

The morphology also affected the ionic conduc-

tivity of electrodes because the pores in the elec-

trode serve as electrolyte reservoirs. The pore

structure comprises connections between nodes (cav-

ities) and ducts (throats); during wetting, the elec-

trolyte fills the cavities first (converging) before

spreading into the throats (diverging) [9,29]. The

presence of large pores increases the convergence

time, resulting in high electrolyte resistance and

low electrode capacity [30]. To determine the effect

of double coating on electrode stability, various

electrochemical properties of SLMO and DLMO,

such as cycling performance and rate capability,

were investigated.

The voltage profiles of SLMO and DLMO during

the last stabilization cycle are shown in Fig. 5a.

Both SLMO and DLMO showed similar voltage

profiles except for the discharge capacity. The dis-

Fig. 4. SAICAS profiles for (a) SLMO and (b) DLMO
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charge capacity of DLMO (100.1 mAh g−1) was

3.7% higher than that of SLMO (96.5 mAh g−1)

operated at C/5 (0.308 mA cm−2). 

The rate capabilities of SLMO and DLMO are

shown in Fig. 5b. A significant difference in the

rate performance of SLMO and DLMO is observed

under high-C-rate discharging conditions (10, 15,

and 20 C). For instance, at 20 C (30.8 mA cm−2),

the discharge capacity of DLMO (100.1 mAh g−1)

was 105% of that of SLMO (95.2 mAh g−1). When

the discharging current returned to C/2 (0.77 mA

cm−2) after 80 cycles, the initial discharge capacities

of SLMO and DLMO were retained after the first

cycle. This implied that the reduced discharge

capacity of SLMO and DLMO under high-C-rate

discharging conditions could be attributed to kinetic

factors, regardless of active material damage and

electrolyte consumption.

Furthermore, the electrochemical impedance of

SLMO and DLMO was evaluated to elucidate the

effects of double coating on rate capability. As

shown in the Nyquist plots of SLMO and DLMO

(Fig. 6a), the bulk resistance, which is associated

with electrolyte infiltration into electrodes, was

almost the same [31]. Nevertheless, DLMO exhib-

ited a lower total resistance than SLMO. The

impedance value in the medium to low-frequency

range corresponded to resistance because of Li+ ion

migration through the electrode and the charge

transfer resistance between the electrode and elec-

trolyte. Thus, the low total resistance of DLMO

could be attributed to the enhanced Li+ ion migra-

tion. In contrast, the segregation of the binder and

conductive materials to the surface of SLMO was

considered as the main factor for the obstruction of

the passage of Li+ ions throughout the electrode

Fig. 5. (a) Charge/discharge profile curves and (b) rate

capabilities for SLMO and DLMO.

Fig. 6. (a) Nyquist plots and (b) long-term cycling

performances of SLMO and DLMO.
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because the non-conductive PVDF binder blocked

Li+ ions [32-34]. Furthermore, the nonuniform pore

size distribution caused by this segregation could

lead to increased concentration gradients and induce

polarization effects [35-37].

The cycling performances of SLMO and DLMO

were investigated (Fig. 6b). The SLMO cell failed

after around 605 cycles, whereat it exhibited a

capacity retention of 80.8 mAh g−1 (87.8% of its

initial discharge capacity) before it rapidly fell,

whereas the DLMO cell continued to operate after

700 cycles, showing a capacity retention of 89.1 mAh

g−1 (96.5% of its initial discharge capacity). As the

cycling performance test proceeded, the liquid elec-

trolyte was consumed on both the anode and cath-

ode. This implied that the total resistance gradually

increased with the cycle numbers during the test.

The cells failed to exhibit the expected discharge

capacity values when the total resistance of the cell

exceeded the limiting values, leading to an IR drop

during the test because the voltage of unit cells

reached their cut-off values. As shown in the elec-

trochemical impedance results, DLMO exhibited

considerably lower total resistance than SLMO,

which enabled the long-term maintenance of the

cycling performance [33,38].

4. Conclusions

The effects of double-coated electrodes on elec-

trochemical performance were investigated. Double

coating was shown to facilitate the uniform distri-

bution of particles in the slurry and the formation

of small, uniformly distributed pores. The pro-

posed method reduced the migration of low-den-

sity particles caused by capillary flow during

drying. Further, the double-coated electrodes showed

higher adhesion strength than the single-coated elec-

trodes owing to uniform binder distribution. More-

over, the double-coated electrodes displayed higher

performance at a high rate as well as long-term

cyclability because of the improved electrode kinet-

ics. The double-coated electrodes were also thinner

than the single-coated electrodes under the same

mass loading. This allowed for the production of

high-density electrodes without excessive calendar-

ing. The proposed method for electrode fabrication

is effective and can be easily scaled up for the

large-scale production of high-density electrodes.
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