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ABSTRACT: The design of the interfacial architecture between
the electrode and the current collector in lithium-ion batteries
(LIB) plays a key role in achieving ultrafast lithium storage kinetics
with respect to eﬃcient charge transfer and cycle stability.
However, in recent years, despite considerable eﬀorts in the
structural and chemical engineering of active materials (anode and
cathode materials), interfacial architectures between the electrode
and the current collector have received relatively insuﬃcient
attention in the case of ultrafast LIBs. Here, the interface
architecture of a micropatterned Al current collector with a
heteroatom-doped graphene interfacial layer is developed using roll
pressing and dip coating processes. The cathode electrode
fabricated with the resultant current collector oﬀers increased
contact area with enhanced interfacial stability between the electrode and the current collector because of micropatterns with
heteroatom-doped graphene formed on the current collector, leading to outstanding ultrafast cycling capacity (105.8 mA h g−1) at 20
C. Furthermore, at extremely high rate and long-term cycling performance, signiﬁcant ultrafast cycling stability (speciﬁc capacity of
87.1 mA h g−1 with capacity retention of 82.3% at 20 C after 1000 cycles) is noted. These improved ultrafast and ultra-stable
performances are explained in terms of the increased electron collection/provision site with a high contact area between the
electrode and the current collector for enhanced ultrafast cycling capacity and the eﬀective corrosion prevention of the current
collector with fast charge transfer for ultrafast cycling stability.
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■

INTRODUCTION
In recent years, oil shortage has emerged as a global issue with
many attempts to replace gasoline-powered devices with
electrically powered devices such as electric vehicles,
unmanned drones, and electric trains.1−3 However, these
electrically powered devices are still limited in their practical
applications because of critical problems such as long charging
times, low mileage per charge, and short life times.4−7 To
overcome this problem, the reduction of body weight,
improvement of motor eﬃciency, and reduced charging
times have become important issues. Lithium-ion batteries
(LIB) have high energy densities, have long life times, are ecofriendly, and exhibit low self-discharge. Because of these
characteristics, they have great potential to serve as the main
power source for high-technology electrical devices.8,9
However, despite the aforementioned advantages, LIBs still
suﬀer from low ultrafast cycling performances with poor life
times which prevents their widespread application in hightechnology electrical devices. To reduce the charging time of
electric vehicles, battery manufacturers are developing new
electrode materials, electrolytes, and additives. Some companies are targeting electric vehicles that can be fully charged
© 2020 American Chemical Society

within 6 min (C-rate of >10 C). This is problematic as it
causes the battery lifetime to drastically decline, with some
batteries even exploding. As a possible solution to these
problems, interfacial engineering has shown great potential as a
key technology that oﬀers enhanced electrical, mechanical,
chemical, and electrochemical properties by using geometric
architectures and unique structural designs.10−12 In particular,
in recent years, as corrosion and exfoliation problems of the
interface between the electrode and the current collector have
emerged, a strategy of interface coating such as metal oxide and
carbon material to enhance the ultrafast cycling stability has
been developed at the current collector.13−16 For example, Ma
et al. conducted a study on corrosion of the Al foil as the
current collector occurring during the electrochemical reaction
in LIBs.13 They suggested that corrosion of the current
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Figure 1. Schematic illustration of process steps of (a) bare-Al, (b) micropatterned Al foil, and (c) NF-G@micropatterned Al foil to fabricate the N
and F doped graphene interfacial layer on micropatterned Al foil.

interfacial layer has excellent electrical conductivity and superb
electrochemical properties because of its unique crystal
structure resulting from C−N and C−F bonds.17 The Nand F-doped graphene is formed by thermal decomposition
and bonding reaction of ammonium ﬂuoride (NH4F) which
acts as the N and F doping sources. The thermal
decomposition equation of NH4F is as follows.18

collector should be suppressed to increase the cycling stability
of LIBs. Furthermore, Wang et al. fabricated graphene-coated
Al foil as the current collector in LIBs using plasma-enhanced
chemical vapor deposition.14 The electrode fabricated by
graphene-coated Al foil showed the increased cycling stability
(∼92 mA h g−1 with capacity retention of 91% after 360 cycles
at 0.5 C) with high rate capacity (∼60 mA h g−1 at 5 C). The
authors proposed that the introduced graphene coating layer
can eﬀectively prevent the attack of the current collector by
electrolyte decomposition. However, critical problems, in
which ultrafast cycling performances are extremely decreased,
newly occurred because of the low electrical conductivity of
the coating layer. Therefore, novel strategy of interfacial
engineering which can support the ultrafast cycling capacity
with ultra-stable cycling performance is needed to solve the
main problems of the existing ultrafast LIBs.
In this study, we design a novel interface architecture of a
heteroatom (N and F)-doped graphene interfacial layer on
micropatterned Al foil as a current collector of the cathode
electrode for accelerating the lithium storage kinetics and
interfacial stability of LIBs. The micropatterns and graphene
interfacial layer were formed on Al foil by roll pressing and dip
coating processes. Specially, this technique provides an
improved lithium storage kinetics and greatly improves
interfacial stability. This novel interface engineering dramatically improves the ultrafast and ultra-stable cycling performance even at 20 C when it was introduced at the cathode
fabricated with a current collector in LIBs.

NH4F → NH3 + HF

(1)

Initially, NH4F is thermal-decomposed to ammonia (NH3)
and hydrogen ﬂuoride (HF) at >100 °C. Then, as the
temperature increases, the decomposition products NH3 and
HF act as doping sources of N and F during the calcination
process at more than 300 °C (Figures S5 and S6).17,18 The
prepared N- and F-doped graphene powders are then
dispersed in NMP as suspension for the dip coating process.
The N- and F-doped graphene in suspension is uniformly
coated on the micropatterned Al foil. Introduction of the Nand F-doped graphene interfacial layer on micropatterned Al
foil can be an eﬀective strategy to prevent the corrosion of Al
foil and quickly electron transfer at the interface between the
electrode and Al foil during ultrafast cycling.
Figure 2 shows the top-view ﬁeld emission scanning electron
microscopy (FESEM) images of bare-Al, patterned-Al, and

■

RESULTS AND DISCUSSION
Figure 1 shows a schematic illustration of the micropatterning
and graphene coating processes on Al foil. The micropatterned
Al foil is formed by physical pressing using a conventional roll
press with a SUS mesh having a wire diameter of ∼50.8−56.2
μm with a pore size of ∼113.7−138.4 μm (Figure S1). The
distance between the patterns and micropattern size is
determined by the mesh type and compressive force (Figures
S2 and S3). In addition, micropatterns having ellipsoid
morphology appear because of the structure of the mesh
pattern. The formed micropatterns on Al foil are important in
enhancing the adhesion by improving the contact area between
the electrode and the current collector. The graphene
interfacial layer on patterned Al foil is formed by a dip coating
process with suspension containing the N- and F-doped
graphene (Figure S4). The N- and F-doped graphene

Figure 2. Top-view FESEM images of (a) bare-Al, (b) patterned-Al,
and (c) NF-G@patterned-Al.

NF-G@patterned-Al. The bare-Al (Figure 2a) showed a
smooth surface without any shape while the patterned-Al
surface (Figure 2b) exhibited a micro-pattern morphology
which consists of an ellipse shape with a diameter of ∼326.1−
346.8 μm (aspect ratio of 3.10). The NF-G@patterned-Al
exhibits a rough surface because of the N- and F-doped
graphene interfacial layer being coated with micropatterns with
a diameter of ∼326.8−348.8 μm (aspect ratio of 3.09) (see
Figure 2c) and a thickness of 0.48−0.61 μm after the dip
coating process (see Figure S7).19,20 In the case of NF-G@
patterned-Al, the N- and F-doped graphene interfacial layer is
19211
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Figure 3. (a) XRD data of all samples, (b) XPS full scan spectrum of NF-G@patterned-Al, XPS spectra obtained from (c) O 1s, (d) C 1s, (e) N 1s,
(f) F 1s, and (g) schematic illustration of N and F doped graphene.

spectrum of NF-G@patterned-Al (Figure 3d) indicated six
signals at ∼284.6, ∼285.9, ∼287.5, ∼289.9, ∼291.6, and
∼293.3 eV, corresponding to the sp2 C, C−O/C−N, CO/
CN, C−F, C−F2, and C−F3 bonds.25,26 In general, sp2 C
constituting the graphene layer is composed of one s-orbital
and two p-orbitals. These are each bonded at 120° to form C−
C bonds, which is a honeycomb structure.27 It is well known
that the honeycomb structure of graphene has high electrical
conductivity by forming electron clouds because of the
presence of π-electrons, which occurs by sp2 C bonds.27 The
N 1s spectrum of NF-G@patterned-Al showed three signals at
∼398.2, ∼399.5, and ∼401.0 eV, corresponding to the
pyridinic-, graphitic- (or quaternary-), and pyrrolic-N bonds(Figure 3e).28 The pyridinic-N bonding is located at the edge
sites of the graphene basal plane combined with two C atoms.
The pyrrolic-N bonding forms heterocyclic rings which are
bonded to two C atoms at the graphene basal plane. The
pyridinic-N and pyrrolic-N are well known for providing two p
electrons by π systems of carbon.28 The graphitic-N is formed
by N atoms substituting C atoms in C−C bonding. The N−C
bonding can increase the electrical properties because the
electronegativity of N atoms (3.04) is higher than C atoms
(2.55).27 The F 1s binding energies of NF-G@patterned-Al are
located at ∼686.2 and ∼688.1 eV, corresponding to semi-ionic
C−F and covalent C−F(Figure 3f).29 These bonds are formed
by the interaction of sp2 and sp3 hybridization carbon atoms in
graphene. Furthermore, the C−F bonds are well formed at
defects in graphene such as the edge plane, O-containing
functional groups, and N-containing functional groups because
of the strong electronegativity of the F atom (3.98).29 The C−
F bonding can improve charge transfer and accessibility by

uniformly formed at both the top and bottom area (see the
inset of Figure 2c). This layer acts as a conductive passivation
layer that can increase ultrafast cycling performance by
preventing Al foil corrosion while also oﬀering a charge
transfer pathway.21,22 In addition, in the laser scanning
microscopy (LSM) images, the heights of the micropattern
in patterned-Al and NF-G@patterned-Al were ∼42.3 and
∼43.4 μm, respectively (Figure S8).
Figure 3a displays the X-ray diﬀraction (XRD) patterns of
bare-Al, patterned-Al, and NF-G@patterned-Al. The main
characteristic diﬀraction peaks of all samples were exhibited at
∼38.5, ∼44.7, ∼65.1, and ∼78.2°, corresponding to (111),
(200), (220), and (311) planes of Al phases, which match with
the space group of Fm3̅m (JCPDS card no. 85-1327).22 The
bare-Al and patterned-Al only exhibited diﬀraction peaks of Al
without any other phases. The diﬀraction peaks of the NF-G@
patterned-Al, along with the peaks related to Al, are observed
at ∼26.7 and ∼43.5°, corresponding to (002) and (101) planes
of reduced graphene oxide phase with the space group of p31m
(JCPDS card no. 75-2078) because of the N- and F-doped
graphene interfacial layer coated on Al foil.23,24 To
demonstrate the chemical states of the NF-G@patterned-Al,
X-ray photoelectron spectroscopy (XPS) analysis was
performed, as shown in Figure 3b−g. Figure 3b shows the
XPS full scan spectrum of NF-G@patterned-Al to conﬁrm the
presence of O, C, N, and F without other elements. The O 1s
spectrum of NF-G @patterned-Al (Figure 3c) displayed at
∼532.0, ∼533.4, and ∼535.4 eV corresponds to diﬀerent
bonding states of CO, C−O, and C−OH.25 The C−O
bonding state is formed by the N- and F-doped graphene
interfacial layer on the patterned-Al foil. The C 1s XPS
19212
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Figure 4. (a) Equivalent circuit used EIS analysis, (b) Nyquist plots of all electrodes, (c) relationship between Zreal and ω−1/2 in the low frequency
range of all electrodes, and (d) Li ion diﬀusion coeﬃcient of all electrodes.

Figure 5. (a) Rate-performance at a current density of 1, 3, 5, 7, 10, 20, and 1 C, (b) speciﬁc capacity and capacity retentions of bare-Al, patternedAl, NF-G@patterned-Al electrodes with increasing current densities, (c) cycling test at a current density of 1 C during 500 cycles, and (d) longterm cycling test at 20 C up to 1000 cycles.

demonstrate that the N- and F-doped graphene interfacial layer
was well formed on the NF-G@patterned-Al foil surface.
To investigate the electrochemical kinetics corresponding to
charge transfer resistance and Li ion diﬀusion in fresh cells
fabricated with bare-Al, patterned-Al, and NF-G@patternedAl, the corresponding electrochemical impedance spectroscopy
(EIS) was analyzed. Figure 4b exhibits the Nyquist plots of all
electrodes at open-circuit potential at frequencies from 105
kHz to 10−2 Hz. The EIS data appear in two parts of the
semicircle and the inclined line at the low frequency region and
the high frequency region. The semicircle consisting of doublelayer capacitance (Cdl) and charge transfer resistance (Rct) is
attributed to absorption of charges on the electrode interface

extending ion diﬀusion space and decreasing the charge
absorption/desorption energy barrier. Therefore, the doped N
and F atoms in graphene improves the electrical conductivity,
charge accessibility, and ion diﬀusion rate of the graphene,
thereby improving the electrical/electrochemical properties
(Figures 3g and S9). In addition, the defect structure of N- and
F-doped graphene is investigated by Raman spectroscopy, as
shown in Figure S10. The ID/IG ratio (1.04) of N- and Fdoped graphene, which indicates the defect structure of
graphene, is higher than the ID/IG ratio (0.92) of graphene
because of increased defects in the graphene lattice by doped
N and F atoms.30,31 Thus, the XRD, XPS, and Raman results
19213
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and the redox reaction on the electrode, respectively (Figure
4a).32,33 The inclined line corresponds to the Warburg
impedance which is Li ion diﬀusion in the electrode.32,33 In
Figure 4b, the bare-Al electrode shows a high semicircle with
high Warburg impedance, which signiﬁes poor charge transfer
kinetics because of limited electron providing/collecting sites
by a low contact area between the electrode and the current
collector. On the other hand, the semicircle of the patterned-Al
and NF-G@patterned-Al electrodes indicates a lower than
bare-Al electrode. In general, the size of the semicircle in EIS
data mainly depends on charge transfer resistance, and the
patterned-Al and the NF-G@patterned-Al electrodes have a
low charge transfer resistance because of the improved electron
collection/provision site between the electrode and the current
collector (Figure S11).34,35 In particular, the NF-G@
patterned-Al electrode indicates the lowest Warburg impedance and the lowest charge transfer resistance among the
samples (Figure 4c). This result is due to the formation of
micropatterns with N- and F-doped graphene interfacial layer
that can increase the electron collection/provision site and fast
electron transfer on the current collector interface. In addition,
the diﬀusion coeﬃcient of the Li ion (Figure 4d) can be
calculated from the inclined line in the low-frequency region
by the following equation.12,36

introduction of the micropatterns and the N- and F-doped
graphene interfacial layer.12,33 Speciﬁcally, the NF-G@
patterned-Al exhibits excellent speciﬁc capacity of 168.8 mAh
g−1 with a capacity retention of 84.1% at a current density of 1
C after 500 cycles, which is attributed to the increased
adhesion area between the electrode and the current collector
resulting from micropatterns with the N- and F-doped
graphene interfacial layer (Figure 5c). The cathode fabricated
with bare-Al foil as the current collector performs well at a
current density of 1 C, and the ultrafast charge/discharge
performance at 20 C may rapidly decrease because of severe
electrode exfoliation by volume expansion of the cathode
material.11,33 The charge/discharge performance may also be
aﬀected by poor electrochemical kinetics because of the limited
electron transfer rate and Li ion diﬀusion. In order to
demonstrate the eﬀect of the N- and F-doped graphene
interfacial layer on micropatterned Al foil, we measured the
ultrafast cycling test of all electrodes at a high current density
of 20 C during 1000 cycles. As shown in Figure 5d, while the
bare-Al electrode exhibits an extremely low speciﬁc capacity
under 1 mA h g−1 during the 1000 cycles at a current density of
20 C, the NF-G@patterned-Al electrode exhibits a noticeable
enhancement of the ultrafast cycling performances with high
speciﬁc capacity (87.1 mA h g−1) and superb capacity retention
(82.3%). After the cycling test of 1000 cycles at 20 C, the cell
was disassembled and the bare-Al electrode was found to have
suﬀered from electrode decomposition and peeling phenomenon, which is attributed to severe degradation by low
interfacial stability.
Figure 6 exhibits the surface morphology of the bare-Al and
NF-G@patterned-Al electrode after 1000 cycles at 20 C. The

Zreal = R e + R ct + σwω−1/2

(2)

D = R2T 2/2A2 n 4F 4C 2σw2

(3)

where, Re is bulk resistance in the cell related to overall
resistance of an electrode, a separator, and an electrolyte. Rct is
the charge transfer resistance between the electrode and
electrolyte. σw is the Warburg impedance coeﬃcient. R, T, and
A denote the gas constant, operating temperature, and
electrode area, respectively. n, F, and C signify the number
of electrons per molecule, Faraday constant, and molar
concentration of Li ion, respectively. The diﬀusion coeﬃcients
of Li ion for bare-Al, patterned-Al, and NF-G@patterned-Al
electrode are 0.77 × 10−12, 1.62 × 10−12, and 1.80 × 10−12 cm2
s−1, which is calculated by σw, respectively. This result indicates
that micropatterns with N- and F-doped graphene interfacial
layer could eﬃciently improve the ionic diﬀusion rate during
an ultrafast charge−discharge process. Thus, low charge
transfer resistance with superior Li ion diﬀusion coeﬃcient
of NF-G@patterned-Al can increase the ultrafast Li storage
performance because of the enhancement of electron transfer
and Li ion diﬀusion kinetics.
Figure 5a displays the rate performance of all electrodes at
various C-rates of 1, 3, 5, 7, 10, and 20 C. With an increase of
the C-rate, the speciﬁc capacity of the bare-Al electrode is
completely degraded at a current density of 20 C. In contrast,
even at a high rate of 20 C, the speciﬁc capacities of the
patterned-Al and NF-G@patterned-Al electrode are 71.8 and
105.8 mA h g−1, respectively. This result indicates a superb
ultrafast cycling performance compared to previous reports of
cathode electrode constructed with the NCA material.
Especially, at 20 C, compared to 1 C, although the capacity
retention of bare-Al is under 1%, capacity retentions of
patterned-Al and NF-G@patterned-Al electrodes are 38.6 and
54.7%, respectively (Figure 5b). In addition, the coulombic
eﬃciency of the NF-G@patterned-Al electrode (>99.2%) is
higher than the bare-Al electrode (>98.8%) at all current
densities (Figure S12). This is mainly attributed to the
facilitated electron and Li ion diﬀusion on the Al foil by the
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Figure 6. FESEM images of (a,c) initial and (b,d) after ultrafast
cycling performance during 1000 cycles at 20 C obtained from
electrodes fabricated by bare-Al and NF-G@patterned-Al, respectively.

bare-Al and NF-G@patterned-Al electrode display the smooth
surface morphology without surface cracks and breakage
(Figure 6a,c). After 1000 cycles under ultrafast cycling
condition (20 C), however, the bare-Al electrode was severely
damaged with surface crack and breakage because of electrode
decomposition by electrode exfoliation and corrosion of the
current collector (Figure 6b). On the other hand, the NF-G@
patterned-Al showed a surface structure similar to the initial
surface structure even after ultrafast cycling performance
(Figure 6d) because of increased adhesion and corrosion
19214
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resistance by the micropatterned substrate and the N- and Fdoped graphene interfacial layer. In addition, Figure S13 shows
images of components in decomposed cells of bare-Al and NFG@patterned-Al electrodes cycled at 20 C after 1000 cycles.
The bare-Al electrode obtained from the measured cell during
1000 cycles at 20 C appeared broken surface and a separated
electrode material. The NF-G@patterned-Al electrode exhibited relatively stable surface morphology when compared to
the bare-Al electrode. This result suggests that the N- and Fdoped graphene interfacial layer on micropatterned Al foil
dramatically prevents the electrode exfoliation and corrosion of
the current collector. Furthermore, in the case of EDS results
after 1000 cycles at 20 C, while the Al components on surface
of bare-Al electrode rapidly increased from 0.8 to 1.8 at. %, the
Al components of NF-G@patterned-Al increased slightly from
0.8 to 1.1 at. % (Figure S14 and Table S2).
Figure 7 shows Nyquist plots of all electrodes obtained from
cell of initial and after 1000 cycles at ultrafast cycling (20 C).

have been achieved by forming the novel micropatterns with
N- and F-doped graphene interfacial layer on Al foil. The
improvement factor of cycling performances can be attributed
to the two major eﬀects of the N- and F-doped graphene
interfacial layer of micropatterned Al foil (Figure 8): (I) the
micro-patterns on Al foil can increase the collection/provision
site of electrons with a high contact area between the electrode
and the current collector, enhancing the ultrafast cycling
capacity; (II) the applied N- and F-doped graphene interfacial
layer eﬀectively prevents the corrosion of the current collector
by graphene as a conductive passivation layer and provides a
fast charge transfer on the interface by doped N and F atoms,
leading to superb ultrafast cycling stability.

Research Article

■

CONCLUSIONS
Here, we successfully fabricated an N- and F-doped graphene
interfacial layer on micropatterned Al foil as the current
collector using roll pressing and dip coating processes.
Speciﬁcally, we proposed a unique interface morphology of
micropatterns and the N- and F-doped graphene interfacial
layer on Al foil, which can oﬀer improved ultrafast and ultrastable cycling performances. The NF-G@patterned-Al indicated the micropattern size in the range from ∼326.8−348.8
μm (aspect ratio of 3.09) and the N- and F-doped graphene
layer with a thickness of ∼0.48−0.61 μm. In addition, this
structure exhibited the improved eﬀects of Li ion diﬀusion
eﬃciency (1.80 × 10−12 cm2 s−1). When the NF-G@patternedAl was applied as the current collector at the electrode for the
LIBs, an ultrafast and ultra-stable cycling performance of 87.1
mA h g−1 with a capacity retention of 82.3% after 1000 cycles
at 20 C and an excellent cycling stability of 168.8 mA h g−1
with a capacity retention of 84.1% after 500 cycles at 1 C were
clearly observed. This can be ascribed to the following eﬃcient
functionalities of the micropatterns with the N- and F-doped
graphene interfacial layer on Al foil. First, superb ultrafast
cycling capacity is caused by the increased collection/provision
site of electrons with a high contact area between the electrode
and the current collector resulting from the formation of
micropatterns on Al foil. Second, improved ultrafast cycling
stability is related to the prevented corrosion of Al foil by fast
charge transfer of the N- and F-doped graphene interface as a
conductive passivation layer. Therefore, the N- and F-doped
graphene interfacial layer on micropatterned Al foil is a
promising strategy for improving the ultrafast and ultra-stable
lithium storage performance in LIBs.

Figure 7. Nyquist plots of all sample electrodes obtained from initial
and after 1000 cycles at a current density of 20 C.

The bare-Al and patterend-Al electrodes showed severely
increased resistance with high Warburg impedance because of
electrode breakage and exfoliation. However, despite the
ultrafast cycling test at 20 C for 1000 cycles, because of
improved adhesion area and enhanced corrosion resistance of
the current collector, the NF-G@patterned-Al electrode with
low resistance and low Warburg impedance was still
maintained compared with bare-Al and patterend-Al electrodes. These results are in good agreement with Figures 6 and
S9.
Therefore, in this study, improved ultrafast (at current
density of 20 C) and ultra-stable (during the 1000 cycles)
cycling performances of the NF-G@patterned-Al electrode

Figure 8. Schematic illustration of the two main eﬀects on the NF-G@patterned-Al electrode for enhancing ultrafast and ultra-stable cycling
performances. (I) Eﬀect of micropatterns on Al foil and (II) eﬀect of the N and F doped graphene interfacial layer on micropatterned Al foil.
19215
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Brief description of experimental methods is explained in Figure 1.
Details of processes and synthesis conditions used in this study are
provided in Supporting Information.
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