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ABSTRACT: Aluminum foil is the predominant cathodic
current collector in lithium-based batteries due to the high
electronic conductivity, stable chemical/electrochemical prop-
erties, low density, and low cost. However, with the
development of next-generation lithium batteries, Al current
collectors face new challenges, such as the requirement of
increased chemical stability at high voltage, long-cycle-life
batteries with different electrolyte systems, as well as improved
electronic conductivity and adhesion for new electrode
materials. In this study, we demonstrate a novel graphene-
like carbon (GLC) coating on the Al foil in lithium-based
batteries. Various physical and electrochemical character-
izations are conducted to reveal the electronic conductivity and electrochemical stability of the GLC-Al foil in both carbonate-
and ether-based electrolytes. Full-cell tests, including Li−S batteries and high-voltage Li-ion batteries, are performed to
demonstrate the significantly improved cycling and rate performance of batteries with the use of the GLC-Al foil as current
collectors. The cell using the GLC-Al foil can greatly reduce the potential polarization in Li−S batteries and can obtain a
reversible capacity of 750 mAh g−1 over 100 cycles at 0.5C. Even with high-sulfur-loading cathodes, the Li−S battery at 1C still
maintains over 500 mAh g−1 after 100 cycles. In high-voltage Li-ion batteries, the GLC-Al foil significantly improves the high-
rate performance, showing an increased retained capacity by over 100 mAh g−1 after 450 cycles at 1C compared to the bare foil.
It is believed that the developed GLC-Al foil brings new opportunities to enhance the battery life of lithium-based batteries.
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■ INTRODUCTION

Lithium (-ion) batteries are considered one of the most
important energy storage devices for electric vehicles.1−3

Current collectors, a critical component in batteries, directly
determine the cycle life and performance of these cells.4−6 An
ideal current collector should first have enough electronic
conductivity for the electrodes. Furthermore, the current
collector should also have stable chemical and electrochemical
properties to tolerate the various working environments of
different battery systems.4,6,7

Al foil has been developed as the most predominant
cathodic current collector in commercial Li (-ion) batteries
due to the high electronic conductivity, low density, and
affordable price.8 However, with the development of next-
generation batteries, Al foils face many challenges. First, the
stability of Al foil in Li-ion electrolyte has been questioned.
Some research reports that the naturally formed Al2O3 surface
is not enough to resist corrosion from the electrolyte.
Especially at high voltages over 3.0 V, the Li salts in the
electrolyte, such as LiPF6, LiClO4, and LiTFSI, will attack and

oxidize the Al foil into Al3+ ion dissolving into the
electrolyte.9,10 Especially of the high-voltage cathode materials
in Li-ion batteries, such as spinel cathode LiNi0.5Mn1.5O4
(LNMO) and Ni-rich cathode LiNi1−x−yMnxCoyO2 (NMC),
the high-working voltage leads to severe degradation of the
current collector and undeniably shortens the cycling life of
these batteries.11,12 Second, the development of high-energy
and high-loading cathodes, such as insulated sulfur cathodes in
Li−S and Na−S batteries, brings new requirements of current
collectors. Al foil should have strong surface interactions to
bond nano-/microcathode particles without fracture or
exfoliation of the electrode materials.5−7 Furthermore,
improved electronic conductivity is required to allow a sizeable
current flow coming through high-loading cathodes.5−7

Moreover, to realize high-energy batteries, the Al foils are
also required to be thin, light, and possess enough mechanical
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strength to reduce the weight of inert components in batteries.
Many studies have been conducted in this field, including the
development of the novel two-dimensional (2D)/three-dimen-
sional (3D)-structured Al foils, the development of highly
conductive coating materials for Al foils, and the development
of metal oxide/sulfide/carbide/nitride catalysts on current
collectors.13−18

In this study, we investigate a controllable graphene-like
carbon (GLC) thin film as a coating material for Al foils in Li
batteries to enhance the electronic conductivity and suppress
the corrosion from the electrolyte. Various physical and
electrochemical characterizations are described to demonstrate
the anticorrosion effect of the coating layer for Al foil in both
carbonate- and ether-based electrolytes. Full-battery tests of
the as-prepared Al foils in Li−S and Li-ion batteries are also
investigated. Our design of the GLC-coating layer for a highly
stable and conductive Al foil as a current collector may bring
new opportunities to further improve the battery life of Li
(-ion) batteries.

■ RESULTS AND DISCUSSION
Physical characterizations of as-prepared Al foils are illustrated
in Figure 1. Compared to the bare Al foil (Figure 1a), the Al

foil with the GLC-coating layer demonstrates a dark metallic
color in the visual image, and the SEM image presents a rough
and uniform carbon coating on the surface (Figure 1b, left).
From the enlarged SEM image (Figure 1b, low-right), the
GLC-Al foil presents the irregularly layered structure graphene
sheets covered on the surface. Raman spectroscopy is utilized
to investigate the physical properties of the GLC-coating layer.
As shown in Figure 1c, compared with the bare Al foil, the
GLC-Al foil exhibits firm Raman peaks assigned to carbon in
the spectrum. Notably, the appearance of the D′ peak and 2D
peak in the spectrum demonstrates the graphene feature of the
as-prepared carbon-coating layer.19,20 Further, the peak
intensity ratio of 2D to G peak illustrates that the GLC is
composed of few-layer graphene.21 It has been reported that
the fewer the number of graphene layers, the better the
conductivity of the material.22,23 Surface roughness character-
ization is carried out via atomic force microscopy (AFM). As
shown in Figure S1, the surface of the GLC-Al foil is
significantly rougher than that of the bare foil; this is reflected

in the measured average roughness (Ra) value of the two foils.
As reported by the previous literature, the enhanced roughness
of the current collector may improve the adhesion between
electrode materials and current collector, which can facilitate
the electrochemical performance of batteries.24,25 Synchrotron-
based X-ray absorption near-edge spectroscopy (XANES) is
investigated to evaluate the property of Al foils before and after
the coating process. As shown in Figure 1d, Al K-edge spectra
of bare and coated Al foils are nearly identical, indicating that
the GLC-coating synthetic process will not change the Al foil
property. Based on the characterizations mentioned above, the
as-prepared GLC-Al foil with few-layer graphene is well
synthesized with high electronic conductivity for battery
applications.
In addition to electronic conductivity, the anticorrosion of

Al foil in an electrochemical environment is another indicator
related to the performance of the current collector in batteries.
To investigate the electrochemical properties of Al foils, Li−Al
cells are fabricated in carbonate- and ether-based electrolytes.
To ensure the consistency of the testing condition of lithium-
based full cells, the voltage window in the carbonate electrolyte
is in 1−5 V (for high-voltage Li-ion batteries), while it is 1−3.5
V in the ether-based electrolyte (for most Li−S batteries). As
shown in the cyclic voltammograms (CVs) in Figure 2a,b, the

Figure 1. Physical characterizations of as-prepared Al foils. (a, b) field
emission scanning electron microscope (FE-SEM) images and visual
images, (c) Raman spectra, and (d) Al K-edge XANES spectra of bare
and GLC-Al foils.

Figure 2. Electrochemical characterizations of Al foils. CV profiles of
Li−Al cells in (a) the carbonate electrolyte and (b) the ether
electrolyte. Chronoamperograms of Li−Al cells (c) at 4.5 V in the
carbonate-based electrolyte and (d) at 3.0 V in the ether-based
electrolyte; (e, f) Al K-edge XANES spectra of as-prepared Al foils
cycled in Li−Al cells.
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bare Al foils in both carbonate and ether electrolytes
demonstrate an apparent anodic peak with currents of over
9.7 μA (carbonate) and 24.5 μA (ether) at the first cycle,
respectively. This result indicates that the bare Al foils are
unstable at high voltage in the electrochemical operating
window and that Al metal is attacked by the electrolyte and
further oxidized to Al3+ in an anodic process.8,9 The previous
literature indicates that the anodic peaks are associated with
the passivating process of the Al foil surface with the
decomposition of Li salt.26−29 On the other hand, GLC-Al
foils in the two electrolytes show a much smaller current peak
during the whole CV process, demonstrating the improved
stability of Al foils with the GLC-coating layer. Chronoam-
perograms of the Al foils in carbonate and ether electrolytes are
illustrated in Figure 2c,d. In the carbonate-based electrolyte,
the polarization voltage of the cell is set at 4.5 V and held for 1
h. Interestingly, the current for the bare Al foil increased to
over 10 mA sharply and gradually decreased to 250 μA in the
following 1000 s. However, for the GLC-Al foil, the initial
current maximum is much smaller (7.8 mA) and the current
drops to a much lower stable steady-state current (1 μA)
compared to the bare foil. In the ether-based electrolyte
(Figure 2d), the same pattern persists, with a rapid drop in
initial current maxima to a steady-state current, with GLC-Al
being significantly lower than the bare foil. As reported by the
previous literature, a higher current value indicates a more
serious corroded process of the Al foil, and therefore the results
agree with the CV curves that the GLC layer helps to suppress
the corrosion of the Al foil with fewer side reactions during the
electrochemical activity.10,30 Al K-edge XANES spectra of Al
foils after electrochemical testing were conducted to further
investigate the chemical reaction occurring in the Al foils. As
shown in Figure 2e, compared to the Al foil before the
electrochemical test, both the bare and GLC-Al foils show
noticeable changes after electrochemical testing in the
carbonate electrolyte. A new peak at 1570 eV appears, which
can be assigned to the formation of Al3+ such as AlF3 at the
surface.31,32 Interestingly, the GLC-Al foil (red line) still
maintains the features from the pristine Al foil (1557 and
1562.4 eV), while these peaks are nearly nonexistent in the
bare Al foil (blue line). These results indicate that the GLC
layer to some extent protects the Al foil from the attack of the
electrolyte and subsequent oxidation to Al3+ ions in the
electrolyte. Figure 2f presents the Al K-edge XANES of Al foils
operated in the ether-based electrolyte. The Al K-edge spectra
of Al foils in the ether-based electrolyte do not demonstrate a
noticeable change as in the carbonate electrolyte. This may be
due to the operating voltage window in the ether-based
electrolyte (1.0−3.0 V), as it is much milder than in the
carbonate electrolyte (1.0−5.0 V), which indicates that the
high operating voltage brings more challenges to Al foils.
Compared to the first derivative XANES inserted in Figure 2f,
the white line of the bare Al foil after cycling presents a slight
shift to a higher energy than that of the GLC-Al foil (1555.5−
1555. 8 eV), indicating the mild oxidation of the Al foil
without the protection of the GLC layer.31−33

Surface morphologies of Al foils after cycling in Li−Al cells
with two electrolytes are illustrated in Figure 3. As shown in
Figure 3a−c, the bare Al foil after cycling demonstrates severe
corrosion on the surface with a corroded porous structure. For
the GLC-Al foils, on the other hand, it still maintains the
carbon coating on the surface without any trace of corrosion.
After cycling in the carbonate electrolyte, the GLC-Al foil

(Figure 3b) is covered by a dense film on the surface, which
may be related to the side reactions with the electrolyte at a
high operating voltage and the solid electrolyte interphase layer
formation at the cathode side. For the battery cycling in the
ether electrolyte, carbon coating still remains on the surface of
the GLC-Al foil (Figure 3d) and the morphologic feature of
the graphene sheet in the enlarged image can be observed,
which is close to the pristine GLC-Al foil shown in Figure 1.
Based on the results obtained in Figures 2 and 3, a schematic
illustration is presented in Figure 3e. The bare Al foil is very
easily attacked by the electrolyte at high voltage and may be
oxidized to Al3+ components, such as Al2O3 and AlF3, or
dissolved into the electrolyte. The corroded Al foil may weaken
the connection between the electrode materials and current
collector, which may worsen the electronic conductive network
and deteriorate the battery performance.34,35 Conversely, the
GLC-coating layer acts as a corrosion inhibitor that protects
the Al foil from these side reactions, which helps to maintain
the integrity and electronic conductivity of the Al foil in the
harsh electrochemical conditions of next-generation lithium
batteries.
To further demonstrate the improved performance of GLC-

Al foils, various full-cell configurations with the use of the two
electrolyte systems were investigated. Electrochemical charac-
terizations of sulfur cathodes with different Al foils in Li−S
batteries are demonstrated in Figure 4. Detailed C−S
composite preparation and physical characterizations are
shown in the experimental section and Figure S2. As shown
in Figure 4a, the sulfur cathode with the GLC-Al foil cycled at
800 mA g−1 presents a discharge capacity of over 1278 mAh
g−1 and maintains 712 mAh g−1 after 100 cycles. However, the
sulfur cathode with the bare Al foil at the same testing
condition only maintains 475 mAh g−1 after 100 cycles. The
cycling performance of the high-loading sulfur cathode (sulfur
loading = 2 mg cm−2) at 1C is shown in Figure S3. After 100
cycles, the discharge capacity is maintained over 500 mAh g−1,

Figure 3. Morphology and schematic figures of Al foils after cycling.
(a−d) SEM images of Al foils cycled 500 times in carbonate and ether
electrolytes, respectively. (e) Schematic figure of the corrosion
process of Al foils with and without GLC layer in Li-ion electrolytes.
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indicating good cycling performance of high-loading sulfur
cathodes with the use of the GLC-AL foil as current collectors.
The rate performance of the sulfur cathodes with the GLC-Al
and bare Al foils is shown in Figure 4b. The sulfur cathode
with the GLC-Al foil also demonstrates an improved
performance at various current densities compared to that
with the bare foil. The excellent cycling and rate performance
of the sulfur cathodes with the GLC-Al foil illustrate the
improved reaction reversibility and high conductivity of sulfur
electrodes with the support of GLC-Al foils.36−38 Figure 4c,d
exhibits the discharge−charge curves of sulfur cathodes in
different cycles. All of the sulfur cathodes present two potential
plateaus at around 2.3 and 2.1 V, corresponding to the two-
step reduction process where sulfur molecules are reduced to
long-chain polysulfides and then to sulfides.39−41 The sulfur
cathodes with the GLC-Al foil demonstrate a smaller
discharge−charge potential plateau gap (0.20 V) than those
of the bare Al foil (0.29 V) during cycling, which indicates the
smaller potential polarization of batteries with the GLC-Al foil.
Corresponding dQ/dV plots are shown in Figure S4. The
sulfur cathode with the GLC-Al foil demonstrates higher
cathodic (2.069 V) and lower anodic potential features (2.266
V) compared with that of the bare Al foil, indicating the
improved Li−S redox reaction kinetics and lower potential
polarization of batteries with the support of the GLC-Al foil.42

As shown in Figure 4e,f, the comparison of CV results also
illustrates the improved electrochemical reaction activity of
sulfur cathodes with the GLC-Al foil. The sulfur cathode with
the GLC-Al foil presents sharper redox peaks with higher
intensity compared to that of the bare foil. All of the
electrochemical characterizations demonstrate the improved
performance of Li−S cells with the use of the GLC-Al foil,

Figure 4. Electrochemical performance of sulfur cathodes with bare
and GLC-Al foils as current collectors. (a) Discharge−charge cycling
performance at 800 mA g−1; (b) rate performance with various
current densities; (c, d) discharge−charge profiles; and (e, f) CV
curves of as-prepared Li−S batteries.

Figure 5. Electrochemical performance of as-prepared LNMO cathodes with bare and GLC-Al foils as current collectors. (a, b) Charge−discharge
profiles, (c) CV profiles scanned at 0.5 mV s−1, (d) EIS plots of the batteries after cycling, and (e) long-cycle performance of as-prepared batteries
at 1C.
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which indicates that the GLC-coating layer helps sulfur
cathodes with enhanced reaction reversibility during the
electrochemical process. Electrochemical impedance spectros-
copy (EIS) was also carried out, as shown in Figure S5. The
spectra are composed of one semicircle and a straight line,
which are corresponding to the surface charge transfer and Li-
ion diffusion process.36,37,43 With the GLC-Al foil as a cathodic
current collector, the Li−S cell demonstrates a smaller surface
charge-transfer resistance compared with the battery with the
bare Al foil both before and after cycling test.
The thickness and aging factors of the GLC-coating layer are

also investigated. As shown in Figure S6, the morphology of
GLC-Al foils with different thicknesses and corresponding
electrochemical performance are carried out. Interestingly, the
cycling performances of sulfur cathodes with any thickness of
GLC coatings are very similar. The thin and uniform coating is
beneficial for the Al current collector to maintain its light
specific mass in batteries.5 To investigate the aging effect of the
GLC-Al foil, physical and electrochemical characterizations of
the GLC-Al foil produced 3 years ago was conducted, as shown
in Figure S7. The 3 year GLC-Al foil demonstrates similar
results in physical characterization and battery tests, indicating
the excellent stability of the as-prepared GLC-Al foil for
prolonged storage.
Spinel LiNi0.5Mn1.5O4 (LNMO) cathode is employed to

further investigate the current collector performance in the
carbonate electrolyte at high voltage. LNMO is an attractive
Li-ion cathode due to its high specific capacity and high-
working voltage (4.7 V).44 However, such high-working
voltage leads to the decomposition of the electrolyte at the
Al current collector surface.45,46 Especially operating at high
current density, such electrochemical environment may result
in the rapid degradation of the Al foil current collector and fast
decay of cycling capacity.11,47,48 Figure 5a,b illustrates the
discharge−charge profiles at 1C. Impressively, the potential
polarization of batteries with the use of the GLC-Al foil is
reduced than that of the bare Al foil. Furthermore, the capacity
maintenance of the battery with the GLC-Al foil is also
improved significantly compared to that with the bare one. The
discharge capacity retains over 100 mAh g−1 of GLC-Al after
100 cycles, while the bare foil retains only 85 mAh g−1. To
further evaluate the potential polarization and resistance of
batteries, CV and EIS tests are conducted. As shown in Figure
5c, the CV curve of the LNMO cathode at 5 V with the GLC-
Al foil has a lower current than that with the bare Al one,
indicating the reduced potential polarization of batteries at
such high voltage. EIS plots of batteries after cycling are shown
in Figure 5d. The diameter of the circle implies the surface
charge-transfer resistance of batteries. After long-term cycling,
the battery with the bare Al foil shows a much larger surface
charge-transfer resistance than that with the GLC-Al foil. As
shown by the electrochemical corrosion results in Figure 2, the
bare Al foil after cycling in the carbonate electrolyte
continuously breaks down and forms a lower conductivity-
pitted Al surface, which will significantly increase the resistance
at the interface between the electrode and current collector.
Furthermore, as shown in the SEM images in Figure 3, the
bare Al foil demonstrates a corroded surface structure after
cycling in the carbonate electrolyte, weakening the adhesion
between the active electrode materials and current collector,
leading to an increased charge-transfer resistance in these cells.
Figure 5e demonstrates the long-cycle performance of LNMO
at 1C with the use of different Al foils as current collectors.

Impressively, with the use of the GLC-Al foil, the capacity still
maintains over 99 mAh g−1 over 450 cycles, which is over 1.5
times of the battery with the bare Al foil. The full-cell
characterizations of Li-ion batteries further indicate that the
GLC layer helps to protect the Al current collector at high
voltage to maintain the electronic conductivity of electrodes
and therefore minimize the battery resistance during cycling.
As a result, the GLC-Al-foil-supported electrodes in Li-ion
batteries offer improved high-rate performance with the
prolonged cycling life. In the future, COMSOL simulation
will be conducted and combined with the experimental result
to further understand the electron transport process in the
GLC-Al foil.49−52

■ CONCLUSIONS

In conclusion, we demonstrate a highly conductive and
controllable graphene-like carbon coating for Al current
collectors. The developed GLC-Al foil exhibits a much
improved electrochemical stability in carbonate-based and
ether-based electrolytes compared to the bare Al foil.
Synchrotron-based XANES and other characterizations such
as chronoamperometry indicate that the GLC layer protects
the Al foil from electrolyte corrosion and effectively avoids the
oxidation of the Al foil in an electrochemical environment.
Furthermore, the Li−S and Li-ion battery characterizations
demonstrate that the GLC-Al foil as a cathodic current
collector is able to significantly improve the cycling stability
and rate capacity. The cell using the GLC-Al foil can greatly
reduce the potential polarization in Li−S batteries and can
obtain a reversible capacity of 750 mAh g−1 over 100 cycles at
0.5C. In LNMO Li-ion batteries, the GLC-Al foil significantly
increases the high-rate performance that the retained capacity
is over 100 mAh g−1 after 450 cycles at 1C. Based on the
obtained results, it is believed that the GLC coating for the Al
foil would open up new opportunities to stabilize and optimize
the performance of current collectors for next-generation Li
batteries and the GLC carbon-coating method can be further
applied to other 2D and 3D current collectors for batteries in
the future.

■ EXPERIMENTAL SECTION
Preparation of Carbon−Sulfur Composites. KJ EC-600

carbon black powder was employed as a host for sulfur. For the
C−S composite preparation, carbon black powder was first mixed
with sulfur powder (99.5%, Sigma-Aldrich) for over 1 h by hand. The
mixture was dried at 80 °C over 12 h and then transferred to a sealed
reactor. During the two-step heating process, the C−S mixture was
treated at 150 °C for 9 h and 300 °C for 2 h. The sulfur content of
C−S composites was 68−70 wt %.

Preparation of Cathode Electrodes with Different Al Foils
and Battery Assembly. The bare and GLC-Al foils are employed as
cathodic current collectors. A detailed synthesis process of the GLC
coating was reported in our previous studies and US patents.53,54 The
electrode slurry was composed of active material, acetylene black, and
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) in a
ratio of 80:10:10. The slurry was cast on as-prepared Al foils and then
dried at 60 °C under vacuum. For battery assembly, CR-2032-type
coin cell is employed. A typical cell is composed of an as-prepared
cathode electrode, a separator (Celgard 2400), and a Li foil.
Carbonate-based electrolyte (1 M LiPF6 in EC/DEC = 1:1, volume
ratio) and ether-based electrolyte systems (1 M LiTFSI in
dimethoxyethane/dioxolane 1:1, volume ratio) were selected for Li-
ion and Li−S batteries in this research, respectively. Each cell contains
150 μL of the electrolyte.
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Electrochemical Characterization. All of the CV, EIS, and
polarization tests were conducted on a potentiostation 3/Z (VMP3).
For Li/Al cells, CV profiles were collected at 0.1 mV s−1 between 1.0
and 3.5 V when using the ether-based electrolyte and 1.0 and 5.0 V
when using the carbonate-based electrolyte. In chronoamperometry
characterization, cells were first charged to designate voltage (3.0 V in
the ether-based electrolyte and 4.5 V in the carbonate electrolyte)
with a linear scan of 10 mV s−1 and then maintain at the voltage to
record the value evolution of the current. For Li−S batteries, CV
profiles were collected at 0.1 mV s−1 between 1.0 and 3.0 V. For Li-
ion batteries, CV profiles were collected at 0.5 mV s−1 between 3.0
and 5.0 V. EIS was performed with a 5 mV amplitude from 100 to 100
mHz. Li-ion and Li−S battery charge−discharge cycling tests were
measured using a Landlike electrochemical station. The cutoff voltage
of Li−S batteries was 1.0−3.0 V and of Li-ion batteries was 3.5−5.0 V.
Physical Characterization. The morphologies of Al foils and C−

S electrodes were carried out by a Hitachi S-4800 field emission
scanning electron microscope (FE-SEM). Thermogravimetric analysis
(TGA) was measured on an SDT Q600 (TA Instruments) in N2
atmosphere to determine the sulfur content of C−S composites.
Raman scattering spectra were carried out by a HORIBA Scientific
LabRAM HR Raman spectrometer system (532.4 nm). Surface
roughness characterization is conducted via a Nanoscope V atomic
force microscopy (Veeco, Inc.). Synchrotron-based X-ray absorption
near-edge structure (XANES) was carried out at the Canadian Light
Source (CLS). Al K-edge XANES was measured in total electron yield
mode on the high-resolution spherical grating monochromator
(SGM) beamline. For sample preparation, the Al foils after
electrochemical testing were collected by opening the coin cells in
an argon-filled glovebox. The cycled Al foils were then quickly
transferred to the SGM beamlines for XANES characterization.
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