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ABSTRACT

We reported that a stable carbon ink composed of conductive carbon materials (graphene and super P),
binder (sodium carboxymethyl cellulose (CMC)), interface active agent (sodium dodecyl sulfate (SDS)),
and metal coupling agent ((3-aminopropyl)triethoxysilane (APTES)) for using in coating conducting layer
on cathode/anode current collector for LIBs. Graphene materials are obtained using a low-cost graphite
material (KS 6) and processing it via a wet ball-milling to exfoliate single layers into the ink. The ink
can be coated on the LIB current collector in a large area by a doctor blade to form a carbon layer of about
1 um without overflow. Carbon-coated current collectors have amphiphilic properties, not peel off under
extreme physical and chemical conditions, and resist oxidation under high temperature (200 °C) process-
ing conditions. In addition, carbon-coated current collector are superior to the batteries using bare metal
foil a current collectors in the LIB performance of graphite half-cell, graphite full-cell, LiFePO,4 half-cell,
and silicon-carbon full-cell. These results show that the carbon-coated metal foil can reduce the interface
resistance with the active material and improves the adhesion of the active materials to the current col-
lector, avoiding peeling off during charge/discharge process, thereby improving of LIBs performance. The
developed method can produce high-quality, low-cost carbon material inks on a large scale through a
simple and inexpensive process, and coat them evenly and finely on current collectors, making it possible
to achieve efficient industrial and commercial perspectives for next-generation LIB-based current
collectors.
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1. Introduction

LIB electrodes are commonly prepared in the form of slurries
composed of the active materials, conductive additives and poly-
mer adhesives and then coated on a current collector. The current
collector, i.e., copper foil or aluminum foil, collects and transmits
electrons through physical contact between the active material
and the current collector [1]. By enhancing the adhesion and
reducing the resistance of the interface, the cycle stability of the
battery can be greatly improved. When a lithium ion battery is
operating, the volumes of active material will expand and contract
due to insertion and extraction of lithium ions, which will cause
the electrode materials to peel off from the current collector and
fast capacity decay. For example, the volume change of active
material (graphite) during the lithiation/delithiation process is
about 13% [2,3]; however, continuous volume changes can form
an unstable solid electrolyte interphase (SEI), and the capacity
and electrochemical performance are poor due to associated strain
caused by the large contact resistance. High-capacity commercially
ready electrode materials, silicon-carbon anodes, are more affected
by dramatic changes in volume because the volume change of sil-
icon changes up to ~ 400% during cycling [4-8]. During repeated
lithiation/delithiation cycles, most commercially available binders
cannot endure the strain caused by volume change of silicon.

Surface treatment of the copper foil can improve the adhesion
between the material and the current collector, reduce the internal
resistance of the LIB, and extend battery life. There are currently
two methods of collector surface treatment. One is to form an
uneven rough surface by chemically etching the current collector
[9,10], but this method requires high processing requirements, is
expensive, and is not suitable for mass production. The other is
to coat a thin layer of conductive material on the surface of the cur-
rent collector [11-13]. The material needs to have good conductiv-
ity, high specific surface area, good adhesion, and better
deformability relative to the metal current collector so as to reduce
the interface resistance and improve bonding strength. This
method is relatively simple in operation and low in cost, and is
the main development direction for surface modification of current
collector.

Carbon-based materials are the most widely used conductive
layer materials because of their low cost, no oxidation and easy
handling. However, powder agglomeration and uneven dispersion
often occur because powdered materials have high specific surface
area and high surface energy in the process of coating carbon slurry
on the current collector surface. In order to reduce the surface
energy, most powdered materials have different degrees of aggre-
gation through some paths and mechanisms, including electric
charge, osmotic pressure, Van der Waals force, bridging surface
etc., resulting in hard and soft agglomeration of the powder. Com-
mon solutions can be summarized in two categories: one is
mechanical grinding; the other is chemical method. In mechanical
methods, wet milling is mainly used to solve hard agglomerations
combined with high-power ultrasonic dispersion to improve soft
agglomeration [14-16]. On the other hand, the main challenging
of chemical methods is to prevent reaggregation [17]. The coupling
agent is often added into carbon-based ink to simultaneously bond
with the inorganic functional groups on the surface of the carbon
materials and the current collector, and significantly improving
the bonding strength of the interface [18]. In an acidic aqueous
solution, the functionalized graphene was coated on the steel plate,
and after a tape peel test, it was found that the coating has good
adhesion without peeling. Due to the limited dispersion stability
of graphene flakes, a large amount of solvent is always required
in certain purification and dispersion methods. Graphene can only
be dispersed in a small amount (<1 mg mL~!) in common solvents
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[19-21], yet the dispersibility can be improved by dispersing
agents or prolonged ultrasonic treatment. Reducing the amount
of solvent make the graphene dispersion unstable, and only a small
amount of graphene is produced. Additionally, the thickness of the
carbon conductive layer is also critical because a thicker coating
reduce the volume capacity of the battery. When the electrode in
in contact with the liquid electrolyte in the potential window of
the electrode, the carbon-coated current collector has high conduc-
tivity to reduce battery resistance and improve chemical stability.
Therefore, the contact surface between current collector of
lithium-ion batteries (LIBs) and the active material requires an
effective buffer layer to reduce the interface resistance and
improve the stability and performance of batteries. However, the
existing main methods, such as chemical etching or thin layer coat-
ing of conductive material on the surface of the current collector,
have limitations in terms of high cost, low quality, poor productiv-
ity, environmental issues, and failed to prove its sufficient com-
mercialization potential to meet the market’s demand for
multiple purposes. In this study, we report a carbon ink coating
on the surface of current collector to form a 1 pum thin coating layer
which has good conductivity, high specific surface area, oxidation
resistance, and strong bonding with the current collector. As
shown in Scheme 1, the ink components include conductive carbon
materials (graphene and super P), binder (sodium carboxymethyl
cellulose (CMC)), interface active agent (sodium dodecyl sulfate
(SDS)), and metal coupling agent ((3-Aminopropyl)triethoxysilane
(APTES)). The ink can be coated on a large area by a doctor blade or
other coating process to form a carbon layer of about 1 pm. The
carbon conductive layer has many excellent properties, including
an amphiphilic surface, no peeling off under extreme physical
and chemical conditions, and high-temperature anti-oxidation.
The effects of carbon coated metal foil on graphite half-cell, gra-
phite full-cell, LiFePO4 half-cell, and silicon-carbon full-cell on LIBs
were investigated, showing the cycle life, adhesion of the active
materials and current collector, and rate capability using carbon-
coated current collectors are all better than bare metal foil.

2. Materials and methods
2.1. Materials

Sodium carboxymethyl cellulose (CMC), sodium dodecyl sulfate
(SDS) and 1-methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%)
were purchased from Sigma-Aldrich. KS6, lithium hexafluorophos-
phate (LiPFg), fluoroethylene carbonate (FEC, C3H3FO3), diethyl car-
bonate (DEC, CsH;q03), ethylene carbonate (EC, C3H403),
membrane, super-P, Poly(vinylene fluoride), and coin-type cell
CR2032 were purchased from Shining Energy Co. Ltd. (3-
Aminopropyl)triethoxysilane (APTES) was purchased from Alfa
Aesar. Poly (acrylic acid) (PAA, average Mv ~ 3000000) was pur-
chase from Aldrich. Glass fibers (diameter = 19 mm) were pur-
chased from Advantec. Commercial LiFePO, cathode materials
were purchased from Vista Advance Technology. The components
of pouch type battery were purchased from MTI Shenzhen kejing-
tar technology. LEDs were purchased from an electronic equipment
and appliance store. The tape was purchased from Symbio, inc.

2.2. Preparation of carbon ink

First, 3 g KS6, 1.25 g CMC, 0.75 g super p, 0.5 g SDS and DI water
were mixed uniformly and sealed into ball-milling jar. Then, the
carbon ink was obtained by wet ball milling for 2 h. Before coating
on copper foil, APTES was added to the carbon ink.
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Scheme 1. Schematic diagram showing formation of the carbon-coated copper foil.

2.3. Material characterizations

The morphologies and the microstructure of the prepared sam-
ples were investigated using scanning electron microscopy
(HITACHI-SU8010) with energy-dispersive X-ray spectroscopy
(HORIBA, EX-250) and spherical aberration corrected scanning
transmission electron microscope (JEOL, ARM200F). The adhesion
between materials and current collectors was investigated by uni-
versal testing machine (Instron 3343). The electrochemistry impe-
dance spectroscopy test and the cyclic voltammetry test were
measured by using VMP3 (Bio-Logic Science Instruments).

2.4. Electrochemical measurements

Graphite was mixed with Super P and PVDF binder in a weight
ratio of 8:1:1 and dispersed in NMP to prepare the slurry coating
on the bare copper foil and carbon-coated copper foil for graphite
half-cell and full-cell. The average mass loading of active material
(graphite) is ~5.9 mg cm 2. To prepare a NCM cathode, the NCM

SDS Mixing
Super p

NaCMC

Shear
force

exfoliation

single-layer
graphene

Z

was mixed with Super P and CMC in a weight ratio of 90:5:5, which
was spread on an aluminum foil for graphite coin-type full cell. For a
pouch-type full cell, graphite anode and commercial NCM cathode
electrodes were cut into the area of 9 cm?. LiFePO, was mixed with
Super P and PVDF binder in a weight ratio of 90:5:5 and dispersed in
NMP to prepare the slurry coating on the bare aluminum foil and
carbon-coated aluminum foil for positive half-cell. The average mass
loading of active material (LiFePOy) is ~13 mg cm 2. Silicon power
and graphite (silicon power : graphite = 20:80) were mixed with
Super P and PAA binder in a weight ratio of 76:9:15 and dispersed
in ethanol to prepare the slurry coating on the bare copper foil and
carbon-coated copper foil for silicon-carbon half-call and full-cell.
The average mass loading of active material (silicon-carbon) is
~4.6 mg cm 2. To prepare a NCM cathode, the commercial NCM
was uesd for silicon-carbon full-cell. The electrochemical properties
of the as-prepared electrodes were evaluated by assembling CR
2032-type coin cells in the argon filled glovebox. For graphite half-
cell and full cell, 1 M LiPFg (in EC:DEC = 1:1) as the electrolyte. For
positive half-cell, 1 M LiPFg (in EC:DEC = 1:2) as the electrolyte.

(c) APTES-Functionalization

NH

P

/I\ /|\ /|\
HO O

NH NH

| | |
[ Copper foil ]

Fig. 1. Principle of preparation of carbon ink: (a) KS6, CMC, super p, SDS and DI water were mixed and sealed into ball-milling jar. Then, the homogeneous carbon ink was
obtained by wet ball milling where graphene layers were produced during milling. Before coating on copper foil, APTES was added to the carbon ink. (b) Single layers of
graphene were exfoliated from KS6 via shear force. (c) The amino group of APTES can form a chemical bond to the carbon materials and the metal substrate and establish a

chemical network to increase adhesion.
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Fig. 2. Characterization of carbon-coated copper foil. (a) The copper foil was directly picked up vertically after coating and (b) stood vertically for 1 min. SEM images of (c, e)
cross-section and (d) front surface of carbon-coated layer. (f, g) The thickness of carbon-coated copper foil was measured by the thickness gauge.

For silicon-carbon half-cell and full-cell, 1 M LiPFg (in FEC:DEC=3:7)
as the electrolyte. The electrochemical performance data was col-
lected using a Maccor Series 4000 battery test system at the voltage
0f 0.01-1.5 Velectrode for graphite half-cell and silicon-carbon half-
cell, 2.5-4.2 V for graphite coin-type and pouch-type full-cell and
2.5-4V electrode for positive half-cell.

3. Results and discussion

Liquid phase exfoliation is a promising method to achieve scal-
able production of high-quality graphene or other layered materi-
als. The use of mechanical cracking method is a green synthesis
method that does not require the aid of other chemicals to make
the obtained graphene impure. Fig. 1 shows the principle of mixing
KS6, CMC, super P, SDS and water uniformly to form a graphene
composite slurry by wet ball milling. In this method, mechanical
shear force can overcome the attraction force between the KS gra-
phite layers, so that large pieces of graphite can be peeled layer by
layer to form graphene flakes [21-24]. Ideally, the graphene sheet
can be peeled from the bulk graphite layer by layer, and the resis-
tance of the van der Waals attraction between adjacent graphene

158

sheets can be overcome. How to balance the attractiveness and
the peeling layer is critical. Wet ball milling is used instead of
dry ball milling, because dry ball milling usually grinds graphite
into small pieces by impact or compression during the rolling pro-
cess, sometimes even destroying the crystal structure of materials
to form an amorphous phase [25]. Wet ball milling can produce
high-quality and large-size graphene [26], and in addition, high
speed impact between ball-milling tank and the steel ball generate
enough kinetic energy for the bond breaking in the aromatic gra-
phite structure where the C—C bonds are broken to create a new
surface [26-28]. During grinding process, the reaction zone on
the graphene surface can be controlled via tuning ball-milling con-
ditions and introducing functional groups on the edges and sur-
faces of graphene-based materials. Carbon black has high slurry
stabilization ability, high chemical inertness and low cost, so we
add it to the slurry for carbon slurry stabilization [29-31], Carbon
black can stabilize the slurry to prevent segregation, e.g., sedimen-
tation or agglomeration, and therefore support the formation of a
homogeneous electrode. It is beneficial to promote the graphene
sheet system through the development of the gel network, which
form homogeneous conductive pathways for electron transport.
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Fig. 3. Materials fabrication and structural characterization of carbon ink. (a) SEM, (b) TEM and (c) SAED images of carbon-coated layer. (d) Intensity profile through the
diffraction spots labeled in figure c. (the yellow solid circle and the red dotted circle). (e) AFM images of carbon-coated layer. (f) Height profile of corresponding carbon-coated
layer along the lines indicated in figure e. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

After the carbon black is added, it can be distributed next to the
graphene sheets so as to create a continuous conductive path from
the current collector to each particle of the conductive carbon layer
with the smallest addition amount. Since the particle size of many
active materials is in the range of several microns, it is also bene-
ficial to provide additional contact points and cover the particle
surface with other conductive paths. The ratio of KS6 to carbon
black was tuned to adjust the strength of the attractive force to
withstand gravity that prevent the electrode coating process from
complete fluidize. As shown in Fig. 2a, the carbon-coated copper
foil was directly picked up vertically after coating and stood verti-
cally for 1 min (Fig. 2b). The addition of the surfactant (SDS)
enhances the diffusion of hydroxide ions, prevents the super P
and graphene layer agglomeration, and increases the contact an-
gle of water on hydrophobic graphene [32]. Finally, the coupling
agent APTES is added to the prepared carbon ink, where the amino
group of APTES can form a chemical bond to the carbon materials
and the metal substrate and establish a chemical network to
increase adhesion [18,33-35].”

As shown in Fig. 2, the carbon ink is coated on a copper foil via a
blade coating to form a conductive carbon coating. The viscosity of
carbon ink measured by a digital display rotary viscometer is
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around 7.51 cp (Table S1). When the carbon-coated copper was
picked up vertically after coating (Fig. 2a) or left standing for
1 min (Fig. 2b), it was found that there was no overflow situation.
The scanning electron microscopy (SEM) images of the surface
topography of the carbon-coated copper foil show a uniform and
dense carbon layer without bare copper (Fig. 2c and d). Under high
magnification, the carbon materials are sheet-like and tightly
attached to the copper foil. As shown in Fig. 2e-g, by SEM, the
thickness of the carbon-coated is about 1 um. The thickness of
the carbon-coated copper foil was also measured by a thickness
gauge (Fig. 2f and g), indicating that the thickness of carbon-
coated copper foil is 11 um. Therefore, the thickness of carbon-
coated layer is about 1 um after subtracting the 10 um bare copper
foil.

The SEM and transmission electron microscope (TEM) images of
the carbon material were acquired, as shown in Fig. 3a and b.
Fig. 3c and d show the selected area electron diffraction (SAED)
patterns of carbon material to confirm their crystallinity. The rela-

tive intensity of [1 iOO} and [2 1 iO] reflections can be used to dis-
tinguish single-layer graphene from multilayer graphite [36-38].

Fig. 3d shows that the internal liOO—type reflection is stronger
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Fig. 4. Characterization of the carbon-coated copper foil. Contact angles of (a) water and (b) NMP on carbon-coated copper foil. The appearance of (c) water droplets and (d)
silicon slurry on carbon-coated copper foil. (e) Tensile test of bare copper foil and carbon coated copper foil. (f) 90° bending of carbon-coated copper foil. (g) Scratch test
(movie S1 showing scratch test of carbon-coated copper foil), (h) tape peel test (movie S2 showing tape peel test of carbon-coated copper foil) and (i) anti-oxidation test of
carbon-coated copper foil. (j) Solvent resistance of carbon-coated copper foil in different solvents. (polar solvents: ethanol, isopropanol, NMP, and DI water; non-polar:

acetone, hexane, and toluene).
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Fig. 5. (a) Adhesion test of carbon-coated layer on bare copper foil (right) and
carbon-coated copper foil (left) with active material slurry by tape peel test. (b)
Adhesion force for carbon-coated layer on bare copper foil and carbon-coated
copper foil with slurry.

than the external 21 1 0-type reflection, and its ratio is around 1.9,
indicating that the carbon material is a single layer instead of mul-
tilayer. Moreover, the thickness of the carbon material was
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Table 1
Volume conductivity of bare copper foil and carbon-coated copper foil.

bare copper foil

6.79*107

carbon-coated copper foil

4.64*107

Volume conductivity (Qecm)

revealed around 1.7 nm by Atomic force microscopy (AFM)
(Fig. 3e and f).

Fig. 4a shows that the surface of the carbon-coated copper foil is
hydrophilic (10 ~ 90°) with a contact angle of 24.4°, whereas the
contact angle of commercial carbon-coated copper foil (Figure S1)
is hydrophobic (90 ~ 120°) with a contact angle of 129.68°. In addi-
tion, the contact angle of a common slurry solvent, NMP, is only
10.09° (Fig. 4b). The contact angle measurements show that the
surface of the carbon-coated copper foil is amphiphilic. Actually,
water dripping on the carbon-coated copper foil can be found that
water droplets can quickly moisten the copper foil (Fig. 4c). The sil-
icon slurry can be coated uniformly on carbon-coated copper foil
(Fig. 4d). Due to the amphiphilic nature of the surface, where it
is oily or water-based slurry, an electrode layer with good adhesion
can be formed on the carbon-coated copper foil. The tensile testing
results show that the tensile strength of carbon-coated copper foil
(7.0 Kg¢) is better than that of bare copper foil (6.8 Kgr) (Fig. 4e). In
addition, when the carbon-coated copper foil with slurry was bent
at 90° (Fig. 4f), the carbon-coated layer was not fall off and no pow-
der falls. Then, to evaluate the adhesion strength of carbon-coated
copper foil, it was measured by scratch testing (Fig. 4g and Movie
S1 for the operation video) and tape peel testing (Fig. 4h and Movie
S2 for the operation video). The results show that the carbon-
coated layer was not fall off, indicating that the conductive layer
is tightly attached to the copper foil, so no cracks and peeling were
observed during the rolling process. In addition, the carbon-coated
copper foil was treated with oven for anti-oxidation test. It can be
observed that the appearance of carbon-coated copper foil isn’'t
changed in a 200 °C oven after 30 min, indicating it has good
anti-oxidation property (Fig. 4i), We also immerse the carbon-
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Fig. 6. Electrochemical performance of graphite half-cell made of bare copper foil and carbon-coated copper foil. Cycling performance of graphite half cells made of bare
copper foil and carbon-coated copper foil at rates of (a) 1C and (b) 0.1C to 4C. Nyquist plots of graphite half cells made of bare copper foil and carbon-coated copper foil (c)

before cycling, after (d) 20 cycles, (e) 40 cycles and (f) 120 cycles.

coated copper foil in polar (ethanol, isopropanol, NMP, and DI
water) and non-polar (acetone, hexane, and toluene) solvents
and treated with ultrasonic waves for 20 min (Fig. 4j). The carbon
layer is not peeled off the copper foil in most solvent, only some
peeling off in water (pink circle). In fact, the carbon-coated copper
foil remains unchanged after being placed in various solvents for a
month, indicating that the solvent resistance was good, and the
adhesion of the conductive layer to the copper foil was well.

The bare copper foil and the carbon-coated copper foil were
tested for the adhesion strength of electrode slurry through a uni-
versal testing machine. The adhesion of the carbon-coated copper
foil increased from 0.409 Kgr to 0.427 Kgg as shown in Fig. 5a
and b. The tensile testing results show that the tensile strength
of carbon-coated copper foil (7.0 Kgs) is better than that of bare
copper foil (6.8 Kg¢) (Fig. 5¢). We use the four-point probe to mea-
sure resistance of the film to see whether the carbon-coated copper
foil affects electrical properties due to the carbon layer. The electri-
cal conductivity results show that there is little difference in elec-
trical conductivity between carbon-coated copper foil and bare
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copper foil (Table 1). Figure S2 shows the cycle performance of
carbon-coated copper foil directly assembled into a lithium-ion
half-cell at 1C. The capacity can maintain about 70 mA h g ! at
1C after 50 cycles and exhibits no recession so that the carbon-
coated copper foil shows good cycling stability. Therefore, as the
collector of the negative electrode on LIB, the performance of bat-
tery cannot be affected. Figure S3 shows the SEM images of the
carbon-coated copper foil charged after 10 cycles (Figures S3a-c)
and 100 cycles (Figures S3d-f) at 1C. The morphology of the two
samples generally did not change significantly. The cross section
images show that the SEI layer has been fully grown, and graphene
can be clearly observed. In addition, it is also observed that most
graphene maintains a uniform and large-scale structure after 100
cycles (Figure S3e and f).

The graphite anode slurry was coated on bare copper foil and
carbon-coated copper foil, respectively, to form lithium-ion half-
cells. As shown in Fig. 6a, the cycling stability of the two is similar
after 40 cycles at 1C (1C = 372 mA h g !). The specific capacity of
the bare copper foil and the carbon-coated copper foil are 312 and
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LED bulbs.

337 mA h g7}, respectively. Fig. 6b shows the performance at var-
ious current densities from 0.1C to 4C. Cells using carbon-coated
copper foil can provide capacities of 536.9, 413.3, 320.8, 2204,
167.6, and 115.2 mAh/g, whereas the bare copper foil provides
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the reversible capacity of 459.8, 309.1, 235.4, 173.1, 117.8 and
90.6 mAh/g at rates of 0.1, 1, 2, 2.5, 3 and 3.5C, respectively. When
the rate returns from 4C to 0.1C, the capacities of bare copper foil
and carbon-coated copper foil for graphite half-cells are 251.3 and
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329.3 mAh/g, respectively. This result shows that the performance
of carbon-coated copper foil is better than bare copper foil at high
rates. It is found that the charge-discharge curve of the second
cycle and the third cycle almost overlap, in addition to the capacity
loss in the first cycle, indicating that a stable solid electrolyte inter-
face (SEI) layer is generated in the first cycle. The impedance of the
graphite half-cell was investigated by electrochemical impedance
spectroscopy (EIS), shown in Fig. 6¢-f. The impedance of the
carbon-coated copper foil is similar to the bare copper foil before
charge-discharge cycle (Fig. 6¢), and after 20 cycles, it can be seen
that the impedance of two kinds of the copper foil decrease
(Fig. 6d). Among them, the impedance of the carbon-coated copper
foil decreases obviously. After 40 cycles, the impedance of bare
copper foil is greater than that of carbon coated copper foil
(Fig. 6e). After 120 cycles, the impedance of the bare copper foil
increases significantly, whereas the carbon-coated copper foil
doesn’t increase (Fig. 6f). More importantly, the impedance of
half-cell prepared by carbon-coated copper foil is the smallest,

which means that the conductive carbon-coated layer can effec-
tively reduce the contact resistance during the cycle.

The graphite coin full-cell was investigated, as shown in Fig. 7a.
After 50 cycles, the capacity of carbon-coated copper foil is higher
the bare copper foil, 294 and 78 mA h g~! at 1C, respectively, show-
ing that the stability of carbon-coated copper foil is better. As dis-
played in Fig. 7b at different current densities, it was worth noting
that the capacity can return to about 246 mA h g~! when the cur-
rent density regains 1C after 180 cycles, suggesting high stable
cycle stability. However, the bare copper maintains merely the
reversible capacity of 119 mA h g~!. The capacities of carbon-
coated copper foil and bare copper foil at various rates further
demonstrate superb rate capability of the carbon-coated copper
foil. Moreover, after the graphite coin-type full-cell was disassem-
bled, as can be seen from Fig. 7c, the electrode material peels off
from the bare copper foil after 50 cycles; in contrast, the electrode
material is maintained well without peeling off on the carbon
coated copper foil (Fig. 7d). Therefore, the carbon-coated layer
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can increase the adhesion of the material on the copper foil and
effectively prevent the material from peeling. Furthermore, the
impedance of the graphite full-cell was investigated by EIS
(Fig. 7e and f). Before charge-discharge cycle, the impedance of
bare copper foil battery is larger than carbon-coated copper foil
(Fig. 7e). Then, it can be observed that the impedance of the two
increase after cycling (Fig. 7f), but it is found that the impedance
of bare copper foil significantly increases. The reason why the
impedance enhances is that the electrode materials are separated
from the surface of the copper foil, consistent with the results of
Fig. 7c.

The cycling stability of graphite pouch-type full-cell was inves-
tigated, as shown in Fig. 8a and b. The capacity of bare copper foil
and carbon-coated copper foil at 0.1C after 40 cycles can be found
that the trend is identical (Fig. 8a). In order to determine the differ-
ence between the two cells, the electrochemical performance of
pouch-type full-cell was tested at 1C. After 100 cycles, the specific
capacity of the bare copper foil and the carbon-coated copper foil
are 49.15 and 123.88 mA h g™, respectively (Fig. 8b), suggesting
the better stability of the carbon-coated copper foil. In addition,
Fig. 8c shows that the pouch-type full-cell can power an TUAN
LAB logo consisting of 100 red lightemitting diodes (LEDs) after
the power is amplified more than 20 mA h.

The carbon-coated aluminum foil for LiFePO,4 half-cell was also
studied. As shown in Fig. 9a, the specific capacity of the positive
half-cell prepared with carbon-coated aluminum foil is
107 mA h g1 at 1C for 30 cycles, and the specific capacity of the
positive half-cell prepared with bare aluminum foil is 83 mAh g~
Additionally, it can be seen that the impedance of carbon-coated
aluminum foil is effectively reduced, compared to the bare alu-
minum foil (Figure S5), corresponds to the results in the half-cell.
Likewise, the rate performance of carbon-coated aluminum foil is
further studied and compared with bare aluminum foil. As shown
in Fig. 9b, the stability of carbon-coated aluminum foil is greater
than bare aluminum foil at 1C. In addition, when the current den-
sity increases from 2C to 10C, the impedance of the bare aluminum
foil is too large to withstand relatively high current densities, lead-
ing to unstable battery performance. Compared with the bare alu-
minum foil, the carbon-coated aluminum foil can still maintain
55 mA h g~! at 5C. It means that the carbon-coated layer can
indeed improve the conductivity of the material and the current
collector. Fig. 9c shows that the carbon-coated aluminum foil can
effectively reduce the impedance of the battery after charge-dis-
charge cycle.

We also develop a silicon-carbon composite anode with silicon
content of 20 wt% to investigate the effect of carbon-coated copper
foil for silicon-carbon batteries. The 20 wt% silicon-carbon full-cell
made by carbon-coated copper foil and bare copper foil was stud-
ied at 0.2C (Fig. 10a). After 60 cycles, the bare copper foil and
carbon-coated copper foil maintained the specific capacity of
409.8 and 651.2 mA h g™, respectively, and the retention rate of
carbon-coated copper foil (91%) is better than bare copper foil
(59.4%). The results reveal that the silicon-carbon full-cell with
carbon-coated copper foil has longer cycle-life. Then, increasing
the current density can clearly distinguish the performance
between the two cells. Fig. 10b shows that the carbon-coated cop-
per foil and bare copper foil maintain the specific capacity of 585.3
and 489.3 mA h g~ at 1C after 50 cycles, respectively. Importantly,
the retention rate of carbon-coated copper foil is 92.2%, indicating
that carbon-coated copper foil can effectively improve cycle stabil-
ity of the silicon-carbon full-cell and increase capacity. As shown in
EIS measurements (Fig. 10c and d), both the impedances of bare
copper foil battery are larger than carbon-coated copper foil before
and charge-discharge cycles. Fig. 11a and ¢ show that the electrode
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Fig. 11. Electrochemical test of silicon-carbon half cells made of bare copper foil
and carbon-coated copper foil. The optical image of electrode materials of (a, c) bare
copper foil and (b, d) carbon-coated copper foil on silicon-carbon half-cell after 120
and 200 cycles, respectively.

materials peel off from the bare copper foil after 120 cycles, leading
to a rapid decline in cycle life. In contrast, after 200 cycles, the elec-
trode materials on carbon-coated copper foil can still be com-
pletely retained (Fig. 11b and d), indicating that the carbon-
coated layer can increase the adhesion of the material on the cop-
per foil and effectively avoid peeling off.

4. Conclusions

We develop an effective method to obtain carbon ink composed
of disperse carbon materials, binders, and additives in a solvent via
a wet ball milling method. The ink is coated on the surface of the
metal sheet to obtain a conductive carbon coating layer with a
thickness of about 1 pm. Compared with traditional copper foil,
carbon-coated metal foil has good electrical conductivity, high
specific surface area, oxidation resistance, and has better deforma-
bility than bare metal foil. The carbon coating can effectively
reduce dynamic internal resistance of batteries, thereby reducing
the interface resistance between the active material and the cur-
rent collector. The active material has a strong interaction and
adhesion force on the carbon layer, thereby improving the problem
regarding large volume change of carbon or silicon-carbon anodes
during cycling. This method is also compatible with the existing
battery coating equipment and easy to operate, and has low cost
for large-scale production realization, which can be used for the
next-generation current collectors of LIBs or other energy storage
devices.
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