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A Cu foil current collector was coated with polydopamine-derived
nitrogen-doped carbon (N-C) to regulate Li nucleation and growth.
The lithium nucleation overpotential was significantly lowered, and
Li was deposited in a spherical morphology without dendrites,
dramatically improving the Li plating/stripping Coulombic
efficiency.

The In order to meet the ever-increasing energy demands and
reduce the global dependence on fossil fuels, it is urgent to
develop electrical energy storage systems for renewable
energies.! Lithium-ion batteries (LIBs) have brought revolution
to this landscape since their commercialization in 1991 by Sony
Corp. For the past decades, tremendous efforts have been
devoted to improving the performance of LIBs.? However, the
capacity provided by LIBs, limited by their intrinsic reaction
mechanismes, is not sufficient to meet growing requirements.? 3
Next generation rechargeable batteries, including Li—S batteries
and Li—-0,, emerged as advanced battery systems and have
attracted enormous attention, because of their high capacity,
low cost, earth abundance and environmental friendliness.% >
The operation of these batteries requires the use of metallic Li
as the anode, which is also believed to be the ultimate anode
material for rechargeable batteries. This is because Li has an
ultrahigh theoretical capacity of 3,810 mAh g and the lowest
negative electrochemical potential (-3.04 V vs. the standard
hydrogen electrode), making it the highest energy density
anode.® However, the commercialization of lithium metal
anodes has not been achieved to date. This is due to a variety
of reasons including the low Coulombic efficiency, infinite
relative volumetric change and the severe growth of lithium
dendrites.” Particularly, the uncontrolled formation of Li
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dendrites can not only give rise to “dead Li” which leads to fast
capacity loss,
penetrating the separator and causing an

but also poses severe safety concerns by
internal short
circuit.”8

To tackle these obstacles, various approaches have been
proposed,

prevent

including developing solid-state electrolytes to
dendrite
modification of the electrolyte concentration and additives to

formation by mechanical means,®!
stabilize the SEI layer,?** and construction of porous matrices
to accommodate lithium.'>16 Various carbon materials have
been widely studied and employed as conductive lithium
hosts.1719 |n

homogeneous

order to render carbon lithiophilic for

lithium deposition with lower nucleation

overpotentials, doping strategies have been proposed.?°
Nitrogen-doped graphene was found to guide Li nucleation and
suppress lithium dendrite formation, increasing its Coulombic
efficiency.?! Designing host materials for Li deposition can
the

complex

prevent the growth of lithium dendrites,
usually
procedures, which are not suitable for industrial manufacturing

however,

construction of these hosts involves
and scale-up. Introducing inactive host materials will also
decrease the specific gravimetric and volumetric energy
densities of the batteries. Therefore, controlling the lithium
deposition on a traditional anode current collector, Cu foil, is of
great significance for the large-scale and economic-effective
production of lithium metal anodes. However, much less effort
has been focused on the modification of lithiophilic Cu foils.
Herein, we report on a facile method to regulate lithium
nucleation and growth by coating Cu foil with a thin layer of
the
carbonization of polydopamine as a carbon precursor. The
lithiophilic nitrogen-doped on the Cu foil

significantly reduce the nucleation overpotential and effectively

nitrogen-doped carbon, which was derived from

carbon can
suppress the formation of lithium filaments. The morphology of
the plated Li on the Cu foil coated with nitrogen-doped carbon
(N-C) was spherical, in contrast to the needle-like dendrites
formed on the bare Cu foil. In addition, due to the efficient
inhibition of Li dendrites, the Coulombic efficiencies of lithium
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Fig. 1 (a) Schematic illustration of the coating process on the surface of a Cu foil with a
layer of nitrogen-doped carbon. (b) The color change of the surface on the Cu foil at each
coating stage. (c) Raman spectra of a bare Cu foil and a nitrogen-doped carbon coated
Cu foil.

500 2500

stripping/platting were dramatically improved at both high
current densities and high areal capacities.
Coating with polydopamine is an easy and versatile method

for modifying surfaces.22 Thus, a commercial anode current
collector, Cu foil, was initially coated with polydopamine via
polymerization of dopamine on the surface. The coated foil was
carbonized in an inert atmosphere (Ar) to produce the nitrogen-
doped carbon. The coating process of the Cu foil is illustrated by
the scheme in Fig. 1a and the color of the Cu foil at each coating
stage can be seen in Fig. 1b, which shows that the Cu surface
turns darker after the carbonization process. The Raman
spectrum of the N-C coated Cu foil, in Fig. 1c, clearly presents
two peaks at 1350 cm-1 and 1585 cm-1, corresponding to the
characteristic D and G bands of carbon, respectively. This
demonstrates that the surface of the Cu foil was coated with
carbon, derived from the polydopamine. A scanning electron
microscope (SEM) image (Fig. S1a) shows that after coating with
the N-C layer, the surface is flat, and the cross-sectional
transmission electron microscope (TEM) image (Fig. S1b) clearly
shows that the thickness of the N-C layer is around 5-10 nm. X-
ray photoelectron spectroscopy (XPS) N 1s spectrum of the N-C
coated Cu confirms the presence of pyridinic and pyrrolic
nitrogen (Fig. S2). Several reports have demonstrated that N-doped
carbons are lithiophilic and can control the Li nucleation and
growth.2021.23 Therefore, it is reasonable to posit that the N-C coated
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Cu foil could suppress the Li dendrite growth and improve the cycling
performance.
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Fig. 2 (a) Galvanostatic charge/discharge voltage profiles for a bare Cu foil and a N-C
coated Cu foil at a current density of 1 mAh cm2. (b) The cycling performance of
symmetric cells using the Li deposited on a bare Cu foil and a N-C coated Cu foil as a
working electrode. The Coulombic efficiency of Li stripping/platting for the bare Cu foil
and N-C coated Cu foil (c) at a current density of 1 mA cm?2 with a capacity of 1 mAh
cm?, (d) at a current density of 1 mA cm? with a capacity of 2 mAh cm?, and (e) at a
current density of 5 mA cm with a capacity of 2 mAh cm?.
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Fig. 3 The SEM images of the lithium deposited on the bare Cu foil at (a) low
magnification and (b) high magnification. The morphology of Li deposits on the N-doped
carbon coated Cu foil at (c) low magnification and (d) high magnification.

To probe the Li nucleation process on the bare Cu foil and
the N-C coated Cu foil, half cells were assembled by employing
a bare Cu or N-C coated Cu foil as a working electrode and a Li
foil as the counter/reference electrode in a carbonate-based
electrolyte (1M LiPFg in EC/DEC). By applying a constant current
density for a specified period of time, a desired amount of Li
could be deposited on the current collector. The nucleation
overpotential for Li is an important parameter for evaluating
the lithiophilicity of the surface of the current collector. Fig. 2a
shows the charge-discharge voltage profiles of Li deposition on
the bare Cu and N-C coated Cu foils at a current density of 1 mA
cm2, The lithium nucleation overpotential is determined from
the difference between the initial voltage drop and the
subsequent flat voltage plateau. Li deposited on bare Cu foil
exhibited a nucleation overpotential of ~313 mV at a current
density of 1 mA cm2. In contrast, at same current density, the
N-C Cu foil exhibited a much smaller nucleation overpotential of
~219 mV. In addition, the flat voltage plateau at -80 mV on the
N-C coated Cu foil, which corresponds to the mass-transfer
overpotential, affected by Li migration, was much lower than at
the bare Cu foil (-115 mV). The diminished nucleation
overpotential is largely due to the lithiophilic N-doped carbon
coating, lowering the resistance for lithium to nucleate and
plate on the surface.

The long-term cycling stability of the deposited Li was
studied in a symmetric Li/Li cell. A pre-stored Li capacity of 4.0
mAh cm was initially plated on the bare Cu foil or N-C coated
Cu foil, which were used as working electrodes, and commercial
Li foils were used as the counter/reference electrodes. The cells
were subsequently cycled at a current density of 1 mA cm2 with
a capacity of 0.042 mAh cm2. As shown in Fig. 2b, Li on the N-C
coated Cu foil exhibited a much longer cycling stability. In the
beginning, the overpotential of Li stripping from the bare Cu foil
is similar to that of the N-C coated Cu foil (see inset of Fig. 2b).
However, after about 420 cycles, the overpotential for the bare

This journal is © The Royal Society of Chemistry 20xx
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Cu foil electrode increased dramatically, so that less and less
lithium could be stripped off from the electrode. In contrast, the
overpotential for the N-C coated Cu foil remained stable for
over 550 cycles. This reflects an improved stability of the Li
deposited on the N-C coated Cu foil, which is likely due to much
lower formation of “dead Li”.2*

The Coulombic efficiency, defined as the capacity ratio of Li
stripping to plating, is also a critical factor to evaluate the
performance of metallic Li anodes.?> 2¢ Efficiency tests were
conducted in half cells with bare Cu or N-C coated Cu foils as the
working electrode. The cells were initially cycled at a low
current density of 50 pA cm2 in a voltage window of 0-1 V for 3
cycles to stabilize the SEl layer and remove contaminants.27 As
shown in Figs. 2c-d, the Coulombic efficiency of the N-C Cu foil
stabilized at 90% after over 50 cycles at a current density of 1
mA cm2, while the efficiency of the bare Cu foil fell below 70%
after 35 cycles and 40 cycles, for capacities of 1 mAh cm™ and 2
mAh cm?, respectively. More significantly, high current density

Li plating

Bare Cu foil Dendritic Li plating

N-doped carbon coated
Cu foll

Spherical Li plating

Fig. 4 Schematic representation of the Li nucleation and growth on the bare Cu foil (top)
and the N-doped carbon coated Cu foil (bottom).

measurements are important for practical operation of lithium
metal batteries. Therefore, the Coulombic efficiency was
further tested at the high current density of 5 mA cm2 with a
high capacity of 2 mAh cm2. As shown in Fig. 2e, the efficiency
for the N-C coated Cu foil was higher and more stable than that
for the bare Cu foil. This indicates that the nitrogen-doped
carbon enables a stable cycling performance with improved
Coulombic efficiencies at both high current densities and high
capacities, suggesting the feasibility for practical applications. It
should be noted that in this work, we employed a corrosive
carbonate-based electrolyte without any additives. Thus, much
higher improvements can be expected when employing ether-
based electrolytes, such as 1,3-dioxolane and 1,2-
dimethoxyethane (DOL/DME), or electrolyte additives (e.g.
fluoroethylene carbonate).28

The greatly enhanced performance is ascribed to the
lithiophilic nitrogen-doped carbon which can not only regulate
the lithium nucleation, but also suppress the growth of lithium
dendrites. The morphology of the Li deposits was studied by
scanning electron microscopy (SEM) as shown in Figs. 3a-d.
Lithium was plated on the bare Cu or N-C coated Cu at a current
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density of 1 mA cm2 for a capacity of 0.25 mAh cm. As shown
in Figs. 3a-b, the lithium deposited on the bare Cu foil clearly
exhibits the formation of filamentous structures with lengths of
a few micrometers at the nucleation stage. For the N-C coated
Cu foil (Figs. 3c-d), there were no dendrites formed, but instead,
large spherical Li particles with a size of 2-10 um were
observed, indicating the effective control of Li plating. As
reported, initial homogenous Li nucleation can also regulate the
following uniform Li growth.?®° Therefore, efficient suppression
of Li dendrites can be realized by the nitrogen-doped carbon
layer on the surface of Cu foils.

The Li nucleation behaviors on a bare Cu foil and a N-C
coated Cu foil are illustrated in Fig. 4. When a bare Cu foil is
employed as the current collector, the nucleation sites for Li are
random and Li prefers to nucleate at the protuberances,
resulting in non-uniform Li deposition. In addition, the surface
of the Cu foil is not lithiophilic, making the Li nucleation barrier
so high that Li is more likely to grow on the pre-existed
deposits,?! leading to the fast formation of lithium dendrites. In
contrast, for the N-C coated Cu foil, the nitrogen-doped carbon
coating layer is lithiophilic with a much lower Li nucleation
overpotential, than on the bare Cu foil. Thus, Li can deposit
uniformly on the surface of the N-C coated Cu foil and yield
homogeneous deposits without dendrite formation. The
successful inhibition of lithium dendrite growth could ensure a
stable cycling performance for Li stripping/platting, by avoiding
the increased surface area induced by the dendrites and
preventing the fast consumption of the electrolyte.

In summary, a surface modified current collector, Cu foil,
coated with a nitrogen-doped carbon film was obtained by
carbonizing polydopamine. The homogeneous lithiophilic N-
doped carbon layer was effective in controlling the nucleation
process of Li and suppressing the growth of Li dendrites. By
lowering the nucleation overpotential, N-C promotes the
uniform formation of spherical Li particles instead of Li
filaments. As a result, the Coulombic efficiency of Li
stripping/platting on the N-C Cu foil exhibited great
improvements at both high current densities and high
capacities. The long-term cycling stability of symmetric cells was
also significantly enhanced due to the dendrite-free
morphology and reduced side reactions. This work
demonstrates that the coating strategy of the anode current
collector, Cu foil, with a lithiophilic material, N-doped carbon, is
an effective method to suppress Li dendrite growth and is also
cost-effective for large-scale production.
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