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and Qiang Zhang*

Abstract: Lithium (Li) metal is the most promising electrode
for next-generation rechargeable batteries. However, the chal-
lenges induced by Li dendrites on a working Li metal anode
hinder the practical applications of Li metal batteries. Herein,
nitrogen (N) doped graphene was adopted as the Li plating
matrix to regulate Li metal nucleation and suppress dendrite
growth. The N-containing functional groups, such as pyridinic
and pyrrolic nitrogen in the N-doped graphene, are lithiophilic,
which guide the metallic Li nucleation causing the metal to
distribute uniformly on the anode surface. As a result, the N-
doped graphene modified Li metal anode exhibits a dendrite-
free morphology during repeated Li plating and demonstrates
a high Coulombic efficiency of 98 % for near 200 cycles.

With the booming advances in high-end electronic devices,
high-energy-density batteries are needed to alleviate con-
cerns about battery endurance.? Since the Li metal anode
possesses an ultrahigh theoretical specific capacity
(3860 mAhg™') and the lowest negative electrochemical
potential (—3.040 V vs. the standard hydrogen electrode), Li
metal batteries (LMBs) are therefore recognized as one of the
most promising candidates."! However, the formation of Li
dendrites during repeated Li plating/stripping cycles will not
only induce many “dead Li” with capacity loss, but also have
the potential to cause internal short circuit and other hazard-
ous issues."¥ Therefore, Li dendrites and their related issues
severely hinder the practical applications of LMBs.

To address these issues, significant progress has been
achieved recently, in areas including liquid electrolyte modi-
fications,¥! artificial electrode/electrolyte films, solid-state!®!
or polymer!’! electrolytes, hybrid electrolytes,”®! and nano-
structured anodes with high surface areas.”’ However, these
result-oriented approaches mainly concentrate on the already
obtained Li plating morphology induced by existing methods,
but less involve the initial nucleation process. Actually, the
final morphology critically depends on the initial nucleating
behavior. Systematic investigation of Li metal nucleation
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behavior is of great significance. Suppressing Li dendrite
growth at the nucleating stages is expected to lead to a safe
and efficient LMB and offer a mechanistic understanding of
the working Li metal battery as well.

Very recently, Cui and co-workers!"”) have conducted
experimental work to consider the initial nucleation stage of
Li deposition. The Li nuclei size is heavily dependent on the
current density, confirming the effectiveness of reducing the
local current density by introducing a high-surface-area Li
plating matrix.'”! More importantly, the nucleation sites
greatly rely on the type of Li plating matrix and a “lithio-
philic” matrix is preferred for Li metal nucleation with
areduced polarization. A “lithiophilic” matrix that has a good
metallic Li affinity can be wet by molten Li, which indicates
a strong binding energy between Li atoms and the surface of
the matrix. Therefore, designing a Li plating matrix with
a high surface area and lithiophilic surface makes much sense
for a safe and efficient Li metal anode.

Herein we report a nitrogen-doped graphene (NG) matrix
with densely and uniformly distributed lithiophilic functional
groups designed to guide Li metal nucleation and growth. The
NG can inhibit Li dendrite growth by regulating Li nucleation
sizes and sites. The electrochemical performance of NG-
based Li metal anodes was therefore improved with dendrite-
free Li deposits in a working battery.

The nucleation and plating processes of metallic Li on
NG-based and Cu foil-based current collector are schemati-
cally illustrated in Figure 1. Li ions start to migrate toward
anode surface under the dual effect of the electric field and
concentration gradient at the beginning of Li plating. The Li
ions that reach the current-collector surface will acquire
electrons and start nucleation. When employing Cu foil (a
general control sample in the research of Li metal anodes) as

a) N-doped graphene b) Cu foil
| |
1 Li nucleation ‘

o—Linuclei—____

Li plating ‘

Smooth Li

Figure 1. Schematic representation of the Li nucleation and plating
process on a) N-doped graphene electrode and b) Cu foil electrode.
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the current collector, the nucleation sites for Li plating are
isolated and randomly distributed owing to the heteroge-
neous and rough surface of the Cu foil, which tends to induce
a non-uniform Li deposition. Since the Cu foil is not
lithiophilic, the overpotential for metallic Li plating on the
Cu foil surface is much higher than that on a Li-metal surface.
Thus on Cu, Li atoms are more likely to continuously deposit
on existed Li nucleation deposits, hence resulting in a den-
dritic morphology." In the following growth stage, Li
nucleation deposits mainly grow in the direction away from
the surface and eventually form large Li dendrites, controlled
by the combined effect of the electric field and the concen-
tration gradient.""l When employing a N-doped graphene
framework as the Li plating matrix, both the plating process
and final morphology are significantly improved. The surface
of N-doped graphene is full of lithiophilic functional groups,
such as pyridinic, pyrrolic, and quaternary nitrogen atoms,
offering much more uniform nucleation sites and a smaller
nucleation overpotential than the Cu foil surface. Therefore,
metallic Li deposits preferentially on the N-doped graphene
surface. When complete, the surface of the NG will be
covered with uniform and smooth Li deposits.

The NG employed herein was synthesized by treating
graphene in ammonia under 600 °C for 4 h.'" The as-obtained
NG has a nitrogen content of 3.14 atom % as determined by
X-ray photoelectron spectroscopy (XPS). The fitting result of
the N 1s fine scan spectra exhibits three peaks (Figure 2a),
assigned to pyridinic nitrogen (pnN, 398.5eV), pyrrolic
nitrogen (prN, 400.2 eV), and quaternary nitrogen (qN,
402.1 eV). Quaternary nitrogen in the bulk phase (qnN) was
not obtained according to XPS (Figure 2b). Both pyridinic
and pyrrolic nitrogen are the two main components among
these N-containing functional groups in these NG scaffolds.

To probe the metallic-Li deposition process and the
interactions between the Li atom and Cu or different
functional groups, binding energy and charge density analyses
were conducted based on density functional theory (DFT)
calculations (Figure 2¢). There is only a weak interaction
between Li atom and Cu slab (Figure 2d and Figure S1 in the
Supporting Information). In contrast, the edge and high-
coordination sites in graphene and NG with functional groups
are preferred for Li atoms adsorption (Figure S2, Supporting
Information). Pyrrolic nitrogen and pyridinic nitrogen exhibit
relatively larger binding energies of —4.46 and —4.26 eV than
graphene of —3.64 eV and Cu of —2.57 eV. The local charge
density between pyrrolic nitrogen and Li atom is increased
(Figure 2e,f), indicating the strong interaction between Li and
N atoms. Note that there is one extra electron in the pyrrolic
nitrogen group, in which N provides a pair of p-electrons to
conjugated it bond, while there are lone-pair electrons in the
pyridinic nitrogen. The NG nanosheets with extra pair of
electrons are expected as electron-rich donors with filled
p orbitals that naturally act as Lewis base sites to strongly
adsorb Lewis acidic Li ions in electrolytes through acid-base
interactions, guiding the metallic Li nuclei to uniformly
distribute on the anode surface.”! However, the quaternary
nitrogen (both gN and qnN) with saturated electron orbitals is
not able to afford extra lone-pair electrons for adsorbing Li
atoms, resulting in a relatively weak binding energy (Fig-
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Figure 2. N species and their binding with Li. a) N 1s XPS spectra of
N-doped graphene. b) Schematic diagram of N-doped graphene with
pyridinic nitrogen (pnN), pyrrolic nitrogen (prN), quaternary nitrogen
on the edge (gN) and quaternary nitrogen in the bulk phase (gnN).
¢) Binding energy of a Li atom with Cu, graphene (G), and different
functional groups of N-doped graphene. The deformation charge
density at a Li atom adsorption site of: d) Cu, e) graphene, and

f) pyrrolic-N group. An increase in total electron density with the
density of isolated atoms subtracted is shown as blue, a decrease as
red.

ure 2¢). The main nitrogen-containing functional groups of
the NG employed are pyridinic nitrogen and pyrrolic nitro-
gen, thus, the surface of NG can have a strong interaction with
Li atoms. A stronger binding energy of Li atoms can always
lead to a better adsorption of Li ions (Figure S3). Therefore,
Li ions are expected to adsorb and plate as metallic Li atoms
on the lithiophilic sites related to these nitrogen-containing
functional groups. In addition, according to our calculations
the doped N atoms cannot react with plated Li atoms to form
Li;N (Figure S2, Supporting Information), which means that
the doped N atoms possess electrochemical stability in LMBs.

To directly demonstrate the lithiophilicity of such NG
materials, surface wetting experiments of molten Li on Cu,
graphene, and NG have been conducted (Figure S4). For NG
material, the molten Li can wet and spread onto the NG
surface giving a smaller contact angle than that on Cu and
graphene surface.

Furthermore, nucleation overpotentials are employed to
evaluate the degree of lithiophilicity on the electrode surface
quantitatively. There is a certain overpotential between the
two electrodes in the galvanostatic electrochemical deposi-
tion of metallic Li. A part of this overpotential is induced by
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throughout the whole metal-Li deposition process.
The mass-transfer overpotential is mainly affected by
the current density and the migration properties of Li
ions in electrolyte. The other part is the nucleation
overpotential, which exists only in the short nuclea-
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to deposit on the surface of the heterogeneous
electrode. The nucleation overpotential mainly
depends on the lithiophilicity of the electrode surface.
Some metals, such as Au and Ag, that form an alloy
with Li metal can provide a zero nucleation poten-
tial."¥ U)-

The overpotentials of metallic Li plating on Cu
foil and NG electrodes induced by different binding
strengths were investigated (Figure 3a). A sharp voltage
drops to —0.062 V (vs. Li/Li") is recorded at the beginning of
the Li plating process on Cu foil electrode, which relates to
the nucleation process of metallic Li. After nucleation, the
voltage rises to a relatively stable voltage platform at
—0.009 V, which is the mass-transfer-controlled overpotential.
The nucleation overpotential u, is defined as the difference
between the sharp tip voltage and the later stable mass-
transfer-controlled overpotential, which is 0.053 V for Cu foil
electrode. In contrast, the curve of NG electrode exhibits
much more smooth voltage dip at the nucleation stage, with
a nucleation overpotential of only 0.022 V, which is much
smaller than that of Cu foil electrode. Owing to the
lithiophilic nitrogen containing functional groups in N-
doped graphene, the NG electrode exhibits lower resistance
for metallic Li to plate at the electrode surface, instead of
plating on Li deposits to form long dendrites.

Of note is that the specific surface area of NG is
380.7m’g™" (Figure S5), which significantly reduces the
local current density to minimize the overpotential. To
exclude the effect of the high-surface-area of the scaffolds
on Li nucleation in the NG, the nucleation overpotential of
graphene (G, the raw materials for NG, with a similar specific
surface area of 380.2 m*g ") is measured to be 0.029 V at the
same current density of 0.05 mA cm 2 This nucleation over-
potential is between these of Cu foil and NG electrodes,
demonstrating that the introduction of nitrogen-containing
functional groups indeed facilitates the Li nuclei formation on
NG electrodes, not merely contributed by the high specific
surface area. Since the nitrogen-containing functional groups
endow NG with the lithiophilic surface, the N content directly
affects the lithiophilicity of NG. The surface of NG becomes
more lithiophilic with the higher N content, which brings
a lower nucleation overpotential. However, a too high N
content may destroy the conjugate structure of graphene and
then reduce the electrical conductivity, which is not beneficial
to Li deposition.

The nucleation potentials at different current densities
ranging from 0.01 to 1.0 mAcm™ were also investigated
(Figure 3b and Figure S6). The «, on NG electrode increases
from 0.017 to 0.036 V with the increase in current density,
which is much slower than that on Cu foil electrode from
0.020 to 0.103 V. The NG electrode can also effectively
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Figure 3. Nucleation overpotential. a) The voltage-time curves during Li nuclea-
tion at 0.05 mAcm~2 on Cu foil, G, and NG electrodes. b) The Li nucleation
overpotentials (u,) on Cu, G, and NG electrodes at different current densities

regulate the metallic Li nucleation on electrode surface at
higher current densities.

Li nucleating and plating process induced by the N-
containing groups on NG were further illustrated by SEM
characterization (Figure 4). The metallic Li was plated at
a current density of 0.05 mA cm* with a nucleation capacity
of 0.25 mAhcem™ (5 h). The fully plated Li morphology was
obtained on NG electrode (Figure 4c), indicating the suc-
cessful control of Li plating at the nucleation stage. In
contrast, the scattered large Li nucleation deposits were
clearly observed on Cu foil electrode (Figure 4d). Some

Figure 4. SEM images of metallic Li deposits at a low current density
of 0.05 mAcm ™2 The morphology of pristine a) NG electrode and

b) Cu foil electrode. The morphology of Li nuclei on c¢) NG electrode
and d) Cu foil electrode with the nucleation capacity of 0.25 mAhcm 2
The morphology of €) NG electrode and f) Cu foil electrode with the
plated Li of 0.50 mAhcm™. Insets in bottom left corners schematically

show the growth phase.
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nucleation deposits have finally grown into Li dendrites with
a length of few micrometers.

To further compare the Li deposit morphology after the
nucleation stage, a continuous Li plating was conducted with
a total plating capacity of 0.50 mA hcm ™2 (10 h) (Figure 4e,f).
A filling in the slit pores of NG and an increase in the
thickness of NG flakes are observed, indicating the smooth
morphology of the Li deposits without Li dendrites (Fig-
ure 4¢). However, the deposits on Cu foil electrode are full of
Li dendrites with the length more than tens of micrometers
(Figure 4 f). The dendrite growth on Cu foil electrode and the
dendrite-free morphology on NG electrode are also verified
in another plating process at a higher current density of
0.50 mA cm? with a higher plating capacity of 2.0 mAhcm >
(4 h, Figure S7), indicating that the dendrite growth on Cu foil
is almost not influenced by the current density. The nucleation
guidance from the nitrogen containing functional groups on
NG plays a critical role in the dendrite-free morphology.

The electrochemical performance in a working Li metal
battery is a critical indicator for the application prospects of
such NG based Li metal anodes with dendrite-free morphol-
ogy. The two electrode cells were assembled to probe the
cycling performance. Coulombic efficiency defined as the
ratio of Li stripping capacity to Li plating capacity at each
cycle is a frequently adopted index to evaluate the electro-
chemical performance of Li metal anodes. The Coulombic
efficiency of NG electrode at 1.0 mAcm ? with a cycling
capacity of 1.0 mA hcm 2 maintains 98 % for near 200 cycles,
while that of Cu foil electrode oscillates around 90 % and
decreases below 70% in 70 cycles (Figure 5a). When the
cycling capacity is increased to 2.0 mA hcm 2, the Coulombic
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efficiency of NG electrode still reach 98% for more than
50 cycles, which was much more stable and higher than that of
Cu foil electrode (Figure 5b) or other nanostructured com-
posite anode.™ The high pore volume of 1.93 cm’g™" (Fig-
ure S5) guarantees the NG electrode with a stable high
capacity cycling performance. Therefore, the Coulombic
efficiency of NG electrode keeps around 97% at an even
higher cycling capacity of 5.0 mAhcm™ (Figure S8). When
conducted at a higher current density of 2.0 mAcm™, the
Coulombic efficiency on NG electrode still reached 96 % for
100 cycles (Figure S8). The capacity loss during cycles has
been effectively inhibited without dendrite growth. There-
fore, NG electrode affords a very stable and high Coulombic
efficiency to Li metal batteries with NG based anodes.

The Li plating/stripping behaviors on Cu foil and NG
electrode are probed by the charge—discharge curves (Fig-
ure 5c). The discharging voltage profiles of Cu foil are clearly
shorter in the time scale than the charging ones, indicating the
large amount of irreversible capacity loss. However, the
capacity loss on NG electrode is inconspicuous due to the high
Coulombic efficiency of 98 %. The hysteresis in the voltage
profile is only 0.05V for NG electrode, much smaller than
that for Cu foil electrode (0.07-0.12 V). An extremely lower
interface impedance of NG electrode than the one of Cu foil
electrode after the 50th plating process has also been verified
by impedance spectroscopy (Figure S9). These advantages are
introduced by the low local current density that decreases the
areal mass transfer resistance and the lithiophilic functional
groups binding plated Li atoms with the 3D graphene
framework.

The long-cycle stability of NG electrode was investigated

with a systematic Li | Li test. The working Cu foil and
NG electrodes were firstly plated by Li metal with
a pre-stored capacity of 4.0 mAhcm 2, then cycled at
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a current density of 1.0 mA cm 2 and a cycling capacity
of 0.042 mA hem™ (Figure 5d). NG electrode showed
a much more stable cycling than Cu foil electrode,
indicating the stable plating and stripping process with
the NG electrode in a working battery.

In addition to the benefits from the lithiophilic N
containing functional groups, the reduced local cur-
rent density induced by the relatively high specific
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®  surface area of NG (380.7 m?g ") has also contributed
to the dendrite-free morphology and the excellent
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electrochemical performance. Such medium-sized sur-
face area can avoid the vast consumption of active
materials in extensive SEI formation. Besides, the
smooth surface of NG can also homogenize the charge
distribution and avoid the dendrites caused by elec-
tronic effects.

The NG based Li metal anode exhibits impressive
performance in both Li dendrite inhibition and

i

20 40 60

Time (min) Cycle number

Figure 5. Electrochemical performance. Coulombic efficiency of Cu foil and NG
electrode with a cycling capacity of a) 1.0 mAhcm ™, b) 2.0 mAhcm™ at the

same current density of 1.0 mAcm™2. c) Voltage profiles of the 10th, 50th, and
100th cycle of Cu foil and NG electrode with a cycling capacity of 1.0 mAhcm™
at 1.0 mAcm ™. d) Voltage-time curves in 150 cycles of Cu foil and NG electrode

at a cycling current density at 1.0 mAcm ™2
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electrochemical performance. All these improvements
mainly benefit from the effective regulation on Li
nucleation and the following growth processes. Met-
allic Li can be plated uniformly on the surface of NG
2 electrode, rather than on the pre-formed Li deposits
on Cu foil to form Li dendrites, due to the lithiophilic
nature of NG. With the calculation on the binding
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energy of Li atom with Cu foil and N-doped graphene, we
consider that some of the nitrogen containing functional
groups like pyridinic nitrogen and pyrrolic nitrogen play the
key role in making N-doped graphene a lithiophilic matrix,
which can lead Li ions to adsorb and Li atoms to deposit
uniformly on the electrode surface.

In summary, we have performed proof-of-concept inves-
tigations on a novel matrix containing uniform lithiophilic
sites to regulate metallic Li nucleation and suppress Li
dendrite growth. With the lithiophilic nitrogen-containing
functional groups, such as pyridinic nitrogen and pyrrolic
nitrogen, the N-doped graphene can regulate the nucleation
process of metallic Li electrodeposition. As a result, dendrite-
free Li metal deposits were obtained, which make the N-
doped graphene electrodes exhibit an impressive electro-
chemical performance. The Coulombic efficiency of the N-
doped graphene electrode at a current density of 1.0 mA cm >
and a cycle capacity of 1.0 mAhcm™ can be maintained at
98% for nearly 200 cycles. The strategy emphasizes the
importance of Li nucleation on the Li plating morphology,
which can suppress Li-dendrite growth at a sprouting stage.
The prospects presented herein can shed a new light on Li
metal deposition and are instructional to other metal batteries
as well.
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