pubs.acs.org/journal/ascecg

Research Article

Self-Standing N‑Doped Carbonized Cellulose Fiber as a DualFunctional Host for Lithium Metal Anodes
Zhipeng Wen, Huiyang Li, Jiaxiang Liu, Yang Yang,* and Jinbao Zhao*
Cite This: ACS Sustainable Chem. Eng. 2021, 9, 2326−2337

Downloaded via XIAMEN UNIV on July 14, 2021 at 02:00:25 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCESS

Metrics & More

Read Online
sı Supporting Information
*

Article Recommendations

ABSTRACT: Lithium (Li) metal is regarded as the holy grail
among various anode candidates due to its extremely high speciﬁc
energy and low electrochemical potential. Nevertheless, uncontrolled dendrite growth and an unstable electrode/electrolyte
interface become the bottleneck for the development of
rechargeable Li metal batteries. Although many research studies
have focused on designing porous electrode architectures to reduce
the local current density and delay the Li dendrite growth,
constructing a stable reaction interface is still highly desired.
Herein, we ingeniously designed a facile immersion and subsequent
annealing method to fabricate a nitrogen-doped carbonized
cellulose ﬁber (N-CF). The nitrogen element can not only bridge
the polyacene reaction of cellulose in the process of lower
calcination temperatures to improve the mechanical strength but also improve the lithophilic property of a current collector by
nitrogen doping at higher calcination temperatures. Therefore, the as-synthesized N-CF can maintain good structural integrity
during the cycle and promote the stability of the electrode/electrolyte interface. As a result, when matched with a commercial
LiNi0.5Co0.2Mn0.3O2 cathode, the capacity retention of a N-CF//LiNi0.5Co0.2Mn0.3O2 full cell can reach as high as 83.1% after 250
cycles. Our work reveals a facile approach to regulate the Li deposition behavior and stabilize the electrode/electrolyte interface
simultaneously.
KEYWORDS: dual-functional, polyacene reaction bridge, nitrogen doping, Li metal anode, commercial LiNi0.5Co0.2Mn0.3O2 cathode
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INTRODUCTION
The development of the electrochemical energy storage
technology has always been closely related to peopleʼs
production and life. Since the ﬁrst commercial production of
LIBs with a graphite anode by SONY Corporation in 1991,
LIBs have quickly penetrated all aspects of our lives.1,2
However, the current LIBs are gradually unable to meet
requirements of energy storage systems in terms of energy
density with the rapid progress of electric vehicles.3 Compared
with the graphite anodes currently applied in commercial LIBs,
lithium (Li) metal has the lowest reduction potential (−3.04 V
vs SHE) and extremely high energy density (3860 mAh g−1);
thus, it can provide higher energy density. At present, only by
increasing the energy density of lithium-based batteries to 500
Wh kg−1, electric vehicles can form a certain competitiveness
for fuel vehicles in the car market. To achieve this goal, most
researchers believe that the use of Li metal anodes paired with
metal oxides, oxygen (Li−O2),4−6 and sulfur (Li−S)7 may be
the ultimate solution. From this perspective, the research of Li
metal has great signiﬁcance in the energy storage system.
Although Li metal anode possesses various advantages, the
limited cycle life and potential risks of Li dendrite formation
severely restrict its practical application.8,9 The issues of a Li
© 2021 American Chemical Society

metal anode stem from the host-less deposition and stripping
processes. During the deposition, the highly reactive Li metal
easily reacts with the electrolyte to form a solid electrolyte
interface (SEI) layer on the surface. Even worse, the formed
SEI is very fragile and easily damaged by Li metal volume
expansion, generating fresh Li metal exposed to the electrolyte
and a new electrode/electrolyte interface.10 The repeated
generation and destruction of the SEI layer irreversibly
consumes the amount of the Li metal and the electrolyte. In
addition, the unevenness of the interface results in the
formation of Li dendrites clearly. Li dendrites may pierce the
separator during cycling and lead to the short-circuiting, even
causing safety accidents. During the stripping process, Li metal
tends to dissolve from the root. As a result, an amount of Li
metal detaches and becomes dead Li, leading to the extremely
low Coulombic eﬃciency. To sum up, the limited cycle life and
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Figure 1. (a) Synthesis process diagram and the bending experiment optical image of N-CF. (b) The schematic diagram of the reaction process of
cellulose after adding urea under a calcination temperature of 750 °C. (c) The schematic diagram of diﬀerent Li metal deposition behaviors of CF
and N-CF.

only the three-dimensional conductive matrix cannot change
the interface problems encountered during Li deposition, so
the improvement of Coulombic eﬃciency is always
limited.23−26 Taking it into account, the strategy that combines
the three-dimensional conductive matrix and improves the
interface between SEI and the current collector is necessary to
achieve long cycling and high deposition stripping eﬃciency
simultaneously.27−29
In this work, we design a nitrogen-doped carbonized
cellulose ﬁber (N-CF) conductive matrix through the bridge
reaction of polyacene to achieve long cycling and high
depositing/stripping eﬃciency of Li metal in a carbonateester electrolyte environment. The N-CF maintains the
original 3D network structure and forms a conductive network.
The surface ﬁbrosis caused by nitrogen doping can eﬀectively
homogenize the distribution of Li ions on the surface, greatly
reducing the concentration polarization. Moreover, the nitrogen-doped sites can eﬀectively induce uniform Li deposition
due to the lithophilic property. Beneﬁting from the bridging
reaction of nitrogen (Figure 1b), N-CF exhibits excellent
mechanical strength and ﬂexibility (photographs in Figure 1a).
Therefore, the N-CF combines the advantages of a threedimensional conductive matrix and nitrogen doping-induced
uniform Li metal deposition (Figure 1c) so that it can
simultaneously suppress the Li dendrites and stabilize the
electrode/electrolyte interface. In contrast, the carbonized
cellulose ﬁber (CF) does not change the interface between SEI

Li dendrites are the two main factors that restrict the evolution
of Li-metal-based batteries.11
So far, many researchers have devoted themselves to
improving the cycling performance of Li metal anodes from
the perspective of improving the stability of the electrode/
electrolyte interface and constraining the Li dendrites. In a
traditional electrolyte environment, the native SEI on Li metal
is very rigid, and it is easy to crack due to the volume
expansion of Li metal. Therefore, the use of functional
additives, such as CsPF6,12 Li2S,13 and VEC,14 can modify the
composition of SEI. The newly generated SEI can have certain
ﬂexibility to relieve the volume expansion, and the high Li-ion
conductivity reduces polarization. Alternatively, the protective
layer can be formed on a Li foil by physical methods or
chemical methods in advance. The choice of the artiﬁcial
protective layer is versatile, including Li3N,15 LiI,16 LiF,17 etc.
These modiﬁcation strategies are based on constructing a
stable interface between SEI and Li metal to achieve uniform
Li metal deposition.18,19
The three-dimensional structure of a conductive matrix is
often used to alleviate the formation of Li dendrites because it
has a large speciﬁc surface area that can eﬀectively reduce the
local current density of Li deposition. Moreover, its voids can
eﬀectively relieve volume change before and after charging and
discharging, such as VGCF,20 nickel foam,21 copper foam,22
etc. In addition, improving the aﬃnity of the current collector
and Li metal can eﬀectively make the electrodeposition more
uniform and reduce the generation of Li dendrites. However,
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methyl pyrrolidone (NMP) with a mass ratio of 8:1:1 and stirred
overnight. Then, the slurry was evenly spread on the aluminum foil
and dried in a 60 °C oven. After the overnight drying, the cathode
composite was cut into a round disk for use. The CF and N-CF were
predeposited with 5 mAh cm−2 Li metal by electrochemical
deposition as the negative electrode, and the NCM523 cathode
material with an areal mass loading of 3.176 mg cm−2 was used as the
positive electrode. During the high loading of NCM523 cathode
material preparation, the NCM523 cathode electrode material,
acetylene black, and N-methyl pyrrolidone (NMP) were controlled
with a mass ratio of 94:3:3. Then, the NCM523 cathode material with
an areal mass loading of 16.254 mg cm−2 (2.6 mAh cm−2) was used as
the positive electrode; the CF and N-CF were predeposited with 7.8
mAh cm−2 Li metal, which indicated that the N/P ratio was
controlled to be 3.

and the current collector, so it experiences uncontrolled Li
dendrite formation.

■
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EXPERIMENTAL SECTION

Synthesis of CF and N-CF Current Collectors. Initially, the
cellulose ﬁber was purchased from Whatman company (6 μm in pore
diameter, 390 μm in thickness), and cut into a circular disk (diameter,
12 mm) for preparation. During the preparation of the CF current
collector process, the cellulose ﬁber was directly placed in a tube
furnace and heated at 750 °C for 6 h at a heating rate of 3 °C/min.
After natural cooling, the CF current collector was directly obtained.
In the synthesis of a N-CF current collector, 50 g of urea was
dissolved in 50 mL of deionized water and the solution was stirred
about 5 min to completely dissolve. Then, the cellulose ﬁber disk was
added into the high concentration urea solution, and it must be
ensured that the cellulose ﬁber is completely submerged. After waiting
for 5 min, the quality of urea remaining on the cellulose ﬁber can be
stabilized at 0.07 g, indicating the complete absorption. Then, it can
be taken out to remove moisture by freeze drying for 24 h. Then, the
cellulose ﬁber ﬁlled with urea was heated at 750 °C for 6 h. After
natural cooling, the N-CF current collector can be obtained.
Material Characterization. The morphology of an electrode
structure and Li metal deposition are both studied using an electron
scanning microscope (SEM); the acceleration voltage was controlled
at 15 kV and the probe current was controlled at 10 μA (Hitachi
4800). The characterization of the valence state of the CF current
collector before and after nitrogen doping was carried out by an X-ray
photoelectron spectroscopy analyzer (XPS, PHI QUANTUM 2000).
The electrochemical impedance spectroscopy (EIS) was measured by
the Autolab PGSTAT 101 with the frequency range of 10 mHz to 100
kHz and had also been ﬁtted by an equivalent circuit. The nitrogen
adsorption and desorption isotherms were attained on a micromeritics
surface area and porosity analyzer (BET, ASAP-2020, Micromeritics).
To accurately measure the electronic conductivity of the current
collector, the electrical conductivity was measured on a four-point
probe powder resistivity meter (SZT-D, Suzhou Jingge Electronics
Co., Ltd.). To obtain the structural information of CF and N-CF
current collectors, a confocal microscopic Raman spectrometer
XploRA (Horiba, Japan) was employed. The elemental content
analysis test was carried out using an elemental analyzer (Vario EL III,
Germany). The Fourier transform infrared (FTIR) spectra were
collected using a Nicolet IS5 spectrometer (Thermo Fisher).
Electrochemical Measurements. Above the entire electrochemical performance measurements, the CR2032 button cell was
selected to test. The cell assembly process was carried out in a
glovebox (water content below 0.5 ppm, oxygen content below 0.5
ppm). For the cell assembly, the ester electrolyte that owns a higher
voltage window was selected, which was conﬁgured by ethylene
carbonate (EC) and dimethyl carbonate (DMC) in a volume ratio of
1:1. Lithium hexaﬂuorophosphate (LiPF6) (1 M) was used as the
lithium salt together with additional 2% of vinylene carbonate (VC).
Toward all-cell assembly processes mentioned in this paper, the
electrolyte consumption was 100 μL.
When measuring the Coulombic eﬃciency, the CF or N-CF was
used as a working electrode, and the Li foil was used as a counter
electrode. After assembling the Li-CF half-cell, the initial SEI was
constructed by circulating four cycles with voltage ranging from 0 to 1
V.
To test the performance of a Li symmetric cell, CF or N-CF
predeposited with 10 mAh cm−2 Li metal was used for preparation.
After the electrodeposition had been completed, the CF-Li current
collector was taken out and the Li metal symmetric cell was
assembled. The Li metal deposition amount of the symmetric cell
performance test was controlled at 1 mAh cm−2 and the current
density was selected to be 0.5 mA cm−2.
During the full-cell performance test, the LiNi0.5Co0.2Mn0.3O2
(NCM523) commercial cathode material was opted due to the
ester electrolyte we used with a wilder voltage window. The NCM523
cathode electrode material was mixed with acetylene black and N-

■

RESULTS AND DISCUSSION
The cellulose ﬁber is an easily obtained experimental material
and inherently possesses abundant pores and voids to adsorb
particles to achieve the purpose of ﬁltration, ensuring the
penetration of an electrolyte and the rapid transport of Li+
ions. Furthermore, the voids can also relieve volume expansion
of Li metal, thereby reducing the breakage of SEI. Combining
the physical properties of CF and N-CF (Table S1), it can be
calculated that when 3 and 5 mAh cm−2are deposited, the
overall speciﬁc capacity of CF is decreased to 489 and 751
mAh g−1 (the N-CF is decreased to 423 and 657 mAh g−1),
which can be seen in Table S2. As shown in Figure 1a, the
cellulose ﬁber was immersed in the aqueous urea solution
(nitrogen source) and annealed at a high temperature of 750
°C to obtain N-CF. After calcination treatment, the cellulose in
the cellulose ﬁber is completely converted into 3D
interconnected carbon ﬁbers with high conductivity. Beneﬁting
from the nitrogen doping eﬀect, the N-CF exhibits better
ﬂexibility and mechanical strength than CF, which can
maintain the structural integrity after cycling. To evaluate the
morphology and structure of CF and N-CF, SEM images at
diﬀerent magniﬁcations were collected, as shown in Figure 2.

Figure 2. Diﬀerent magniﬁcations of SEM images of CF (a, b) and NCF (c, d).

The diameter of carbon ﬁbers approximately ranges from 5 to
10 μm, as shown in Figure 2a,b. The cross-linked carbon wires
constitute an excellent conductive network, which not only
homogenize the electric ﬁeld of the Li deposition process but
also contribute to more uniform Li metal deposition.30 After
nitrogen doping, the 3D cross-linked structure of the CF has
not been aﬀected basically (Figure 2c,d), and a ﬁner network
2328
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Figure 3. (a) Raman spectra of CF and N-CF. (b) The XPS spectra of the N-CF current collector. The (c) C 1s and (d) N 1s spectra of N-CF.
The FTIR spectra of CF and N-CF calcined at the temperatures of (e) 460 °C and (f) 750 °C.

literature reports, the nitrogen element can eﬀectively induce
the uniform deposition of Li metal.31
To obtain molecular structure information and diﬀerent
elements’ valence states on the surface of the material, the
Raman spectroscopy experiment and X-ray photoelectron
spectroscopy were carried out, as shown in Figure 3. Raman
spectroscopy can reveal the existence of heteroatom doping
and characterize the graphitization degree of carbon materials.32 In Figure 3a, both samples exhibit two distinct peaks at
1348 and 1602 cm−1, which correspond to the D and G bands
in the carbon material, respectively. For the G band, it is

structure appears on the carbon wire surface, which does not
appear in the CF without nitrogen doping. This indicates that
nitrogen doping caused the ﬁbrosis of the carbon wire surface.
The ﬁbrillation process improves the wettability of the
electrolyte toward N-CF, which will be described in detail in
the following discussion. In addition, the corresponding
element distribution diagram shows that the nitrogen element
was evenly distributed through the surface SEM images
(Figure S1) and cross-section SEM images (Figure S2). The
overall mass content of nitrogen was measured to be 6.09%
using elemental analysis (Table S3). According to previous
2329
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Figure 4. Half-cell cycling electrochemical performance with CF and N-CF. (a) The half-cell with the deposition capacity of 3 mAh cm−2. The
detailed voltage−capacity spectra of (b) CF and (c) N-CF at diﬀerent cycles. (d) The half-cell with the deposition capacity of 5 mAh cm−2.
Comparison of EIS spectra with (e) CF and (f) N-CF after diﬀerent cycles. (g) The symmetric cell cycling performance with the deposition
capacity of 1 mAh cm−2 and deposition current of 0.5 mA cm−2.

the peak corresponding to N 1s at 400.8 eV can be seen.35
Moreover, the C 1s spectrum can be divided into three peaks
located at 284.8, 285.8, and 288.2 eV, corresponding to the
CC, C−C, and C−N/O bond, respectively (Figure 3c). It is
obvious that after adding urea, the N element successfully
connects diﬀerent polyacenes. In contrast, the N peak does not
appear in the CF (Figure S3). Furthermore, the N 1s spectrum
can be divided into three peaks ﬁxed at 398.4, 400.3, and 402.1
eV, corresponding to pyridinic nitrogen (pnN), pyrrolic
nitrogen (prN), and quaternary N, respectively (Figure 3d).
It has been proved in previous studies that pnN and prN
possess higher binding energy with Li compared to carbon
materials and copper substrates. It means that they can form
stronger bonds with Li, and prN can absorb Lewis acidic Li
ions in the electrolyte through acid−base interaction, thereby
guiding the uniform deposition of metallic Li nuclei.36,37
To elucidate the role of urea in the cellulose carbonization
process, the FTIR spectrum is shown in Figure 3e,f. According
to previous reports, cellulose mainly undergoes dehydration
and deoxygenation reactions below 460 °C. Intramolecular

mainly attributed to the E2g vibration mode of the sp2 bond in
graphene carbon. For the D band, it mainly originates from the
disorder caused by the sp3 defect site on the graphite plane. In
this study, the D band can reﬂect the degree to which carbon
atoms in the graphene layer are replaced by heteroatoms.
Generally, the area ratio (ID/IG) of the D band to the G band
can be calculated for comparison. It can be clearly seen that the
ID/IG ratio of the N-CF (0.90) is larger than that of the CF
(0.83). It shows that the N-CF has a greater degree of defective
atoms, indicating that the nitrogen atoms successfully replace
part of the carbon atoms. In addition, the electronic
conductivities of CF and N-CF were tested through a fourpoint probe power conductivity analyzer, and it was found that
the conductivity of N-CF was 2.32 S cm−1, about 6 times
higher than that of CF (0.37 S cm−1).33,34 The N-CF current
collector with higher electronic conductivity can strengthen the
connection between the deposited Li metal and conductive
matrix, thereby reducing the probability of dead Li generation.
The measurement results of XPS can show the chemical
composition and valence state of the sample. It is obvious that
2330
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cycle test, the N-CF host initially inserted Li ions during the
discharging process. When the voltage is reduced to below 0 V,
the nucleation of Li metal starts to grow on N-CF. This
phenomenon is common in carbon-based substrates because
the intercalation potential of carbon is higher than the
deposition voltage of Li metal.30,47,48 As shown in Figure 4d,
the CF fails after ﬁve cycles. In comparison, N-CF can
maintain 95% of Coulombic eﬃciency during 50 cycles,
showing that N-CF can still guarantee a stable long cycle with
high Coulombic eﬃciency under high Li deposition capacity.
For the purpose of further exploring the interface diﬀerence
of CF and N-CF during cycling, the EIS and corresponding
ﬁtting results are shown in Figure 4e,f. Before cycling, the CF
sample exhibits much larger charge-transfer resistance (420 Ω)
compared to that of N-CF (60 Ω), as shown in Figure S5. To
explore this signiﬁcant diﬀerence, the nitrogen adsorption−
desorption isotherms of CF and N-CF were determined, as
shown in Figure S6. The CF and N-CF current collectors
exhibit speciﬁc surface areas of 631.50 and 595.87 m2 g−1,
which can take advantage of the 3D current collector. In
addition, N-CF possesses a larger pore volume (0.0633 cm2
g−1) than that of CF (0.0445 cm2 g−1), which means that NCF may retain more electrolyte. Investigated from the pore
area distribution map, the number of N-CF in a mesoporous
structure (>2 nm) is signiﬁcantly more than CF. As the
previous literature reported, mesopores are more conducive to
the penetration of an electrolyte than micropores (<2 nm).49
Therefore, the N-CF exhibits lower interface impedance
without undergoing cycling. After going through one and ﬁve
cycles, the interface impedance of the CF quickly decays to 74
and 42 Ω. The interface impedance of N-CF slowly decays to
50 and 30 Ω. Compared with the CF, N-CF can form a stable
and low-impedance interface, which contributes to reducing
the polarization and suppressing Li dendrites.
To further verify the superior electrochemical reversibility of
N-CF, the CF and N-CF electrodes, which were predeposited
with 5 mAh cm−2 Li metal were assembled in symmetric cells.
It can be seen from Figure 4g that the CF reaches 50 mV after
120 h and 200 mV after 240 h during the cycle. The rapid
increase of the deposited overpotential indicates that the SEI
generated on the CF is unstable and easily broken. The
repeated crushing and generation of SEI easily results in the
formation Li dendrites and accumulation of dead Li. Dead Li is
bulky and electrochemically inert, thus causing a persistent
increase in the polarization potential. On the contrary, the NCF can maintain a very low polarization voltage (20 mV) and
circulate steadily for 800 h, which demonstrated that N-CF can
promote the formation of a more stable electrode/electrolyte
interface because the pnN and prN in N-CF possess stronger
binding energy with Li metal. From the enlarged voltage
proﬁles of the symmetric Li metal cell at diﬀerent cycling
times, the stability of N-CF cycling performance can also be
evaluated (Figure S7). Compared with CF, the N-CF can still
have an intact structure after long cycling (Figure S8). The
stable electrode/electrolyte interface can reduce the direct
contact between the electrolyte and Li metal, thereby reducing
the generation of dead Li. Overall, the N-CF can promote the
formation of a more stable electrode/electrolyte interface while
reducing the true current density of Li metal deposition.
Therefore, it can eﬀectively reduce the consumption of Li
metal active materials and electrolytes while restraining the
formation of Li dendrites, thus ameliorating the cycle life and
Coulombic eﬃciency.

hydrogen bonds are broken and hydroxyl groups are
dehydrated, resulting in various band structures such as
benzene rings and aryl alkyl ethers. In the carbonization
reaction, which is dominated by the deoxygenation reaction,
the benzene ring structure undergoes a polyacene reaction to
generate polyacene.38 Therefore, the characteristic peaks of
1614 and 1425 cm−1 appear in the infrared spectra at a
calcination temperature of 460 °C, corresponding to the CH
in-plane deformation vibrations and CO stretching
vibrations in polyacene, respectively.39,40 However, it does
not appear in the FTIR spectrum at 750 °C, which shows that
polyacene is an intermediate product in the calcination
process. The peak displacements of 1653 and 1401 cm−1
correspond to the N−H bending vibration and C−N, which
corresponds to the bridging reaction of nitrogen between
polyacenes, as mentioned in Figure 1b.41−44 After the
temperature increases to 750 °C, it is obvious that all of the
original polyacene peaks disappear, and −CO stretching in a
glucose pyran ring (1153 cm−1), −CH stretching in C6methylene of a glucopyranose ring (2921 cm−1), and −OH
stretching in intramolecular hydrogen bonds (3431 cm−1) can
be seen.45,46 However, after adding urea, the bridge reaction
within the polyacene can be eﬀectively carried out. The direct
stable bridge between carbon and carbon is realized, thereby
greatly improving the structural stability in the electrochemical
process. Since the bridging reaction can connect linear organic
molecules to form a network structure, the mechanical strength
of the polymer can be greatly improved. In summary, the
advantages of N-CF during Li metal deposition can be
summarized as follows: (1) the highly conductive N-CF can
homogenize the electric ﬁeld around Li metal and reduce the
local current density, which helps to reduce the polarization
eﬀect and delay the formation of Li dendrites; (2) the higher
ratio of pnN and prN can contribute to the uniform deposition
of Li metal and restrain the formation of Li dendrites,
improving the cycle life of Li metal cells; and (3) the bridging
reaction of nitrogen in the carbonization process of cellulose
provides N-CF with excellent mechanical strength and
ﬂexibility, and guarantees cycle stability.
To investigate the cycling performance of CF and N-CF, the
half-cell and symmetric cell test results are shown in Figure 4.
Under the test conditions of 3 and 1 mA cm−2, the N-CF can
maintain the high Coulombic eﬃciency (96%) and excellent
cycling stability up to 100 cycles. In sharp contrast, the
Coulombic eﬃciency of CF begins to decrease gradually after
23 cycles and exhibits a much lower value of only 80% at the
26th cycle (Figure 4a). The result reveals that although CF can
reduce local current density while suppressing Li dendrites in
early stage, the generated electrode/electrolyte interface is not
stable, which may aﬀect the long-term cycle stability. The
capacity−voltage curve in the ﬁrst ﬁve cycles shows that a
certain amount of lithium is consumed during the activation
process to form SEI (Figure S4). In the voltage−capacity
curve, the voltage gap between the charging and discharging
platforms can partly aﬀect the stability and reversibility of the
Li deposition interface. In Figure 4b, the CF initially exhibits
an overpotential of 67 mV, which generally changes from 83 to
114 mV as the cycle deepens. The continuous change in the
voltage gap also proves the instability of the electrode/
electrolyte interface of CF. In contrast, the N-CF maintains a
stable voltage gap of about 30 mV. This shows that the
electrode/electrolyte interface and the structure of N-CF can
maintain stability during the long cycle. During the half-cell
2331
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Figure 5. SEM images of the Li deposition morphology after diﬀerent cycles. The SEM images of CF after (a) 1 cycle and (b) 10 cycles. The SEM
images of N-CF after (c) 1 cycle and (d) 10 cycles. (e−g). The C 1s, O 1s, and F 1s spectra of the SEI position of CF and N-CF after 5 cycles.

To test the activity of N-CF on the Li metal deposition
behavior, SEM was applied to characterize the Li deposition
morphology of CF and N-CF after diﬀerent cycles (Figure 5).

After undergoing only one cycle, the CF exhibits an uneven
and broken morphology, which is also accompanied by the
appearance of Li dendrites (Figure 5a). It indicated that the
2332
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Figure 6. Electrochemical performance comparison with the NCM523 cathode material. (a) The long cycle performance with CF||Li and N-CF||Li
electrodes at 1C. The voltage proﬁles of (b) CF||Li and (c) N-CF||Li electrodes at diﬀerent cycles. (d) Cycling performance comparison at the
charge−discharge rate of 2C. (e) The contrast in the electrochemical performance rate with CF||Li and N-CF||Li electrodes.

CF possesses low aﬃnity with Li metal, and the electrode/
electrolyte interface generated on the surface is very unstable.
The layer of the interface was easily damaged by the volume
expansion of Li metal, making Li ions preferentially deposited
in these cracks, thus generating the Li dendrite morphology
(Figure S9). In further magniﬁed SEM images, when 10 mAh
cm−2 Li metal is deposited (Figure S10), the trend of Li
dendrites can be more clearly observed. By comparison, the NCF current collector can induce Li metal deposition on the
surface. As a result, it can ensure smooth deposition when
depositing a larger amount of Li metal and alleviate the
formation of Li dendrites. After 10 cycles, the CF shows a
broken and loose Li deposition morphology (Figure 5b). The
broken Li morphology is the dead Li formed after the Li
dendrites break away from the Li metal matrix. The increase in
dead Li not only increases the cell interfacial impedance but
also generally aggravates the formation of Li dendrites. On the
contrary, the N-CF can ensure Li metal deposition on its
surface or in its voids, which can eﬀectively relieve the volume
expansion of Li metal (Figure 5c,d). The prN functional group
in N-CF can induce uniform Li metal deposition, thereby
reducing Li dendrites and promoting reduction of dead Li.

Above all, N-CF can induce uniform deposition of Li metal
and relieve the volume expansion of Li metal so it can ensure
the realization of a smooth Li deposition behavior.
To get deep insight into the electrode/electrolyte interface,
the analysis of the SEI composition formed on CF and N-CF
was carried out by XPS analysis. The ﬁtted values of the C 1s
spectrum can obviously be divided into three peaks
corresponding to Li2CO3 or C-F at 289.9 eV, C−C at 286.2
eV, and CC at 284.8 eV, respectively (Figure 5e).50−53 The
N-CF with a larger proportion of oxygen-containing group
peaks means that the surface SEI layer consisted of many
components of Li2CO3 and ROCO2Li. Furthermore, the N-CF
exhibits no obvious peak of Li2O in the O 1s spectrum relative
to the CF (Figure 5f). This shows that the SEI of N-CF can
eﬀectively block the contact between Li metal and the
electrolyte, which is the main cause of Li2O formation. In
addition, the N-CF possesses a large proportion of LiF (684.4
eV) compared to the CF (Figure 5g).54 In previous reports, it
is conﬁrmed that LiF is a very stable SEI component that is
beneﬁcial to relieve the formation of Li dendrites.55−57
Consequently, the N-CF can promote formation of a stable
SEI layer rich in LiF, helping to suppress Li dendrites. Due to
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with the CF host decays to 80%. It conﬁrms that the N-CF can
promote a stable and conducive Li-ion transmission electrode/
electrolyte interface so it can have good performance in the
rate test. All in all, the N-CF can contribute to constructing a
stable and favorable electrode/electrolyte interface and the
structural stability enabled by the bridge reaction of nitrogen.
As a result, the high capacity retention rate under the long
cycle can be realized, especially at a high-rate electrochemical
test.

the stronger binding energy of pnN and prN with Li metal in
N-CF, it can ensure the stability of SEI during prolonged
cycling. Moreover, the prN can eﬀectively guide the uniform Li
deposition, and even the Li metal surface further promotes a
stable electrode/electrolyte interface. Therefore, excellent cycle
stability of Li metal cells can be achieved.
To verify the superiority of the N-CF in real Li-metal-based
cell, the full cell was assembled and tested at diﬀerent current
densities (Figure 6). Due to the ester, the electrolyte can
withstand higher working voltage compared with the traditional ether electrolyte, which possesses higher aﬃnity for Li
metal. Therefore, the NCM523 material that can withstand
higher voltages was selected as the cathode material. According
to Figure 6a, under the condition that the current density is
0.508 mA cm−2 (1C), the CF||Li electrode initially exhibits a
speciﬁc capacity of 155.2 mAh g−1. However, the Li metal on
the anode side is consumed and cannot provide suﬃcient Li
after 50 cycles. The capacity began to decay rapidly. As a
comparison, N-CF||Li initially exhibited a speciﬁc capacity of
157.3 mAh g−1, which was able to maintain 83.1% (130.7 mAh
g−1) after 250 cycles and maintained high stable Coulombic
eﬃciency of 99.9%. This shows that N-CF can eﬀectively
reduce the Li metal loss in the case of a limited amount of the
Li metal, thereby improving the cycling life of the full cell.
During the full-cell test, the initial Coulombic eﬃciencies of
CF and N-CF are 80.9 and 81.9%, respectively (Figure S11).
Therefore, due to the larger initial polarization of the CF full
cell, resulting in a higher charging voltage, the electrode/
electrolyte interface gradually stabilized after a series of cycles,
so this phenomenon disappeared. During the charge−
discharge curve, the voltage drop when it reaches half of the
discharge capacity can be used to reﬂect the polarization
during the full-cell charge/discharge process.58−60 It can be
easily seen that the CF||Li electrode cannot maintain the
typical curve of the NCM523 cathode electrode material
during the long cycle. With the cycle deepening, the
detrimental voltage drop gradually increases due to the
increased polarization and material structural degradation.
The N-CF||Li electrode delivers an inappreciable voltage drop
while maintaining very high capacity retention (Table S4).
This indicates that the N-CF can construct a stable electrode/
electrolyte interface and keep the structural stability, reducing
the dead Li and reducing the overall polarization of the cell.
When further testing the electrochemical performance at 2 C,
the N-CF||Li electrode still exhibited very high charge−
discharge reversible eﬃciency and exhibited a high capacity
retention rate of 86.6% after 150 cycles. Unfortunately, the
CF||Li failed after 70 cycles. More importantly, N-CF||Li shows
the overwhelming advantage in the rate test. It is worth
mentioning that N-CF exhibits capacity of 146.2 and 144.3
mAh g−1 at 5C and 10C, respectively. On the other hand, CF
only releases speciﬁc capacities of 122.3 and 119.0 mAh g−1.
To verify the advantages of the N-CF host in cell practicality,
the full-cell test was conducted under higher loading
conditions. The cathode electrode uses an areal capacity of
2.6 mAh cm−2 (16.254 mg cm−2), and the anode electrode is
predeposited with 7.8 mAh cm−2. The capacity ratio of the
positive electrode to the negative electrode is strictly controlled
to be 3, and the rate density is designed to be 2.6 mA cm−2
(1.0C). Larger current density places higher requirements on
the ion transport capacity of the electrode/electrolyte interface.
As shown in Figure S12, the capacity with the N-CF host does
not change much after 20 cycles, while the capacity retention

■

CONCLUSIONS
In this work, the N-CF with a multidimensional network
structure was successfully synthesized through a simple
calcination reaction as a Li metal current collector. The
characterization results show that the nitrogen element is
evenly distributed in the conductive network of the CF, and
the nitrogen doping achieves the ﬁbrosis of the carbon wire
surface. As a result, the N-CF possesses a richer mesoporous
structure, which is conducive to the penetration of an
electrolyte. The results of the Li deposition morphology
show that N-CF can reduce the generation of Li dendrites and
dead Li. When applied to full-cell testing, the N-CF||Li
electrode can maintain a capacity of up to 83.1% and
Coulombic eﬃciency of 99.9% after 250 cycles, while the
CF||Li electrode failed after 50 cycles. Moreover, N-CF||Li
exhibits outstanding superiority in high-rate cycling tests. All of
these improvements can attribute to the N-CFʼs ability to
promote the establishment of a stable conducive Li-ion
transmission electrode/electrolyte interface and the structural
stability provided by the bridge reaction of nitrogen between
polyacenes. The N-CF not only reduces the local Li deposition
current density to suppress the formation of Li dendrites but
also reduces the generation of dead Li and overall polarization
by establishing a stable electrode/electrolyte interface. Therefore, the N-CF enables the long-time cycling and high
stripping/dropping eﬃciency to be achieved simultaneously.
Our work provides a method for the research direction of
combining multiple current collectors and constructing a stable
electrode/electrolyte interface.
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