SCIENCE CHINA Materials

ARTICLES

mater.scichina.com link.springer.com

Published online 4 June 2018 | https://doi.org/10.1007/s40843-018-9298-x

Sci China Mater 2019, 62(1): 87-94

] CrossMark

& click for updates

A lightweight carbon nanofiber-based 3D structured
matrix with high nitrogen-doping level for lithium

metal anodes
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ABSTRACT Lithium metal is considered to be the most
promising anode material for the next-generation recharge-
able batteries. However, the uniform and dendrite-free de-
position of Li metal anode is hard to achieve, hindering its
practical applications. Herein, a lightweight, free-standing
and nitrogen-doped carbon nanofiber-based 3D structured
conductive matrix (NCNF), which is characterized by a robust
and interconnected 3D network with high doping level of
9.5 at%, is prepared by electrospinning as the current collector
for Li metal anode. Uniform Li nucleation with reduced po-
larization and dendrite-free Li deposition are achieved be-
cause the NCNF with high nitrogen-doping level and high
conductivity provide abundant and homogenous metallic Li
nucleation and deposition sites. Excellent cycling stability with
high coulombic efficiency are realized. The Li plated NCNF
was paired with LiFePO, to assemble the full battery, also
showing high cyclic stability.

Keywords: lithium metal anode, nucleation, dendrite-free, ni-
trogen-doping, overpotential

INTRODUCTION

Lithium ion batteries (LIBs) are approaching the theore-
tical limit of cathode/anode materials and the demand for
high energy density battery system is growing [1-6]. Li-
thium metal batteries (LMBs) are considered to be one of
the most promising next-generation energy storage sys-
tems because of the highest capacity (3,860 mA h g ') and
the lowest potential (=3.04 V vs. the standard hydrogen

electrode) of lithium metal [7-8]. Despite the
high-energy-density of LMBs, the intractable Li dendrite
growth and the resulted low coulombic efficiency, inter-
nal short circuit and even hazardous issues hinder the
practical use of LMBs [9-12]. Tremendous efforts have
been made to solve these problems. Various types of
electrolyte additives, such as Cs" [13], FEC [14], poly-
sulfide [15-16], LINO; [17-18], ionic liquid electrolytes
[19] and H,O [20] have been used to form a stable and
passivate layer on the Li metal anode. With adequately
high shear modules to prevent the penetration of Li
dendrites, solid electrolytes and gel polymer electrolytes
have also been proposed to replace liquid electrolyte [21-
23]. Artificial SEI layer constructing before cell cycling
was also proposed to protect the surface.[24-29] How-
ever, the volume changes of lithium metal during the
cycling inevitably generate the stress which will destroy
the above passivation layers. Thus, the conductive three-
dimensional (3D) framework structures for lithium de-
position, like the porous Cu current collectors and three-
dimensional graphene framework, attract great attention
because they can lower the local electrode current density
and accommodate the large volume changes [30-36].
Several reviews have discussed the advantages of 3D
structure for the Li metal anodes [37-38]. But the non-
lithiophilic surfaces are not ideal for the uniform nu-
cleation and deposition of lithium [39]. Thus, the surface
modification is always needed [40].

Compared with the porous metals, the porous carbon
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framework is lightweight which is benefit to improve the
energy density based on the whole device. Moreover, the
carbon surface is easy to be functionalized. Nitrogen-
containing functional groups on carbon surface have been
reported to interact with Li atoms and enhance the li-
thiophilicity, especially pyridinic nitrogen and pyrrolic
nitrogen, which is promising to achieve a more uniform
nucleation of metal Li with reduced polarization [41-42].
However, the nitrogen content in previous studies is re-
latively low and is insufficient for the uniform deposition
of Li" ions on the porous framework with high surface
area. As a result, a well-designed lightweight lithiophilic
3D carbon matrix is required to address the above-
mentioned issues of LMBs.

Herein, a lightweight and free-standing nitrogen-doped
carbon nanofiber-based 3D structured conductive matrix
(denoted NCNF) was used as the current collector to
achieve the uniform Li" ion nucleation and deposition.
The high nitrogen-doping content (9.5 at%) provides
enough active sites to guarantee the homogenous Li nu-
cleation on the high surface area framework which re-
duces the nucleation overpotential and regulates the
following Li growth. The mass density of NCNF is only
0.57 mg cm >, much lighter than the commercial Cu
current collector (7.96 mg cm ). When the lithium
loading is 4 mA h cm ™, the mass density of LI@NCNF
electrode is 1.61 mg cm %, and that of Li@Cu electrode is
9.00 mg cm *, showing its advantage on improving the
energy density based on the whole cell. Such a lightweight
3D framework also lowers the local current density and
accommodates the volume changes during cycling. As
schematically illustrated in Fig. 1, the nucleation sites for
Cu foil are limited because of the heterogeneous non-
lithiophilic surface and the low surface area. Then the
follow-up plating Li tends to deposit onto the existing Li
nuclei, causing the uncontrollable Li dendrite growth. A
low nitrogen-doped carbon framework cannot provide
sufficient active sites for Li nucleation and deposition,
causing uneven metal Li distribution. While, because of
the high nitrogen-doping level of NCNF, the homo-
genous metallic Li nucleation and deposition was
achieved throughout the NCNF matrix, suppressing the
Li dendrite growth. Therefore, excellent cycling stability
with a high coulombic efficiency over 98% for more than
250 cycles was obtained in the case of 1.0 mA h cm ™~ at
1.0 mA cm ~ and over 97% for more than 120 cycles for
2.0mA hcm™ at 2.0 mA cm >. Moreover, when paired
the Li plated NCNF and LiFePQO, to assemble a full cell,
the reduced voltage polarization and high capacity re-
tention of 82.4% after 300 cycles were achieved.
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Figure 1 Schematic of the metallic Li nucleation and plating on Cu foil
(a), NCNF-1000 (b) and NCNF (c).

EXPERIMENTAL SECTION

Polyaniline (PAN)-based film was prepared by electro-
spinning with the following details. 0.8 g PAN was dis-
persed in 10 g N,N-Dimethylformamide (DMF) via
stirring at 60°C for 24 h to form a homogeneously solu-
tion. Then the well dispersed solution was loaded into an
injection syringe (10 mL) with a stainless-steel hollow-
bore spray needle, which was connected to a high-voltage
power supply. The high voltage was set at 18 kV and the
temperature was kept at 40°C. The distance between
electrodes was fixed at 15 cm. Feeding rate of 1 mLh’,
collector spinning rate of 30 rpm and cross travel of
50 mm were used for electrospinning. The electrospun
PAN was collected and dried at 70°C in vacuum oven for
12 h to remove the DMF solvent. Then the electrospun
films were heated to 270°C in air for 1 h with the heating
rate of 5°C min '. Afterwards, the films were carbonized
under the protection of N, gas through a one-step heating
process at 800 or 1,000°C for 2 h and the obtained sam-
ples were denoted as NCNF and NCNE-1000, respec-
tively.

The microstructures of the samples were characterized
by field emission scanning electron microscopy (FE-SEM,
HITACHSUB8010). Raman spectrum was recorded with a
Lab RAM HR800 (Horiba) using 532 nm incident ra-
diation. The electrical conductivity was obtained using a
four-point probe (MCP-T610) method. Nitrogen ad-
sorption-desorption was performed using an ASAP 2020
instrument (Micromeritics Instruments) at 77 K. The
specific surface area (SSA) was calculated using the Bru-
nauer-Emmett-Teller (BET) method. X-ray photoelectron
spectra (XPS) measurement was performed on an ES-
CALAB 250Xi (Thermo Fisher) with a monochromatic Al
Ka source to analyze the surface species and their che-
mical states.
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Figure 2 SEM images of the PAN-based film (a) and NCNF (b). Nitrogen adsorption/desorption isotherm (c). Raman spectra of NCNF (d). XPS

survey spectrum of NCNF (e) and deconvoluted spectra of N 1s (f).

The electrochemical measurements were carried out
with type 2032 coin cells by directly using the free-
standing NCNF film as the working electrode, which was
pouched into electrode disk with the diameter of 12 mm
and area of 1.131 cm”. A lithium metal foil of 5 mm thick
was used as the counter electrode. Commercial separator
(Celgard 2400) was selected as the separator, which was
cut into disk with a diameter of 20 mm. The electrolyte
applied in this experiment was 1 mol L™ lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) dissolved in 1,3-
dioxolane/1,2-dimethoxyethane (DOL/DME, 1:1 by vo-
lume) with 3 wt% LiNO; (Alfa Aesar) additive. Electro-
chemical impedance spectroscopy (EIS) was carried out
using VMP3 electrochemical workstation (Bio Logic
Science Instruments), with a frequency range of 100 kHz
to 10 MHz and disturbance amplitude of 5 mV. The li-
thium metal plating/stripping test was performed using a
Land 2001A cell test system (Wuhan, China) at 25°C. The
current densities applied were 1.0 and 2.0 mA cm °, and
the specific capacities were 1.0 and 2.0 mAhcm * re-
spectively. To be more specificc, 1.0mAhcm”
(2.0 mA hcm™®) of Li was first plated onto the NCNF
electrode at 1.0 mA cm~ (2.0 mA cm °), followed by Li
stripping up to 1 V at the same current density. A higher
areal capacity of 4 mA h cm ™ and a higher current den-
sity of 4 mA cm ~ were also investigated. Full cells were
assembled by pairing LiFePO, with Li plated NCNF. The
areal loadings of LiFePO, and Li metal are about 2.7 and
0.52 mg cm ° respectively in the cell which contains 40 uL
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electrolyte.

RESULTS AND DISCUSSION

The SEM images of the PAN-based film and the resulting
carbonized NCNF are shown in Fig. 2a, b, showing the
fiber morphology in both cases. The NCNF has a smooth
surface with a diameter around 250 nm, which is slightly
smaller compared to that for the PAN film without car-
bonization. This intertwined network renders the high
structure stability and flexibility (Fig. S1), making it easy
to be used as the electrode directly. The density of NCNF
is only 0.57 mg cm °, and the stable structure can effec-
tively buffer the volume changes of Li during the plating/
stripping process. The N, adsorption/desorption iso-
therms belong to type I (Fig. 2c) with a SSA of 214 m’ g ',
which is profit to the uniform Li deposition. Raman
spectrum of the NCNF (Fig. 2d) shows two dominant
peaks at 1,342 cm ' and 1,584 cm ', which are the char-
acteristic D and G bands of carbon materials, and the
intensity ratio of D band and G band (Ip/I;) is 0.985,
confirming the existence of many defects and edges that
are active for the Li nucleation. The electrical con-
ductivity of NCNF was obtained by using a four-point
probe and the value is 3.171x10 > S cm . The high SSA
and electrical conductivity can effectively reduce the local
current density, promoting the uniform deposition of
NCNF. XPS analyses were performed to further char-
acterize the chemical composition of NCNF. The survey
XPS spectrum (Fig. 2e) showed that the NCNF consisted
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of C (85.8 at%), N (9.5 at%) and O (4.7 at%) elements.
The fitting result of the N 1s fine scan spectra can be
devoted into three peaks (Fig. 2f), pyridinic nitrogen
(pnN, 398.2eV, 48.52%), pyrrolic nitrogen (prN,
400.7 eV, 45.49%) and quaternary nitrogen (qN,
402.5 eV, 5.99%) respectively. The existence of nitrogen-
containing functional groups, especially pnN and prN,
makes the NCNF matrix lithiophilic, guaranteeing the
uniform Li nucleation and further suppressing the Li
dendrite growth. As for the NCNF-1000, the nitrogen-
doping content is only 2.6 at% (Fig. S2) since the higher
temperature leading to the loss of nitrogen. The N con-
tents of NCNF and NCNF-1000 measured by the ele-
mental analyzer were 9.3 wt% and 2.0 wt% respectively,
which are similar to the XPS results. The decrease of
nitrogen content in PAN-based fibers during the high
temperature is ascribed to the aromatization of PAN. The
C=N bonding will be broken with the increase of tem-
perature, releasing heteroatoms (N) [43,44]. The SSA of
NCNE-1000 is 893 m’ g '. The NCNF and NCNE-1000
show similar adsorption isotherms which belong to type I
(Fig. S3), and the sharp increase of the adsorption volume
at the low relative pressure of NCNF-1000 suggests it has
much more micropores.

The metallic Li nucleation and growth behaviors on Cu
foil and NCNF were investigated under the current
density of 1 mA cm . Fig. 3a shows the heterogeneous
and rough surface of Cu foil. When 0.5 mA h cm * Li was
deposited (Fig. 3c), the rough surface with some Li
clumps or sheet-like metallic Li was observed, indicating
the isolated Li nucleation sites. When the deposited Li
increased to 1 mA h cm? (Fig. 3e), the Li clumps grew
and the branch-like Li dendrite was generated, suggesting
the plating of Li was prone to deposit onto the Li clusters.
Fig. 3b shows the morphology of the pristine NCNF,
which has smooth surface, 3D intertwined network and
plenty of void space. When 0.5mAhcm ™ Li was de-
posited onto the NCNF (Fig. 3d), a uniform layer of Li
was distributed on the surface of the carbon nanofibers.
When the deposited Li increased to 1 mA h cm  (Fig. 3f),
no recognizable Li dendrite was observed and the fol-
lowing deposited Li was relatively evenly distributed,
filling the void space and rendering a dendrite-free
morphology. The surface of the Li plated NCNF electrode
was smooth and flat even with a high Li loading of
3 mA h cm™, while that of the Li plated Cu electrode was
very rough (Fig. S4). From the cross-sectional SEM image
of the NCNF (Fig. S5), the deposited Li was accom-
modated inside the 3D carbon matrix, which can effec-
tively redeem the volume change during the plating/

90 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

Figure 3 SEM images of the pristine Cu foil (a), NCNF (b), Cu foil with
0.5 mA h cm * deposited Li (c), NCNF with 0.5 mA h cm* deposited Li
(d), Cu foil with 1mAhem? deposited Li (e) and NCNF with
ImAhcem™ deposited Li (f).

stripping process. Note that such 3D structure can be well
maintained during cycling (Fig. S6), which is crucial for
the long cycle stability.

To further prove the roles of nitrogen-containing
functional groups for the uniform Li deposition, we in-
vestigated Li plating/stripping behavior on NCNF-1000
which has lower nitrogen-doping content. In spite of the
higher conductivity (3.630 S cm ') and larger surface area
(893 m’ gﬁl), the NCNF-1000 results in uneven Li nu-
cleation and deposition (Fig. S7a-c). The deposited Li
metal aggregated on its surface, which easily generated
‘dead Li’ during the stripping process (Fig. S7d), causing
the active material loss and a low coulombic efficiency.
This should be ascribed to the following two reasons.
First, the higher conductivity of the NCNF-1000 and the
higher Li" ion concentration at the electrode surface
during plating make the deposition of Li easy to occur at
the surface. Second, the less nitrogen-containing func-
tional groups leads to the decrease of the active sites for
the Li nucleation, and as a result, the deposition of Li
becomes uncontrollable in such 3D matrix.

To evaluate the long cycling performance, half cells
were assembled by pairing a Li metal foil with the NCNF
or Cu foil electrode. The cell was firstly cycling at low
current density (0.05 mA cm ) between 1V and 0.01 V
for 5 cycles to remove impurities and to stabilize the SEI
layer, and then 1.0 mA h cm™ of Li metal was deposited

January 2019 | Vol.62 No. 1
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Figure 4 Coulombic efficiency of Li plating/stripping on/from the Cu

Specific capacity (mA h g")

and the NCNF current collector for 1 mA h cm™ Li at a current density of

1 mA cm* (a) and 2 mA h cm ™ Li at a current density of 2 mA cm ” (b). Voltage profiles of the 5™, 20", and 50™ cycle of Cu foil and NCNF current
collector with a cycling capacity of 4 mA h cm ™ Li at 2 mA cm * (c) and its magnified profiles from 1.5 mA h to 3 mA h (d). Cycling performance of
full cells with Li@Cu and Li@NCNF as anode and LiFePO, at 0.5 C (e) and its charge-discharge profile at 0.5 C (f).

onto the NCNF or Cu foil current collector at a current
density of 1.0 mA cm 7, followed by Li metal stripping to
1V at the same current density of 1.0 mA cm . The
coulombic efficiencies were calculated as the ratio of the
amount of Li metal stripped away to the amount of Li
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metal plated in each cycle. The NCNF exhibits high and
stable coulombic efficiency over 98% for 250 cycles while
that drops below 90% after 58 cycles on the Cu surface,
which could be attributed to the generation of Li den-
drites (Fig. 4a). When the areal capacity increased to
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2mAhcm” and higher current density at 2 mA cm °,
coulombic efficiency of the NCNF could also be stabilized
over 97% for 120 cycles, while that on Cu foil fluctuated
severely and soon dropped below 80% after only 39 cy-
cles. The coulombic efficiency could be stable above 96%
for 50 cycles on the NCNF surface while that of Cu os-
cillated below 80% with a higher current density of
4mAcm’ with the areal capacity of 1 mAhcm”
(Fig. S8a). Also, with the higher areal capacity of
4mAhcm™ at 2mA cm™” (Fig. S8Db), the coulombic ef-
ficiency is stable above 97% for 80 cycles. Such remark-
able cycling performance with high coulombic efficiency
is attributed to the nitrogen-containing functional
groups, reducing the Li nucleation overpotential and
guiding a uniform Li nucleation and growth. For the low
nitrogen-doped NCNF-1000, it exhibited lower cou-
lombic efficiency than NCNF and showed random os-
cillations after 150 cycles (Fig. S9). We ascribe the inferior
stability of NCNF-1000 to its low nitrogen-doping level,
which cannot provide sufficient low nucleation sites for Li
nucleation and thus the deposited Li was unevenly dis-
tributed on the surface of the current collector, and
generating ‘dead Li’ during stripping process.

Fig. 4c, d show the charge-discharge curves of the
NCNF and Cu foil under plating 4mAhcm” at
2 mA cm  after 5, 20 and 50 cycles and their magnified
region from 1.5 to 3 mA h cm . The discharging-voltage
curves for Cu foil are shorter than the charging ones after
20 cycles, indicating the irreversible capacity loss and low
coulombic efficiency. For the NCNF, there is no notable
difference in this respect. The voltage hysteresis for Cu
foil is around 0.11 V, while the NCNF shows reduced
hysteresis of only 0.06 V. The smaller value of the flat
plating voltage plateau of the NCNF indicates the fast
kinetics of Li* migration and superior interface properties
due to smaller mass-transfer overpotential. A smaller
interface impedance of the NCNF electrode than that of
the Cu foil after first and 20™ Li plating process has been
investigated by EIS (Fig. S10). The Li nucleation over-
potential (the difference between the sharp tip voltage
and the later flat plateau voltage) was investigated to
verify the role of the substrate [35,36,39]. A voltage
dropped to —0.0642 V (vs. Li/Li") at the beginning of the
Li nucleation process on Cu foil, and then stabilized at
—0.0344 V (Fig. S11), showing the nucleation over-
potential was 0.0298 V for Cu foil, much greater than the
NCNF of 0.0096 V, owing to the lithiophilic nitrogen-
containing functional groups in the NCNF. The nuclea-
tion overpotential of low nitrogen-doped NCNF-1000
(0.0165 V) was obviously larger than that of NCNF

92 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

(0.0096 V), suggesting a high nitrogen-doping level re-
duced the polarization of Li deposition (Fig. S12).

To explore the practical application of the NCNF cur-
rent collector, full cells were assembled with the LiFePO,
as cathode and NCNF or Cu foil with 2mA h cm ™ de-
posited Li as anode (Li@NCNF or Li@Cu). The cells were
cycled at 0.5 C, and improved cycling performance can be
observed when NCNF was applied (Fig. 4e). The re-
versible capacity of the NCNF maintained at
1224mA h g after 300 cycles, corresponding to a ca-
pacity retention of 82.4%, while that of Cu foil was only
38.5%. Meanwhile, the LI@NCNF exhibited lower voltage
polarization than that of Li@Cu indicated the improved
kinetics (Fig. 4f).

CONCLUSIONS

We have fabricated a lightweight free-standing 3D con-
ductive carbon matrix with high nitrogen-doping level as
the current collector for Li metal deposition. The densely
and uniform-distributed nitrogen-containing functional
groups of the NCNF can reduce the Li nucleation over-
potential and mass transfer resistance, generating
well-distributed Li seed layer in the initial stage and
guiding the even growth of metallic Li during the fol-
lowing plating process. Large SSA and high electrical
conductivity can reduce the local current density, in-
hibiting the generation of Li dendrites, and more im-
portantly, without compromising the high specific
capacity of the Li metal anode due to its lightweight. The
3D intertwined fiber framework can relieve the volume
change during Li plating/stripping cycling, stabilizing the
electrode structure. As a result, dendrite-free morphology
and improved electrochemical performance are achieved.
A long plating/stripping cycle with high coulombic effi-
ciency of 98% can be obtained for 250 cycles and 82.4%
capacity retention after 300 cycles at 0.5 C when pairing
with LiFePO,. This work demonstrated the heteroatom
doping for the modification of carbon surface to realize
the uniform and dendrite-free metal anode deposition,
and also showed great potential of light weight NCNF for
the use in different metal-based anodes with high energy
density.
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