FULL PAPER

small

methods

Lithium Metal Batteries

www.small-methods.com

Implanting CNT Forest onto Carbon Nanosheets as
Multifunctional Hosts for High-Performance Lithium Metal

Batteries

Changtai Zhao, Zhao Wang, Xinyi Tan, Huawei Huang, Zhongxin Song, Yipeng Sun,
Song Cui, Qianbing Wei, Wei Guo, Ruying Li, Chang Yu,* Jieshan Qiu,*

and Xueliang Sun*

Lithium (Li) metal anodes are considered an ideal anode for the next-
generation Li batteries with high energy density. However, some intrinsic
problems, such as Li dendrite growth and tremendous volume change,
inhibit their practical applications. Here, an unstacked microstructure

is tailored by planting an N-doped carbon nanotube (CNT) forest on the
surface of biomass-derived large-aspect-ratio N-doped carbon sheets
(CSs) (CS-CNT), which can effectively overcome the easy aggregation
properties of CSs. As the host material for Li metal anode, the N-doping
and unstacked natures of CS-CNT offer sufficient Li nucleation sites, large
surface area, and space for smooth and uniform Li deposition, effectively
preventing the formation of dendritic Li. As a result, the cell with this
electrode can keep high and stable Coulombic efficiency of 98.8% for over
2000 h, superior to the pure CSs and Cu foil electrodes. Additionally, the
symmetric cell exhibits significantly enhanced cycle life up to 1500 h as
well as lowered hysteresis. The present study sheds light on the design of
unstacked porous carbon materials and offers an opportunity to develop

1. Introduction

Electrochemical energy storage is one of
the key technologies for the efficient uti-
lization of sustainable energy resources
and the clean mobile energy supply.l!l
Among various candidates, lithium (Li)
metal batteries (LMBs), such as Li-O,
batteries and Li-S batteries, have drawn
ever-increasing attention because of their
high theoretical energy densities which
originate from the high specific capaci-
ties of Li metal and active materials in
cathode (O, and sulfur) and the lowest
reduction potential of Li metal.’l How-
ever, the formation of dendritic Li in
anode and the noneffective cathode are
still big challenges in developing LMBs,
especially Li-O, batteries.’! The forma-
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tion of Li dendrites will decrease the
Coulombic efficiency due to the con-
tinuous side reactions between Li metal
and liquid electrolyte. Moreover, large Li
dendrites can penetrate the separator and
reach the cathode, causing short circuits of battery and safety
hazards.l Besides, the tremendous volume change during
the discharge/charge process is another fatal problem to pro-
hibit the practical application of LMBs based on the thickness
change of about 5 um for 1 mAh cm™ of Li metal.’! These
problems are continuously of concern and urgently need to
be overcome.

Considerable efforts have been devoted to exploring effective
approaches to addressing issues associated with Li dendrites
mentioned above.[® For instance, replacing organic liquid elec-
trolytes with solid-state electrolytes that can repress Li dendrites
is a strategy to avoid short circuit and enhance safety.”] The
reinforcement of the solid electrolyte interphase (SEI), which is
formed at the interface between the Li metal and the electrolyte,
is also a common strategy to protect Li metal by approaches of
developing novel electrolytes, modifying the electrolyte with
various additives and designing artificial SEI layers.®l Moreover,
the use of 3D conductive matrix as the host material for Li
metal can decrease the local current density and Li ions flux,
thus avoiding the formation of Li dendrites.’! More importantly,
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Scheme 1. Schematic process for synthesis of CS-CNT and its behavior as the host material for Li metal anode and Li-O, battery air electrode.

the 3D conductive matrix can effectively mitigate the volume
change of Li metal, especially with a large capacity.l'” Recent
efforts in the construction of 3D conductive matrix have
proven efficacious for mitigating the growth of dendritic Li and
improving the electrochemical performance.!!!]

Carbon materials feature light density, high conductivity,
chemical stability, and good lithium affinity, which are consid-
ered as promising host materials for Li metal deposition.!1%>12]
So far, various carbon nanomaterials with different dimen-
sions have been investigated and demonstrate enhanced elec-
trochemical performance in LMBs, such as 2D graphene, 1D
carbon nanofibers and carbon nanotubes (CNTs), and 0D nano-
spheres.[3] However, the easy aggregation properties of carbon
materials caused by the high surface energy and strong nr
interaction force can trigger the loss of specific surface area and
pores, which limit the efficacy of carbon nanomaterials.>4
Therefore, configuring the unstacked carbon nanomaterials
with sufficient surface area and porosity for holding the Li
metal is considered to be an effective method to address the
dendritic Li growth and volume change problems.

Herein, a green and scalable strategy was developed to con-
vert the biomass to large-size N-doped carbon nanosheets (CSs).
Subsequently, a unique 3D microstructure was constructed to
address the aggregation problem of CSs, in which N-doped
CNT forest was planted on the surface of CSs (CS-CNT). Ben-
efitting from the unstacked nature, the as-prepared CS-CNT
architecture can keep the porous structure under a harsh condi-
tion. As the host material for Li metal anode, doped N species
are able to improve the wettability for Li metal and enable the
uniform nucleation of metallic Li. The unstacked structure has
the ability to provide large surface area and space for Li plating,
rendering low local current density and dendrite-free Li deposi-
tion. More importantly, the cells delivered high and stable Cou-
lombic efficiency of average 98.8% for over 2000 h, superior
to pure CSs electrode and Cu foil electrode. The Li metal
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symmetric cells assembled with CS-CNT@Li anodes exhibited
significantly enhanced cycling life up to 1500 h as well as low-
ered hysteresis. Furthermore, coupling CS-CNT@Li with a
LiFePO, cathode for a full cell, it delivered enhanced specific
capacity. Meanwhile, as the host material for Li-O, battery air
electrode, the as-prepared CS-CNT also exhibited high specific
capacity of more than 5000 mAh gL

2. Results and Discussion

The typical synthetic process of CS-CNT is schematically illus-
trated in Scheme 1. Briefly, the CS-CNT was synthesized by a
combined strategy involving a green template method to pre-
pare large-size N-doped CSs from biomass and then a chemical
vapor deposition (CVD) method to grow N-doped CNTs on
CSs surface. First, a mixed solution of boric acid and gelatin
was prepared. When the boric acid was being crystallized
induced by continuous evaporation, a gelatin layer was formed
in-between the layered structure of boric acid crystals. After
annealing, the gelatin layers were converted to N-doped CSs,
and the boric acid was decomposed to boron oxide. Through a
refluxing process, the boron oxide was dissolved into water,
yielding N-doped CSs.['"] Here, the dissolved boron oxide can
be recycled after drying. Finally, a typical CVD process was
adopted to grow N-doped CNTs on the surface of N-doped
CSs by using acetonitrile as the carbon and nitrogen sources,
forming an unstacked microstructure of CS-CNT which is sup-
posed to be a promising host matrix for Li metal anode and air
electrode for Li-O, battery.

As shown in Figure 1a, the as-prepared CSs feature a typical
sheet-shaped structure with a large size and thin thickness,
highlighting the novel synthetic strategy of using boric acid as
the template. However, 2D CSs usually tend to stack together
and form a bulk due to the uniform sheet-shaped structure,
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Figure 1. a) SEM image of the as-prepared CSs. b—d) SEM and e,f) TEM images of the as-prepared CS-CNT.

high surface energy, and strong 77 interaction force.'l As
shown in Figure S1 in the Supporting Information, the CSs
obtained by vacuum filtration display seriously stacked struc-
ture with few available pores, losing the advantages of 2D
nanosheets such as high surface area and large pore volume. To
overcome this problem, a modified structure was designed and
developed. As shown in Figure 1b—d, it can be noted that CNT
forest is planted on the surface of CSs. The CNTs serve as sup-
ports in preventing the aggregation of CSs.' This can be evi-
denced by the SEM images of the CS-CNT microstructure after
vacuum filtration (Figures S2 and S3, Supporting Informa-
tion). It is worth noting that the CS-CNT microstructures effec-
tively maintain the porous structure and overcome the stacked
nature like CSs. The unstacked nature of CS-CNT can also
be confirmed by nitrogen adsorption technique. As shown in
Figure S4 in the Supporting Information, the as-made CS-CNT
(272 m? g7!) shows a larger N, adsorptive amount than CSs
(123 m? g7!), indicating a higher specific surface area. The pore
volume of CS-CNT is 0.67 cm3 g7!, almost twice as much as the
CSs (0.34 cm3 g™1). Moreover, the pore-size distribution profiles
indicate that the CS-CNT features a larger pore size than CSs.
As the host materials for Li metal anode and air electrode for
Li-O, battery, the unstacked CS-CNT microstructure will be in
favor of the storage of Li metal and discharge products. Besides,
the unstacked feature of CS-CNT can also retain the high sur-
face area, avoiding the loss like CSs. The detailed structure of
CS-CNT was further investigated by transmission electron
microscopy (TEM) and the results are shown in Figure lef. It
can be noted that CNTs with a diameter of =40 nm are uni-
formly planted on the surface of CSs. The unique bamboo
structure of CNTs indicates their N-doped feature.
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The composition and surface chemical states of the as-
prepared CS-CNT were further examined by X-ray diffraction
(XRD) technique, Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS). As shown in Figure 2a, the XRD pattern of
CSs shows a wide characteristic peak of graphite (002) at 26°,
indicating an amorphous carbon nature of CSs.l'*"! By contrast,
the characteristic peak at 26° of CS-CNT is stronger than
that of CSs, which is due to the formation of CNTs with gra-
phitized structure.'®) Meanwhile, some peaks corresponding to
Ni metal catalyst are present. The Raman spectra of CSs and
CS-CNT reveal two remarkable peaks, corresponding to the
D-band (1340 cm™) and G-band (1595 cm™) of carbon, respec-
tively (Figure 2b). The Ip/Ig value of CS-CNT is 0.87, which
is lower than that of CSs (1.05), indicating higher graphitiza-
tion of CS-CNT than CSs.'l This is due to the formation of
CNTs on the surface of CSs in the microstructure of CS-CNT.
The surface chemistry of CS-CNT was further investigated by
XPS. Figure S5 in the Supporting Information reveals that
CS-CNT is mainly composed of C, N, O, and Ni elements.
The C 1s XPS spectra of CS-CNT can be resolved into three
components of C—C/C=C (284.6 eV), C—O/C—N (285.5 eV),
and O=C—0 (289.0 eV), respectively (Figure 2c)."l The N 1s
XPS spectra of CS-CNT reveal that the N species in CS-CNT
are pyridinic and quaternary type of N atoms which exist in
CSs and CNTs (Figure 2d)."**'7] The N element in CSs and
CNTs are derived from the sources of gelatin and acetonitrile,
respectively. The total N content in CS-CNT was determined
to be about 10.0 at%. As reported in literature, the N species
doped in carbon can improve the wettability for Li metal and
benefit for the uniform nucleation and deposition of Li metal.
The existence and distribution of N element can be detected by
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Figure 2. a) XRD patterns and b) Raman spectra of the as-prepared CSs and CS-CNT. ¢) C Ts and d) N 1s XPS spectra of the as-prepared CS-CNT.

the energy-dispersive X-ray spectroscopy (EDX) elemental map-
ping. As shown in Figure S6 in the Supporting Information, N
element shows a similar distribution to C element in CS-CNT
matrix, indicating the homogeneous distribution of N atoms.
Benefitting from these integrated characteristics of CS-CNT,
the as-prepared CS-CNT as a host material may exhibit the
unique superiority in regulating Li deposition. As shown
in Figure S7 in the Supporting Information, the thickness
of CS-CNT electrode is 36 um, and the CS-CNT still keeps
the unstacked structure. As shown in Figure 3a, after plating
0.3 mAh cm™ of Li metal at a current density of 0.5 mA cm™2,
the metallic Li begins to nucleate and grows on the surface of
CS-CNT. With the increase of Li deposition to 1 mAh cm™?,
the metallic Li can uniformly grow on the surface of CS-CNT.
Notably, the surface of CS-CNT is not completely covered

by metallic Li even though a large amount of Li metal (about
5 um) was deposited (Figure S8a, Supporting Information).
By contrast, the controlled CSs electrode is fully covered by Li
metal under the same amount of plated Li, which is due to the
stacked structure of CSs that enables the nucleation easily on
the surface of electrode rather than inside (Figure S8b, Sup-
porting Information). This highlights the unstacked feature of
this microstructure for rendering uniform Li deposition and
accommodating the large volume change.*?! The magnified
SEM image in Figure 3b shows that the deposited Li metal has
a good contact with CS-CNT matrix and features the dendrite-
free behavior, suggesting the effect of the doped N species
and the high specific surface area of CS-CNT in regulating Li
deposition.["¥l The existence of Li metal in the microstructure
of CS-CNT can be confirmed by the morphology change of

Figure 3. SEM images of the CS-CNT microstructure after discharging to a) 0.3 mAh cm™2, b) 1 mAh cm2, and c) 3 mAh cm™2.
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CS-CNT electrode with 1 mAh cm™ of Li metal. As shown in
Figure S9 in the Supporting Information, the Li metal gradu-
ally melts under the electron beam and CNTs are gradually
exposed. When the capacity of plated Li metal is increased
to 3 mAh cm™2, the CNTs on the surface of CSs have been
totally covered by Li metal presented in a sandwich structure
(Figure 3c). However, the CSs electrode shows a denser struc-
ture, which is completely coated by the Li metal (Figure S10,
Supporting Information). In sharp contrast, the control
sample of Cu foil electrode shows obvious Li dendrites when
discharging to the areal capacity of 3 mAh cm™ (Figure S11,
Supporting Information). Based on the discussions above, the
designed CS-CNT microstructure with the merits of doped N
species and unstacked structure offers sufficient nucleation
sites, large surface area, and space for smooth and uniform

www.small-methods.com

Li deposition in this microstructure without dendritic Li. The
composition of SEI layer in the CS-CNT electrode was exam-
ined by XPS. It is found that the SEI layer consists of inorganic
and organic components such as alkyl lithium and lithium flu-
oride (Figure S12, Supporting Information).

The electrochemical performances of CS-CNT as the Li
metal host were investigated via galvanostatic discharge/charge
measurements. First, Coulombic efficiency was evaluated by
examining the ratio of Li stripped capacity to Li plated capacity
in each cycle. Coulombic efficiency of Li metal battery is a key
parameter used for evaluating the sustainability of a Li metal
anode and the Li metal deposition behavior.'”! This is usually
studied based on a half cell with the host material as the work
electrode and Li metal as the counter electrode. As shown in
Figure 4a, with a limited capacity of 1 mAh cm™ and a current

Time (h)
0 400 800 1200 1600 2000
(a) 125 T T T T (b)
@ CS-CNT @ Cufoil 1.5
E 1.2+
e 1004,
H 0.9 ——50th cycle
2 ——100th cycle
E 0.64 - 200th cycle
o : ~——300th cycle
5 754 ——400th cycle
E 0.3 \ —— 500th cycle
3
8 0.0 N
50 T T T T -0.3+ T T T T
0 100 200 300 400 500 0.0 0.2 0.4 0.6 0.8 1.0
Cycle number Capacity (mA h cm?)
(c) 500 —2—CS-CNT@Li| CS-CNT@Li (d) 18 ——CS-CNT@Li | CSCNT@Li
—o— Cu@Li | Cu@Li —— Cu@Li | Cu@Li
4004 —o—Li|Li —Li|Li
0.5 1
£ 3001 s
M
f°, g, 0.0
2004 )/r/‘*\k\ 3
N o b ¥ >
e 0.5-
1004 f SV
0 r - r r T - -1.0 - v T v
0 100 200 300 400 500 600 700 0 300 600 900 1200 1500
Z' (ohm) Time (h)
(f) 5.0
100
4.5 IO
= 80 *: 4.0
< g
§ 602 S 351
£ g5
o
s o £ 3.04
8 wE S
P 80 @ CS-CNT@Li | LiFePO, s 2.5
S @ Cu@Lli| LiFePO, 20 o
2 40 S 20
» Current density: 1C
o T T u T v 0 1.5 T T T T T
0 20 40 60 80 100 0 1000 2000 3000 4000 5000 6000

Cycle number

Specific capacity (mA h g™)

Figure 4. a) Coulombic efficiency of CS-CNT and Cu foil electrodes with a limited capacity of 1 mAh cm=2 at a current density of 0.5 mA cm=2. b) The
corresponding discharge/charge profiles of the CS-CNT electrode. c) Nyquist plots of the various symmetric cells. d) Cycle performances of various
symmetric cells with a limited capacity of 1 mAh cm™2 at 0.5 mA cm™2. e) Cycle performances of LiFePO, full cells with CS-CNT@Li and Cu@Li anodes
at 1 C. f) Discharge/charge profiles of CS-CNT as the air electrode for Li-O, battery.
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density of 0.5 mA cm2, the CS-CNT electrode exhibits an initial
Coulombic efficiency of as high as 88.8% which is higher than
73.3% of pure Cu foil and 74.8% of CSs electrode (Figure S12,
Supporting Information). Notably, CS-CNT electrode can keep
high and stable Coulombic efficiency of average 98.8% for
over 2000 h. In sharp contrast, Cu foil shows an average Cou-
lombic efficiency of 95.6%, and the stable Coulombic efficiency
is only able to be sustained for 1200 h, and the CSs electrode
also shows a low Coulombic efficiency (Figure S13, Supporting
Information). The high and stable Coulombic efficiency of
CS-CNT electrode reveals the good reversibility of Li metal,
superior Li deposition behavior and stable SEI layer. The low
Coulombic efficiency of Cu foil electrode is due to more irre-
versible reactions between Li metal and electrolyte associated
with the undesirable Li metal deposition and the formation
of Li dendrites.?% The fluctuating Coulombic efficiency of Cu
foil is related to the fracture of Li dendrites and the occasional
reconnection of the fractured pieces.?% Although the electrode
with high surface area will result in an increased initial SEI
layer formation, but the electrode with merits of suppressing
Li dendrites and accommodating the large volume change can
effectively decrease the fracture of SEI layer and side reactions.
Thus, the as-made CS-CNT electrode exhibited a higher Cou-
lombic efficiency than the planar Cu electrode. The low Cou-
lombic efficiency of CSs electrode is due to the low available
surface area and little pore volume caused by the easy aggre-
gation nature of CSs. The corresponding discharge/charge
profiles of the CS-CNT also reveal the stable discharge/charge
process and high Coulombic efficiency (Figure 4b). The electro-
chemical performances of symmetric cells were evaluated after
preplating Li metal. As shown in Figure 4c, the CS-CNT@Li
electrode shows the lowest resistance of charge transfer than
that of Cu foil@Li and pure Li foil electrodes, indicating better
existence of Li metal in CS-CNT@Li. The cycling stability of
various symmetric cells was tested with a limited capacity of
1 mAh cm™ at 0.5 mA cm™. Interestingly, symmetric cell with
CS-CNT@Li electrodes exhibits the lowest hysteresis as well as
significantly enhanced cycle life for over 1500 h (Figure 4d). On
the contrary, Cu@Li anode and CSs@Li anode show short cycle
life (Figure S14, Supporting Information), and Li foil delivers a
higher hysteresis.

In order to explore the practicability and advantages of
CS-CNT@Li anode, the full cell was built by coupling Li metal
anode with LiFePO, cathode and tested at 1 C. As shown in
Figure 4e, the full cell with CS-CNT@Li anode exhibits a
higher specific capacity than that with Cu foil@Li anode and
84.8% of capacity retention after 100 cycles. Besides, according
to the nature of the formation of the insoluble discharge prod-
ucts with low electronic conductivity in the air electrode of
Li-O, batteries, the host materials with developed pore structure
and large pore volume are desired to allow for the storage of
a large amount of discharge products and achieve the high
energy density. Based on the porous and untacked structure,
the as-prepared CS-CNT was employed as the air electrode for
Li-O, battery. As shown in Figure 4f, the CS-CNT delivers a
high specific capacity of more than 5000 mAh g™, indicating
the wide practicability. Meanwhile, the Ni particles in CNTs can
play the role of catalyst to accelerate the discharge and charge
processes.[!l
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3. Conclusions

In summary, we have successfully designed and constructed an
unstacked microstructure of N-doped CNT forest planted on
the surface of N-doped CSs. The unique architecture of CS-CNT
possesses the porous structure and high specific surface area.
Benefitting from these merits, the CS-CNT composite is used
as the host materials for Li metal anode and exhibits excellent
performance, evidenced by the high and stable Coulombic effi-
ciency of average 98.8% and significantly enhanced cycle life
for over 1500 h as well as lowered hysteresis. The present study
sheds light on the design unstacked porous carbon materials
and offers an opportunity to develop high efficiency Li metal
anode.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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