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Construction of Hierarchical Surface on Carbon Fiber Paper
for Lithium Metal Batteries with Superior Stability

Youn-Ki Lee, Ki-Yeop Cho, Sora Lee, Jiho Choi, Gwanwon Lee, Han-lk Joh,

KwangSup Eom,* and Sungho Lee*

Lithium is perceived as an ideal anode for next generation batteries with
high-energy density. However, the critical issue of the intractable growth of Li
dendrites, which leads to a poor cycling life, still remains. Herein, a hierarchical
surface is designed and constructed on carbon fiber (CF) using binders in
fabricated CF paper (CFP). The lightweight CF with high mechanical properties
is facilitated to establish a 3D network structure as an alternative to Cu foil.
The binders are transformed into oxygen-containing amorphous carbon and
sodium carbonate (Na,CO;) using a low-temperature carbonization process,
leading to uniform Li nucleation and a stable solid electrolyte interphase layer
with inorganic components. In the electrochemical test, the CFP with amor-
phous carbon and Na,CO; (ANCFP) shows a low Li nucleation overpotential
and smooth dendrite-free Li plating. Furthermore, the ANCFP electrode exhibits
good cycling stability in half and symmetrical cells. A full-cell assembled using
a LiFePO, cathode with high loading (=13 mg cm?) achieves a high-energy
density of 428 Wh kg™ (at 0.1 C) and an excellent capacity retention of 85% at

1 C after 300 cycles. This strategy is expected to help realize highly stable Li

1. Introduction

The demand for rechargeable batteries
has increased owing to the global trend
of utilizing electric vehicles (EVs) instead
of gasoline and diesel vehicles to achieve
net-zero carbon dioxide (CO,) emissions,
so-called “carbon-neutral.”? In par-
ticular, lithium-ion batteries (LiBs) are
receiving the most attention due to their
high energy density and long-term sta-
bility. Nevertheless, the energy density of
the presently commercialized LiBs has
not satisfied the requirements for the rap-
idly growing EV industry. Hence, alterna-
tive electrode materials with significantly
higher energy density for both the anode
and cathode are being explored. Accord-
ingly, Li metal anode (LMA) is the most
promising candidate due to its high spe-

metal anodes for practical application by suppressing Li dendrite growth.
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cific (3860 mAh g!) and volumetric capac-
ities (2061 mAh cm™), and low electrode
potential (-3.04 V vs standard hydrogen
electrode (SHE)), which greatly increase the energy density
of batteries.>®) When using the LMA, however, the inevitable
growth of Li dendrites occurs during the electrochemical Li
plating/stripping process, resulting in short circuiting, dead
Li, and low coulombic efficiency (CE), leading to a battery poor
lifespan./=%! In particular, the initial formation of problematic
Li dendrites is dominated by the localized distribution of cur-
rent density, Li-ion concentration in the electrolyte, and Li-ion
transport according to the Sand’s time equation.l%!!l The den-
drites preferably grow on the non-uniform surface of the sub-
strate, which has both favorable and unfavorable nucleation
sites, because Li growth preferentially occurs on sites where Li
has already nucleated.®'%13] Moreover, the electrolyte consump-
tion at the morphologically changing Li surface results in the
additional formation of a solid electrolyte interphase (SEI) layer.
Hence, numerous studies have focused on the development of
effective strategies for suppressing Li dendrites, such as intro-
ducing an artificial SEI, designing dendrite-inhibiting electro-
lytes, modifying the interface with high lithiophilicity, providing
three-dimensional (3D) conductive support, and regulating the
membrane structure.-21

A recent problem-solving strategy involves the modifica-
tion of current collectors (CCs) by constructing a porous and
nano-structured 3D framework, and has been widely studied
using metal, non-metal, and their hybrid-based materials.[?>-24
3D architectures on CCs provide high surface area, effective

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U017 SUOWIWIOD B e8I 3|qeojdde aup Aq peuenob afe sejoiie VO ‘8sn Jo se|nl Joj Afeiq18ulUO A8 UO (SUONPUOD-PLE-SULBY /WO A8 1M AlRIq U JUO//:SANY) SUORIPUOD Pue Swe 1 8y} 88S *[£202/20/S0] Uo Aeiqiauliuo A8 (1M ‘JO 8INisu| peouenpY B8.03 Aq 0/2£02202 WUSe/Z00T 0T/I0p/LLoo" A3 1M AReid|BulUo//:Sdny Wo.y pepeo|umoq ‘0 ‘0v89yTIT


http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202203770&domain=pdf&date_stamp=2023-01-15

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Li-ion diffusion, and large internal space, leading to the inhi-
bition of Li dendrites and sufficient accommodation for Li
storage. Using carbon-based CCs as an alternative to metal-
based CCs can be a significantly more effective solution for Li
metal batteries (LMBs) with high gravimetric energy density
and their commercialization due to its unique advantages of
light weight and cheap precursor.”>-*/l However, Li deposition
on its surface is unfavorable as carbon-based materials intrinsi-
cally exhibit a lithiophobic nature.?#-3% Interfacial engineering
on carbon-based materials is therefore required to improve
its affinity with Li metal, and some related studies have been
reported. For instance, the chemical and structural modifica-
tion on a carbon skeleton yielded excellent lithiophilicity by
the adjustment of electronegativity, Li adsorption, local dipole,
and charge transfer.’'-33 Consequently, the carbon materials
with hetero-atom doping and defect sites exhibited uniform
Li nucleation.?*3% Unfortunately, the chemical and structural
defect sites negatively influence the SEI layer.*®l Although an
ideal SEI layer with high mechanical strength contributes to the
protection layer for the suppression of Li dendrites,l¥’ these
defects serve to boost the additional reduction of the electrolyte,
resulting in an undesirable SEI layer.*®l Therefore, it is neces-
sary to provide a state-of-the-art LMA which possesses lithi-
ophilic sites as well as a stable SEI layer on the carbon-based
electrode for high-performance batteries. In particular, the
facile interfacial modification of carbon-based materials could
be one of the strategies for practically realizing LMAs.

In this context, this study introduces the construction of a
hierarchical surface on commercial carbon fibers (CFs) using
carbonized binders to simultaneously build a lithiophilic site
and stable SEI layer. Specifically, CF paper (CFP) was employed
to prepare a 3D free-standing LMA. Polyacrylic acid (PAA) and
sodium carboxymethyl cellulose (Na-CMC) binders were used
in the fabrication of CFP to simultaneously ensure the uniform
dispersion of CF and mechanical strength of the fabricated CFP.
Since polymers can be easily transformed into carbon materials
with hetero-atoms by pyrolysis,[**2l amorphous carbon struc-
tures with lithiophilic oxygen functional groups can be formed
by the dissociation and rearrangement of polymer chains of
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PAA and Na-CMC using low-temperature carbonization. Addi-
tionally, the sodium carbonate (Na,COs) resulting from the
decomposition of the polymer chains and Na salt in Na-CMC
is known to be good compounds for forming a stable SEI layer,
which can lead to the enhanced electrochemical performance
of Li-based battery system, as previously reported."** In sum-
mary, the proposed strategy for constructing a hierarchical sur-
face on the CF using oxygen-containing amorphous carbon and
Na,COs; is expected to benefit from the following advantages,
namely (1) CF is an adequate candidate for LMA as an alter-
native to Cu foil because of its low density, high mechanical
properties, strong chemical resistance, good electrical conduc-
tivity, and 3D structural framework; (2) the oxygen-containing
amorphous carbon acts as lithiophilic Li nucleation sites, pro-
moting uniform Li plating on the entire CF surface; and (3) the
Na,COs can attract bis(trifluoromethanesulfonyl)imide (TFSI)
anions to the reactive surface, contributing to the formation of
an inorganic-rich SEI layer with high chemical/mechanical sta-
bility. Consequently, the modified CFP with oxygen-containing
amorphous carbon and Na,CO; (ANCFP) exhibited greater sta-
bility and higher energy density even in high-loading cathode
(=2 mAh) full cells.

2. Results and Discussion

2.1. Characterizations of ANCFP

To effectively suppress Li dendrites on carbon-based materials
with lithiophobicity, interfacial modification is necessary for
enhancing their Li affinity. Further, the formation of protection
layer on the surface (i.e., inorganic-rich SEI layer) also allevi-
ates Li dendrites owing to high mechanical strength. Therefore,
constructing a lithophilic site and stable SEI layer on the CF
surface is required to prevent the Li dendritic growth. Figure 1
presents a schematic showing our strategy for constructing
CFP with hierarchical surfaces for a stable Li electroplating
behavior. ANCFP, CFP comprising amorphous carbon and
Na,CO; on the surface, was fabricated by carbonizing pristine
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Figure 1. Schematic illustration of the Li nucleation and growth behaviors on PCFP and ANCFP.
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Figure 2. SEM micrographs (scale: 3 um) and AFM images (0.75 X 0.75 um) of a,d) PCFP, b,e) ANCFP, and c,f) ACFP. g) TGA thermograms of PAA,
CMC, and PCFP under an inert atmosphere. h) XRD patterns of PAA and Na-CMC before and after carbonization. XPS i) Cls and j) Nals spectra of

PCFP, ANCFP, and ACFP.

CFP (PCFP) with PAA and Na-CMC binders at 800 °C. In par-
ticular, the Na,CO; formed on the CF surface can preferentially
decompose the TFSI™ anions to form an inorganic-rich surface
layer during the initial Li deposition/stripping cycles. Since the
inorganic-rich surface layer has a high mechanical strength and
low Li-ion diffusion barrier, it can improve the stability during
Li deposition/stripping. Moreover, the entirely covered oxygen-
containing amorphous carbon on the CF surface will guide the
uniform Li electroplating by creating a lithiophilic surface, as
shown in the schematic. In contrast, PCFP will lead to uneven
Li nucleation on the surface because of its lithiophobic nature.
With continuous Li electroplating, ANCFP will facilitate homog-
enous Li growth due to the lithiophilic site and inorganic-rich
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SEI layer, whereas PCFP promotes the dendritic formation of
Li. Hence, we believe that ANCFP can simultaneously ensure
high lithiophilicity and a highly stable SEI layer on the CF sur-
face, which are known to be the most crucial characteristics for
developing a highly stable LMA.

To realize the aforementioned strategy, three types of CFPs
were prepared to systematically investigate the effect of oxygen-
containing amorphous carbon and Na,CO; on the CF sur-
face, namely, PCFP (before carbonization), ANCFP (after car-
bonization), and CFP with amorphous carbon (ACFP, washed
ANCFP using deionized (DI) water). First, the morphologies
of the PCFP, ANCFP, and ACFP samples were characterized.
Figure 2a and Figure Sla (Supporting Information) show that
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the chopped CFs with a neat surface before carbonization were
entangled with binders. In contrast, carbonization at 800 °C
induced morphological changes in which nano-sized particles
were present on the surface of the CFs with a retaining paper
framework (Figure 2b and Figure S2b, Supporting Informa-
tion). The nano-sized particles on the CF surface disappeared
after ANCFP was washed with DI water (Figure 2c and Figure
S2c, Supporting Information). The detailed morphological
changes were clearly confirmed by the height of the line pro-
files and enlarged atomic force microscopy (AFM) images of
PCFP, ANCFP, and ACFP. Figure 2d-f shows that ANCFP
exhibited a relatively bumpy surface, as compared to PCFP
and ACFP. The height of the AFM line profiles clearly demon-
strates that the ANCFP surface was rougher than that of PCFP
and ACFP (Figure S3, Supporting Information). Moreover,
nano-sized particles, =50-200 nm, were distributed over the
entire CF surface. The surface roughness of the ANCFP was
72 £ 0.5 nm, which was =4.2 and 2 times larger than that of
PCFP (1.7 +£ 0.1 nm) and ACFP (3.7 £ 0.4 nm), respectively.
Considering that a small weight change was observed in the
thermogravimetric analysis (TGA) thermogram up to 800 °C
of the pristine CFs (Figure S4, Supporting Information), it is
suggested that the morphological change is related to the car-
bonized binders. Thus, the function of the PAA and Na-CMC
binders before and after carbonization was comprehensively
investigated. TGA was used to confirm the thermal behavior of
PAA and Na-CMC under an inert atmosphere (Figure 2g). In
the PAA and Na-CMC thermograms, a significant weight loss
occurred at 50-500 °C, which was attributed to decomposition
steps corresponding to the evaporation of moisture, dehydra-
tion, and degradation of the polymer.**# PAA and Na-CMC
still remained after 800 °C, and their remaining weights were
15.0 and 33.0 wt%, respectively, indicating that the PAA and
Na-CMC binders were transformed into carbon residues by the
thermal treatment. The TGA thermogram of PCFP shows that
its weight loss was =19 wt% owing to the partial decomposi-
tion and carbonization of binders, resulting in morphological
changes on the CF surface.

To verify the carbonization of the binders, each binder was
heated up to 800 °C under an inert atmosphere at a ramping
rate of 10 °C min}, and structural analyses were performed
using X-ray diffraction (XRD) and Raman spectroscopy. After
carbonization of PAA and Na-CMC, a broad peak of the (002)
plane appeared at =26°, as shown in Figure 2h, corresponding
to the typical interlayer distance in carbon materials. Addi-
tionally, the D and G peaks of the PAA and Na-CMC powders
after carbonization appeared in the Raman spectra at 1345
and 1584 cm™2, respectively (Figure S5, Supporting Informa-
tion). These results indicate that the polymer chains in PAA
and Na-CMC were rearranged into a carbon structure. How-
ever, due to carbonization at a low temperature, the carbonized
binders revealed an amorphous carbon structure (Figures S5
and S6, Supporting Information). Moreover, the sharp peaks
of the carbonized Na-CMC in XRD diffractograms and Raman
spectra (Figure 2h and Figure S5, Supporting Information)
corresponded to Na,CO; (JCPDS: 18-1208). However, the XRD
diffractogram of ANCFP was analogous to those of PCFP
and ACFP because the quantity of binders remaining on the
CF surface after carbonization was too small to be analyzed
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(Figure S7, Supporting Information). To further investigate
the transformation of the binders into amorphous carbon and
Na,CO; by low-temperature carbonization, chemical structure
analyses were performed as shown in Figure 2i,j. The oxygen-
containing bonds on PCFP were observed in the Cls spectrum
(Figure 2i) due to the nature of PAA and Na-CMC. The oxygen
functional groups of ANCFP decreased, as compared to that
of the PCFP, which is related to the transformation of binders
into a carbon structure by the heat treatment. It was addition-
ally confirmed that the peak intensity at 1071.8 eV was distinct
in the Nals spectrum of ANCFP and that a new peak for the
CO; bond in ANCFP appeared at 531.5 eV (Figure S8, Sup-
porting Information), which was assigned to Na,CO;.1*¥] Even
though ANCFP was washed using DI water to remove Na,COj3,
the oxygen atomic ratio of ACFP (18.14%) was higher than
that of pristine CF (11.80%), as shown in Table S1 (Supporting
Information), indicating that the remaining oxygen functional
groups on ANCFP originated from the amorphous carbon.
Therefore, it was demonstrated that the morphological, struc-
tural, and chemical modifications on the CF surface occurred
by the transformation of binders into amorphous carbon and
Na,COs.

2.2. Electrochemical Performance in a Half Cell

To investigate the effect of the oxygen-containing amorphous
carbon and Na,COj; nanoparticles formed on the CF surface
on the electrochemical Li deposition and stripping behavior,
galvanostatic charge—discharge tests were performed after
pre-cycling for five cycles. In particular, the nucleation over-
potential, the difference between the lowest voltage drop and
plateau voltage region, can be used to evaluate the degree
of lithiophilicity on the electrode surface.3?* As shown in
Figure 3a,b, the initial Li nucleation overpotentials of the
PCFP, ACFP, and ANCFP electrodes were 186, 40, and 34 mV,
respectively. Interestingly, the electrode comprised of oxygen-
containing amorphous carbon showed a significantly lower Li
nucleation overpotential than that of the PCFP electrode. Fur-
thermore, the fluctuation in voltage of the PCFP electrode was
particularly more extreme than that of the other electrodes
during Li electroplating. Additionally, the charge transfer
resistance (R.) of ACFP (28.2 Q) and ANCFP (25.6 Q) was
similar, but lower than that of PCFP (34.8 Q) in electro-
chemical impedance spectroscopy (EIS) results (Figure S9b,
Supporting Information). This implies that the construction
of oxygen-containing amorphous carbon on the CF surface
contributes to facilitating uniform Li nucleation. Moreover, as
expected, the CEs of the PCFP electrode were inferior to those
of the other electrodes in the CE tests at the current densities
of 1, 2, and 4 mA cm™2 with an area capacity of 1 mAh cm™
(Figure 3c). In contrast, the ACFP and ANCFP electrodes
employing oxygen-containing amorphous carbon exhibited
the best cycling stabilities at 1 and 2 mA cm™2, respectively.
Although the CE of the ACFP electrode started to diminish
rapidly after 60 cycles at 4 mA cm™, the ANCFP electrode
with Na,CO; nanoparticles exhibited no drop over 100 cycles
(average CE was 97.3%). The CEs of PCFP, ANCFP, and ACFP
electrodes with a current density of 4 mA cm™ at 100 cycles
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Figure 3. a) First discharge profiles of the electrodes and b) magnified discharge profiles of PCFP, ANCFP, and ACFP at a current density of T mA cm™
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were 1.7%, 96.7%, and 10.9%, respectively (Figure S10, Sup-
porting Information). Note that the value for a bare Cu foil
was 15.9%. We speculate that this is because the sodium addi-
tive, one of the representative inorganic ingredients, effec-
tively reduces the irreversible capacity during the initial cycles
by forming a dense and compact SEI layer, according to pre-
vious studies.*>% Moreover, Na,COj is believed to be the best
alkaline carbonate for forming high-quality SEIs to enhance
the electrochemical reversibility.[*#’]

2.3. Morphological Behavior of Li Electroplating on CFPs

To explore the morphological alternation with an increasing
amount of Li electroplating, electrochemical Li plating was
prepared on the PCFP, ACFP, and ANCFP electrodes by con-
ducting Li electroplating at 0.5, 1, and 2 mAh cm™ at a cur-
rent density of 1 mA cm™. After rinsing the electrodes using
1,2-dimethoyethane (DME) solvent, the morphological behav-
iors were analyzed using scanning electron microscopy (SEM).
When the Li electroplating was conducted at 0.5 mAh cm™2,
the PCFP electrode exhibited randomly formed Li deposits and
an agglomerated morphology (Figure 4a). When the electro-
plating was increased to 1 and 2 mAh cm™ (Figure 4b,c), Li
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dendrites grew locally and significantly on the agglomerated
Li. In contrast, Li particles were uniformly plated on the ACFP
and ANCFP surfaces, as shown in Figure 4d,g, respectively,
due to the lithiophilic property of the amorphous carbon with
oxygen functional groups that was uniformly spread on the CF
surface. However, Li plating at 1 mAh cm™ randomly gener-
ated Li dendrites on ACFP, and significant Li dendrite growth
was observed at 2 mAh cm™2, as shown in Figure 4ef, respec-
tively. Notably, the morphological alternation on the ANCFP
surface by Li electroplating was clearly different from that of
the other samples. In particular, at 1 mAh cm™ of Li plating,
the ANCFP exhibited planar growth of Li deposits on the CF
surface and the suppressed growth of dendrites (Figure 4h).
Increasing the electroplating to 2 mAh cm™ resulted in the
planar accumulation of Li deposits on the CF surface, and the
CF thickened to 8.6 um without the formation of problematic
Li dendrites (Figure 4i). To further understand the Li dendrites
which grow uniformly on the CF surface, the components and
resistances of the SEI layer on the electrode were analyzed
by X-ray photoelectron spectroscopy (XPS) and EIS after pre-
cycling and 50 cycles (fully Li-stripped) with 1 mAh cm™ at
1 mA cm™2. Figure Slla (Supporting Information) confirms
that the SEI layer of all electrodes after pre-cycling consisted
of diverse organic and inorganic compounds. Interestingly, the
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Figure 4. SEM micrographs of the a—c) PCFP, d—f) ACFP, and g—j) ANCFP electrodes after Li electrodeposition at 0.5 (a, d, g), 1 (b, e, h), and
2 mAh cm™2 (c, f, i) under a current density of T mA cm2 (scale bar is 3 um).

lithium fluoride (LiF) peak for ANCFP, as compared to that
for the other samples, was significant, as shown in Figure S12
(Supporting Information), and its intensity was well main-
tained after 50 cycles. Furthermore, as shown in the XPS Cls
in Figure S11b (Supporting Information), only ANCFP showed
a prominent peak for lithium carbonate (Li,CO3), which is a
representative inorganic SEI species having excellent mechan-
ical strength and high Li-ion kinetics.’®#°>3 In the Nyquist
plots (Figure S9, Supporting Information), the ANCFP elec-
trode (34.7 Q) showed the lowest SEI layer resistance (Rgg),
as compared to the PCFP (66.5 Q) and ACFP (43.9 Q) elec-
trodes after 50 cycles of Li electroplating/stripping. Even
though further research is required to elucidate why Na,CO;
induces the formation of an inorganic-rich SEI layer, it is likely
that Na cations (Na*) on the CF surface attract TFSI™ anions
from the electrolyte and participate in the formation of the
SEI layer during pre-cycling. Hence, it is suggested that the
abundant inorganic components, such as LiF and Li,CO;, with
high mechanical properties and the low film resistance of the
formed SEI, which were confirmed by the XPS and EIS results,
alleviate the growth of Li dendrites.”3®! This is further sup-
ported by the bulk moduli of LiF (45.5-89.4 GPa) and Li,CO;
(43.1-50.5 GPa), which are known to be sufficient to reduce the
SEI layer to prevent the incidence of Li dendrites (modulus of
2.7-21 GPa) and tearing of the SEI layer.5+>3]
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2.4. Feasibility Study on Li Infusion Process and Practical Full
Cell LMBs

Among the methods to manufacture practical LMAs, the Li
infusion process is a more preferable and affordable method
than electroplating because it is a shorter process.’®>”] There-
fore, the infusion process was adopted for loading Li into the
CFPs (the detailed procedure is described in the Experimental
section). Figure 5a and Video S1 (Supporting Information)
show that the molten Li infused into the ANCFP electrode
within a few seconds, suggesting that the greatly enhanced
wettability of molten Li was accomplished by modulating the
CF with a bumpy surface.’® The weight of the Li infused
into ANCFP was up to 23.4 mg cm~2. Although ACFP also
exhibited the Li infusion behavior, a longer time of 4 min was
required to complete the process (Video S2, Supporting Infor-
mation). Lithium infusion did not occur in the PCFP electrode
at all (Video S3, Supporting Information). To further confirm
the cycling stability of the as-prepared LMAs at various cur-
rent densities, symmetrical cells, configured with Li-infused
ANCFP (Li@ANCFP) and bare Li electrodes, with a fixed
capacity of 1 mAh cm~2 were prepared as shown in Figure 5b.
At a current density of 1 mA cm™2, the LI@ANCFP symmet-
rical cell exhibited a small voltage hysteresis (sum of the over-
potential at the Li electroplating and stripping states) of 24 mV

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. a) Optical micrographs of the Li infusion into the ANCFP electrode within 10 s. b) Cycling stabilities of the bare Li and LI@ANCFP electrodes

in symmetric cells at different current densities of 1, 2, and 4 mA cm™2

with a fixed capacity of 1 mAh cm™.

2. ¢) Galvanostatic charge—discharge curves

(at 0.1 C), d) rate capability, and e) cycling stability (at T C) of the Li@CullLFP and Li@ANCFPIILFP full-cells.

and stable voltage profiles for 600 h, whereas the overpoten-
tial of the bare Li cell increased from 70 mV after 50 cycles
to 280 mV after 150 cycles. When the current densities were
2 and 4 mA cm™2, the cycling stabilities of the Li@ ANCFP
symmetrical cell were maintained even after 300 cycles, indi-
cating that polarization reduction and Li dendrite suppression
can be achieved using oxygen-containing amorphous carbon
and an inorganic-rich SEI layer on the CF surface. However,
the degradation of stability and drastic growth of the overpo-
tential of the bare Li symmetrical cell continued to accelerate
over a short period of time, especially when the current densi-
ties increased. Moreover, as shown in Figures S13-S15 (Sup-
porting Information), the bare Li cells exhibited fluctuations
in voltage after 150 cycles, which is evidence of the repeated
formation of dead Li and an SEI layer due to the growth of Li
dendrites.[>¢0]

LMB full-cells were assembled by pairing Li@Cu and
Li@ANCFP with a lithium iron phosphate (LFP) cathode
(=13 mg cm™?) to conduct a feasibility study of the ANCFP for
a practical anode framework. The LI@ ANCFP anodes were pre-
pared using Li electroplating with a capacity of 6 mAh cm™ at
1 mA cm? to precisely quantify an =3.0 capacity ratio of nega-
tive to positive electrodes (N/P ratio). Figure 5c shows a com-
parison of the polarization of LI@ ANCFP and Cu/Li at 0.1 C.
The polarization of the Li@ANCFP||LFP cell was 110 mV
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at 0.1 C (1 C = 170 mA g™), which was lower than that of the
Li@Cul|LFP cell (180 mV). At various current densities of 0.2,
0.5, and 1 C (Figure S16, Supporting Information), the voltage
profiles demonstrated reduced polarization after employing
the LI@ANCFP electrode. Although there were no significant
differences between the capacities of the Li@ANCFP|LFP
and Li@Cu||LFP cells at low current densities (0.1, 0.2, 0.5,
and 1 C), the LI@ANCFP||LFP cell achieved a higher capacity
(101 mAh g™!) than the Li@Cu||LFP cell (83 mAh g™) at a high
current density of 2.0 C (Figure 5d), meaning that 3D ANCFP
enhances the kinetics of Li-ion deposition.["®? Furthermore,
the cycling stability test performed at 1.0 C (Figure 5e) demon-
strated that the Li@Cu||LFP cell exhibited a rapid decline after
100 cycles, whereas the LI@ ANCFP||LFP cell showed excellent
cycling stability with a capacity retention of 85% over 300 cycles.
This indicates that the Li plating and stripping processes on
ANCFP were stable and reversible without the formation of
problematic Li dendrites. A hierarchical surface was simply
designed and fabricated on the CF using carbonizing binders,
and an adequate electrochemical performance was attained,
as compared to the half and symmetrical cells in the litera-
ture (Table S2, Supporting Information). Furthermore, it was
notable that an outstanding long-term stability was achieved
despite the practical loading of the cathode in the full-cell. Addi-
tionally, our approach realizes the fabrication of significantly
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lighter LMA (LI@ANCFP anode (3 mg cm™2)) than the present
LMA of Li@Cu anode (15.3 mg cm~2), and moreover, a high
specific energy of 428 Wh kg as a LI@ANCFP||LFP full-cell
(Table S3, Supporting Information).

3. Conclusions

This study demonstrated a new methodology to provide
CF-based 3D free-standing LMAs for batteries with high-
energy density. Chopped CFs and two polymer binders were
used to prepare CF paper using the wet-laid process. The
resultant material was heat-treated at 800 °C. Hence, a sur-
face-modulated CFP, containing amorphous carbon with
oxygen-related functional groups and Na,CO; nanoparticles,
was obtained. The ANCFP, as a 3D framework, was utilized
as an LMA after Li was infused or electroplated into the CFP.
Subsequently, the mechanism for how Li-incorporated CFPs
effectively perform electrochemical work in half and full-
cells to mimic LMB was investigated. Because of the oxygen-
containing amorphous carbon on the CF surface, the modified
ANCEFP electrode exhibited a lower Li nucleation overpotential
(34 mV) than that of the control sample of a pure CFP elec-
trode (186 mV). Furthermore, Li nucleation occurred on the
surface and Li continuously covered the CFs without the for-
mation of Li dendrites because of the inorganic component-
rich SEI layer. Consequently, CEs of =97% were achieved
during Li plating/stripping in the half cell. In the symmetrical
cells, the Li@ ANCFP||Li@ANCFP also exhibited excellent
cycling stability and a steady overpotential at various current
densities of 1, 2, and 4 mA cm? for 300 cycles. An electro-
chemical long-term stability was also verified in the practical
full-cell with a LFP cathode with a high loading of 13 mg cm™.
The LI@ANCFP||LFP full-cell maintained a capacity of 85% at
1 C after 300 cycles. Moreover, the LI@ANCFP anode exhib-
ited a high-energy density of 428 Wh kg, resulting from its
~fivefold lighter weight, as compared to the Li@Cu anode.
Therefore, we believe that our advanced strategy, which is
different to previously reported technologies, such as adding
novel and toxic additives in electrolytes and surface mor-
phology modification using complicated methods, will enable
the realization of a highly stable LMA with outstanding electro-
chemical performance for application in the practical energy
storage fields to replace conventional LiBs.

4. Experimental Section

Preparation of ANCFP: CFP was fabricated by the filtering method
which was reported in a previous study.®3 In detail, 6 mm-long chopped
CFs (T700 grade, Toray Industries, Inc.) were washed using a sonicator
for 90 min in acetone (Dejung Chemicals) to remove the sizing agents
and impurities on the CF surfaces. Na-CMC (12 g, Mw = 90000, Sigma-
Aldrich) and PAA (2 g, Mw = 450000, Sigma-Aldrich) were completely
dissolved in deionized water (2000 mL) by stirring. The chopped CFs
(0.65 g) were added to the solution (binders dissolved in DI water),
and the mixture was stirred for 2 h. After the CFs were sufficiently
dispersed in the solution, the mixture was filtered using a spun bond
filter and aspirator pump. The PCFP was obtained after the water was
removed by drying the filtrate in a vacuum oven at 90 °C. To prepare the
ANCFP sample, PCFP was carbonized at 800 °C in an inert atmosphere
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at a heating rate of 10 °C min~". The weight and thickness of ANCFP
were 1.0 £ 0.2 mg cm™2 and 120 + 20 um, respectively. Additionally, the
Na,CO; on the ANCFP surface was sufficiently washed with DI water to
obtain ACFP.

Characterization: SEM (Nova NanoSEM 450) and AFM were used
to determine the morphologies of the samples. After the AFM images
were obtained using an NX10 with a PPP-NCHR noncontact cantilever
(tip radius: <10 nm, Park Systems), the roughness of the sample was
estimated using the Nanoscope analysis software. To verify the thermal
behavior of the binders, TGA (TA Instruments SDT 2960) was performed
at a heating rate of 10 °C min™" up to 800 °C in an inert atmosphere.
The carbon structure was confirmed using XRD (Rigaku Smart Lab)
with a Cu Ko source at a scan rate of 5° min~'. Raman spectroscopy
(Renishaw) with an Ar-ion laser (A = 514 nm) was used to determine
the degree of disorder in the carbon structure. The surface chemical
composition was investigated using XPS (Multilab 2000, Thermo Fisher)
with an Al Ka (1486.6 eV) X-ray source on a 200 um? point area.

Electrochemical Measurements: To analyze the electrochemical
characteristics of the samples, 2032-type coin cells were assembled
in an Ar filled glove box with O, and H,O contents < 1 ppm. 1 M
Bis (trifluoromethane)sulfonimide (LiTFSI) in 1,3-dioxolane (DOL) and
DME (vol. 1:1) with 2 wt% lithium nitrate (LiINO;) as the electrolyte was
used in all the coin cells. The amount of electrolyte used in all coin cells
was 60 uL. The prepared sample, Li metal, and Celgard 2400 were used
as a working electrode, counter electrode, and separator, respectively.
To test the CE of the electrode, the electrochemical performance of
the coin cells was measured at different current densities of 1, 2, and
4 mA cm=2 for 1 mAh cm=2 after pre-cycling for 5 cycles in the voltage
range of 0-1 V with 0.1 mA cm™. The coin cells were disassembled
after Li electroplating at 0.5, 1.0, and 2.0 mAh cm™% at 1 mA cm™2 and
then SEM analysis was performed to investigate the morphologies of Li
plating. To infuse Li in PCFP, ACFP, and ANCFP, metallic Li was first
melted on a hotplate at 300 °C in an Ar-filled glove box, and then the
as-prepared electrode was dipped into the molten Li until the electrode
was completely covered. Additionally, symmetric cells were assembled
using two identical Li metals and Li@ANCFP. EIS was performed
using an electrochemical potentiostat (Autolab PGSTAT302/NAutolab
FRA2) at frequencies of 0.01-100 kHz with an amplitude of 5 mV. The
electrochemical resistances were obtained from the Nyquist plots based
on the equivalent circuit (inset of Figure S9b, Supporting Information).
The cathode for the full-cell test was prepared using LFP (MTI Korea),
Super P (Alfa Aesar), and polyvinylidene fluoride (PVdF, Sigma-Aldrich)
as an active material, conductive agent, and binder, respectively. The
LFP, Super P, and PVdF were mixed to an &:1:1 weight ratio in N-methyl-
2-pyrrolidone (NMP, Deajung chemicals) solvent, and then the slurry
was coated on foil. Subsequently, the slurry was dried in a vacuum
oven at 80 °C for 12 h. The weight and thickness of the LFP cathode
was 13.2 £ 0.6 mg cm™? and 108 £ 5 um, respectively. To configure
the =3 N/P ratio for the full-cell, the LI@ANCFP anode was prepared
using Li electroplating with a capacity of 6 mAh cm™2 at 1 mA cm™2. A
commercial Li@Cu (15.3 mg cm™2) anode was used to compare the
full-cell performance. The full-cell was composed of an LFP cathode,
separator, and LI@ANCFP or Li@Cu anodes.

The energy density of the full-cells was calculated based on the weight
of the cathode and anode materials (Table S3, Supporting Information)
using Equation (1):

Ceet (AR)XV, (V)
Wasc (kg)

where C is the capacity of the cell, V, is the average voltage, and W,
is the weight of the anode and cathode materials.

Energy density (\X/h kg“) = U]

Supporting Information

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