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ABSTRACT

Electrolyte recipes and Li metal anode host materials are developed for lithium-metal batteries. 1,2-
dimethoxyethane/ethylene carbonate mixed solvent with 1 M lithium bis(fluorosulfonyl)imide and
1 wt% LiNO3 is shown to form a robust solid electrolyte interphase and improve Coulombic efficiency and
cyclability during Li metal plating/stripping. This electrolyte can withstand high potential, allowing the
operation of a LiNipgCog1Mng10; (NMC-811) cathode. One-dimensional carbon nanotubes, two-
dimensional graphene nanosheets, and three-dimensional ordered mesoporous carbon CMK-8 are
used as the host materials for the accommodation of Li metal. The strong and continuous conducting
network of CMK-8 with interpenetrating open channels is found to be a promising scaffold for Li metal.
With the proposed electrolyte, the CMK-8 electrode enables uniform Li plating/stripping with a high
Coulombic efficiency of 99.2% under a practical current density of 1 mA cm 2. Moreover, a long life of
>550 charge-discharge cycles is achieved. The high structural stability of CMK-8 upon cycling is
confirmed using electron microscopy and Raman spectroscopy. Finally, we use a Li-free CMK-8 electrode,
an NMC-811 cathode, and the proposed electrolyte to construct a full cell. The electrochemical properties

are evaluated.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Batteries have a broad range of applications, from portable
electronic devices to electric vehicles and power grid systems, and
are thus extensively researched. The performance of Li-ion batte-
ries (LIBs), the state of the art in electrochemical energy storage, is
approaching a plateau. Improvements that result in higher energy
density are required. A promising approach to improve perfor-
mance is to replace the graphite anode of LIBs with a Li metal anode
[1], which has an extremely high theoretical capacity (3860 mAh
g~ 1) and low electrochemical redox potential (—3.040 V vs. stan-
dard hydrogen electrode) [2]. However, the practical implementa-
tion of a Li anode is hindered by an unstable interface that stems
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from the high reactivity between Li metal and the electrolyte,
leading to low Coulombic efficiency (CE), Li dendrite formation, and
even safety concerns. To overcome these problems, more research
is required on the electrolyte composition design and Li anode ar-
chitecture optimization.

Lithium bis(trifluoromethanesulfonimide) (LiTFSI) salt in 1,3-
dioxolane (DOL)/1,2-dimethoxyethane (DME) solvent with LiNO3
as an additive is a typical electrolyte used for Li metal anodes [3—7]
owing to its lower reduction potential than that of carbonate-based
electrolytes [8] and low reactivity with Li metal [9]. This ether-
based electrolyte is promising because a polymer passivation
layer forms when it decomposes on the Li surface; this layer en-
sures high CE during Li plating/stripping [10] and provides high
elasticity, suppressing Li dendrite growth [11]. However, this kind
of electrolyte is incompatible with many LIB cathodes due to its
insufficient anodic decomposition potential (i.e., <4 V vs. Li*/Li). For
example, the high-capacity Ni-rich LiNiggMng1Cog10, (NMC-811)
cathode usually requires a charge cut-off potential of >4.2 V [12].
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Thus, operation of the NMC-811 cathode in the DOL/DME ether-
based electrolyte is infeasible, significantly limiting battery en-
ergy density [13]. In contrast, a carbonate-based electrolyte, which
has great high-voltage cathode compatibility and is thus commonly
used for conventional LIBs, does not form a robust solid electrolyte
interphase (SEI) on the Li anode [8]. Repeated Li plating/stripping
can lead to pronounced Li dendrite formation [12]. Moreover, the
severe side reactions on Li result in a low CE (usually <80%) [14,15].
An electrolyte recipe that can meet the requirements of a Li anode
and a high-voltage cathode is thus highly desirable.

The large volume change of a Li metal anode during electro-
plating/stripping is the main reason for electrode/electrolyte
interface instability. The electrode volume expansion/contraction
makes the SEI mechanically unstable [3,16]. The repeated break-
down and regeneration of the SEI continuously consume cyclable Li
and the electrolyte and thicken the SEI upon cycling, increasing
interface resistance. Moreover, nanoscale defects in the SEI can
cause locally concentrated Li*™ flux, leading to Li dendrite growth
[17—20]. It has been reported that unreacted Li that is disconnected
from the current collector and/or encapsulated by the insulating SEI
is mainly responsible for the capacity loss of a Li electrode [21].
Therefore, structural connections crucially affect Li anode perfor-
mance. Effective electronic conduction pathways that minimize
isolated Li are the key. Nanostructured carbon materials are
promising scaffolds for hosting Li at the anode of lithium-metal
batteries (LMBs) to overcome the above problems [22]. Multi-
layer graphene [23], crumpled graphene [5], and a graphene/car-
bon nanotube (CNT) hybrid [24] have been adopted for this task.
Unfortunately, graphene materials easily aggregate and can break
or collapse during cycling [25,26]. Hollow silica microspheres with
a CNT core have been fabricated to host Li and prevent dendrite
formation [27]. However, their synthesis is complicated and this
architecture can be fragile. The drawbacks of previously reported
carbon hosts include insufficient CE during Li plating/stripping,
unfavorable Li* transport due to high tortuosity of micropores, and
the unsatisfactory cyclability associated with the disintegration of
the host materials [28]. The design of carbon hosts with optimal
architecture, pore geometry and tortuosity, and structural con-
nectivity is our research target.

In the first part of this study, an electrolyte recipe is developed
to increase the CE and cycling stability of the Li plating/stripping
reaction and achieve a large potential window to allow the oper-
ation of an NMC-811 cathode. In the second part, one-dimensional
(1-D) CNT, two-dimensional graphene (2-D), and three-
dimensional (3-D) ordered mesoporous carbon CMK-8 host mate-
rials (for Li metal) are systematically compared. We first show that
CMK-8, which has unique bicontinuous electronic and ionic con-
duction pathways and ordered meso-size 3-D open channels, is a
highly promising scaffold for LMB anodes. The functions of CMK-8
include the dissipation of Li plating/stripping current, confinement
of the deposited Li, dimensional stabilization of the electrode/
electrolyte interface, construction of a 3-D conduction framework
within the Li electrode, and creation of a proper porosity for Li™
transport. Finally, we combine the proposed electrolyte and the
CMK-8 host material to assemble a Li-metal-free full cell with an
NMC-811 cathode. Promising charge-discharge performance is
demonstrated.

2. Experimental section
2.1. Materials preparation
Ordered silica KIT-6 was synthesized and used as the hard tem-

plate to fabricate CMK-8. KIT-6 was prepared following a previously
reported method [29]. For the nanocasting of carbon into KIT-6,10 g
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of KIT-6 and 12.5 g of sucrose (as the carbon precursor) were
dispersed in 30 g of deionized water. Then, 1.5 g of H,SO4 was added
dropwise to trigger carbon precipitation. The mixture was dried at
100 °C for 8 h and then at 160 °C for another 24 h. The obtained
powder was carbonized at 900 °C for 3 h under an Ar atmosphere.
The KIT-6 template was removed using 2 M NaOH solution at 90 °C
for 24 h. After repeated washing with deionized water and drying at
70°C, CMK-8 was obtained. Graphene nanosheets were synthesized
according to our previously reported method [30]. Multi-walled
CNTs were purchased from CNTouch Co. Ltd.

2.2. Materials characterization

The microstructures of the samples were characterized using
scanning electron microscopy (SEM, HITACHI S-2500) and trans-
mission electron microscopy (TEM, JEOL JEM-F200). X-ray diffrac-
tion (XRD) patterns were recorded with a Bruker D2 PHASER
diffractometer to identify the phases in the samples. A Raman
spectrometer (LabRAM HR-800) was used to study the carbon
bonding characteristics. A diode-pump solid-state laser with a
wavelength of 532 nm was adopted. The N, adsorption/desorption
isotherm measurements were conducted at —196 °C using a
Micromeritics ASAP 2020 analyzer. The specific surface area was
calculated using the Brunauer-Emmett-Teller (BET) method. X-ray
photoelectron spectroscopy (XPS, VG Sigma Probe) was employed
to examine the surface chemical composition of the electrodes. The
cycled electrodes were rinsed with electrolyte solvent and dried in
an argon-filled glove box before being transferred to the XPS
analysis chamber.

2.3. Electrochemical measurements

Battery-grade LiTFSI, lithium bis(fluorosulfonyl)imide (LiFSI),
DOL, DME, ethylene carbonate (EC), and lithium nitrate (LiNO3)
were used. The solvents were dried over fresh molecular sieves for
two days before use. 1 M LiFSI in EC/DME mixed solvent (with an
EC/DME volume ratio of 1:1) with 1 wt% LiNO3 was stirred for 24 h
to ensure uniformity. The commonly used 1 M LiTFSI DOL/DME
(with a volume ratio of 1:1) with 1 wt% LiNO3 electrolyte was also
prepared for comparison. The Li salt solubility in both electrolytes
was found to be ~7 M. 1-D CNT, 2-D graphene, and 3-D CMK-8 were
used as the host materials for Li plating/stripping. Each material
was mixed with Super P and polyvinylidene fluoride (PVDF) binder
(with a mass ratio of 7:2:1) in N-methyl-2-pyrrolidone (NMP) so-
lution using a Thinky ARE-310 mixer. The obtained slurry was
coated onto Cu foil and dried in a vacuum oven at 90 °C for 6 h. The
material mass loading was typically 2.5—-3 mg cm~2 with a coating
thickness of ~30 um. A contact angle goniometer was used to
examine the electrolyte wettability toward various electrodes. For
the Li plating/stripping experiments, three conditioning cycles
were performed with a current density of 0.2 mA cm™2. A multi-
channel electrochemical workstation (Biologic VSP-300) was uti-
lized to conduct the chronopotentiometry tests. LiFePO4 (MTI
Corp.) and NMC-811 (UBIQ Technology Co. Ltd.) cathodes were
used. The cathode slurry was prepared with 70 wt¥% active material,
20 wt% Super P, and 10 wt% PVDF in NMP solution. The mass
loading on the Al current collector was ~10 mg cm 2. The electrodes
were punched to match the required dimensions of a CR2032 coin
cell. The electrolyte preparation and coin cell assembly were per-
formed in an argon-filled glove box (Vigor Tech. Co. Ltd.), where
both the moisture and oxygen content levels were below 0.3 ppm.
The electrolyte amount was fixed at 60 pL for every coin cell. The
charge-discharge properties (such as capacity, rate capability, and
cycling stability) of the cells were evaluated at 25 °C using an Arbin
BT-2043 battery tester.
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3. Results and discussion

First, the conventional 1 M LiTFSI DOL/DME with 1 wt% LiNOs
(denoted as LDD) electrolyte and 1 M LiFSI EC/DME with 1 wt%
LiNO3 (denoted as LED) electrolyte were compared. The ionic
conductivity values of the LDD and LED electrolytes are 7.21 and
9.76 mS cm™, respectively. Fig. 1a and b shows the Li plating/
stripping curves of Li//Cu cells measured at various current den-
sities. Generally, the LDD cell exhibited a higher polarization than
that of the LED cell, especially at high current densities. The lower
overpotential for the latter cell can be attributed to higher ionic
conductivity and lower electrode/electrolyte interfacial resistance.
The obtained CE values under various rates for both electrolytes are
shown in Table S1. At a current density of 1 mA cm~2, the LDD and
LED cells showed Li plating/stripping CE values of 97.7% and 98.7%,
respectively. The CE values for the LDD cell decayed quickly with
increasing current density (e.g., 28.7% @10 mA cm 2), whereas
those for the LED cell were relatively steady, even at a high rate
(e.g., ~90.0% @10 mA cm~2). In addition to the higher electrolyte
conductivity, the superior CE for the LED cell is associated with the
highly conductive and thin SEI layer derived from the FSI~ anions
[31]. A synergy between DME and LiFSI, but not LiTFSI, has been
reported to form a robust SEI [11]. In addition, EC is prone to form a
protective SEI layer on the electrode surface [31]. In contrast, the
easy ring-opening polymerization of DOL can cause irreversible
consumption of Li* and an increase in interface resistance [32,33],
resulting in efficiency loss.

In Fig. 1a, the Li plating process of the LDD cell shows two
distinct potential plateaus at high current densities. The potential
drop is associated with an increase in the interfacial resistance at
the Li counter electrode. At the Li side, the deposited Li in the
previous cycle was completely consumed right before the point of
the potential drop. The untapped Li underneath, which needed a
higher overpotential to overcome the interface energy barrier, was
then dissolved. In contrast, the LED cell did not exhibit a stepped
potential drop. This confirms that the LED electrolyte allows better
Li plating/stripping reversibility with lower SEI resistance.

The Li plating/stripping cycling stability of the Li//Cu cells with
the two electrolytes was evaluated. Fig. 1c and d shows the data
recorded at current densities of 1 and 5 mA cm ™2, respectively, with
an areal capacity of 1 mAh cm™2. For the LDD cell, the CE started to
decay after ~45 and ~5 cycles at 1 and 5 mA cm™2, respectively. The
CE drop and rebound at high rate can be ascribed to the unstable
electrode/electrolyte interface. The formed Li dendrites could oc-
casionally connect and then dis-connect two electrodes during Li
deposition/stripping, leading to the CE instability [5,34]. In contrast,
the superior cyclability of the LED cell was shown up to 150 cycles
with average CE values of 97.7% (at 1 mA cm~2) and 92.9% (at
5 mA cm2). Fig. S1 in the Supporting Information shows the gal-
vanostatic cycling stability of the Li//Li symmetric cells with the
two electrolytes. The symmetric cells were tested under a current
density of 5 mA cm~2 with each cycle having 1 mAh cm~2 of Li
plating and stripping. As shown, the polarization of the LDD cell
increases and fluctuates with increasing cycle number. The cell
short-circuited after ~95 cycles. In contrast, the cell with the LED
electrolyte had little change in terms of polarization upon cycling,
even under such a high current density. No short-circuit failure was
observed up to 350 cycles.

To examine the SEI chemistry, which is crucial for battery per-
formance [35,36], XPS analysis was carried out on the Cu electrodes
that had been (Li plating/stripping) cycled three times in the LDD
and LED electrolytes. Fig. 2a and b shows the C 1s, O 1s, and F 1s
spectra of the electrodes. The C 1s spectra can be split into four
distinct signals. The peaks located at 284.8, 286.5, 288.2, and
290.4 eV can be ascribed to C—C, C—0, R—CO3, and Li»CO3 bonds,
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respectively [37,38]. The SEI that formed in the LED electrolyte has
higher concentrations of polar R—CO3; and Li,CO3 species, which
have been reported to facilitate Li* transport [39,40]. The O 1s
spectra contain LiOH (at 531.2 eV), Li,COs; (at 532.9 eV), and
—(CH—CH,—0),— (at 533.5 eV) components. The LED-derived SEI
is enriched with Li,COs, which is mechanically robust [41]. The
inorganic Li,CO3 is mainly distributed near the anode surface and
acts as a junction to connect outer organic SEI species for stabili-
zation of electrode interface [42]. In addition, Li,COs is insoluble in
the electrolyte and is an electronic insulator, leading to a great
passivation ability [42,43]. Conversely, LiOH and —(CH,—CH—0),,—
moieties are known to impede Li* conduction [44]. The large
amounts of these species in the LDD-derived SEI could hinder Li
plating/stripping, deteriorating CE. The F 1s spectrum of the LDD
sample consists of a relatively weak signal at 684.8 eV, which is
related to LiF, and a strong signal at ~688.0 eV, which is related to
C—F bonding [38]. The latter signal is associated with a moiety of
the LiTFSI salt [45]. Stable LiTFSI is not readily decomposed [45];
thus, a less protective SEI was formed. In contrast, the LED spectrum
shows only a strong LiF peak (no C—F signal appears). The complete
decomposition of LiFSI promotes the formation of a high concen-
tration of LiF, which is electrochemically stable and believed to be a
good electronic insulator that can passivate the Li surface and
prevent excessive electrolyte consumption [46]. The high fractions
of both LiF (for decreasing electronic conduction) and Li>COs3 (for
increasing mechanical strength) in the SEI are highly desirable and
are responsible for the superior CE during Li plating/stripping, rate
capability, and cycling stability for the LED electrolyte.

We assembled anode-free cells with the LiFePO4 cathodes using
the two electrolytes. Bare Cu foil was used on the negative-
electrode side. Fig. S2 shows the obtained data measured at a rate
of 1 C (based on LiFePQy). In this anode-free configuration, Li* ions
are obtained from the cathode side and transferred onto the Cu
current collector as metallic Li during cell charging. The Li is
stripped and transferred back to the cathode in the following
discharge process [47,48]. Accordingly, the electrolyte recipe that
affects the Li plating/stripping CE is crucial to determine the cell
cycle life. As shown, the LDD cell retained only 10% of its initial
capacity after 60 charge-discharge cycles, whereas the LED cell
retained ~43% of its initial capacity after the same number of cycles.

The anodic stability of the two electrolytes was evaluated using
linear sweep voltammetry (LSV) with Li/Al cells. Fig. 3a shows the
data acquired at a potential sweep rate of 1 mV s~'. The LDD and
LED electrolytes began to show an irreversible oxidation current at
~4.1and ~4.5 V, respectively. Fig. 3b and ¢ compares the charge-
discharge curves of NMC-811 half cells with the electrolytes. The
charging voltage of the LDD cell can hardly reach 4.2 V. A voltage
plateau was observed, reflecting electrolyte decomposition. The
accumulated decomposition product layer may breakdown and
lead to the voltage drop. Notably, successful operation and high
charge-discharge capacities were achieved for the LED cell up to
4.45 V (cell failure occurred at 4.5 V). The superior anodic stability
of the LED electrolyte can be attributed to the strong cathode
electrolyte interphase that forms via the synergistic interaction
between LiFSI and DME [49]. Moreover, the EC solvent has a lower
highest occupied molecular orbital energy level than that of DOL,
resulting in a higher decomposition potential. The above results
indicate that the proposed LED electrolyte is promising for high-
voltage LMB applications.

With the LED electrolyte, the properties of various carbon host
materials (1-D CNTs, 2-D graphene, 3-D CMK-8) were assessed. The
morphologies of the carbonaceous materials were inspected using
SEM (Fig. S3) and TEM (Fig. 4). The outer and inner diameters of the
multi-walled CNTs are approximately 15 and 5 nm, respectively.
The CNT length is up to several micrometers. The lateral size of the
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Fig. 1. Li plating/stripping curves of Li//Cu cells measured at various current densities with (a) LDD and (b) LED electrolytes. The CE vs. cycle number profiles of the two cells tested

at (c) 1 mA cm 2 and (d) 5 mA cm 2 with areal capacity of 1 mAh cm 2

graphene flakes is a few micrometers. The high electron trans-
parency of the graphene TEM image indicates that the graphene
sheets were well-exfoliated and composed of only a few carbon
layers. The micrograph of CMK-8 shows a long-range ordered
porous structure. The pore size is approximately 5 nm. The
continuous carbon framework can provide electronic conduction
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. (A colour version of this figure can be viewed online.)

and is known for its structural robustness [29]. The BET surface area
values for the CNTs, graphene, and CMK-8 are 150, 585, and
1100 m? g, respectively.

Fig. 5a—c shows the Li plating/stripping curves of the 1-D CNT,
2-D graphene, and 3-D CMK-8 electrodes, respectively, recorded at
various current densities. As demonstrated, the polarization of the
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Fig. 2. XPS spectra of SEI layers derived from (a) LDD and (b) LED electrolytes on Cu electrodes. (A colour version of this figure can be viewed online.)

CMK-8 electrode is lower than those of the former two electrodes.
This is related to CMK-8 having the highest BET area, allowing it to
best dissipate the current. The obtained CE values of various elec-
trodes are listed in Table S2. For the CMK-8 electrode, the CE at
1 mA cm™? is as high as 99.2%. For a 4-mAh cm™? practical cell, this
rate is equal to 0.25C. Even at a high current density of 8 mA cm 2,
the CE value is 96.5%. These values are considerably higher than
those for the CNT and graphene electrodes. Fig. 5d compares the
cycling stability of Li plating/stripping for various carbon elec-
trodes. At 1 mA cm 2, the CE of the CNT and graphene electrodes
began to significantly decay at the ~190th and ~70th cycles,
respectively. The CMK-8 electrode showed stable operation up to
550 cycles with an average CE of ~98.4%. The stable CMK-8
framework provides 3-D continuous electronic and ionic conduc-
tion pathways [50], leading to the high CE and great cyclability. The
performance difference between the three kinds of carbon elec-
trodes became even more pronounced at 5 mA cm™2, as shown in
Fig. 5e. It is noted that even at such a high current density, the CMK-
8 electrode showed steady charge-discharge performance up to
300 cycles. Table S3 compares the cycling stability of various
carbon-based host materials reported in the literature. As can be
seen, the 3-D CMK-8 electrode is one of the best anode hosts for
LMBs.

The detailed Li metal plating/stripping profiles of the three
carbonaceous host electrodes upon cycling at 1 mA cm 2 are shown
in Fig. 5f. For the CNT and graphene electrodes, large fluctuations of
the Li plating and stripping overpotentials can be observed. After
380 and 140 h, respectively, internal short-circuiting occurred. The
3-D CMK-8 electrode had a much longer lifetime (up to 1100 h).
These results suggest that an unstable, resistive SEI with an un-
controlled Li morphology formed at the CNT and graphene elec-
trodes, whereas a favorable Li/electrolyte interface with reduced
side reactions upon cycling formed at the CMK-8 electrode.

Fig. 6a—d shows SEM images of plain Cu, CNT, graphene, and
CMK-8 electrodes, respectively, before and after Li plating/stripping

cycling. The morphologies of the electrodes with deposited Li
(1 mA cm~2 for 1 mAh cm~2) and after Li was stripped at the 70th
cycle are compared. We observed that moss-like Li was deposited
on the plain Cu current collector (Fig. 6a). In the stripping state, a lot
of residues were left, which is ascribed to the “dead” Li and thick SEI
that accumulates during repeated cycling. As shown in Fig. 6b, the
randomly stacked CNTs (with relatively small surface area) cannot
regulate the growth of deposited Li. There is only “point constant”
between CNTs, and thus a continuous electronic conduction
network is hard to be established. As a consequence, Li filaments
were deposited. After stripping, some dead Li filaments remained,
and the CNT network was damaged. The XRD data in Fig. S4 show
that the graphitic diffraction peaks of CNTs clearly diminished after
cycling. Repeated high-degree lithiation and fast delithiation
deteriorated the CNT crystallinity and destroyed the tubular
structure. Thus, CNTs are not a good candidate for hosting Li in
LMBs. Fig. 6¢ shows that uneven metallic Li was deposited on the
outer surface of graphene and in the gaps between the graphene
flakes. Similar to 1-D CNTs, 2-D graphene is unable to control the Li
morphology. Because most of the Li was exposed to the electrolyte
(rather than being confined in the carbon host), more side reactions
occurred, leading to a lower CE (see Table S2). Upon Li stripping, the
graphene sheets became highly pulverized. The structural robust-
ness was found to be inferior to that of CNTs. The breakdown of the
graphene sheets collapsed the host architecture and disconnected
the electronic conduction pathways. This resulted in the graphene
electrode having the worst cycling stability, as shown in Fig. 5d and
e.

As shown in Fig. 6d, after Li metal plating, the surface of the
CMK-8 electrode is relatively clean, suggesting that the Li mainly
infiltrated the CMK-8 mesopores. For 3-D CMK-8, the high surface
area dissipates the current, the interpenetrating open channels
ensure effective Li™ transport, and the continuous carbon skeleton
establishes an electronic conduction framework. Owing to the
capillary effects [51,52], most of the Li was deposited and confined
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Fig. 3. (a) LSV curves of Al electrodes recorded in LDD and LED electrolytes. Charge-discharge curves of NMC-811 half cells measured at 0.1C with (b) LDD and (c) LED electrolytes. (A

colour version of this figure can be viewed online.)

Fig. 4. TEM images of (a) 1-D CNTs, (b) 2-D graphene, and (c) 3-D CMK-8. (A colour version of this figure can be viewed online.)

within the mesoporous CMK-8 (rather than on the electrode sur-
face), minimizing the Li dendrite formation. The excellent wetta-
bility of the CMK-8 electrode with the electrolyte is shown in
Fig. S5. After Li stripping, there was almost no change in the elec-
trode morphology compared to that of the fresh CMK-8 electrode,
except the formation of a uniform surface SEI layer. The 3-D
continuous conduction network of CMK-8 minimized the residual
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dead Li on the electrode. Moreover, the robust CMK-8 scaffold acted
as a dimensional stabilizer that ensured electrode/electrolyte
interface stability. Accordingly, a high CE and great cycling stability
of the CMK-8 electrode for hosting Li was achieved, as demon-
strated in Fig. 5.

The structural robustness of various carbonaceous host mate-
rials was further evaluated using Raman spectroscopy. Fig. 7a—c
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Fig. 5. Li plating/stripping curves of (a) 1-D CNT, (b) 2-D graphene, and (c) 3-D CMK-8 electrodes measured at various current densities. The CE vs. cycle number profiles of the three
electrodes tested at (d) 1 mA cm~2 and (e) 5 mA cm~2 with areal capacity of 1 mAh cm~2. (f) Li plating/stripping potential profiles of various electrodes measured at 1 mA cm~2 with

areal capacity of 1 mAh cm 2

. (A colour version of this figure can be viewed online.)
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Fig. 6. SEM images of (a) plain Cu, (b) 1-D CNT, (c) 2-D graphene, and (d) 3-D CMK-8 electrodes before and after cycling for 70 times. The cycled electrodes with deposited Li
(1 mA cm 2 for 1 mAh cm~2) and after Li removal are compared. The scale bars represent 5 um. (A colour version of this figure can be viewed online.)

compares the spectra of the CNT, graphene, and CMK-8 electrodes,
respectively, before and after 70 cycles of Li plating/stripping. All
the Raman spectra are characterized by a D band, which is associ-
ated with imperfect sp? carbon bonding, and a G band, which is
related to the in-plane vibration of a well-ordered graphitic lattice
[53]. It was found that the D band to G band intensity ratios (Ip/Ig)
of the CNT and graphene electrodes significantly increased upon
cycling, revealing an increase in defect density of the carbon hosts.
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These results are in line with the SEM observation in Fig. 6. In
contrast, the Ip/lg value of the CMK-8 electrode remained un-
changed after cycling. In addition, we found that for the CNT and
graphene electrodes, the D band shifted toward a lower wave-
number and the G band shifted toward a higher wavenumber after
cycling. These shifts are attributed to the internal stress built within
the carbon structures during repeated Li plating and stripping [54].
The band shift is also associated with the formation of carbon-
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Fig. 7. Raman spectra of (a) 1-D CNT, (b) 2-D graphene, and (c) 3-D CMK-8 electrodes before and after 70 cycles of Li plating/stripping. (d) FTIR data of SEI layers formed on 2-D
graphene and 3-D CMK-8 electrodes. (A colour version of this figure can be viewed online.)

related chemical bonds [55]. Because 3-D sponge-like CMK-8 is
highly porous and flexible, internal stress and strain are easily
released. In addition, due to the high CE and small amount of dead
Li for the CMK-8 electrode, the irreversible formation of Li-carbon
compounds was minimized. As a consequence, no detectable
band shift was noticed for the CMK-8 electrode after cycling. These
data confirm the mechanical and chemical stability of the CMK-8
electrode for LMB applications.

To examine whether the type of carbon host affects SEI chem-
istry, Fourier transform infrared spectroscopy (FTIR) analyses were
conducted on the graphene and CMK-8 electrodes (i.e., samples
with the worst and best cyclability, respectively). Fig. 7d shows the
data obtained after the electrodes were cycled 70 times. As shown,
the two FTIR spectra are rather similar. A LiF peak at 722 cm™, a
Li»CO; peak at 873 cm~' [56], ROCO,Li peaks at 1060 and
1180 cm™ !, and (CH,0CO;Li); peaks at 1400 and 1634 cm™! were

760

observed [57]. The results reveal that the carbon architecture does
not significantly alter the SEI composition. The major functions of
the 3-D CMK-8 host are summarized and schematically shown in
Fig. 8a. Besides the capillary effects mentioned above, the under-
neath Cu substrate provides high electronic conductivity. As a
result, the Li deposition prefers bottom growth [58,59].

To assess the feasibility of practical battery applications, full cells
were constructed using the proposed LED electrolyte and an NMC-
811 cathode combined with various Li-free carbon electrodes.
Before cell assembly, the CNT, graphene, and CMK-8 electrodes
were conditioned in Li half cells for three Li plating/stripping cycles.
Fig. 8b shows the variations of specific capacities (based on NMC-
811) and CE versus the cycle number for three kinds of cells using
various negative electrodes. The cells were charged and discharged
at 50 mA g~! within a voltage range of 2.7—4.2 V. The initial ca-
pacities of the three cells are similar (~185 mAh g~!). The values
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Fig. 8. (a) Schematic of major functions of 3-D CMK-8 framework for hosting Li plating/stripping. (b) Cycling stability profiles of NMC-811 full cells with various carbon host

negative electrodes. (A colour version of this figure can be viewed online.)

then decrease to 96, 33, and 120 mAh g, respectively, for the CNT,
graphene, and CMK-8 cells after 50 charge-discharge cycles. These
values correspond to 52%, 18%, and 66% capacity retention ratios
upon cycling. The average CE values are 98.6%, 96.4%, and 99.0%,
respectively. Under such harsh conditions (i.e., without Li at the
initial negative electrode and using a practical current rate), the
CMK-8 cell exhibited cyclability that is among the best data re-
ported in the literature [10,60,61]. The results show that the 3-D-
structure electrode exhibits great electrochemical properties and is
thus a promising candidate for hosting Li plating/stripping at the
anode side of high-energy-density LMBs. The results can guide the
future design of the negative electrodes for LMBs. An inexpensive
3-D material needs to be developed for practical applications.
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4. Conclusions

Electrolyte recipes and carbon host materials were developed
for LMBs. The binary ether/carbonate LED electrolyte leads to the
formation of a favorable LiF/Li,CO3-enriched SEI, thus improving
the CE during Li plating/stripping and cyclability. Moreover, the LED
electrolyte is able to withstand a high potential of ~4.45 V (vs. Li*/
Li), allowing the operation of an NMC-811 cathode. This work also
systematically compared 1-D CNT, 2-D graphene, and 3-D CMK-8
host materials for Li metal plating/stripping. The high surface
area and 3-D continuous electronic conduction network of CMK-8
dissipate the redox current and minimize the amount of dead Li.
CMK-8 also provides interpenetrating meso-size channels for
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electrolyte accessibility. Because Li" transport is enhanced and the
deposited Li is confined within the mesopores, dendritic Li for-
mation is suppressed. The robust CMK-8 scaffold acts as a dimen-
sional stabilizer that ensures electrode/electrolyte interface
stability. We found that the CMK-8 framework is mechanically and
chemically stable. The internal stress that builds up during Li
plating/stripping can be easily released. No irreversible formation
of Li-carbon compounds was observed. The unique properties of
CMK-8 result in a superior CE of 99.2% at 1 mA cm™2; moreover,
great stability of up to 550 charge-discharge cycles is achievable.
The potential of the developed electrolyte and 3-D carbon host
material for LMB applications was demonstrated.
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