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ARTICLE INFO ABSTRACT

A scalable 3D electrode to serve as a lithium metal host is developed to enable stable lithium metal cycling. The
electrode is simply fabricated by coating a slurry of well mixed LiNOs3, carbon black, and PVDF on the Cu foil.
The pores in the electrode serve as lithium metal hosts while the LiNOj particles act both as a structural
skeleton and an electrolyte additive. Micron-level dense Li chunks are deposited into the 3D electrode at a
current density of 2 mA cm 2. Moreover, high coulombic efficiencies of 98.4% and 97.1% are achieved in
carbonate-based electrolytes at current densities of 0.25mAcm > and 2mAcm >, respectively. The 3D
electrode is tested in an anode free cell with LiFePO,4, which exhibits a good capacity retention of 49.1% after
100 cycles and correspond to an average efficiency of 99.3% per cycle. This work provides a facile and scalable
method to fabricate multi-functional 3D electrodes for dendrite-free and high coulombic efficiency Li metal
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1. Introduction

Li metal anode is currently being extensively studied to replace
graphite in order to further raise the energy density of rechargeable
batteries [1]. Li metal anode, however, has been plagued by several
well-known issues. Dendritic Li formation during repeated Li plating
and stripping results in ever increasing surface area and may short the
cell over time and cause safety issues. The loose deposition of Li anode
also results in large volume expansion [2-5]. Perhaps the most
challenging is the low coulombic efficiency (CE). The continuous loss
of active lithium does not satisfy the requirement of long cycling life
when limited Li is used in order to achieve high energy density. These
challenges have been well reviewed recently. The root causes of these
problems are the high reactivity of Li metal and non-uniform Li ion
flux [1].

Several approaches have been presented recently to address these
challenges [6—12]. In order to mitigate the lithium metal reaction with
the electrolyte, research has identified ether based electrolytes to be
more stable than carbonate based ones, resulting in higher coulombic
efficiency. Unfortunately, these electrolytes have poor oxidative stabi-
lity and are usually unsuitable for high voltage, oxide based cathodes
[13—15]. Another widely used method is to employ electrolytes (often
with additives) that promote the formation of high quality solid
electrolyte interface (SEI) formation to protect lithium metal. This
method is applicable to the more oxidatively stable, carbonate-based
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cathodes. For example, Xu simultaneously added LiAsFg and cyclic
carbonate into the electrolyte to generate a uniform and flexible SEI
layer on the Li surface, which contributes to dendrite free Li deposition
with enhanced coulombic efficiency [16]. In order to address the large
volume changes during Li plating and stripping, other researchers have
introduced 3D hosts for Li metal, such as porous Cu, layered reduced
graphene oxide, and carbon cloths, among others [17—19]. These 3D
hosts not only largely mitigate the volume changes during Li plating
and stripping, but also suppress the Li dendrite growth. Although, the
large surface area of the 3D host reduces the local current densities, the
side reactions become more serious as well. An effective strategy would
therefore require combining 3D host design with electrolyte engineer-
ing to address all the issues of the Li metal anode.

In this work, a commercial carbonate electrolyte (1 M LiPF¢ in 1:1
vol ratio EC/DMC, LP30) is chosen as the baseline. By adding vinylene
carbonate and LiNOj, both Li metal morphology and coulombic
efficiency are greatly improved. Later, this modified electrolyte is
combined with a novel multi-functional 3D composite host for the Li
metal anode. As shown in Scheme 1la, this 3D composite host is
prepared by simply casting a well mixed slurry of LiNOs, carbon black,
and PVDF on a Cu foil, followed by drying in the oven. As a result of the
combination of electrolyte additive and 3D composite host, dense Li
chunks with micron-sized particles are observed even at a high current
density of 2 mA em™ after 70 cycles in a carbonate electrolyte. A high
coulombic efficiency of 98.4% over 300 cycles has also been achieved at
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Scheme 1. a) The process of making the 3D composite host; b) SEM images of the 3D LINO3; composite host.

0.25 mA em™ for 0.5 mAh cm™. This work suggests that simultaneous
use of electrolyte additives and 3D hosts are necessary to enable stable
Li metal anode.

2. Experimental method
2.1. 3D composite electrode preparation

The 3D composite electrode was prepared by mixing the LiNO;
(Sigma-Aldrich), with 20 wt % Super P carbon (TIMCAL) and 20 wt %
poly(vinylidene fluoride) (PVDF) in N-methylpyrrolidone (NMP,
ACROS Organics). The slurry was cast onto a Cu foil using a doctor
blade and dried in a vacuum oven overnight at 80 °C. The electrode
discs were punched and dried again before being storing in an argon-
filled glovebox (MTI corporation).

2.2. Electrochemical test

Battery grade vinylene carbonate (VC) was acquired from Shenzhen
CAPCHEM Technology Co. Ltd. The premixed LP30 electrolyte (1 M
LiPFg in 1:1 vol ratio EC/DMC) was purchased from BASF.

2032-type coin cells were used for all the electrochemical studies in
this work. The 250 um thick lithium was punched to 12.5 mm discs as
the counter electrode. The Celgard 25 um trilayer PP-PE-PP membrane
was used as a separator. Galvanostatic cycling was conducted on an
LBT-5V5A battery tester (Arbin instruments). The cycled electrode was
recovered by disassembling the coin cell. All the samples were washed
with DMC three times and dried in the glovebox antechamber under
vacuum.

2.3. Scanning electron microscopy

The morphology and thickness of the deposited Li metal film and
3D composite electrode were characterized using scanning electron
microscopy (FEI Quanta 250 SEM). The sample was adhered to a
double-sided carbon tape and placed on a specimen holder. The
prepared sample was sealed in a laminate plastic bag inside the
glovebox for transferring to the SEM. The approximate time of sample
exposed to air (from a sealed environment to the SEM stage) was less
than 3s.

2.4. X-ray diffraction

The crystal structure of coating materials were identified by X-ray

506

diffraction (XRD), acquired using a Bruker D2 phaser diffractometer
with a Bragg- Brentano 6-20 geometry and a Cu Ka source (A = 1.54 A).
Samples were sealed inside the glovebox by kapton tape, which were
scanned from 30° to 60° at a scan rate of 0.02°s™.

3. Results and discussion

The coulombic efficiency of Li metal cycling depends on the
electrolyte solvent. Due to its high compatibility with oxide based
cathodes, it is critical to enhance the Li stability in carbonate based
electrolytes. A commercial electrolyte (1M LiPFg in 1:1 vol ratio
EC/DMC, LP30) was chosen as a baseline electrolyte in this work.
Based on previous Si anode research, 5wt% vinylene carbonate (VC)
was chosen as an SEI formation additive in order to improve the
uniformity and flexibility of the SEI film on Li surface [16]. The effects
of VC additive on Li metal CE were studied by testing Li—Cu coin cells.
Li was plated on Cu substrate at 0.5 mA ecm~2 for 1 mAh em™2, and then
stripped at the same current density until the cell potential reached 1 V.
The results of LP30 electrolyte (E1) and LP30 + 5 wt% VC electrolyte
(E2) are compared in Fig. S1. The average CE over 80 cycles is
improved from 90.5% to 96.9% with the help of the VC additive.

Our second additive is LiINO3_ Previous work has shown that LiNOg
is a universal electrolyte additive in Li-S batteries because it protects
the Li metal and reduces the S,>" shuttle by forming a layer of Li,NOy,
species [20,21]. The concentration of the LiNOs in ether-based
electrolytes for Li-S batteries is usually higher than 0.2 M. Because of
the low solubility of LiNO3 in carbonates, LiNO3 has not been widely
used in carbonate-based electrolytes yet [21]. The LiNOj salt was
gradually added into the E2 until saturation; the overall concentration
of LINO3 was 0.02 M. As shown in Fig. S1, this LP30 + 5 wt% VC + 0.02
M LiNOj; (E3) electrolyte further enhanced the CE of Li metal to 97.7%.

In addition to the CE test, the Li deposition morphologies were also
investigated in these electrolytes. Li was plated on the Cu substrate at a
high current density of 2mA em™ for 1h. Fig. 1 and Fig. S2 present
the Li morphologies in these electrolytes. The Li plated in E1 is needle-
like. Due to the loose deposition, most mossy Li is lost during cell
disassembling. It is hard to determine the thickness of the plated Li in
El through the cross sectional view. The VC promoted Li chunk
formation, however, small amounts of dendrites were also observed
in E2 at a high current density of 2mAcm™. The Li chunk size
distribution ranges from 0.5 to 2 pm. The thickness of the Li film in E2
was 26 um, which suggests that even though the morphology was
improved, the deposition is still incompact. According to theoretical
calculations, 2 mAh ecm™ of Li corresponds to a thickness of 9.7 um
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Fig. 1. SEM images of the deposited Li metal film on Cu foil. a), b), c) are the top view and d), e), f) are the cross-section view of Cu after 1 hour Li deposition at 2 mA cm™ in 1 M LiPF,-
EC/DMC electrolyte (E1), 1 M LiPFs-EC/DMC electrolyte with 5wt% VC (E2), and 1 M LiPF¢ + 0.02 M LiNO3-EC/DMC electrolyte with 5 wt% VC (E3), respectively.

and the porosity of Li in E2 is thus 62.7%. In the case of E3, the plated
Li are all big chunks with sizes between 2 and 5 um. The Li film was
11.5 pm thick with a low porosity of 15.7%, which indicates a dense Li
film was deposited on Cu in E3. All the morphology studies of the
deposited Li are consistent with the CE testing data. The bigger Li
chunk with denser deposition delivers higher CE. The E3 was used as
the optimized electrolyte for the rest of the studies.

Although electrolyte formulas are effective in improving cycling
efficiency, they don’t address the volume change issue during Li
cycling. The 3D Li host is a promising strategy. However, the current
proposed 3D Li hosts are either too complicated to fabricate, or too
hard to implement into a real device [3]. Most of the 3D Li hosts only
serve as high surface area porous electrode. Here, a multi-functional
3D composite host was designed. The fabrication of this host is similar
to the electrode making process in industry, which is schematically
showed in Scheme 1. The SEM images display the porous structure of
the host. The porosity of the 3D composite electrode is calculated based
on the following equation.

. ( electrode Z component)
Porosity =
V;lectmde
PiN e Ppypr
Velectrode - Melectrade . + =+
PLN ’c PPVDF
\%

electrode

where Veomponent aNd Velectrode are the components (LiNOs, PVDF, and
carbon black) and electrode volume, Mgectrode 1S the mass of the
electrode, and p and P are the density and mass fraction of the
materials [22]. The densities of the LiNO3s, PVDF and carbon black
used for calculating the porosity were 2.38, 1.76, and 2.0gcm™,
respectively. The mass of the electrode is 1.30mgem™, and the
thickness of the host is 17.9 um. The calculated porosity of the 3D
host is 66.2%. Based on the porosity of the electrode, this 3D host is
theoretically able to store 2.44 mAhLi per cm? Once all the pores
are filled by Li, the mass of the deposited Li is calculated to be
0.63 mg cm ™2, which corresponds to a high gravimetric capacity of
1264 mAhg™.

The performance of the 3D composite host was investigated by the
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CE test in E3. The bare Cu cycled in E3 was chosen as a baseline. Both
bare Cu and 3D composite host were discharged versus Li at 0.5 mA cm™>
for 4 h, and then the Li was stripped to 1V at 0.5 mA cm™2 for one cycle.
Fig. S3 presents the Li plating and stripping voltage profiles of this
conditioning cycle. The purpose of the conditioning cycle is to form an
SEI layer on the substrate. The 3D host exhibited a much lower over-
potential than the bare Cu, however, the large surface area contributed to
the higher irreversibility during this condition cycle. Fig. 2 systematically
compared the CE of both substrates at various current densities after
their condition cycles. Fig. 2a exhibited their CE at 0.25 mAcm™ for
0.5mAhcm™>. At this mild condition, both substrates showed good
stability for a long duration of 300 cycles. The 3D host delivered higher
average CE than the bare Cu. The average CEs over 300 cycles were
97.5% and 98.4% for bare Cu and 3D host, respectively. Fig. 3 shows the
Li plating and stripping voltage profiles on both substrates. The voltage
difference between the charge and discharge plateaus was only 37.2 mV
on 3D host, while a large voltage difference of 69.1 mV was detected on
bare Cu. This lower over-potential was attributed to the porous structure
in the 3D host, which decreased the local current density. Both substrates
were evaluated at harsher conditions that were closer to the current
densities in real batteries. When they were cycled at 1mAcm™ for
1mAh em, the bare Cu cell started to short before 80 cycles, while the
3D host showed stable Li plating and stripping over 200 cycles. Fig. 2¢ and
Fig. S4 show their CEs and voltage profiles. The bare Cu achieved a CE of
only 95.7% for 79 cycles. As a comparison, the 3D host delivered a high CE
of 97.9%. The bare Cu cycled at 2mAcm™ for 2mAh ecm™ presented a
much lower cycle life; the Li-Cu cells were usually shorted before
20 cycles. On the other hand, the 3D host still delivered a good
CE of 97.1%.

The enhanced CEs were associated with the morphology of the
deposited Li. Fig. 4 and Fig. S5 illustrated the Li morphology on the
3D substrate. The first deposition of 2 mAhem™ Li at 2mA cm™
showed big chunks of Li similar to the bare Cu substrate. Because
the porosity of the 17.9 um thick 3D host was 66.2%, the pores were
able to store 11.8 um of Li metal. Most of the Li was plated into the
3D host, which filled up all the pores inside the host. As a
consequence, the thickness of the Li film was 18.2 um, which was
only 1.7% larger than the original 3D host. Both bare Cu substrate
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3D LN substrate 70" deposition

Fig. 4. SEM images of the deposited Li metal film in 1 M LiPF¢ + 0.02 M LiNO3-EC/DMC electrolyte with 5wt% VC. a) is the top view and d) is the cross section view of 3D LiNO3
composite electrode after 1 hour Li deposition at 2 mA cm; b) is the top view and e) is the cross section view of Cu on its 20 deposition; c) is the top view and f) is the cross section view
of 3D LiNO3 composite electrode on its 70™ deposition; Li depositing at 2 mA cm™ for 2 mAh em2, then stripping to 1V at 2 mA cm™.

and 3D composite substrates showed dense Li chunks at the first
deposition. However, the cells showed different performances after
a few Li plating and stripping cycles at 2mA cm™ for 2 mAh cm™.
Fig. 4b, and e displayed the SEM images of the 20" deposition of
the Li on the Cu substrate. All the Li chunks transformed to needles
after only 20 cycles, and the thickness of the Li dramatically grew to
68 um. The short life time of the Li-Cu cell in E3 was caused by the
Li dendrite formation as a result of possible LiNO3 depletion.
Meanwhile, the morphology of the Li on the 3D composite
substrate at its 70'" deposition is shown in Fig. 4c, and f. The Li
chunk morphology was not only well maintained, but also grew
larger. Considering the fact that the CE of the 3D host at 2 mA cm™
was less than 100%, there were accumulations of irreversible Li
over 70 cycles. Theoretically, if all the deposited Li were 100%
dense, the irreversible Li deposition contributed to 23.1 um in-
crease of the thickness. In reality, the thickness of the Li film
increased to 45 pum, which is only 8.9% higher than assuming
completely dense depositions (18.2 +23.1 um). The investigation
on the evolutions of Li morphologies on different substrates
verified that the 3D host maintained the dense Li chunks after
long term cycling even at high current density.

Anode free cells with LiFePO, cathode were fabricated to further
evaluate the effectiveness of the 3D host. The area capacity loading of
the LiFePO, was 1.5 mAh ecm™. Fig. 5 compared the performance of the
cells with Cu and 3D host as anode. The cells were cycled between
2.0-4.0V at 0.5 mA cm™. The 3D host cell showed much higher CEs
and better capacity retention than the Cu cell. The Cu cell exhibited an
average CE of 97.3% over the course of 50 cycles, which led to a low
capacity retention of 25.6% at the 50™ cycle. The 3D host cell
maintained 49.1% capacity at its 100" cycle with a high average CE
of 99.3%. Since an anode free cell does not contain excess lithium, the
average CE of the cell was calculated as the n'™ root of X, where the n is
the cycle number and the X is the capacity retention at the n™ cycle.
Note this efficiency is higher than the average CE of a Li metal cell
where Li is only partially cycled. In that case, a fixed amount of Li is
cycled during each cycle and CE is averaged over multiple cycles. As far
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as its performance in Li metal anode batteries with high voltage
cathodes, for example, classical layered oxides [23,24], Li-rich layered
oxides [25,26], and high voltage spinel [27], we do plan to report the
test in our future works as we continue to improve the cycling
efficiency.

The importance for both the 3D host structure and abundant LiNO3
reserve is further illustrated with two control experiments. 3D host
electrodes without LiNO3 were prepared and compared with the bare Cu
and 3D LiNO; host. The CEs were tested at 0.5 mA cm™ for 1 mAh em™.
The results in Fig. S6 revealed that the 3D porous electrode with only
carbon and PVDF could not lead to the superior performance without
LiNOs. On the other hand, benefiting from the VC and LiNOj; SEI
formation additives, the initial Li deposition on bare Cu was dense and
full of chunks. However, due to the low solubility of LiNOs in the
carbonates, it was consumed to passivate the freshly deposited Li
surfaces during repeated stripping and plating of Li metal. Once the
LiNOs in the electrolyte was consumed, the dendritic Li started to form.
As a comparison, the 3D composite host not only works as a conductive
host to mitigate the volume expansion, but also supplies the LiNO3
additive to the electrolyte. In order to prove that the reserved LiNO3 was
still maintained inside the 3D host after long term cycling, XRD
measurements were performed on both cycled bare Cu and 3D LiNO;
composite host. Fig. 6a clearly demonstrated the diffraction peaks of
LiNO3 on the 3D LiNO3 composite host even after 70 cycles. A small
diffraction peak related to the Li metal was also observed. In contrast to
the 3D host electrode, the bare Cu electrode only presented signals from
Li metal. XPS characterizations were also conducted on both cycled bare
Cu and 3D LiNO3; composite host. Fig. S7 compared the C 1s, O 1s, and
N 1s spectra of both electrodes. The C 1s and O 1s spectra revealed that
the surface of the 3D LiNO3 composite electrode formed more Li,CO3
and less Li-alkyl carbonate than the bare Cu. The comparison of the N 1s
spectra between both electrodes showed that the LiNO;3 reduction
compounds LisN and LiN,O, were formed as SEI components on the
surface of the deposited Li film [28]. Moreover, the LisN and LiN,O,
signal on the surface of 3D LiNO; composite electrode was more
prominent, which suggested the 3D LiNO5; composite electrode supplied
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capacities and coulombic efficiencies between Cu and 3D LiNO; composite electrode over the course of 100 cycles; b), and c) are the voltage profiles of Cu-LFP and 3D LiNO3; composite

electrode-LFP cells, respectively. The voltage range is 2.0-4.0 V at 0.5 mA cm™2.

the LiNO3 additive to the electrolyte. In addition, the LiNO3; peak at
407.4 eV clearly showed the existence of LiNOj3 in the 3D composite host
after 70 cycles, which is consistent with observations from XRD and
SEM. Fig. 6¢ illustrated that the LiNO; particles was well retained inside
the host after long term cycling. Consequently, big Li chunk morphology
with compact depositions was maintained, which led to the high CE.
Scheme 2a illustrates the working mechanism of the 3D composite
host. The carbon black in the host provides an electronic conductive
network to reduce the local current density and serve as a substrate for
Li deposition. The LiNOj serves as both reserved additive source and a
structural skeleton component. The PVDF binder holds all the compo-

nents together to form the robust porous structure.

To put our results in the context of recently published work, a
summary of the Li metal anode coulombic efficiencies in carbonate-based
electrolytes was plotted and compared in Scheme 2b and Table S1.
The CE tests in most of the published literature are conducted at current
densities of less than 1 mA cm™ and the Li deposition capacities are lower
than 1 mAh cm™. The CEs of Li in the carbonate electrolytes are usually
less than 96%. The solid symbols represent the CEs that are achieved in
this work. A high CE of 98.4% is reached at a moderate current density of
0.25mAcm™. At a high current density of 2mA cm™, the CE remains
above 97%.
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—— 3D LN 70" deposition
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Fig. 6. a) XRD patterns. b) — ¢) SEM images. b) 3D LiNO; composite host; c) is the cross sectional view of 3D LiNO; composite electrode on its 70™ deposition, Li depositing at 2 mA

cm? for 2 mAh em2, then stripping to 1V at 2mA cm™.
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4. Conclusion

In summary, a novel multi-functional 3D composite host is
designed for Li metal anode. Due to the robust structure and
abundant supplement of the LiNOj, dense Li chunks instead of
dendrites are formed and retained after repeated Li plating and
stripping at a current density of 2 mA cm™2. As a result, the coulombic
efficiencies of Li metal on the 3D composite host are reasonably high
in the carbonate electrolyte. A high coulombic efficiency of 98.4% has
been achieved at 0.25 mA cm™ for a long cycling duration of more
than 1200h. The fabrication process of the 3D host can be
easily scaled up by battery manufacturers. This work provides a
new route of designing low-cost 3D Li metal for high energy density
safe batteries.
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