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A Fiber-Based 3D Lithium Host for Lean Electrolyte Lithium

Metal Batteries

Sicen Yu, Zhaohui Wu, John Holoubek, Haodong Liu, Emma Hopkins, Yuxuan Xiao,

Xing Xing, Myeong Hwan Lee, and Ping Liu*

3D hosts are promising to extend the cycle life of lithium metal anodes but
have rarely been implemented with lean electrolytes thus impacting the
practical cell energy density. To overcome this challenge, a 3D host that is
lightweight and easy to fabricate with optimum pore size that enables full
utilization of its pore volume, essential for lean electrolyte operations, is
reported. The host is fabricated by casting a VGCF (vapor-grown carbon
fiber)-based slurry loaded with a sparingly soluble rubidium nitrate salt as an
additive. The network of fibers generates uniform pores of %3 pm in diameter
with a porosity of 80%, while the nitrate additive enhances lithiophilicity. This
3D host delivers an average coulombic efficiency of 99.36% at 1 mA cm™
1 mAh cm~2 for over 860 cycles in half-cell tests. Full cells containing an
anode with 1.35-fold excess lithium paired with LiNi, Mn, ;Co, 0,
(NMC811) cathodes exhibit capacity retention of 80% over 176 cycles at C/2
under a lean electrolyte condition of 3 g Ah~". This work provides a facile and
scalable method to advance 3D lithium hosts closer to practical lithium-metal

batteries.

1. Introduction

The drive to reduce the cost of electric vehicles has motivated
the development of lithium-metal batteries (LMBs) that promise
a specific energy of 500 Wh kg='.'-3! Lithium metal is an ideal
anode owing to its high capacity of 3860 mAh g=!/2046 mAh
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cm~3 and its low reduction potential.l*

However, the commercialization of LMBs
is hindered by their poor cycle life, which
is primarily determined by the plating-
stripping behavior of the lithium metal an-
ode, including the formation of lithium
dendrites, large volume change, and the
continuous formation of dead lithium dur-
ing cycling.l’l Among reported approaches,
3D hosts are expected to accommodate vol-
ume changes during Li plating/stripping
and enable stable cycling performance orig-
inating from their low and homogeneous
effective current density.l>”]

The ideal 3D host should restrict Li depo-
sition to within its pores, avoiding any de-
position on the outside. To achieve this, the
host needs to have low-tortuosity and the
proper pore size. It has been shown that the
pore size distribution of the 3D host has a
significant impact on the Li morphology.®!
For example, Cu structures with an average
pore size of 5 um exhibit more compact and uniform Li de-
position than larger or smaller average pore sizes. Low elec-
trode tortuosity can mitigate the uneven ion concentration gra-
dient inside the porous electrode and reduce local current den-
sity on the upper surface.”) Further, the host needs to be highly
lithiophilic.7"13] Introducing electronegative sites as Lewis
bases have been found to induce stronger interactions with Lewis
acidic lithium ions to achieve uniform lithium nucleation.l'¥]
Modifying the surface of the 3D host by grafting functional
groups or coating it with a lithiophilic layer is also widely em-
ployed to achieve this effect.!>!¢ Additionally, introducing ni-
trate additives is highly effective in optimizing lithium morphol-
ogy in both ether-based and carbonate-based electrolytes.['-2!]
Embedding LiNO; in a carbon-based 3D host has been shown to
improve lithium morphology inside the 3D host due to optimized
solid electrolyte interphase (SEI) compositions that contain Li; N,
LiN,O,, and a large amount of LiF.[?l LiNO; is sparingly soluble
in carbonates. However, the solid LiNO, in the 3D host structure
serves as a reservoir to provide a continuous source of nitrate ions
to help regulate lithium plating.

Further development of the structure and the fabrication pro-
cesses for the 3D hosts are still needed for practical applications.
Various processes including electrospinning, freezing drying, de-
alloying, and lithography have been employed, but a process that
can utilize the current battery manufacturing process would be
highly desirable.l%?] The 3D structure needs to be readily built on
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Figure 1. Schematic diagram of 3D hosts for Li metal delineating the effect of pore size and lithiophilicity offered by RbNO;. a) Cu foil where Li deposits
as Li dendrites; b) the design guideline for 3D host where high loading Li deposits inside the host. A host made of Super P only is not lithiophilic enough.
Adding nitrates will enhance lithiophilicity but the host pore sizes are too small. VGCF decorated with nitrates provides optimum combination of pore
size and lithiophilicity; and c) the fabrication of high-porosity 3D host with nitrates and large pore size by slurry casting. A 33-um thick coating houses

5 mAh cm~2 of lithium, close to its theoretical capacity.

a current collector to be welded with tabs easily. Perhaps most
importantly, the 3D hosts should be made of lightweight materi-
als with high porosities, and the amount of lithiophilic agents,
including nitrates, should be as low as possible to reduce in-
active weight and volume. The pores should also be utilized as
much as possible to translate these electrode performances into
high energy density at the cell level.?}] In this regard, carbon-
based hosts are more desirable than metal-based hosts.>] Recent
analysis shows that the anode specific and volumetric capacities
should be more than 1100 mAh g~! and 841 mAh cm~3, respec-
tively, to show a decisive advantage over graphite, tin, and metal
oxide-based anode materials.[?*]

In this work, we report high-performance 3D hosts composed
of composites of carbon materials and RbNO; (Figure 1). The
added nitrate makes the host lithiophilic, which enables us to
investigate carbon materials with different particle shapes and
sizes to control the hosts’ pore sizes. We have found that even
with ensured lithiophilicity, the electrode pore size is critical to
encourage lithium deposition inside the host. Vapor-grown car-
bon fiber (VGCF) has been identified to form a host through a
slurry-casting method with an average pore size of 3 ym and
porosity as high as 80%. RbNO; as compared to previously re-
ported LiNO; has even lower solubility in carbonate electrolytes.
As a result, a low loading will still enable the gradual release of
nitrate to enable dendrite-free lithium plating. This host provides
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a volumetric specific capacity of 1643 mAh cm~3 while offering a

cumulative capacity of 260.6 Ah cm~ in half-cell tests before cell
failure. This record-setting performance is utilized in a full cell
with and LiNij ¢Mn,;Co,;0, (NMC811) cathode. Our findings
are essential for future high-capacity 3D host design by clearly
delineating the roles of pore size and host lithiophilicity.

2. Results and Discussion

2.1. Design of 3D Hosts

The design guideline for 3D hosts is illustrated in Figure 1b to
delineate the respective roles of host lithiophilicity and pore size.
In the absence of a nitrate salt as a lithiophilic agent, lithium pref-
erentially deposits outside of the host as carbon-based hosts are
not sufficiently lithiophilic. With the addition of the nitrate lithio-
philic agent, lithium will first deposit inside the host with desired
morphology when the pore size of the host is small. However, as
the pores are filled up and effective pore size decreases, lithium
metal deposition will shift outside the host, likely due to the wall
pressure of the framework.®] Dendrite-free lithium can be fully
deposited inside a host with large pore size and embedded with
nitrates. Previous work has established that desirable pore size
is on the order of several micrometers.[®/ Quantitively, we have
a targeted areal capacity of 5 mAh cm™2, a value commensurate

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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with a practical cell design. For a carbon host with a porosity of
80% and assuming complete filling, the carbon host thickness
will be 33 um. Such an electrode will yield a specific capacity of
2000 mAh g~! and 1500 mAh cm~3. Based on recent analysis,
this anode performance will yield twice the gravimetric capacity
of tin and twice the volumetric capacity of graphite.[>*]

2.2. Effect of Embedded Nitrates on Li Plating in 3D Hosts

We first show that RbNO, is a highly desirable choice to serve as
a lithiophilic agent capable of regulating lithium deposition mor-
phology in a 3D host. Here, we evaluated the ability of RbNO,; on
enhancing lithiophilicity mainly based on the position of lithium
deposition. Previously, LiNO, has been widely used in ether and
carbonate-based electrolytes as nitrate are beneficial for SEI for-
mation and dense lithium deposition morphology.(}8:222526] The
reduction potential of the nitrate anion in the carbonate-based
electrolyte is ~1.7 V versus Li/Li*, which means it will sponta-
neously react with lithium and repair any cracks in the SEI. Even
atalow concentration of ~#800 ppm, nitrate is effective in improv-
ing lithium deposition morphology.['®] Here, we chose RbNO,
due to its lower solubility in electrolyte than LiNO;. The solubil-
ity of RbNO; in LEDV (1 M LiFSI in EC/DMC electrolyte with 5
wt% VC) was determined via inductively coupled plasma mass
spectrometry (ICP-MS). The concentration reaches ~190 ppm
in an hour and remains at this level thereafter (Figure S1, Sup-
porting Information). This solubility is only about 25% of that of
LiNO;. The use of RbNO; allows us to reduce the amount of ni-
trate needed in the 3D host, key to maximizing electrode porosity
and effective specific capacity.

We then fabricated a carbon host (SPR host) by casting a slurry
of RbNO;, super P, and PVDF in a ratio of 1:1:1 wt%. In contrast,
previous LiNO; based 3D hosts (SPL host) contained 60 wt% of
LiNO,. Also, a bare carbon host (SPC host) with super P and
PVDF in a ratio of 1:1 wt% was fabricated to serve as a control.[*]
The areal mass of the SPR host is 1.34 mg cm™2. Based on the
density and weight ratios, the electrode porosity of the SPR host
is 66%, which can store 0.638 mg cm™ Li, or 2.47 mAh cm™2.
The theoretical volumetric capacity is 1357 mAh cm=.

The cyclic voltammogram results of SPC, SPL, SPR hosts are
shown in Figure S2, Supporting Information. The SPC host has
only one peak (orange region) starting from ~0.8 V, correspond-
ing to EC reduction. In contrast, the SPL and SPR hosts have
an additional peak (blue region) starting from 1.7 V, attributed
to nitrate reduction.['®! X-ray photoelectron spectroscopy (XPS)
analyses (Figure S3, Supporting Information) show the presence
of Li;N, and Li, NO, and more LiF on the SPR host compared to
the SPC host. The SEI components are consistent with those pre-
viously found in the presence of the LiNO, additive (SPL host).?2!

Before we study the lithium deposition behavior in RbNO,-
loaded 3D hosts, we first examine the effect of RbNO; on lithium
deposition on Cu in LEDV at a current density of 0.5 mA cm™2
(Figure S4, Supporting Information). During the early stage of Li
deposition, dendritic Li can be observed after 20 to 30 min on a
RbNO;-free host. In contrast, a dendrite-free morphology is ob-
tained in the presence of saturated RbNO;. This improvement in
deposition shows that even at a concentration of 190 ppm, RbNO,
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is sufficient to regulate Li deposition and achieve a similar mor-
phology as those previously observed with LiNOj;.

We then evaluated the effect of RbNO; on the position of
lithium deposition and lithium morphology after 1 mAh cm=2 of
lithium deposition at different current densities in 3D hosts (Fig-
ure 2 and Figure S5, Supporting Information). We found that the
presence of RbNO, had a significant effect on the lithium deposi-
tion behavior, and such effect was significantly enhanced at high
current densities. At 0.5 mA ¢cm~2, lithium is mainly deposited
with a dendrite-like morphology on the surface of the SPC host
(Figure 2b and Figure S5b, Supporting Information). In contrast,
lithium is deposited inside the SPR host (Figure 2f). Such a dif-
ference becomes more pronounced at 1 and 2 mA cm~2. As the
current density increases, more lithium prefers to grow on the
surface instead of in the pores of the SPC host (Figure 2b—d). In
contrast, dendrite-free lithium still grows in the pores of the SPR
host, and there is no noticeable thickness change of the host at
a current density up to 2 mA cm™? (cross-sectional view in Fig-
ure 2f~h and top view in Figure S5f-h, Supporting Information).
We thus conclude that the embedded RbNO, can optimize the
lithiophilicity of the host, lithium morphology and guide lithium
plating inside the 3D host.

2.3. Effect of Electrode Pore Structure on Li plating in 3D Hosts

We next examine the effect of electrode architecture on lithium
plating behavior. Our approach is to use a mixture of super P
and VGCF. By varying the ratio, we can readily tune the pore
size distribution of the host. The hosts with a super P:VGCF ra-
tio of 1:0, 1:1, and 0:1 wt% are referred to as HSPR, HSCR, and
HCEFR, respectively (Figure 3a—c and Figures S6 and S7, Sup-
porting Information; see Experimental Section). The pore size of
each carbon host is defined as the shortest distance between two
edges of a hole shown in SEM images, and the pore size distri-
bution can be calculated based on 100 different spots via Image
] analysis.[?’] Based on this method, the pore size distributions
of the HSPR, HSCR, and HCFR host were found centered at
~0.5 um, ~1.5 um, and ~3 um, respectively (inset in Figure 3a-c).
All hosts have a thickness of ~33 um (Figure 3d—f) and contain
~8 wt% RDNO;. The porosities are also similar, with values of
76%, 79%, and 80% for HSPR, HSCR, and HCFR hosts, respec-
tively. Further, their electronic conductivities are all #0.05 S m™".
In order to achieve these high porosity values, LiPF, was added
as a pore former to the carbon slurry along with RbNO;. The
LiPF, was then removed by dissolution in DMC. As shown in Fig-
ure S6, Supporting Information, the removal of LiPF, does not
change electrode thickness. Based on their porosities, all hosts
have a similar theoretical capacity at ~5.4 mAh cm= (Equation
S1, Supporting Information). The specific capacity of the HCFR
host is 2018 mAh g~! and 1643 mAh cm~3, which exceed our de-
signed targets. X-ray diffraction patterns of the baseline VGCF
host and that with RbNO, (HCFR host) show the presence of
LiF in both hosts due to the thermo-decomposition of LiPF, dur-
ing the thermal drying step. In addition, there are signals of
RbNO, and RbPF, in the HCFR host (Figure S7, Supporting
Information).[?®] The latter can be explained by the cation ex-
change between RbNO; and LiPF,.
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Figure 2. RbNO; works as an additive in 3D lithium hosts. Cross-sectional SEM images of pristine a) SPC host and e) SPR host. Cross-sectional SEM
images of 1 mAh cm™2 lithium deposition in b—d) SPC host and f-h) SPR host at a current density of 0.5, 1.0, and 2.0 mA cm~2, respectively.
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Figure 3. The effect of pore structure of the 3D host on Li plating. SEM images of a,d,g) HSPR host, b,e,h) HSCR host, and c,f,i) HCFR host, respectively.
Embedded images are the corresponding pore size distribution of each host. a—c) and d—f) are the top view and the cross-section view of fresh hosts,
respectively. g—i) are the cross-section view of hosts after 5 mAh cm=2 lithium plating at a current density of 1 mA cm~2 in LEDV. Note the difference in
scalebars between (g) and (h-i).
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We then studied the electrode architecture influence on
lithium plating in the 3D host. Here, 5 mAh cm™? of lithium
was deposited at a current density of 1 mA cm™~2. In the HSPR
host (pore size: 0.5 pm), the first 1 mAh cm=? of lithium is
deposited inside the host (Figure S8a, Supporting Information);
however, additional lithium is deposited between the copper foil
and the carbon host (Figure 3g), indicating that growth inside
the small pores is no longer possible despite the lithiophilicity. It
is worth mentioning that the lithium deposited outside the host
still exhibits dendrite-free morphology (Figure S8b, Supporting
Information). In the HSCR host (pore size: 1.5 um), lithium
is initially plated inside the 3D host, up to 3 mAh cm™? (Fig-
ure S8c,d, Supporting Information). When the capacity reaches 5
mAh cm~2, around 1 mAh cm™ of lithium (&5 pm in thickness)
can be found on the surface of the host (Figure 3h). The larger
pore-size host allows more lithium deposition inside the host. In
the HCFR host (pore size: ~#3 um), all the lithium (5 mAh cm=2)
is plated inside the 3D host (Figure 3i). There is no lithium de-
posited under (Figure S8g—i, Supporting Information) or on top
of the host (Figure S9, Supporting Information). The results in-
deed show that the pore structure of the 3D host has a significant
effect on guiding the lithium deposition in the pores of the 3D
host, even when these hosts have almost the same theoretical ca-
pacity, porosity, and chemical composition.

2.4. Electrochemical Performance of Optimized 3D Hosts

The above morphological studies revealed that the embedded ni-
trate additives and the pore size distribution of the 3D host both
play essential roles in guiding the lithium deposition in the pores
of the 3D host. We next quantitatively evaluated the optimized
host in multiple electrolytes. In Li/Cu half-cell tests at a current
density of 1 mA cm~ for 1 mAh cm~? with a carbonate electrolyte
(LEDV, Figure S10, Supporting Information), Cu foil exhibited a
poor CE at #92%, while the VGCF host delivered a slightly better
CE at ~#96% during the first 30 cycles but failed with rapid dete-
rioration of CE soon after. When the Cu foil electrode was eval-
uated with the same carbonate electrolyte with saturated RbNO,
(=190 ppm), it exhibited an increased CE at ~98% for the first
75 cycles followed by continuous decay, indicating potential ex-
haustion of nitrate ions. In contrast, the HCFR host (with 8 wt%
embedded RbNO;) exhibited a stable and high CE at ~98% over
125 cycles. RbNO, can still be detected in the cycled electrode
so that the exhaustion of nitrate anion during cycling was not
encountered (Figure S11, Supporting Information). Hence, both
the 3D structure and the embedded nitrates are essential com-
ponents of the HCFR host, which together can improve the CE
and cycling stability of lithium anodes. A full cell with LEDV was
also fabricated with either Cu or HCFR as the anode. The cell
with HCFR demonstrated a capacity retention of 92% as com-
pared to 27% after 50 cycles (Figure S12, Supporting Informa-
tion). Hence, regulating the position of lithium deposition and
lithium morphology in 3D anode are conducive to mitigating the
electrochemical degradation due to the poor plating-stripping be-
havior of the lithium metal anode.

We further evaluated the electrochemical performance of the
HCEFR host with an ether-based electrolyte (2 M LiFSI/DME-
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BTFE (1:4, w/w), referred to as LDME, with saturated RbNO;).
LDME was previously reported as a novel ether-based local-
ized high concentration electrolyte for high-performance lithium
metal anodes.[°] With this electrolyte, lithium can also be plated
inside the HCFR host at 1 mA cm™ for 5 mAh cm~2 (Figure S13,
Supporting Information). In half-cell tests (Figure 4a), the HCFR
host exhibited a CE of 99.36% over 860 cycles at 1 mA cm~2 for
1 mAh cm™2, which was more stable than the VGCF host (~450
cycles), and Cu foil (%600 cycles), a trend similar to that observed
in carbonate electrolytes. Interestingly, all three anodes exhibited
a similar CE over 99% but with different cycling lives, which is
likely due to the significant difference in the rate of increase of
anodic thickness during cycling. SEM images (Figure 4b—d) show
that the thickness of the cycled VGCF host was 85 pm (versus 32
um before cycling), where dead lithium mainly accumulated be-
tween the host and the separator. The thickness of deposited Li on
cycled Cu foil was around 90 um. In contrast, the thickness of the
cycled HCFR host was only 41.3 um (an increase of 8.3 um from
33 um), demonstrating that both electrode architecture and the
embedded nitrate played critical roles in suppressing the growth
of dead lithium and improving anode cycling stability. We also
performed a further evaluation of the Cu foil and the HCFR host
at a high current density of 3 mA cm™ for 3 mAh cm™2, where
Cu foil failed in 118 cycles, but HCFR host still delivered a high
CE at 99.05% over 180 cycles (Figure 4e).

To properly compare the performance of different 3D hosts,
one needs to consider its specific and volumetric capacity, the
utilization of the porosity during cycling, and the cycling sta-
bility. Here we advocate using cumulative capacity per unit vol-
ume as a comprehensive metric to facilitate this comparison.
A summary of the 3D anode cumulative capacity is presented
in Figure 4f, with details listed in Table S1, Supporting Infor-
mation. One report in 2018 added silver wires into graphene
hosts that can facilitate Li nucleation and suppress dendrite for-
mation. However, the graphene host itself was thick, >200 um,
and the porosity utilization of the host was low, resulting in a
low specific cumulative capacity.['?) In 2019, there was a rapid
improvement of specific cumulative capacity due to the devel-
opment of thin 3D hosts (<50 pm). For example, Liu et al. re-
ported an 18-um-thick 3D host with embedded LiNO; that cycled
at 1 mA cm™? and 1 mAh cm~2 over 200 cycles, where the cu-
mulative capacity of the 3D host exceeded 100 Ah cm™=3 for the
first time.l??] In 2020, high-performance electrolytes (CE > 99%)
and high-porosity electrodes enabled the cumulative capacity to
exceed 250 Ah cm™.12] However, the fabrication processes of
those hosts were usually complicated and expensive, such as de-
alloying, freeze drying, and electrospinning.[*>3% In this work,
we have presented a simple but effective slurry-casting method to
fabricate thin 3D lithium hosts, which has delivered an average
coulombic efficiency of 99.36% at 1 mA cm~2 for 1 mAh cm™
over 860 cycles, where the cumulative capacity has reached 260
Ah cm™3, making it a great candidate to fabricate high energy
density LMBs.

Cell swelling is considered a key challenge in practical
LMBs.3%31] Because of significant volume expansion, the elec-
trolyte cannot thoroughly wet both the incompact lithium and the
active cathodic materials to continue electrochemical reactions,
especially in lean electrolyte conditions.?*! Here, we evaluated

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Electrochemical performance of HCFR host in LDME electrolyte with saturated RbNOs. a) Coulombic efficiency of HCFR host, VGCF host,
and Cu foil, respectively, at a current density of 1 mA cm=2 for 1 mAh cm~2; Cross-sectional SEM images of cycled b) HCFR host, ¢) VGCF host, and d)
Cu foil; e) Coulombic efficiency and the Li plating/stripping voltage profiles (inset) of HCFR host, Cu foil, respectively, at a current density of 3 mA cm™2
for 3 mAh cm~2. f) Comparison of 3D lithium anode electrochemical performance. Cumulative capacity is capacity per volume per cycle multiplied by

cycle number.

full cells made of Cu foil and the HCFR host with 2 mAh cm™
pre-deposited lithium as the anode, paired with NMC811 as the
cathode (mass loading: ~7 mg cm~2), under a lean electrolyte
condition of 3 g Ah~'. After three conditioning cycles at C/10, the
cells were cycled at C/2 until the capacity retention reached 80%
(Figure 5a-c). The Cu-NMC811 cell exhibited a capacity of 1.33
mAh cm™ (N/P ratio: 1.50). The cell lasted 161 cycles, where
the average CE for the Li anode was calculated to be 98.9%. In
comparison, the HCFR-NMC811 cell exhibited a capacity of 1.48
mAh cm~2 (N/P ratio: 1.35) cycled for 176 cycles, with an average
CE of 99.1% for the anode. Using the anti-swelling anode helps
to mitigate the electrochemical degradation due to poor wetting,
directly leading to the improvement on the anode CE.

Though LMBs exhibit high potential to achieve higher energy
densities than those of Li-ion batteries, the cycling stability and
safety concerns of this battery technology are far from being
solved.’132 More study is needed on the details of LMBs degra-
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dation, especially the Li metal plating-stripping behavior. Here,
it is worthwhile to schematically summarize the major finding
of LMBs with the HCFR host (Figure 5d). A thickness-evolution
model of lithium-free pouch cell was built based on our experi-
mental observation from the half-cell test, 1 mA cm~2 for 1 mAh
cm~? (Figure 4d). In order to match the same areal capacity,
an NMC811 cathode, 1 mAh cm™2, is paired with Cu foil (Cu-
NMCB811) and the HCFR host (HCFR-NMC811). After cycling,
the swelling ratio of HCFR-NMC811 is only 8.5% (860 cycles),
while the swelling ratio reaches 144% in Cu-NMC811 (627 cy-
cles), assuming the increasing rate of anodic thickness is similar
between half-cell test and full-cell test. This will lead to a signif-
icant difference in electrochemical performance due to the elec-
trolyte wetting issue. In this regard, this work not only generates
optimum lithium morphology via adding RbNO;, but also by mit-
igating the swelling issue for better cycling stability via anode ar-
chitecture engineering.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Full-cell electrochemical performance of HCFR host paired with NMC811 in LDME electrolyte with saturated RbNO;. a) Full cell tests of Cu
foil and HCFR host with NMC811 as cathode cycled at C/2, e/c ratio is 3 g Ah~. b,c) are the voltage profiles of Cu foil-NMC811 and HCFR-NMC811
cells, respectively. The voltage range is 2.8—4.3 V. d) Comparison of pouch cell thickness variation before and after cycling with Cu or HCFR as the anode

assuming a capacity of 1 mAh cm™2.

3. Conclusion

We have described a high-porosity VGCF framework with em-
bedded RbNO, as a practical high-capacity 3D lithium host fab-
ricated by a slurry-casting method. The HCFR host with only
8 wt% embedded RbNO; achieved similar control over lithium
morphology and electrochemical performance as the SPL host
previously fabricated with 60 wt% embedded LiNO,. Addition-
ally, the pore size of the 3D host is important. Lithium is de-
posited uniformly inside the 3D host when the pore size of the
host is at least 3 um. The HCFR host with high porosity of 80%
possesses a volumetric capacity of 1643 mAh cm=3. With an N/P
ratio of 1.35 and an E/C ratio of 3 g Ah™, the HCFR||NMC811
cell achieves 80% capacity retention when cycled at a C/2 rate
for 176 cycles. This work delineates the roles of pore size
and host lithiophilicity for developing high-capacity 3D lithium
hosts for practical applications in batteries with lean electrolyte
amounts.

Adv. Sci. 2021, 2104829

2104829 (7 of 8)

Supporting Information

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

Acknowledgements

S.Y. and P.L. conceived the original idea and initial experimental plan. P.L.
directed the project. S.Y. and H.L. carried out the experiments. S.Y. and
P.L. wrote the paper. All authors discussed the results and commented on
the manuscript. This work was supported by the Office of Vehicle Tech-
nologies of the U.S. Department of Energy through the Advanced Battery
Materials Research (BMR) Program (Battery500 Consortium) under Con-
tract no. DE-EE0007764 to P.L. Part of the work used the UCSD-MTI Battery
Fabrication Facility and the UCSD-Arbin Battery Testing Facility.

Conflict of Interest

The authors declare no conflict of interest.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

3D host, high porosity, lithium metal anode, RbNO3, vapor-grown carbon
fiber

Received: October 26, 2021
Revised: November 20, 2021
Published online:

1] ). Liu, Z. Bao, Y. Cui, E. J. Dufek, J. B. Goodenough, P. Khalifah, Q. Li,
B.Y. Liaw, P. Liu, A. Manthiram, Y. S. Meng, V. R. Subramanian, M. F.
Toney, V. V. Viswanathan, M. S. Whittingham, J. Xiao, W. Xu, J. Yang,
X. Q. Yang, J. G. Zhang, Nat. Energy 2019, 4, 180.

[2] Y. Qiao, H. Deng, P. He, H. Zhou, Joule 2020, 4, 1445.

[3] S. Chen, C. Niu, H. Lee, Q. Li, L. Yu, W. Xu, ). G. Zhang, E. J.
Dufek, M. S. Whittingham, S. Meng, ]. Xiao, J. Liu, Joule 2019, 3,
1094.

[4] ). He, A. Manthiram, Adv. Energy Mater. 2020, 10, 2002654.

[5] P.Shi, X. Q. Zhang, X. Shen, R. Zhang, H. Liu, Q. Zhang, Adv. Mater.
Technol. 2020, 5, 1900806.

[6] C.Niu, H. Pan, W. Xu, J. Xiao, J. G. Zhang, L. Luo, C. Wang, D. Mei,
J. Meng, X. Wang, Z. Liu, L. Mai, ). Liu, Nat. Nanotechnol. 2019, 14,
594,

[7] G. Huang, J. Han, F. Zhang, Z. Wang, H. Kashani, K. Watanabe, M.
Chen, Adv. Mater. 2019, 37, 1805334.

[8] K.H.Chen, A.].Sanchez, E. Kazyak, A. L. Davis, N. P. Dasgupta, Adv.
Energy Mater. 2019, 9, 1802534.

[9] H. Chen, A. Pei, ). Wan, D. Lin, R. Vil4, H. Wang, D. Mackanic, H. G.
Steinriick, W. Huang, Y. Li, A. Yang, J. Xie, Y. Wu, H. Wang, Y. Cui, Joule
2020, 4, 938.

[10] H.Zhang, X. Liao, Y. Guan, Y. Xiang, M. Li, W. Zhang, X. Zhu, H. Ming,

L. Lu, J. Qiu, Y. Huang, G. Cao, Y. Yang, L. Mai, Y. Zhao, H. Zhang,
Nat. Commun. 2018, 9, 3729.
[11] S.Liu, Y. Ma, Z. Zhou, S. Lou, H. Huo, P. Zuo, J. Wang, C. Du, G. Yin,
Y. Gao, Energy Storage Mater. 2020, 33, 423.

(12]
[13]
[14]
[15]

[16]

[17]

(18]
[19]
(20]
[21]
[22]

(23]
(24]

(25]
(26]
(27]

(28]
[29]

(3]

(31

(32]

www.advancedscience.com

P. Xue, S. Liu, X. Shi, C. Sun, C. Lai, Y. Zhou, D. Sui, Y. Chen, . Liang,
Adv. Mater. 2018, 30, 1804165.

S. H. Hong, D. H. Jung, J. H. Kim, Y. H. Lee, S. J. Cho, S. H. oo, H.
W. Lee, K. S. Lee, S. Y. Lee, Adv. Funct. Mater. 2020, 30, 1908868.

X. Chen, X.-R. Chen, T.-Z. Hou, B.-Q. Li, X.-B. Cheng, R. Zhang, Q.
Zhang, Sci. Adv. 2019, 5, 7728.

J. Luo, C.-C. Fang, N.-L. Wu, Adv. Energy Mater. 2018, 8, 1701482.

R. Zhang, Y. Li, L. Qiao, D. Li, ). Deng, J. Zhou, L. Xie, Y. Hou, T. Wang,
W. Tian, . Cao, F. Cheng, B. Yang, K. Liang, P. Chen, B. Kong, Energy
Storage Mater. 2021, 37, 123.

W. Wahyudi, V. Ladelta, L. Tsetseris, M. M. Alsabban, X. Guo, E. Yen-
gel, H. Faber, B. Adilbekova, A. Seitkhan, A. H. Emwas, M. N. Hedhili,
L. J. Li, V. Tung, N. Hadjichristidis, T. D. Anthopoulos, ). Ming, Adv.
Funct. Mater. 2021, 31, 2101593.

Y. Liu, D. Lin, Y. Li, G. Chen, A. Pei, O. Nix, Y. Li, Y. Cui, Nat. Commun.
2018, 9, 3656.

F. Ding, W. Xu, G. L. Graff, J. Zhang, M. L. Sushko, X. Chen, Y. Shao,
M. H. Engelhard, Z. Nie, ). Xiao, J. Am. Chem. Soc. 2013, 135, 4450.
C. Liao, L. Han, X. Mu, Y. Zhu, N. Wu, . Lu, Y. Zhao, X. Li, Y. Hu, Y.
Kan, L. Song, ACS Appl. Mater. Interfaces 2021, 13, 46783.

S. Gu, S. W. Zhang, J. Han, Y. Deng, C. Luo, G. Zhou, Y. He, G. Wei,
F. Kang, W. Lv, Q. H. Yang, Adv. Funct. Mater. 2021, 31, 2102128.

H. Liu, X. Yue, X. Xing, Q. Yan, ). Huang, V. Petrova, H. Zhou, P. Liu,
Energy Storage Mater. 2019, 16, 505.

S. Ni, S. Tan, Q. An, L. Mai, J. Energy Chem. 2020, 44, 73.

J. Zheng, M. S. Kim, Z. Tu, S. Choudhury, T. Tang, L. A. Archer, Chem.
Soc. Rev. 2020, 49, 2701.

H. Liu, ). Holoubek, H. Zhou, A. Chen, N. Chang, Z. Wu, S. Yu, Q.
Yan, X. Xing, Y. Li, T. A. Pascal, P. Liu, Mater. Today 2021, 42, 17.

M. Liu, Z. Cheng, K. Qian, T. Verhallen, C. Wang, M. Wagemalker,
Chem. Mater. 2019, 31, 4564.

C. A. Schneider, W. S. Rasband, K. W. Eliceiri, Nat. Methods 2012, 9,
671.

H. Yang, G. Zhuang, P. N. Ross, J. Power Sources. 2006, 161, 573.

R. Zhang, N. Wang, C. Shi, E. Liu, C. He, N. Zhao, Carbon 2020, 1617,
198.

C. Niu, H. Lee, S. Chen, Q. Li, ). Du, W. Xu, J. G. Zhang, M. S. Whit-
tingham, ). Xiao, |. Liu, Nat. Energy 2019, 4, 551.

C. Niu, D. Liu, J. A. Lochala, C. S. Anderson, X. Cao, M. E. Gross, W.
Xu, J. G. Zhang, M. S. Whittingham, ). Xiao, J. Liu, Nat. Energy 2021,
6, 723.

J. Holoubek, H. Liu, Z. Wu, Y. Yin, X. Xing, G. Cai, S. Yu, H. Zhou, T.
A. Pascal, Z. Chen, P. Liu, Nat. Energy 2021, 6, 303.

Adv. Sci. 2021, 2104829 2104829 (8 O‘FS) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



