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Li Metal Batteries

In Situ Formation of Bifunctional Interlayer on 3D
Conductive Scaffold for Dendrite-Free Li Metal Batteries

Yonghwan Kim @, Dohyeong Kim @, Minjun Bae, Yujin Chang, Won Young An,
Hwichan Hong, Seon Jae Hwang(®, Dongwan Kim, Jeongyeon Lee* (3, and Yuanzhe Piao*

Regulating lithium (Li) plating/stripping behavior in three-dimensional (3D)
conductive scaffolds is critical to stabilizing Li metal batteries (LMBs).
Surface protrusions and roughness in these scaffolds can induce uneven
distributions of the electric fields and ionic concentrations, forming “hot
spots.” Hot spots may cause uncontrollable Li dendrites growth, presenting
significant challenges to the cycle stability and safety of LMBs. To address
these issues, we construct a Li ionic conductive-dielectric gradient
bifunctional interlayer (ICDL) onto a 3D Li-injected graphene/carbon
nanotube scaffold (LGCF) via in situ reaction of exfoliated hexagonal boron
nitride (fhBN) and molten Li. Microscopic and spectroscopic analyses reveal
that ICDL consists of fhBN-rich outer layer and inner layer enriched with
Li;N and Li-boron composites (Li-B). The outer layer utilizes dielectric
properties to effectively homogenize the electric field, while the inner layer
ensures high Li ion conductivity. Moreover, DFT calculations indicate that
ICDL can effectively adsorb Li and decrease the Li diffusion barrier,
promoting enhanced Li ion transport. The modulation of Li kinetics by ICDL
increases the critical length of the Li nucleus, enabling suppression of Li
dendrite growth. Attributing to these advantages, the ICDL-coated LGCF
(ICDL@LGCF) demonstrates impressive long-term cycle performances in both

conventional LiBs, using graphite as anodes,
with its low theoretical specific capacity
(372mAhg "), are unable to fulfill the
high-power and energy density requirements
of mobile electronics and electric vehicles
(Evs).l'] Therefore, Li metal batteries (LMBs)
employing Li metal as anodes, known for their
low electrochemical potential (—3.04 V vs stan-
dard hydrogen electrode), notably low density
(0.534 gem ™ ?), and impressive high theoreti-
cal specific capacity (3860 mAhg™ "), are con-
sidered one of the most promising candidates
for an anode.[*7! Nevertheless, the commer-
cializaion of Li metal anodes (LMAs) is
impeded by the following severe drawbacks: 1)
uncontrollable formation of Li dendrites, lead-
ing to separator penetration and short circuits,
critically battery  safety and
stability,?'1 2) the infinite volume expansion
during cycling leads to cracks on the solid elec-
trolyte interphase (SEI) layer, and 3) an unstable
Li/electrolyte interface.! =7

undermines

To address these challenges, several strategies

symmetric cells and full cells.

1. Introduction

The growing demand for practical energy storage devices has led to sig-
nificant advancements in the technology of lithium (Li) ion batteries
(LiBs) to achieve superior power and energy densities. However,
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have  been  employed, including the
introduction of electrolyte additives,!' "7 solid
electrolytes,?>**! and  three-dimensional (3D)
conductive scaffolds for hosting Li metal, such as modified copper foam,
carbon cloth, MXenes aerogel, and nickel foam to host Li metals.[2°7>!]
The utilization of a 3D graphene/carbon nanotube scaffold (GCF) for
hosting Li metal has been demonstrated as an effective way, owing to its
ability to accommodate volume changes and facilitate uniform Li ion
flux distribution. Additionally, its mechanical durability and large elec-
troactive surface area contribute significantly to stabilizing LMBs, 2331
Furthermore, the lithiophilic functional groups (such as C-OH and C-
OOH) of GCF facilitate not only the molten Li injection into GCF but
also the formation of Li-carbon composites (Li-C) known for their
lithiophilicity and high electron conductivity.?***] However, as fabri-
cated Li-injected GCF (LGCF) presents localized electric field polarization
due to surface protrusions and roughness. These localized electron accu-
mulations at the interface between electrode and electrolyte cause
uneven Li ion distribution, resulting in “hot-spots” with intensified local
electric fields, which exacerbate uneven Li nucleation and growth.[%] In
this regard, achieving the uniformly distributed electric field to mini-
mize Li ion concentration gradient is crucial to achieving homogeneous
Li deposition[3 7l

Electric field modulation can be achieved by adopting an electroni-
cally insulating interlayer with high dielectric constant materials. The
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high dielectric materials can guide electrons and ions towards negative
and positive poles, respectively. This movement of electrons and ions
generates an electric dipole layer at the interface between the electrode
and the electrolyte, homogenizing the distribution of the electric
field as well as the Li ion concentration.***] Previous studies have
successfully applied high dielectric materials such as paraffin wax
(PW), barium titanate (BTO), and poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) as interfacial layers, effectively
alleviating the irregularity of electrons/Li ion concentrations by redistri-
buting Li ion flux.M**~4 Despite such advantages, an additional dielec-
tric layer on the 3D conductive scaffold can inevitably enlarge voltage
polarizations due to extended Li ion diffusion length, leading to the
premature reach of the cut-off voltage during cycling and thereby
resulting in reduced Capacities.[40] Therefore, when designing a func-
tional layer on a 3D conductive scaffold, Li ion conductivity as well as
Li diffusion kinetics must be put into consideration.

Herein, we in situ introduce a Li ionic conductive-dielectric gradient
bifunctional interlayer (ICDL) onto LGCF (ICDL@LGCF) to stabilize
Li-hosted 3D conductive scaffold and enhance the operation of LMBs.
The ICDL is composed of exfoliated hexagonal boron nitride (fhBN)
rich outer layer and LisN and Li-boron composites (Li-B) rich inner
layer. The innovative ICDL@LGCF design for LMBs shows multiple
advantages: 1) The fhBN-rich outer layer of ICDL has dielectric proper-
ties that serve to homogenize the electric field distribution, effectively
reducing the gradient of Li ion concentration at the interface between
the electrode and the elecl:rolyte.[“] Additionally, the Lewis acidic B
atoms in fhBN interact with Lewis basic Li ions to improve Li ion
flux;****) 2) The Li;N and Li-B rich inner layer of ICDL enhances Li
ion conductivity and facilitates rapid diffusion of Li ions across the
whole electrode, thereby avoiding the accumulation of Li at the elec-
trode surface;1***”1 3) the 3D LGCF conductive scaffold serving as the Li
host mitigates severe volume expansions during cycling. Based on the
synergistic combination effects of ICDL@LGCF, highly reversible Li
plating/stripping behaviors are observed by ex situ scanning electron
microscopy (SEM) analysis. Additionally, density functional theory
(DFT) provides further evidence that ICDL is advantageous for the
adsorption of Li and accelerating Li ions transport. Furthermore, classical
nucleation theory confirms from a thermodynamic standpoint that ICDL
effectively inhibits the Li dendrite’s growth. Consequently, ICDL@LGCF
symmetric cell demonstrates remarkable cycling stability of 1600 h at
ImAcm 2 with a 1 mAh cm™ 2. Furthermore, full cells paired with
LiFePO, (LFP) exhibit good cycle stability and a considerable capacity
retention of 93.4% after 300cycles at 1C. When paired with
LiNig gCog 1 Mng ;0, (NCM811) cathode, ICDL@LGCF full cells dem-
onstrate a better cycle stability compared with bare Li over 200 cycles.

2. Results and Discussion

We selected fhBN as the source for the ICDL due to its distinct advan-
tages over traditional interlayer materials such as barium titanate (BTO)
and polymer-based materials such as PVDF-HFP. Although BTO offers a
high dielectric constant, its heavy density (6.0 gcm™>) is a drawback
for battery applications.l*'! Similarly, polymer-based materials are sus-
ceptible to phase changes from temperature fluctuations and generally
require ceramic additives to achieve sufficient insulating properties,
adding complexity to their use.*****1 In contrast, fhBN is lightweight
(2.09 gcm ™), chemically stable, and mechanically durable, maintain-
ing structural integrity during repeated Li plating/stripping Cydes.[“]
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Additionally, fhBN reacts thermodynamically with molten Li to form
LisN and Li-B, both of which exhibit high Li ion conductivity.[so’“]
This eliminates the need for extra ceramic additives, thus preserving
power density and improving battery stability.[****] Therefore, we pro-
pose a one-step process in which fhBN reacts with molten Li to form
the ICDL, integrating it directly onto the LGCF framework. For the con-
trol material, we synthesized LGCF without an ICDL to directly observe
the synergetic effects of ICDL as a dielectric property and Li ion conduc-
tivity through electrochemical methods and theoretical calculation.

The ICDL@LGCF was fabricated by a facile step-by-step vacuum fil-
tration and molten Li injection process as shown in Figure 1a. First, a
20 mL aqueous solution of graphene oxide (GO) and carbon nanotube
(CNT) mixture (2:1 wt %) was mixed using ultra-sonication to form a
GO/CNT solution. In addition, a 2 mL aqueous solution (1 mg m]fl)
of thBN was also prepared. Second, a step-by-step vacuum filtration
method was employed to synthesize fhBN-coated GO/CNT scaffold
(thBN@GOCF) by sequentially pouring 1) GO/CNT solution and 2)
fhBN solution. The obtained thBN@GOCF hydrogel was freeze-dried
for 2 days. Third, the fhBN@GOCF was introduced into the glove box
and brought into contact on a hot plate at 300 °C. A spark reaction
occurred simultaneously with the reduction reaction of GO, leading to
the formation of thBN@GCF. In Figure 1b,c, the scanning electron
microscopy (SEM) images show the top surface and cross-sectional
morphologies of thBN@GCF. The thBN nanoflakes, with a lateral size
of 50—100 nm, were distributed across the top surface of thBN@GCEF.
While the optical digital image in Figure 1b shows a light gray color
indicative of fhBN coverage, the SEM image revealed some areas where
the coverage may be incomplete, suggesting the formation of nanoscale
voids between the flakes. These nanoscale voids, however, could allow
for faster Li-ion diffusion and enhance interfacial dynamics, potentially
leading to improved electrochemical performance. The thickness of
thBN@GCF was approximately ~270 pm. In Figure Sla,b, Supporting
Information, the fhBN region of the cross-sectional SEM image shows
that the thickness of fhBN layer was approximately ~3 pm, with fhBN
nanoflakes uniformly covering the surface. Meanwhile, in the GCF
region, the CNTs were uniformly anchored on the graphene sheets,
providing improved electron conductivity.l*) In addition, CNTs pre-
vented the dense staking of graphene sheets during filtraton and
derived the interlayer porous structure, indicating a 3D scaffold for
providing enough space for Li plating. In Figure 1d, energy dispersive
X-ray spectroscopy equipped with SEM (SEM-EDS) image further con-
firms that fhBN layer uniformly covered the top surface of GCF, where
N and B elements from fhBN were strongly detected with uniform dis-
tribution on the top surface, while the C element from GCF was
detected in the overall structure. Without the addition of fhBN solution
during vacuum filtration, the GCF was also prepared. In Figure S2a—d,
Supporting Information, the SEM images show the top and
cross-sectional morphologies of GCF. The graphene and CNT compos-
ites were observed on the top surface of GCF without thBN flakes, and
the thickness of GCF was measured at approximately ~250 pm with a
uniform dispersion of C and O elements (Figure S3, Supporting Infor-
mation). In Figure le, X-ray diffraction (XRD) reveals that thBN@GCF
exhibited a peak at 42.6°, attributed to the thBN layer. In addition, both
fhBN@GCF and GCF displayed a typical broad peak at 26°, indicating
the reduction of GO during the spark reaction.”**! The X-ray photon
spectroscopy (XPS) was performed to reveal the elemental compositions
of thBN@GCF. In Figure 1f,g, the high-resolution N 1s and B 1s spec-
tra confirm the presence of thBN on the surface of GCF. The peaks at
399.1eV for N 1s and 191 eV for B 1s correspond to the B-N bond in
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Figure 1. a) Schematic illustration of the synthesis process of fiBN@GCF and ICDL@LGCF. b) Top-view and c) cross-sectional SEM images of fhBN@GCF.
The inset in b) is the optical image of fhBN@GCF. d) Cross-sectional SEM-EDS mapping of fhBN@GCF. e) XRD patterns of fhBN@GCF and GCF. High-

resolution f) N 1s, g) B 1s, and h) C 1s XPS spectra of fiBN@GCF.

fhBN.1**) Meanwhile, the peak at 192 eV for B 1s corresponded to the
B-O bond in hBN.I****] The peak shift of 0.8 eV both in N 1s and B
Is, compared to fhBN@GOCF was observed due to the oxygen decou-
pling during the heating process (Figure S4, Supporting
Inforrnation).[57'58] The high-resolution spectrum of C 1s showed three
distinct peaks located at 284.8, 286.5, and 288.3 eV, which correspond
to C-C, C-0, and C=0 bonds, respectively (Figure 1h).[*"]

In the final synthesis process, the fthBN@GCF was immersed in mol-
ten Li. The lithiophilic oxygen functional groups and the spaces
between the pores and gaps of the GCF allowed the molten Li to easily
fill the spaces within the scaffold and simultaneously react with the
GCF, resulting in the in situ formation of Li-carbon composites (Li-
©).[°) Purthermore, the fhBN layer was converted into LizN and
Li-boron composites (Li-B) during the molten Li injection process. The
synthesized Li;N and Li-B provided high Li ionic conductivity and a
low Li diffusion barrier, favoring the kinetics of the LMAs, while
the residual unreacted fhBN preserved its dielectric properties.
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Consequently, the newly designed layer, consisting of Li3N, Li-B, and
thBN, was designated as the ICDL.

To investigate the morphology and thickness of ICDL@LGCF, SEM
analysis was performed. As shown in Figure 2a, the ICDL underwent a
color transition from light gray to dark-purple, indicating the conver-
sion of fhBN into LizN and Li-B components. The surface of LGCF
maintained a similar morphology to that described in Figure 1b,c, with
flake-shaped nanoparticles of the ICDL distributed across the surface.
They were well-dispersed and interconnected with each other to form
conductive networks. The thickness of ICDL was approximately 3 pm,
as depicted in Figure 2b. The formation of dense ICDL with a homoge-
neous distribution of N and B elements on the surface of ICDL@LGCF
was further supported by SEM-EDS analysis as shown in Figure S5, Sup-
porting Information. The compact ICDL was expected to protect the
underlying Li metal from reactions with the electrolyte and inhibit Li
dendrite growth, as confirmed by the atomic force microscopy (AFM)
surface morphology results shown in Figure S6a, Supporting

© 2024 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

BSUBD17 SUOWILLIOD BAITER1D) 3|l dde au Aq paueAoh 818 S3o1e WO (88N JO S3|NJ 0 A% 1T 8UIIUO AB]IM UO (SUORIPUOD-PUB-SWSI00 A8 | 1M ARG 1 [ouUO//SARY) SUORIPUOD Pue swie L 81 88S *[6202/S0/ET] uo Akeiqiiauliuo ABIM ‘WOH ON NH ALISHIAINN DINHOILA T0d ONOM ONOH Aq T982T 'ZWss/200T OT/10p/wiod" 3| Im AReiq1puljuo//:sdny Wwoly pepeojumod ‘€ ‘G202 ‘9580552



Energy &
Environmental Materials

(d)
7
fhBN(002) £
0.332 nm.:.:

(9)

an
Taglta,
P

(c)
L —— ICDL@LGCF
*LN - LeeF

S | # LG,

S

>|*

@ || * *s &

3 ..lfJ N

= v v

" A A

20 30 40 50 60 70
Degree (8)

%

Amorphous

|

U]

292 288 284 280

Binding energy (eV)

404 402 400 398 396 394

Binding energy (eV)

194 192 190 188 186 184 182

Binding energy (eV)

Figure 2. a) Top-view and b) cross-sectional SEM images of ICDL@LGCF. c) XRD patterns of ICDL@LGCF and LGCF. d) TEM and e) HRTEM images of ICDL.
f) EDS mappings of ICDL. XPS depth profile of g) C 1s, h) N 1s, and i) B 1s of ICDL@LGCF.

Information. The ICDL@LGCF surface exhibited a smooth and flat mor-
phology. In contrast, the LGCF displayed a different surface morphol-
ogy (Figures S6b and S7, Supporting Information), with Li metal and
Li-C covering the top surface, resulting in island-like protrusions and a
higher average surface roughness (R,) (154.5nm) compared to
ICDL@LGCF (110.4 nm). The higher average surface roughness of
LGCF can lead to localized electric fields and hot-spot regions, which
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promote Li dendrite formation and electrolyte decomposition. In com-
parison, the lower surface roughness of ICDL@LGCF can contribute to
a more uniform and homogeneous Li plating/stripping process.

In cross-sectional SEM images, Li was uniformly infused into the
pores and gaps of both ICDL@LGCF and LGCF, resulting in a densely
packed Li host structure (Figure S8, Supporting Information). Follow-
ing molten Li injection, the thicknesses of ICDL@LGCF and LGCF

© 2024 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85UB0|7 SUOWILLOD BARER1D 3|eotidde 8Up AQ pauseA0B 81 S3pILe VO (88N JO SBINJ 10} AReIq 1T BUIIUO 8|1/ U (SUORIPUOD-PUR-SULBILIOD A3 1M AFIq1[Buljuo//S1Y) SUORIPUOD pue LB 84} 885 *[5202/S0/ET] Uo ARiqIT8UIUO ABIIM INOH ON NH ALISHIAINN DINHOTLA T0d ONOX ONOH Ad T98ZT '2Wee/200T 0T/10p/wiod" A3 Im AReIq 1 jeu|uo//:sduy Lo papeolumod e ‘G202 ‘95€05L52



Energy &
Environmental Materials

slightly increased from 270 to 275 pm and 250 to 290 pm, respec-
tively, suggesting the mechanical stability of the 3D LGCF scaffold for
hosting Li and its potential to mitigate volume expansion during Li pla-
ting/stripping. Figure S9, Supporting Information, shows that the areal
capacity of ICDL@LGCF was measured to be approximately
32mAhcm %, corresponding to a specific capacity of 3360 mAh g~
(calculated based on the electrode weight), achieving 87% of the theo-
retical capacity of Li metal. Additionally, the thickness of the
ICDL@LGCF could be controlled by varying the volume of the
GO/CNT solution during the synthesis process, ranging from 180 to
320 pm. The corresponding areal capacities for different thicknesses of
ICDL@LGCF were measured to be 24-39 mAh cm™ .

To further investigate the chemical compositions and structure of
ICDL, additional material characterizations were conducted. As shown
in Figure 2c, the ICDL@LGCF was composed of crystalline LisN- and
Li-C-related components by XRD analysis. The five distinct peaks
located at 22.9, 28.0, 46.5, 49.8, and 55.3°, corresponding to Li;N,
with a broad peak at 24.6°, attributed to LiC¢.[*%*'! Surprisingly, no Li
peaks were detected, indicating crystalline Li;N covered the
ICDL@LGCF, suggesting potential improvements in Li ionic conductiv-
ity. Although residual fhBN was not detectable through XRD, its pres-
ence was confirmed using HRTEM and XPS, which are discussed in a
subsequent section. On the other hand, LGCF showed a broad peak at
24.6° of LiCy and three distinct peaks at 36, 52, and 64.9° which were
attributed to Li.[°! This indicated that metallic Li was exposed on the
surface of LGCF, and such a direct exposure of Li metal to electrolyte
directly could lead to side reactions and growth of Li dendrites. The
morphology and composition of the ICDL were further analyzed using
high-resolution transmission electron microscopy (HRTEM) equipped
with EDS analysis. The ICDL was scraped from ICDL@LGCF for HRTEM
characterization. As illustrated in Figure 2d, the flake-shaped frame-
works of thBN were preserved even after molten Li infusion, which
was similar to fhBN scraped from the thBN@GCF as shown in
Figure S10, Supporting Information. The coexistence of multiple com-
ponents and various grains was observed by HRTEM images and fast
Fourier transform (FFT) patterns of ICDL (Figure 2e and Figure S11,
Supporting Information). The crystalline components with lattice spac-
ings of 0.388, 0.316, 0.216, and 0.332 nm, which correspond to LisN
(001), Li3N (100), thBN (100), and fhBN (002) planes, respectively,
were observed. The amorphous region of ICDL might contain mixed
components of Li, B, and N elements together. Moreover, the
HRTEM-EDS mapping image (Figure 2f) also demonstrated a uniform
distribution of N and B elements originating from fhBN, Li;N, and Li-
B. This suggested that during the Li infusion process, reactions occurred
between fhBN and Li atoms within the framework, leading to a hybrid
layer where multiple components were integrated within the fhBN.
This grain-boundary-rich structure composed of multiple high Li ion
conductive materials is expected to provide fast Li ion diffusion
channels.[**]

To gain a deeper understanding of the spatial compositions and
structure of the ICDL, the high-resolution depth-dependent XPS analysis
with Ar* sputtering was conducted as illustrated in Figure 2g—i. The
XPS spectra of C 1s in Figure 2g present that the ICDL exhibited three
distinct peaks at 284.8, 286.8, and 290.0 eV attributing to C-C, C-O,
and C=0 species, respectively, before Ar" etching.[63] Upon subse-
quent etching from 300 to 1800, the above three peaks disappeared,
while the new peak corresponding to Li-C species (283.3 eV) showed
a gradual increase from the surface to the interior of ICDL.*%¢%1 The
emergence of Li-C in the internal region could be attributed to
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the LGCF component. The high electronic conductivity provided by Li-
C facilitated superior electron channels at the interface between ICDL
and IGCF.**] From the high-resolution XPS specra of N 1s
(Figure 2h), the two peaks at 396.7 and 398.1 eV, corresponding to
Li;N and fhBN, were observed on the outer surface of 1CDL 150631
Interestingly, the contents of Li;N became prominent after the etching
process, while the signal of fhBN species still existed without obvious
change. In the B 1s XPS spectra, the signal at 190.1 eV was assigned to
fhBN before Ar' etching. After the subsequent etching process, The
emergence of peaks at 187.2 and 192.1 €V, corresponding to B-Li and
Li-B-O bonds within the interior of ICDL, confirms the presence of Li-
B components.*”**1 Similar with N 1s spectra, the fhBN species still
existed in the overall structure of ICDL. Based on the XPS depth results,
the spatial components and structure of the ICDL were characterized by
a bifunctional interlayer, with both Li ionic conductivity and dielectric
properties gradually distributed within the interlayer. The outer layer,
rich in fhBN, served a dielectric property, distributing the electric field
uniformly and homogenizing Li ion flux to effectively minimize the
gradient of Li ion concentration at the Li metal/electrolyte interface.[*")
Conversely, the inner layer of the ICDL was predominantly composed
of LisN and Li-B, enhancing Li ionic conductivity and providing a low
Li diffusion barrier. Furthermore, beneath the ICDL, the presence of Li-
C provided excellent electron pathways, potentially serving as sites
where Li ions and electrons could be evenly distributed. To verify the
homogeneous electric field distribution enabled by the dielectric prop-
erties of the fhBN in the ICDL, we conducted Kelvin probe force
microscopy (KPFM) measurements. The surface electrical potential
obtained from KPFM allowed us to calculate the work function values
for each electrode.l*”***] As shown in Figure $12, Supporting Informa-
tion, the average work function of ICDL@LGCF was found to be
2.13 eV, compared to 1.46 eV for LGCF. The higher work function of
ICDL@LGCF was attributed to the dielectric properties of fhBN-rich
outer layer in the ICDL. This indicated that the ICDL layer effectively
prevents electrons from penetrating through the ICDL and reacting with
the electrolyte, thereby inhibiting unwanted side reactions.[*’] Further-
more, the distribution of work function values was more uniform in
ICDL@LGCF compared to LGCF, suggesting that the ICDL layer effec-
tively modulated the electric field. Overall, these results suggested that
the ICDL could promote homogeneous transport of Li ions and elec-
trons at the interface between the ICDL and LGCF during Li
plating/stripping processes.

To investigate the surface morphology changes of ICDL@LGCF,
LGCF, and bare Li after cycling tests, we disassembled the symmetric
cells after 100 cycles at the current density of 1 mA cm™* with a capac-
ity of 1 mAh cm™ 2. The morphologies of the electrodes were character-
ized by ex-situ SEM analysis. Figure 3a compares top-view SEM images
of bare Li, LGCF, and ICDL@LGCF. As shown in SEM images, the sur-
faces of bare Li and LGCF became rough with a porous structure, fea-
turing numerous Li dendrites. The porous structure of Li dendrites
increased the surface area and led to side reactions with
electrolytes.”'”! In contrast, the surface of ICDL@LGCF was main-
tained flat and densely packed without any Li dendrites. In addition,
cross-sectional SEM images highlighted the significant effect of ICDL as
shown in Figure 3b. Numerous Li dendrites needles (highlighted by
red circles) were observed on the surface of bare Li and LGCF, taking a
risk of short circuit. However, no Li dendrites were observed on the
surface of ICDL@LGCF, which maintained a flat and compact dense
surface. Further investigation into the electrode structure during the Li
stripping/plating process at 1 mA cm™ %, with various Li capacities, was

© 2024 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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(@

was further supported by the cross-sectional
SEM image, where empty holes (highlighted
by red circles) under the ICDL were observed
as shown in Figure 3e(i). Surprisingly, after
re-plating 5mAhcm * of Ii, the original
morphology of the surface still remained
intact, and the empty holes were filled again

(b)

(Figure 3d(ii),e(ii)). By observing the phe-
nomenon of Li plating/stripping under the

Bare Li

—
()
~
o
D)

ICDL, we can expect the upper ICDL may pre-
vent parasitic reactions between the underly-
ing Li and electrolyte during cycles. After
further excess Li deposition, the SEM images
of LGCF and bare Li revealed severe mossy Li
dendrites and an uneven surface, which
resulted from an unstable SEI layer and irregu-
lar Li deposition as shown in Figure S13a—-b

0.1

(i

(ili-iv), Supporting Information. These mor-
phologies hindered Li ion migration and thus
increased the possibility of Li isolations. How-
ever, as for ICDL@LGCF, the electrode surface

(i)

Voltage (V)

was smooth after excess Li deposition as
shown in Figure 3d(iii-iv). The granular-

(iv)

6 8 10
Areal capacity (mAh cm?)

shaped Li was grown at 3mAhcm * and
spread to the surface with a horizontal path

12 14

(d)
5 mAh cm -2
(re-Plating)

3 mAhcm -2
(excess-Plating)

5 mAh cm -2
(Stripping)
By i

Top view

(e)

without the formation of Li dendrites even
after reaching 5 mAh cm ™2 of Li plating. The
cross-sectional SEM images clearly exhibited
the morphologies and thickness variations of
excess Li deposition ranging from 3 to
SmAhcn™” on the electrode surface. In
Figure 3e(iii-iv), the cross-sectional SEM
images of ICDL@LGCF revealed a smooth sur-

5 mAhcm -2
(excess-Plating)

5 mAh cm -2
(re-Plating)

3 mAhcm 2
(excess-Plating)

AN o

Cross-section

Figure 3. Ex-situ SEM images of a) top-views and b) side-views of bare Li, LGCF, and ICDL@LGCF
electrodes after 100 cycles at the current density of 1mA cm™> with a capacity of 1 mAh cm™2 ¢) Li
stripping/plating voltage profile and morphology evolutions of ICDL@LGCF during Li stripping/plating:
d) Top-view and e) cross-sectional SEM images of after stripping i) 5 mAh cm ™2 re-plating ii) 5 mAh

cm 2, excess-plating iii) 3 mAh cm™? and iv) 5 mAh cm™? at TmAcm ™2

conducted using ex-situ SEM analysis (Figure 3c). When 5 mAh cm >
of Li was stripped, Li protrusions were formed, and porous surfaces
were observed on the LGCF and bare Li as shown in Figures S13a—b(i)
and S14a-b(i), Supporting Information. After re-plating 5 mAh cm™ >
of Li, both electrodes showed a rough surface with several Li dendrites,
indicating irreversible Li deposition as shown in Figures S13a—b(ii) and
Sl4a-b(ii), Supporting Information. In contrast, the morphology of the
ICDL@LGCF maintained a smooth surface without any Li protrusions
after stripping 5 mAh cm™ > of Li as shown in Figure 3d(i). Due to the
high Li ion conductivity and dielectric property that form a distributed
electric field provided by the ICDL, Li ions preferentially moved across
the interface, leading to the stripping of the underlying Li. This result

Energy Environ. Mater. 2025, 8, 12861
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face with tightly packed morphologies during
Li plating. On the contrary, the dendritic and
needles-like morphologies of the excess metal-
lic Li were observed during excess Li plating
for LGCF and bare Li as shown in Figure S14a—
b(iii-iv), Supporting Information. Further-
more, the thickness changes of excess Li depo-
sition were measured to range from 10 to
25 um for ICDL@LFCF, from 25 to 40 pm
for LGCF, and from 30 to 60 pm for bare Li,
respectively. Based on the results, the
ICDL@LGCF demonstrated a uniform Li ion
migration and enhanced Li ion kinetics,
which led to compact and dendrite-free Li
deposition on the surface, resulting in minimal volume changes. The
observed morphological and structural changes supported the inhibi-
tion of Li dendrite growth and promotion of homogeneous Li deposi-
tion, facilitated by the synergetic effect of ICDL and 3D LGCF scaffold.
The surface chemical compositions of cycled electrodes were ana-
lyzed using XPS to better understand the role of ICDL in suppressing
side reactions with the electrolyte and in the formation of the SEI layer
(Figures S15-S19, Supporting Information). After 10 cycles of Li
plating/stripping at 1 mA cm™* with 1 mAh cm ™7, the high-resolution
C 1s XPS spectra of cycled ICDL@LGCF, LGCF and bare Li revealed five
significant peaks corresponding to C-C (284.8 eV), C-OR (286.3 eV),
R-COOLi (288.3eV), Li,CO; (289.5eV), and -CF (290.0eV),

5 mAh cm -2
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respectively (Figure S15a, Supporting Information).l*”) Except for the
C-C peak at 284.8 eV, the other four characteristic peaks were related to
the organic SEI components and the decomposition of
electrolytes.[69'70] Notably, the absence of R-COOLI, Li,COj3, and -CF
in the cycled ICDL@LGCF demonstrated that ICDL might inhibit the
parasitic reactions from the electrolyte during cycling.“’ﬂ Moreover, as
shown in Figure S15b,c, Supporting Information, the high-resolution F
Is and S 2p XPS spectra further confirmed the role of ICDL in suppres-
sing electrolyte decomposition. The peaks at 161.2, 167.9, 684.8, and
688.4 eV, corresponding to Li,S, -TFSI, LiF, and -CF, respectively, were
observed from the decomposition of Li salts in the eleclrolyte.[“] The
significantly lower intensities of these peaks in ICDL@LGCF compared
to those in LGCF and bare Li suggested that ICDL effectively suppressed
the parasitic decomposition of Li salts in elecurolytes.[n] The additional
XPS depth profiling after 100 cycles of Li plating/stripping provided
the structure and composition of the SEI layer. The XPS depth profile
up to 1800 s of etching revealed that after 300 s, the signals for B and
N significantly increased, indicating the presence of the ICDL layer
beneath this point (Figure S16, Supporting Information). From the
0—180 s depth range, the atomic percentages of Li, N, F, S, and O were
analyzed to illustrate the composition of the SEI layer (Figure S17, Sup-
porting Information). Higher atomic percentages of F (20%) and N
(2%) were detected in ICDL@LGCF compared to LGCF (F: 12%, N:
0%) and bare Li (F: 15%, N: 0%), indicating a greater presence of
inorganic SEI species such as LiF and LizN, which are formed from the
decomposition of TESI™ ions in the electrolyte. The enhanced decom-
position of TFSI™ ions can be attributed to the influence of the ICDL
layer. The F 1s and N 1s XPS spectra of ICDL@LGCF, LGCF, and bare Li
in Figure S18, Supporting Information, correspond well to the atomic
percentages of F and N, as shown in Figure S17, Supporting Informa-
tion. In Figure S18a, Supporting Information, ICDL@LGCF exhibits
higher amounts of LiF (684.8eV), LiN,O, (403.5eV), and LisN
(397.6 eV) in the inner SEI layer compared to LGCF and bare Li, where
no LizN formation was observed, and the LiF content was significantly
lower.”*”*) The Li 1s XPS spectra revealed organic SEI components,
such as ROCO,Li (54.6 V), on the surface of the ICDL@LGCE.l"®]
However, as etching progressed, the amounts of inorganic SEI species,
including LiF (56 eV), Li,CO; (55¢€V), and Li,O (54.2 eV), increased
uniformly, with no detection of Li metal peaks.””®””1 This indicates the
formation of a well-structured, compact inorganic SEI layer that effec-
tively prevents direct contact between the Li metal and the electrolyte.
The O Is spectra presented a decrease in ROCO,Li (532.5eV) with
increasing depth, while two peaks at Li,CO; (531¢V) and Li,O
(528 V) became more prominent, supporting the existence of an
organic-rich outer layer and an inorganic-rich inner layer in the SEI of
ICDL@LGCF.Ug] However, in Figure S18b,c, Supporting Information,
the Li 1s of LGCF and bare Li shows prominent inorganic species
(Li,CO; and LiF) even before etching on the surface of electrodes, sug-
gesting early decomposition of the solvent and TFSI™ ion. As etching
progressed, Ii,CO; and Li,O became more dominant, while the
amount of LiF significantly decreased. Additionally, a Li® (53.2 V) peak
appeared after 60 s, indicating the exposure of dendritic L7 This
suggested that after 100 cycles, the SEI layer on LGCF and bare Li
became ruptured and less compact, resulting in a fragile and unstable
SEHI layer. Furthermore, the O 1s spectra showed an increase in the
amount of organic-based ROLi (529.3 eV) with etching depth in LGCF
and bare Li, which was more pronounced compared to
ICDL@LGCF.Ug] The excessive formation of Li,O, likely from the
decomposition of Li,CO; at deeper etching levels, could negatively
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impact the stability and performance of the SEI layer due to its poor
ionic conductivity.[77’8°] Additionally, Li,CO; can trigger side reactions,
such as gas evolution and electron tunneling, which further destabilize
the SEI layer and lead to the depletion of both the electrolyte and Li
metal.””} The summary of SEI components at various etching depths,
along with the Li 1s XPS spectra, is demonstrated in Figure S19, Sup-
porting Information. In LGCF and bare Li, the SEI components were
found to be heterogeneously distributed, both in the outer and inner
layers. The uneven distribution of compositions resulted in a fragile
and unstable SEI structure. These structural weaknesses contributed to
the growth of Li dendrites due to the inhomogeneous Li ion flux. In
contrast, ICDL@LGCF demonstrated a dual-layer SEI structure. The sur-
face layer is rich in organic SEI species, while the inner layer primarily
consists of inorganic SEI components, particularly LiF. This dual-layer
SHI structure effectively stabilizes the SEI and enhances Li ion transport
during cycling, resulting in improved stability and performance. To
further investigate the uniformity of SEI layer after cycling, the cross-
sectional SEM-EDS mapping of ICDL@LGCF was conducted after
100 cycles at 1 mAcm™ > and 1 mAh am™ . As shown in Figure $20,
Supporting Information, the N and B elements from ICDL were still
homogeneously distributed on the surface, demonstrating the resilience
of ICDL after multiple cycles. Additionally, the F and S elements from
the SHI layer, formed after the decomposition of the electrolyte, were
also detected and uniformly distributed on the surface of the electrodes.

The beneficial effect of ICDL was further studied with density func-
tional theory (DFT). For DFT analysis, the surface models of LisN
(001) of ICDL and LiC4 (001) of LGCF were chosen as the substrates
for investigating the adsorption energy of Li. Boron-related composites
in ICDL were excluded from this analysis due to their ambiguous crys-
talline structure and lesser significance compared to LisN. Figure 4a
shows both side and top views of the Li;N (001) and LiC4 (001) sur-
faces. The most stable adsorption sites were the top N atom for LisN
and hollow sites of LiCq, respectively (highlighted by red circles). The
adsorption energy of Li on the LizN (001) surface was calculated to be
—3.78eV which was much lower than the adsorption energy
(—1.44eV) on the LiC4 (001) surface, demonstrating that Li;N had
higher affinity to Li than LiC¢ (Figure 4b). Furthermore, we investi-
gated the diffusion mechanism of Li in bulk LisN using the climbing
image nudged elastic band (CI-NEB) method. The bulk Li;N, consisting
of alternating layers of Li,N and Li, is depicted in Figure S21, Support-
ing Information. The possible Li diffusion pathways (Figure S22a—c,
Supporting Information) were 1) from Li in a Li layer to an adjacent
vacancy within the same layer (vacancy, in-plane), 2) from Li in a Li
layer through the boundary of a Li,N layer to a Li vacancy in the next
layer (vacancy, through-plane), and 3) from an interstitial Li in a Li
layer to an adjacent equivalent site (interstitial, in-plane). The corre-
sponding diffusion barriers were calculated to be 1.78 ¢V for vacancy
in-plane diffusion, 1.84 eV for vacancy through-plane diffusion, and
0.069 eV for interstitial in-plane diffusion, respectively (Figure 4c—e).
The most probable Li diffusion path with the lowest barrier was the
interstitial, in-plane diffusion path, which is in accordance with other
theoretical calculations.®"**) The low 1i diffusion barrier contributes
to excellent Li mobility of Li;N, enhancing Li ion transport across the
electrode surface and promoting a uniform Li ion flux. We further
investigated the suppression of Li dendrites of LisN compared to LiCq
from a thermodynamic perspective, using classical nucleation theory to
explain the growth of Li dendrites.”®*] The change in Gibbs free energy
(AG) for a growing Li nucleus, assuming a spherical shape, is
expressed by Equation 1, where 1, is the nucleation overpotential, Vy, 1;
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is the molar volume of Ii, I" is interfacial energy between Li and sub-
strate, r is the length of the spherical nucleus, and F is Faraday constant

4F|n, |mr®

4nlr? 1
Wor T )

AGpydeation = AGpuk + AGurface =

The AGpudeaion initially increases and then decreases as AGpy
becomes dominant with an increase in r, as shown in Figure S23, Sup-
porting Information. The Li nucleus growth beyond the maximum
AGpydeaion decreases the free energy, which induces spontaneous

growth of Li dendrites. The critical length (fgigea), Where
dAGydeation/dr = 0, is determined by Equation 2
U Vi @
Tcritical =
E |

The Iyitca serves as a threshold that defines the energy barrier for Li
nucleation and growth, and it is instrumental in evaluating the
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capability to suppress the dendritic growth of Li.F**%°1 By utilizing the
experimental nucleation overpotential obtained from galvanostatic Li
plating/stripping at 1 mAcm ™2, along with DFT-calculated interfacial
energy between Li and the (001) substrates of Li;N and LiC4 (Note S1
and Table S3, Supporting Information), we calculated the Iy, to be
25.2 and 1.6nm for (001) surfaces of LisN and LiCs, respectively
(Figure 4c). Consequently, we infer that Li dendrite formation may be
more effectively constrained on the Li;N-rich ICDL compared to LiCq,
corresponding well with the SEM observations as shown in Figure 3.
According to the discussions above, the beneficial effects of the ICDL
are summarized in Figure 4g. The thBN-rich outer layer, with its
dielectric properties, homogenizes the electric field and enhances Li ion
flux. This uniform electric field ensures an even distribution of Li ions
at the electrolyte—electrode interface, preventing localized electron accu-
mulation and smoothly guiding the Li ions into the ICDL layer. Addi-
tionally, the outer layer suppresses electron leakage, helping to prevent
side reactions. The inner layer, rich in Li3N and Li-B, as shown in DFT
calculations, exhibits a high critical length that suppresses Li dendrite
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Figure 5. a) Initial voltage profile for Li plating on the ICDL@GCF and Cu foil. b) The average
Coulombic efficiency (ACE) of ICDL@GCF and Cu foil at the current density of TmAcm 2 with a
capacity of 1 mAh cm ™2 Voltage profiles of ICDL@LGCF, LGCF, and bare Li symmetric cells at the
current density of TmA cm ™2 with a capacity of T mAh cm™2 c) in ether-based electrolyte and d) in
carbonate-based electrolyte. e) Rate capability voltage profiles of symmetric cells at various current
densities (1, 2, 3, and 5 mA cm™?) with a fixed capacity of 1 mAh cm™? in the ether-based electrolyte.
f) Nyquist plots of ICDL@LGCF, LGCF, and bare Li symmetric cells after 10 and 50 cycles at the

current

density of TmAcm >

with a capacity of 1 mAh cm™>

g) Arrhenius plots for calculating

activation energy (E,) of ICDL@LGCF, LGCF, and bare Li symmetric cells. h) Tafel plots of ICDL@LGCF,
LGCF, and bare Li symmetric cells obtained by CV at —0.2 to 0.2V (vs Li*/Li) with a scan rate of
0.1mVs~". i) Corresponding exchange current density (I) and Li transference number (t;*) of

ICDL@LGCF, LGCF, and bare Li symmetric cells.

formation, while enhancing Li ion conductivity, which will be further
elaborated in the electrochemical analysis. This promotes rapid Li ion
migration across the ICDL, supporting uniform Li plating/stripping on
the underlying LGCF, while maintaining a balance between Li ions and
electrons at the surface and preventing Li accumulation. In contrast, the
single electron-conductive nature of LGCF, with its slower Li ion diffu-
sion, leads to hot spots from localized Li ions and electrons at the elec-
trode surface, resulting in Li dendrite growth. Consequently, the ICDL
effectively maximizes the advantages of a 3D conductive Li host to

achieve dendrite-free IMBs.

Energy Environ. Mater. 2025, 8, e12861

The reversibility of Li plating/stripping in
the 3D Li host is a crucial factor for achieving
stable battery cycling. To assess the advantages
of the distinctive properties of ICDL@LGCF in
promoting reversible cycling, the average Cou-
lombic efficiency (ACE) of both ICDL@LGCF
and Cu foil was measured using the Aurbach
method as shown in Figure Sa,b.[86’87] First,
pre-stripped ICDL@LGCF, referred to as
ICDL@GCF, was prepared. Then, 10 mAh cm ™
of Li was plated onto both the ICDL@GCF and
Cu foil to conduct ACE test. The initial Li plat-
ing voltage profile of ICDL@GCF and Cu foil at
0.2 mA cm™” revealed two key regions: (1) the
Li-C interaction region ranging from 1.0 to
0V, and (2) the nucleation overpotential (p,,)
region below 0 V, which reflected the lithiophi-
licity of the substrate (determined by the differ-
ence between the voltage dip and the stable
voltage states). The Cu foil exhibited a sharp
voltage drop below 0V, indicating no interac-
tion between Li and the Cu substrate. In con-
trast, ICDL@GCF showed a smooth voltage
decline, with 0.4 mAh cm™* of capacity attrib-
uted to Li-C interaction. While the
0.4 mAh cm ™ ” of Li-C interaction could suggest
some degree of irreversible Li loss, the previous
literature has demonstrated the high lithiophili-
city and elecron conductivity of Li-C
composites.**! The lithiophilicity of Li-C was
further validated in the p, region, where
ICDL@GCF exhibited a significantly lower p,,
(6 mV) compared to Cu foil (31 mV), indicat-
ing superior lithiophilicity of the Li-C interac-
tion and ICDL layer of the ICDL@GCF.
Figure 5b presents the ACE results at
1mAcm ™ with a capacity of 1 mAh cm™”
where ICDL@GCF achieved a higher ACE of
99.7% compared to 99.1% for Cu foil. The
enhanced ACE of ICDL@GCF compared to Cu
foil was attributed to the synergistic effects of
the ICDL layer, which effectively suppressed
side reactions and enhanced Li utilization dur-
ing cycling.

To evaluate the cycling performances of
ICDL@LGCF, LGCF, and bare Li, the galvano-
static Li plating/stripping tests were conducted
using symmetric cells at different current densi-
ties and various areal capacities in an ether-

based electrolyte (1 M LiTFSI in DOL/DME with 2 wt % LiNO;). The
cycling stability of symmetric cells was first investigated at 1 mA cm™
with a capacity of 1 mAh cm™” as shown in Figure Sc. During the ini-
tial states of symmetric cells at 200 h, ICDL@LGCF symmetric cells
exhibited stable and symmetrical overpotentials
Figure S25a, Supporting Information. On the other hand, the LGCF and

2

as shown in

bare Li exhibited asymmetrical voltage behavior caused by an uneven Li
deposition and an unstable SEI layer formation. In addition, the Bare Lill
Bare Li symmetric cell showed voltage fluctuation and its overpotential

rose rapidly after 600h (Figure S25b, Supporting Information),
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indicating short circuits and cell failure. The LGCFILGCF symmetric cell
displayed cycle stability up to 1000 h, attributed to the stable hosting of
Li within the 3D LGCF scaffold. However, the voltage polarization grad-
ually increased up to 30 mV after 1000h (Figure S25c, Supporting
Information). In contrast to Bare LillBare Li and LGCHILGCF symmetric
cells, the ICDL@LGCFIICDL@LGCF symmetric cell delivered a pro-
longed cycle stability up to 1600h with low-voltage polarization
(12mV) indicating enhanced cycle stability due to the combination
effects of ICDL and 3D conductive LGCF scaffold. When the current
density was increased to 2mAcm” with a fixed areal capacity at
1 mAh cm™?, the ICDL@LGCHIICDL@LGCF achieved a long lifespan of
up to 800 h (Figure S26, Supporting Information), while Bare LillBare
Li and LGCFILGCF symmetric cells exhibited a gradually increased volt-
age polarization and underwent sudden voltage fluctuation within
250 h. Under the more challenging condition of increased areal capac-
ity at 2mAhcm > with a fixed current density at 2 mAcm 7,
ICDL@LGCFIICDL@LGCF symmetric cell showed cycle stability up to
500 h with low overpotential (30 mV) as shown in Figure S27, Sup-
porting Information. However, Bare LilBare Li and LGCFILGCF sym-
metric cells were unable to maintain cycles beyond 100 h, indicating
severe voltage fluctuations. The stability of IMBs in carbonate-based
electrolytes is well recognized to be lower than that in ether-based
elec&olytes.[ss] Therefore, it is meaningful to investigate the galvano-
static cycle stability of the ICDL@LGCFIICDL@LGCF symmetric cell in
a carbonate-based electrolyte (1.3 M LiPF4 in EC/DEC with 10wt %
FEC) as shown in Figure 5d. The ICDL@LGCFIICDL@LGCF symmetric
cell also demonstrated excellent cycle performance, maintaining stability
for up to 500 h with a much lower voltage hysteresis (40 mV) com-
pared to Bare LillBare Li and LGCFILGCF symmetric cells. These
enhanced cycling performances were attributed to the uniform Li ion
flux, accelerated ion transfer, and decreased volume change due to the
synergistic effect of the designed ICDL and interconnected 3D conduc-
tive LGCF scaffolds. The rate performances of symmetric cells were fur-
ther conducted at various current densities ranging from 1 to
SmAcm * with a fixed capacity of 1 mAhcem ™ * (Figure 5e). The
ICDL@LGCFHIICDL@LGCF symmetric cell delivered a stable voltage
polarization under various current densities and showed low overpo-
tential (38 mV) even at 5 mA cm™ %, while Bare LillBare Li and LGCFII
LGCF symmetric cells delivered higher overpotential 92 and 130 mV,
respectively. Upon returning to a current density of 1 mAcm™?, the
overpotential of ICDL@LGCFIICDL@LGCF symmetric cell recovered to
12 mV, indicating that ICDL@LGCF has a good rate capability even at
higher current densities and excellent Li plating/stripping reversibility
during the cycle.

Further electrochemical analysis was conducted to verify the superior
electrochemical performance of ICDL@LGCF compared to control elec-
trodes. At first, we measured electrochemical impedance spectroscopy
(EIS) of symmetric cells to investigate the interfacial resistance during Li
plating/stripping at various states. Figure S28, Supporting Information,
shows equivalent circuit models for fitting Nyquist plots. The high-
and medium-frequency regions in Nyquist plots reflected an interfacial
resistance (Ry;) and a charge transfer resistance (R.) on the surfaces of
Li metal, respectively. Figure S29, Supporting Information, shows the
EIS results of pristine symmetric cells. The pristine ICDL@LGCHI
ICDL@LGCF symmetric cell had a lower total impedance (R; the sum
of Ry and R.) than LGCFILGCF and Bare LillBare Li symmetric cells
due to the introduction of ICDL on the electrode surface (Table S1,
Supporting Information). Furthermore, after 10 and 50 cycles
at TmAcn > with a capacity of 1mAhcm 2, the Ry, values of
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ICDL@LGCFHIICDL@LGCF symmetric cell reduced to 6.0 and 4.4 Q,
respectively. But for the LGCFILGCF and Bare LillBare Li symmetric
cells, they exhibited significantly higher R, values which were attrib-
uted to Li dendrites formation and an unstable SEI layer on the elec-
trodes during cycling (Figure 5f). Additionally, we calculated the
diffusion coefficient (D) for cycled symmetric cells using the low-
frequency region of the Nyquist plots. As shown in Figure S30, Sup-
porting Information, the Warburg factor (o) is determined from the
linear relationship between the real impedance vs @~ '/? (@ = 2nf).
The D value was calculated to be 8.88 X 10~ ° cm’s™ ' for ICDL@LGCF,
429% 107" cm”s™" for LGCF, and 8.15x 10~ "°em”s™" for bare Li
symmetric cells.”®*] The FIS and diffusion coefficient results were con-
sistent with the symmetric cell tests and verified reduced Li ion diffu-
sion barriers on the surface of Li metal with the introduction of ICDL.
To further validate the improved Li ion kinetics in ICDL@LGCF, the
temperature-dependent EIS tests were performed on symmetric cells
over a ranging from 15 to 40 °C to obtain the activation energy (E,),
providing insight into improved Li ion migration through the
electrode—electrolyte interface (Figure S31, Supporting Information).
By fitting the data to the Arrhenius equation, we obtained activation
energies of 16.7 k] mol ! for ICDL@LGCF, 24.4 k] mol™! for LGCF,
and 32.7 kJmol " for bare Li symmetric cells in Figure 5g.1°") The sig-
nificantly lower E, for ICDL@LGCF was attributed to the presence of
LisN and Li-B components, which enhance ILi ion conductivity and
facilitate improved Li ion transport. The exchange current density (Iy)
was also calculated using Tafel plots to further investigate the improved
electrode kinetics via the synergetic effect of ICDL and 3D LGCF scaf-
folds. Figure 5h,i show the Tafel plots and I, values of ICDL@LGCF,
LGCF, and bare Li. The I, values obtained by fitting the Tafel plots were
3.021mAcm™ > for ICDL@LGCF, 1.47mAcm > for LGCF, and
0.691 mA cm™ * for bare Li. The synergetic advantages were also con-
firmed by higher I, values of ICDL@LGCEF, indicating enhanced Li
plating/stripping reversibility and reduced interfacial diffusion barrier.
The Ti ion transference number (t;*) was measured to evaluate the
electrode capability for transporting Li ion through the electrode surface
(Figure 5i and Figure S32, Supporting Information). Benefiting from
the high Li ion conductivity of Li;N and Li-B components in ICDL,
ICDL@LGCF exhibited a significantly high t;;* value of 0.78, compared
t0 0.64 and 0.26 for LGCF and bare Li, respectively.””!]

We fabricated a full cell pairing with the LiFePO, (LFP) and
LiNig gCog 1 Mny 0, (NCM811) as a cathode with the ICDL@LGCF,
LGCF, and bare Li as anode to validate the practical application of the
ICDL@LGCEF. At first, we tested the cycle and rate test of full cells with
a low areal mass loading LFP (5 mgcm ™7, N/P ratio: 35.8). Figure 6a
exhibits the cycling performance of the LFPIICDL@LGCF, LFPIILGCF,
and LFPlBare Li full cells at 1.0 C for 500 cycles. The initial specific
capacities of the LFPIl ICDL@LGCF, LFPIILGCF, and LFPI[Bare Li full cells
at 1.0 C exhibited 127.4, 128.2, and 115.1 mAh g™, respectively. Sur-
prisingly, LFPIICDL@LGCF full cell demonstrated excellent cycle stabil-
ity over 500 cycles and maintained specific capacities at 117.5 mAh
¢~ ! with a high capacity retention of 92.1% at 1.0 C. In contrast, LFPII
LGCF and LFPlBare Li full cells showed decayed specific capacity of
94.7 and 66.5 mAh g~ ' after 500 and 180 cycles with capacity reten-
tions of 73.5 and 57.8%, respectively, at 1.0 C. As shown in Figure 6b,
the galvanostatic charge/discharge profile of LFPIIICDL@LGCF full cell
further proved low charge/discharge voltage overpotential even after
200th cycles. The LFPIICDL@LGCF full cell exhibited a minimal
charge/discharge voltage overpotential (0.16 V) without noticeable
capacity decay. In contrast, the galvanostatic charge/discharge profile of
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Figure 6. Electrochemical performances of full cell paired with LiFePO, (LFP) and LiNiygCoo1Mng;0,
(NCM811). a) Cycle performances of the low areal mass loading (5mgcm ™2 N/P ratio: 35.8) LFPIl
ICDL@LGCF, LFPIILGCF, and LFPIIBare Li full cells at 1 C. b) Galvanostatic charge/discharge profiles of
LFPIIICDL@LGCF full cell at different cycles. c) Rate performances of the LFPIICDL@LGCF, LFPIILGCF,
and LFPlIBare Li full cells at 0.1, 0.2, 0.5, 1.0, 2.0, 40, and 5.0 C. d) Galvanostatic charge/discharge
profiles of LFPIICDL@LGCEF full cell at different C-rates. ) The CV curves of LFPIIICDL@LGCF and LFPII
LGCF full cells at scan rate 0.1mV s~ . f) The EIS profiles of LFPIICDL@LGCF, LFPIILGCF, and LFPIiBare
Li full cells after 50 cycles at 1 C. Cycle performances of the ICDL@LGCF and bare Li full cells with g)
high areal mass loading LFP (12 mgcm™% N/P ratio: 15.7) and h) high areal mass loading NCM811

(10 mgcm™2, N/P ratio: 11.9).

LFPILGCF and IFPIBare Li full cells showed much higher
charge/discharge overpotential of 0.31 and 0.77 V at 200 th cycle,
respectively. Also, much faster specific capacity decay was shown during
cycle tests (Figure S33, Supporting Information). High voltage overpo-
tential and faster specific capacity decay during cycles occurred by the
growth of Li dendrites and accumulation of dead Li on the surface of
LGCF and bare Li, leading to higher resistance of the cells. Table S4, Sup-
porting Information, compares cycle stability and capacity retention of
full cells in our work with previously reported works on 3D carbon-
based Li hosts. Our work showed excellent cycle stability with high
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capacity retention. Rate performances of the
LFPIICDL@LGCF, LFPIILGCF, and LFPlBare Li
full cells are also displayed in Figure 6c. The
LFPIICDL@LGCF full cell delivered high specific
capacities of 150.0, 144.3, 135.9, 125.3,
110.2, 90.6, and 81.6 mAh g ' at 0.1, 0.2,
0.5, 1.0, 2.0, 4.0, and 5.0 C, respectively. These
capacities were much higher than the specific
capacities of LFPILGCF and LFPI|Bare Li full cells,
indicating excellent electrochemical kinetics of
ICDL@LGCF. Figure 6d further displays the gal-
vanostatic charge/discharge profile of LFPII
ICDL@LGCF full cell at different rates. The
charge/discharge voltage overpotentials exhib-
ited a slow increase up to 5 C, with the overpo-
tential of 0.26 V at 5 C for the LFPIICDL@LGCF
full cell. In contrast, the voltage overpotentials of
LFPILGCF and LFPIBare Li full cells increased
rapidly with overpotentials of 0.52 and 0.55V
at 5 C, respectively (Figure S34, Supporting
Information). Figure 6e exhibits cyclic voltam-
metry (CV) of LFPIICDL@LGCF and LFPILGCF
full cells at potential range of 2.0—4.0V (vs
Li*/Li) with a scan rate 0.1 mV's~'. The CV of
LFPIICDL@LGCF full cell showed a pair of
redox peaks at 3.30 and 3.54 V, while a pair of
redox peaks of LFPIILGCF full cell were located at
3.28 and 3.58 V. The stronger redox peak inten-
sity and small voltage gaps between redox pairs
indicated a faster Li ion transport kinetics and
smaller voltage overpotential. Furthermore, EIS
results of pristine and after 50 cycles of full cells
at 1 C were analyzed for underlying reasons for
the smaller voltage overpotentials as shown in
Figure S35, Supporting Information and
Figure 6f. Both pristine and after 50 cycled full
cells, the interfacial impedance of LFPIl
ICDL@LGCF full cell was the lowest among
other full cells. This could be attributed to the
introduction of ICDL, which not only effectively
distributed the electric field and Li ion flux but
also facilitated fast Li ion transport across the
electrode/electrolyte interface. In addition, the
3D conductive LGCF accommodating Li in the
scaffold enabled to mitigate severe volume
changes during cycling.

Even with the high areal mass loading of LFP
(12 mg cm™ %, N/P ratio: 15.7), further full cell
tests were conducted to investigate the cycle sta-

bility of LFPIICDL@LGCF and LFPlIBare Li full cells, aiming to demon-
strate their practical application for LMBs under more harsh conditions.
In Figure 6h, LFPIICDL@LGCF full cell demonstrates an initial specific
capacity of 122.2mAh g~ at 1.0 C and exhibited stable cycle perfor-
mance over 300 cycles without noticeable decay (capacity retention
93.4%), while LFPI[Bare Li full cell exhibited a lower specific capacity
(88.7mAh g™ ") at 1.0 C and experienced severe capacity degradation
(capacity retention 67.3%) during cycling. Furthermore, the galvano-
static charge/discharge profiles of ICDL@LGCF exhibited lower voltage
overpotential (0.25 V) than that of LFPI[Bare Li (0.48 V) after 300 cycles
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(Figure S36, Supporting Information). Similarly, the ICDL@LGCF con-
tinued to present excellent cycle performance when paired with high
areal mass loading NCM811 (10 mgcm ™2, N/P ratio: 11.9) as a cath-
ode in the full cell. Figure 6i demonstrates that the NCM8I11Il
ICDL@LGCF delivered 130.1 mAhg™" at 1 C after 150 cydles with a
capacity retention of 81.3%. On the contrary, NCM811lBare Li exhib-
ited severe capacity degradation and fluctuations after 50 cycles. The
charge/discharge profile comparisons, as shown in Figure S37, Sup-
porting Information, highlight the stable voltage hysteresis in the
NCM811IICDL@LGCF  throughout the «cycles. In  contrast,
the NCM811lBare Li displayed severe voltage fluctuations and short-
circuit behavior at the 50th cycle. To evaluate cycling performance at a
lower N/P ratio (Figure S38, Supporting Information), we prepared an
ICDL@LGCF electrode with 5 mAhcm™> of Li plating and paired it
with an IFP cathode (2.5 mAhcm™?), achieving an N/P ratio of 2.
The LFPIICDL@LGCF full cell showed stable performance during
50 cycles, maintaining a specific capacity of 125 mAh g~' and a Cou-
lombic efficiency of 99% at 0.5 C. These results confirmed that the syn-
ergetic effect of innovative characteristics of the ICDL and the 3D
conductive LGCF has made ICDL@LGCF electrode an outstanding LMAs
for Li metal batteries.

3. Conclusion

To conclude, we proposed a Li ionic conductive-dielectric gradient
bifunctional interlayer (denoted as ICDL) to the 3D Li-injected
graphene/carbon nanotube scaffold (LGCF) by a simple vacuum filtra-
tion and molten Ii injection process. By controlling the layer structure,
the ICDL layer consists of an outer fhBN-rich layer and an inner layer
abundant in Li3N and Li-B, facilitating high Li ion conductivity and
superior dielectric properties. The synergistic effects of the ICDL ensure
uniform Ii ion distribution and promote electron transport kinetics
without the formation of hot spots, as verified by electrochemical ana-
lyses and theoretical calculations. As a result, the ICDL@LGCF demon-
strates a remarkable cycling stability, presenting 1600 h with minimal
voltage hysteresis within 15 mV at 1 mA cn™ > and 1 mAh cm™ >, Addi-
tionally, when integrated into full cells with LiFePO, (LFP), it exhibits
good cycle stability and substantial capacity retention of 93.4% after
300 cycles at 1 C. When paired with LiNi gCoy ;Mng 0, (NCM811)
cathode, ICDL@LGCF full cells demonstrate a better cycle stability com-
pared with bare Li over 200 cycles. This work validates the integration
of a bifunctional interlayer to optimize the 3D conductive scaffold for Li
hosting, thereby advancing the practical application of Li metal anodes.

4. Experimental Section

Detailed information related to the synthesis of active electrodes, physicochemical
characterization, and electrochemical evaluation of bifunctional electrodes
towards UOR and supercapacitor application is provided in Supporting
Information.
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