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ABSTRACT: The conductive framework is generating
considerable interest for lithium metal anodes to accommodate Li+ deposition, due to its ability to reduce electrode
current density by increasing the deposition area. However, in
most cases, the electroactive surface area is not fully utilized
for the nucleation of Li in 3D current collectors, especially
under high current densities. Herein, uniform nucleation of Li
in the conductive skeleton is achieved by a two-step synergetic
process arising from CuBr- and Br-doped graphene-like ﬁlm.
The modiﬁed electrode regulates Li nucleating in uniform pancake-like seeds and growing into a granular Li metal ascribed to
the excellent lithiophilicity of CuBr- and Br-doping sites and the low Li diﬀusion barrier on the surface of generated LiBr, as
conﬁrmed by the experimental and computational results. Therefore, the modiﬁed anode endows small nucleation
overpotential, a high-reversibility Li plating/stripping process, and excellent performance in full batteries with industrially
signiﬁcant cathode loading. This work suggests that a two-step cooperative strategy opens a viable route to the development of a
Li anode with high reversibility for stable cycling Li metal batteries.

■

INTRODUCTION
Lithium metal oﬀers access to Li−sulfur and Li−air batteries,
thereby promising high energy densities for rechargeable Li
batteries.1−5 However, Li metal is plagued with several
unfavorable drawbacks, such as virtually inﬁnite volume
change, poor cycle life, and severe safety issues induced by
demonic Li dendrites, which are unavoidably formed in
rechargeable batteries.6−9 For decades, diverse eﬀorts have
been devoted to addressing the challenging dendrite issues,
including various electrolyte additives,10−14 artiﬁcial protection
layers on the surface of the Li metal,15−17 high lithium salt
concentrations,18,19 and solid-state electrolytes.20−25 Moreover,
current density has a signiﬁcant inﬂuence on dendrite
formation and growth. The serious dendrite growth at high
current density is the key hurdle that must be overcome for
practical Li metal anodes.26 However, previous studies have
shown that dendrite growth can be eﬀectively delayed only at a
relatively low current density. Additionally, the spatially
uncontrolled Li deposition in the “hostless” Li metal at high
areal capacity is a huge challenge. Most recently, high-surface© XXXX American Chemical Society

area current collectors have been proposed to accommodate
Li+ deposition for Li metal anodes by reducing local current
density. Apart from that, the host used in these reports can
provide free space for storing metallic Li to mitigate the
volume change during the Li plating/stripping process.27−30
However, the inhomogeneous Li+ ﬂux distribution and mass
transfers at high current density generally bring about uneven
Li nucleation and deposition. This, in turn, leads to a low
utilization of the electroactive surface area in 3D current
collectors. Besides that, the morphology of plated Li greatly
relies on the initial nucleation process, which is critical but
remains elusive. To solve the formation of Li dendrites
fundamentally, regulating the sites and shape of the plated Li at
the initial nucleating stage is an eﬀective approach. Thus, it is
imperative to develop a universal technique to manipulate the
homogeneous distribution of Li+ ﬂux above the 3D current
framework and regulate the initial nucleation of Li, enabling
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width of 2.88 Å between neighboring lattice fringes revealed by
a high-resolution transmission electron microscopy (HRTEM)
image corresponds to (200) planes of CuBr (Figure 1b). The
TEM image indicates that the size of CuBr in BGCF is about
40 nm (Figure S3). The surface and cross-sectional energydispersive spectroscopy (EDS) maps of BG, as shown in Figure
S4a−p, demonstrate uniform C, Br, and Cu element
distribution in the ﬁlm. Thus, CuBr distributes uniformly on
the BG. The mass loading of BG (CuBr- and Br-doped
graphene-like ﬁlm) is 5 mg cm−2 (6 wt %) in BGCF.
Furthermore, the mass fraction of CuBr in BG is 25.6%, which
is calculated by inductively coupled plasma. The thickness of
the BG is approximately 70 nm (Figure S5a,b). Two major
bands in Raman spectroscopy correspond to the presence of a
disordered band (D-band) (around 1375 cm−1), representing
defects in the graphene layer and in-phase vibration of the
graphite lattice band (G-band) (1580 cm−1), respectively
(Figure 1c).34,35 The intensity ratio of the G-band and D-band
is 1.04, indicating a large amount of graphene-like structure
and defects in BG. In X-ray photoelectron spectroscopy (XPS)
(Figure S6), the C 1s signal consists of three peaks, at 284.5,
285.5, and 286 eV, which can be assigned to sp2-bonded
carbon,33 the C−Br bond and the C−O bond adsorbed from
air, respectively (Figure 1d). The main component in the Cu
2p spectrum is Cu+ (Cu 2p3/2 932.2 eV and Auger spectrum
at 572 eV) attributed to CuBr (Figure 1e).36 The highresolution Br 3d spectrum (Figure 1f) shows two peaks at 68.2
eV (Br 3d 5/2) and 69.1 eV (Br 3d 3/2), corresponding to the
presence of a C−Br bond.36 The two peaks at 70.2 eV (Br 3d
5/2) and 71.2 eV (Br 3d 3/2) (Figure 1f) are characteristic of
the presence of CuBr. These results manifest the coexistence of
a C−Br bond and CuBr in the graphene-like ﬁlm. Compared
with the bare Super P, the reduction peak at 2.3 V in the cyclic
voltammogram (CV) of CuBr arises from the reaction of CuBr
and Li (Figure S7a−d). XPS demonstrates that LiBr is formed
after discharge in a Li||Cu battery (Figure S8a−c).
Density functional theory (DFT) calculations were conducted to reveal the interaction between nucleated Li and
possible nucleation sites. A 14 Å width graphene nanoribbon
(GNR) model with 15 Å vacuum in both along the normal
direction and the slip direction of GNR was built to simulate
the graphene-like carbon ﬁlm. A single Br-doping site at the
edge of the GNR was also considered. The binding energy of
the Br-doping site toward a Li atom is −2.06 eV, which is
relatively larger than that of pristine graphene, −1.91 eV
(Figures 2a,b and S9a−f). Even though the electronegativity of
bromine (2.96) is larger than that of carbon (2.55), the ﬁlled p
orbitals of Br can form a p−π conjugation structure with a
carbon plane that feeds back an electron from Br to carbon. As
a result, the electron-rich carbon atom near the Br atom can
aﬀord a large binding energy toward Lewis-acid Li ions.
Diﬀerential charge density analyses further conﬁrm the strong
interaction between Li and Br-GNR as electron gains between
Li and Br/C atoms (Figure S10a and b). Therefore, the large
binding energy leads to preferential adsorption, nucleation, and
deposition of Li ions on these Br-doping sites.
Besides lithiophilic Br-doping sites, CuBr, which is
decorated on the graphene-like ﬁlm, can even provide a
much large binding energy (−4.10 eV) than that of GNR/BrGNR (Figure 2c). Furthermore, Li prefers to embed in the
lattice of CuBr, which indicates that the reaction between Li
and CuBr to produce LiBr is thermodynamically and
kinetically feasible (Figure S11).37,38 Therefore, BG is a

uniform and dendrite-free Li nucleation and growth even at
high current density.
Herein, uniform Li metal nucleation with pancake-like
morphology is oriented by a two-step bromide intermediate
regulated process. One step is motivated by a Br-doped
graphene-like ﬁlm, which is well integrated with the Cu foam,
to regulate homogeneous Li+ ﬂux and nucleation. Additionally,
on the foundation of the uniform nucleation, the morphology
of nuclei is further adjusted by CuBr, which reacts with Li and
generates LiBr to adjust the formation of pancake-like seeds.
Consequently, the nucleation overpotential is signiﬁcantly
reduced at even very high current densities, and the growth of
lithium dendrites is eﬀectively suppressed. The Coulombic
eﬃciency of CuBr- and Br-doped graphene-like ﬁlm modiﬁed
Cu foam (BGCF) anode can be maintained above 98.8% after
over 300 cycles at 2 mA cm−2 with a deposition capacity of 2
mA h cm−2. When matching a practical mass loading LiFePO4
(LFP) cathode (up to 20.5 mg cm−2), Li−BGCF||LFP full
batteries exhibit excellent cycle performance and a capacity
retention of 98% over 200 cycles. These results indicate that
conducting the sites and shape of the plated Li at the initial
nucleating stage by a two-step combined strategy is an eﬀective
approach to build safe Li metal batteries.

■

RESULTS AND DISCUSSION
Characterization of the BGCF. Compared with bare Cu
foam (CF) (Figure S1a−c), the BGCF substrate is tightly
covered by a thin ﬁlm on the surface of CF (Figure 1a) after
the surface-assisted Ullmann reaction of hexabromobenzene on
the Cu foam. The ﬁlm, abbreviated as BG, is graphene-like
with Br-doping sites and CuBr on the surface and inside.31−33
The X-ray diﬀraction (XRD) patterns of CF and BGCF
evidence the presence of CuBr in BG (Figure S2a,b). The

Figure 1. Properties of BG. (a) SEM image of BG-modiﬁed Cu foam.
(b) HRTEM, (c) Raman, and high-resolution XPS (d) C 1s, (e) Cu
2p, and (f) Br 3d spectra of BG.
B
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Figure 2. Optimized geometrical structures and corresponding
binding energies (Eb) of a Li atom adsorbed on (a) GNR, (b) BrGNR, and (c) CuBr (100) surface. Gray: C; blue: Br; orange: Cu;
purple: Li.

lithiophilic substrate deriving from the interaction between Brdoping sites/CuBr and Li.39 Moreover, a surface wetting
experiment shows that the molten Li can uniformly spread
onto the BG, further proving that BG is of excellent
lithiophilicity (Figure S12a and b), which coincides with the
results of calculation. After LiBr is formed, it can provide a
quick Li diﬀusion pathway with a very low diﬀusion barrier of
around 0.01 eV (Figure S13a and b), agreeing with previous
theoretical and experimental reports.11,40−46 The fast Li
diﬀusion on BG favors a dendrite-free Li plating, which is
discussed speciﬁcally in the following part.
Morphology of Lithium Metal Deposition. The plating
and stripping process of Li on CF and BGCF substrates were
investigated in detail at a current density of 2 mA cm−2. Figure
S14 shows scanning electron microscopy (SEM) images of
lithium metal with increasing Li amounts onto the bare CF.
Micrometer-sized Li particles distribute nonuniformly on the
skeleton of CF at the initial nucleating stage (Figure S14a and
b). These Li particles function as nucleation sites of the
subsequent Li deposition as the charges accumulate at these
positions in the electric ﬁeld. As lithium continues to deposit,
ﬁlaments grow out from the Li particles and expand to sharper,
randomly oriented Li dendrites (Figure S14c−j). The plating
behavior leads to lower utilization of the electroactive surface
area of CF. Moreover, the formed Li dendrites could threaten
the safety of batteries by piercing the separator. In the
subsequent stripping process, the ﬁlaments become slender
and sectional (Figure S14k). After recharging to 1 V, a large
amount of “dead Li” is left on the CF substrate, inducing an
irreversible Li consumption (Figure S14l) and resulting in poor
plating/stripping Coulombic eﬃciency (CE).
In contrast, the shape and site of deposited Li on the BGCF
substrate diﬀer signiﬁcantly from those on the CF. The
morphologies of deposited Li with various plating capacities
are shown in Figure 3a−i. During discharging, Li ions initially
intercalate into the graphene-like ﬁlm to form a Li/C
intercalation compound. When the voltage decreases to
below 0 V, the nucleation of Li plating prefers to take place
on the BGCF skeleton due to its super lithiophilicity.
Meanwhile, the deposited Li reacts with CuBr to form LiBr,
which is proved by CV and XPS (Figure S7, S8), achieving a
fast Li diﬀusion pathway on BGCF. At the initial stage of Li
deposition with a capacity of 0.3 mA h cm−2, a homogeneous
distribution of the pancake-like morphology was observed on
the BGCF substrate (Figure 3a). It is attributed to the

Figure 3. Morphology characterization of lithium metal plating/
stripping on the BGCF. SEM images after plating (a) 0.3 mA h cm−2,
(b) 0.5 mA h cm−2, (c) 1 mA h cm−2, (d) 2 mA h cm−2, (e) 3 mA h
cm−2, and (f) 4 mA h cm−2 and stripping (g) 1 mA h cm−2, (h) 2 mA
h cm−2, and (i) 4 mA h cm−2 (that is, recharged to 1 V) lithium from
BGCF. (j) Size of lithium at diﬀerent areal capacities. XPS of Br 3d
(k) and C 1s (l) of BG-modiﬁed Cu foil after one cycle (washed with
water and alcohol and dried to remove the SEI).

relatively lower diﬀusion barrier of adjacent LiBr, on which Li
ions diﬀuse easily, distribute uniformly, and aggregate weakly.
The uniform pancake-like morphology indicates signiﬁcantly
diﬀerent Li nucleation behaviors and ensures the formation of
a stable solid−electrolyte interphase (SEI) on the Li surface
that can restrain the growth of dendrite structures. On
increasing the capacity of Li deposition to 0.5 and 1 mA h
cm−2, the number of nucleation sites increased, and at the
same time, the pancake-like morphology became larger and
thicker (Figures 3b and c, S15a−c). In the following plating
process, the nucleation sites and size increased and the pancake
grew into plump granules even when the capacity reached as
high as 4 mA h cm−2 (Figures 3d−f, j, S15d−g). Thus, BGCF
are able to realize uniform lithium nucleation and preserve a
dendrite-free morphology. Moreover, the transformation of
disordered dendritic growth to plump granules indicates the
fundamental science behind these two behaviors is signiﬁcantly
diﬀerent. Noticeably, during charging the plated Li can be
reversibly stripped from the BGCF without “dead Li”. When 1,
2, and 3 mA h cm−2 Li was stripped, plump granules conversely
transformed into pancake-like Li (Figures 3g and h and S15h).
Last, with all 4 mA h cm−2 Li being stripped (recharged to 1
V), a clean skeleton reappeared as the pristine state and almost
no “dead Li” was left over (Figures 3i, S15i). The C−Br bond
can be detected at the fully charged state by XPS (Figure 3k
and l), consistent with the calculation results that C−Br bonds
are electrochemically stable with Li metal (Figures 2b, S9d−f).
To add weight to the function of the Br-doping site that it
can direct uniform nucleation of Li, the BGCF was immersed
in diluted hydrochloric acid to remove CuBr, which was
proved by XPS (Figure S16). After drying, the BGCF without
CuBr was utilized to investigate the plating behavior of Li on
Br-doped graphene-like ﬁlm. Homogeneous nucleation of Li
C
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was observed after depositing 1 mA h cm−2 of Li under the
current density of 2 mA cm−2. Nevertheless, the shape of
plated Li is similar to that of CF (Figure S17a and b).
Furthermore, CuBr-modiﬁed Cu foam (CuBr@CF) was
prepared as another control sample to highlight the synergistic
eﬀect of CuBr- and Br-doped graphene-like ﬁlm in BGCF
(Figure S18a). Interestingly, when plating 2 mA h cm−2 Li at 2
mA cm−2 on CuBr@CF, a dendrite-free morphology was
obtained (Figure S18b,c). This Li deposition behavior is
obviously diﬀerent from that of CF, while similar to that of
BGCF. However, the Li depositions are not uniformly
distributed on CuBr@CF due to the uncontrolled electric
ﬁeld distribution. Therefore, these two control experiments
evidence the synergistic eﬀect of CuBr- and Br-doped
graphene-like ﬁlm in BGCF. These results conﬁrm that the
Br-doping site plays an important role in the uniform
distribution of nucleated Li particles and the CuBr is
indispensable to regulate the morphology of the plated Li.
The demonstrated potential of BGCF in controlling uniform Li
nucleation and growth behavior shows its superiority in
suppressing dendrite growth and opens up an opportunity to
improve the CE of metallic Li anodes.
Electrochemical Performance. The electrochemical
behavior of CF and BGCF electrodes was examined via
galvanostatic discharge/charge voltage proﬁles in Li||Cu
batteries. At current densities of 2, 4, 6, 8, and 10 mA cm−2,
the CF electrode exhibits a large Li nucleation overpotential of
61, 57, 78, 93, and 157 mV, respectively, while the BGCF
electrode shows remarkably reduced overpotentials of 31, 34,
40, 41, and 84 mV (Figure 4a and b). This can be attributed to

the super-lithiophilicity of BGCF. The capacity before Li
plating is about 0.2 mA h cm−2, which is due to the formation
of LiBr and the inserting of Li in the graphene-like ﬁlm (Figure
4a). The electrochemical impedance spectroscopy (EIS) was
carried out to monitor the evolution of the impedance. The
electrolyte resistance (Re) and the interfacial charge-transfer
resistance (Rct) are summarized in Table S1, derived from the
EIS in Figure S19.47 For the Li||CF batteries, the Re and Rct
increase quickly during cycling, indicating severe/continuous
depletion of the electrolyte components and formation of
byproduct, which damages the electrochemical performance of
batteries. In contrast, for BGCF, the Re remains constant and
the Rct decreases during cycling, both of which can be ascribed
to the gradually stabilized SEI. Owing to the vital function of
the SEI at the electrode/electrolyte interface, it can be assumed
that such prominent SEI upon cycling might make for a high
CE. To verify this hypothesis, the CEs of the two electrodes
were investigated. Fixing the current density at 2.0 mA cm−2,
the CE of the CF electrode steadily decreases as cycling
progresses, dropping below 90% after 50 and 35 cycles at an
areal capacity of 2.0 and 4.0 mA h cm−2, respectively (Figure
4c and d). In comparison, the BGCF electrode demonstrates
excellent cycling performance, maintaining a CE of more than
98.8% over 300 cycles at 2.0 mA h cm−2 and cycling more than
100 times with a CE of 98% at 4.0 mA h cm−2 (Figure 4c and
d). Impressively, when the current density was increased to 4
mA cm−2, the BGCF also showed improved and stabilized CE
compared with CF (Figure S20a,b). The stable cycling
performance at high current density and areal capacity is
ascribed to the generation of a stable SEI and high reversible
plating/stripping of Li on the BGCF substrate, which stems
from the unique pancake-like morphology.
The long-term interfacial stability of the Li anode was
investigated by testing the Li||Li−CF and Li||Li−BGCF
symmetric cells. Random voltage oscillations occur in Li||Li−
CF cells at 370 h under a current density of 1 mA cm−2 caused
by the increasing of SEI components and the growth of Li
dendrites during Li plating/stripping processes. In comparison,
Li||Li−BGCF cells demonstrate a stable voltage during the
cycling up to 850 h, exhibiting a stable Li/electrolyte interface
and eﬀective suppression of dendrite growth (Figure 4e). The
high content of the Br atom, the strong interaction between
the Li ion and the Br atom, and the regulation of LiBr jointly
result in the relatively uniform Li+ ﬂux on the BGCF substrate.
Hence, an even distribution of Li nucleation and growth on the
BGCF substrate are realized, which further contributes to the
improved stability of the Li anode.
Further interrogation of BGCF was carried out in Li||LFP
full batteries. Areal loading of cathode, Li anode areal capacity
utilization, and the charge current densities play crucial roles in
the long-term cycling stability of full batteries with high energy
and power density.47−50 Many of the present studies on rate
and cycling performance of full batteries are based on low mass
loading of cathode and charge current densities. However, in
practical application, high cathode loading is applied and more
Li are utilized in each deposition/stripping process, which
leads to more side reactions along with faster capacity fading.
In order to circumvent such restrictions and reﬂect the real
case in practical applications, a high areal capacity cathode
matched with limited Li−BGCF of 6 mA h cm−2 was used in
Li||LFP full batteries. Two diﬀerent levels of mass loading were
investigated: one is an intermediate level of approximate 11.5
mg cm−2, 2 mA h cm−2, and another represents a practical level

Figure 4. (a) Voltage proﬁles and (b) the Li nucleation overpotentials
on CF and BGCF electrodes at diﬀerent current densities. (c, d)
Comparison in Coulombic eﬃciency of CF and BGCF at diﬀerent
lithiation capacity. The current density in each cycle is 2 mA cm−2.
(e) Voltage−time curves of Li−CF and Li−BGCF in a symmetric cell
test at 1 mA cm−2 for 1 mA h cm−2.
D
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of approximately 20.3 mg cm−2, 3.5 mA h cm−2.51 The
negative/positive (N/P) electrode capacity rates of Li||LFP full
batteries with these two levels of cathode loading are 3 and 1.7,
respectively. The electrochemical process of the Li||LFP full
battery was analyzed by EIS. When the areal capacity of the
cathode is 2 mA h cm−2, the EIS curves exhibit a low Rct of
41.6 Ω·cm2, implying a stable Li/electrolyte interface and wellpreserved SEI layer (Figure S21a). The good rate capability of
Li||LFP batteries reveals facile ion/electron transport, owing to
the uniform Li nucleation, which enables high utilization of the
electroactive surface area and largely reduces the local current
density (Figure 5a). The battery exhibits excellent long-term

A schematic diagram of graphene-like ﬁlm modiﬁed by Brdoping and CuBr-decoration is illustrated in Figure 6a based

Figure 6. Schematics of Li metal deposition on BGCF. (a)
Homogeneous Li+ ﬂux above Br-doped graphene-like ﬁlm and
CuBr. (b) CuBr transformed into LiBr during Li plating. Selective
deposition of Li metal on Br-doping sites and the nearby LiBr regulate
Li metal nucleation into a pancake-like morphology of Li seeds. Gray,
blue, red, and orange represent C, Br, Cu, and Li, respectively. (c)
Nucleation and growth process of Li metal on BGCF.

on the preparation and the analysis above. Br-doping and CuBr
uniformly distribute on the surface of the electrode.
Importantly, the high binding energy of Br-doping sites and
Li atoms endows the BG with excellent lithiophilicity to
strongly adsorb Li+ and further induce uniform Li nucleation.
On the bases of the uniform nucleation, both experiments and
theoretical calculations have eﬀectively established that CuBr
can react with Li metal to form LiBr, which provides a fast Li
diﬀusion pathway and further regulates the growth of Li atoms
into pancake-like rather than whisker Li (Figure 6b).46
Consequently, uniform nucleation and dendrite-free growth
of Li is realized in the 3D conductive framework (Figure 6c).
The enhanced lithiophilicity renders the reduced Li nucleation
overpotential under high current densities. The pancake-like
morphology stabilizes the SEI layer, thus reducing side
reactions between the electrolyte and Li metal. As a result,
the CE of BGCF was signiﬁcantly improved and the Li metal
batteries with extremely high cathode loading displayed
excellent cycling performance.

Figure 5. (a) Rate capability of the Li−BGCF anode paired with an
LFP cathode at various current densities ranging from 0.2 to 6 mA
cm−2. (b) Charge/discharge proﬁles at diﬀerent cycle numbers and
(c) capacity retention and Coulombic eﬃciency of a Li−BGCF||LFP
full battery with a cathode loading of 3.5 mA h cm−2 over 200 cycles
at 0.7 mA cm−2.

cycling performance: a cyclability of 94% capacity retention
after 400 cycles at a charge/discharge current density up to 1
mA cm−2, which is a relatively high current density of charge
(Figure S22).51 More importantly, it is a big challenge for an
anode with limited capacity when the cathode loading is
further increased to 3.5 mA h cm−2 (20.3 mg cm−2), which
calls for a large amount of Li deposition/stripping in each
cycle. The full battery still shows a low interfacial chargetransfer resistance of 47.6 Ω·cm2 (Figure S21b). During
cycling, a negligible increase of cell overpotential is observed,
indicating that the Li/electrolyte interface is highly stable
(Figure 5b) and the full battery maintains a high Columbic
eﬃciency of more than 99.8% (Figure 5c). Remarkably, an
excellent cyclability of 98% capacity retention after 200 cycles
is achieved at a charge/discharge current density of 0.7 mA
cm−2 (Figure 5c). Such improved cycling performance at high
cathode loading indicates higher utilization of Li in the Li−
BGCF anode, beneﬁting from the stable SEI, high reversible Li
plating/stripping process, and facile ion/electron transport.
These outstanding performances of the full battery with a high
cathode loading reveal the Li−BGCF anode is close to
appropriate for practical battery systems.
Mechanism of Uniform Li Nucleation with Pancakelike Morphology in the BGCF. Herein, the uniform
nucleation and dendrite-free growth of Li originate from the
two-step synergy process regulated by C−Br bonds and CuBr.

■

CONCLUSIONS
In summary, bromide intermediates have been proposed that
enable homogeneous Li nuclei distribution and dendrite-free
growth in 3D conducting skeletons. A graphene-like ﬁlm with
Br-doping and CuBr is well integrated with Cu foam. The
strong interaction between Li and Br-doping sites guides
uniform Li+ ﬂux over a Br-doped graphene-like ﬁlm and hence
conducts a uniform Li nucleation. Moreover, CuBr can react
with Li to form LiBr, which can provide a fast Li diﬀusion
pathway to adjust Li seeds in a pancake-like morphology. With
the regulation of LiBr and Br-doping, BGCF eﬀectively guides
Li nucleation in pancake-like seeds and growth into granular Li
metal and improves the Coulombic eﬃciency of Li metal
cycling under a high current density (more than 98.8% for over
300 cycles at 2.0 mA cm−2 and 2.0 mA h cm−2). The stable
cycling of 850 h is achieved in the Li||Li−BGCF symmetrical
cell. More importantly, by virtue of a highly reversible Li
plating/stripping process, the full battery maintained more
than 94% of the initial capacity after 400 cycles and a capacity
retention of 98% after 200 cycles with a high cathode loading
E
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of 2 mA h cm−2 and 3.5 mA h cm−2, respectively. Accordingly,
the two-step synergy through bromide intermediates or other
halogenides (such as chloride, iodide, etc.) might be a sensible
strategy to provide Li metal with opportunities for the
application of safe and stable high energy density batteries.
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