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Utilizing carbon materials as 3D lithium (Li) hosts hold a significant interest in constructing high-energy bat-
teries. However, there are ongoing challenges associated with these frameworks owing to their poor Li affinity.
Recent advancements, including alloying reactions with precious metals like silver (Ag) and gold (Au), have
emerged as a promising technique to enhance the electrochemical performance of these host materials. Never-
theless, the search for cost-effective alternatives remains a pressing demand. Herein, this work employed

galvanic displacement (GD) to integrate bismuth into disordered porous carbon (Bi-DPC) and optimized across
different concentrations (0.01, 0.05, 0.1 M). As a result, the Li deposition onto the Bi-DPC surface exhibited
dendrite-free planar morphologies, revealing an outstanding electrochemical performance, including a high CE
of around 100 % over more than 100 cycles. These findings underscore the potential of Bi-infused porous carbon
as a promising alternative for enhancing Li deposition processes.

1. Introduction

The utilization of lithium (Li) metals as anodes in batteries forms the
bases of most energy storage devices [1-5]. This stems from the
outstanding properties of Li as it can store high amounts of energy owing
to its enormous theoretical specific capacity of 3860 mAh g ', low redox
potential among the alkali metals (-3.04 V vs. standard hydrogen elec-
trode), as well as its lightweight (0.53 g em3) [6-10]. Despite these
advantages, the use of Li metal anode comes with several limitations
[11-15]. These encompass the formation of an uneven solid-electrolyte
interphase (SEI), the growth of dendritic structures, the formation of
dead Li, and the huge volume changes during Li plating and stripping
processes [16-20]. These challenges give rise to critical concerns,
including the potential for short-circuiting, diminished coulombic effi-
ciency (CE), and a reduction in the overall battery capacity [21-24].

To address the challenges leading to the failure of Li metal batteries
(LMBs), numerous researchers have explored different strategies to
enhance the stability of the SEI [25-29]. These approaches include
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employing electrolyte additives [30,31], creating artificial SEI layers
[32,33], and guiding Li deposition using three-dimensional (3D) porous
frameworks [34,35]. Among these strategies, the latter technique has
garnered significant interest recently. This is primarily due to its capa-
bility to accommodate the substantial volume changes that occur and to
mitigate the effects of high local current density, ultimately leading to
the suppression of dendritic growth. Zeolitic imidazolate framework-
derived carbon (ZIF8-C) is one of the most promising candidates for
cost-effective practical application of 3D-constructed porous hosts due
to its outstanding properties [36], Studies found that for stable battery
behavior, the most important property offered by ZIF8-C is the large
surface area, as it reduces the local current density of the anode and
prevents dendrite growth by modifying its lithiophilicity [37].
Furthermore, the pore network within ZIF8-C is highly electrochemi-
cally stable and can store a substantial amount of metallic Li while
maintaining the electrode’s structural integrity [38,39]. In addition,
ZIF8-C exhibits robust mechanical strength that allows it to accommo-
date volume changes and resist internal stress [40,41].
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However, ZIF8-C is known for its microporous structure that hinders
the deep penetration of Li ions into the internal pores, resulting in su-
perficial plating at the surface and leaving the internal pores unutilized.
While mesoporous structures have been previously adopted to facilitate
Li-ion transport, upper surface electrodeposition could also result from
the poor wettability of ZIF8-C, arising from the significant diffusion and
nucleation barriers [42]. The low electrical conductivity is another
drawback of ZIF8-C that results from its amorphous structure, limiting
continuous electron transport and causing electrode polarization. While
ZIF8-C can be functionalized with functional groups or heteroatoms, it is
still challenging to attain a homogeneous Li electro-deposition.

Earlier studies demonstrated that alloying reactions with functional
materials such as gold (Au) and silver (Ag) hold promise for stable Li
plating [43-45]. Beyond their high costs, however, the tendency of these
materials to aggregate easily can lead to pore clogging during the
functionalization process [46-48]. Our strategic approach involves
pioneering the use of bismuth (Bi) for the cost-effective synthesis of
carbon-based host anodes. This is driven by its economic advantages and
its higher availability compared to precious metals (as shown in Fig. S1
in the Supporting Information) [49]. Additionally, Bi exhibits consid-
erable volumetric and theoretical capacities, coupled with a generous
interlayer spacing (d = 3.95 A), making it an ideal candidate for an
alloying reaction with Li ions. This alloying capability effectively facil-
itates the accommodation of metallic Li [50-52].

Herein, our study involves the integration of Bi into mesoporous
ZIF8-C, designated as disordered porous carbon (DPC), through the
galvanic displacement (GD) process. The concentration of Bi was sys-
tematically varied and optimized within the range of 0.01 to 0.1 M to
attain the most favourable electrochemical performance. Subsequently,
the performance of the optimized Bi-DPC concentration was compared
to that of standard DPC in terms of electrochemical Li storage capability
and reversibility. The successful achievement of stable performance by
utilizing Bi-DPC anodes establishes a pathway toward cost-effective,
high-energy LMBs.

2. Experimental section
2.1. Synthesis of porous carbon from ZIF-8 (DPC)

A 50 ml solution (solution A) was prepared by mixing 2-methylimi-
dizole (10 g, C4HgN3, Sigma-Aldrich, 99 %) and SiO; (5 g, LUDOX TM-
50, Sigma-Aldrich, 50 wt% suspension in H,0) in deionized (DI) water.
The blend was agitated at 300 rpm at 40 °C. Another 50 ml solution
(solution B) was created by dissolving zinc acetate (2 g, Zn
(CH3C00)2-H,0, Sigma-Aldrich, 99 %) in DI water. Subsequently, so-
lutions A and B were mixed and stirred for 10 min. During the overnight
period, the mixture was allowed to stand at room temperature. This led
to the formation of a white precipitate, which was collected after
decanting the excess solution. Following this, 100 ml of methanol was
added to the white precipitate and stirred overnight. It was then sub-
jected to washing, using a solution containing ethanol and DI water in a
1:1 ratio. Subsequently, the precipitate was dried at 80 °C for 48 h. The
resulting powder underwent carbonization at 900 °C, using a heating
rate of 5 °C min~! for a duration of 6 h in an argon (Ar) setting. The
obtained DPC was subsequently gathered and exposed to a 5 M solution
of hydrofluoric acid (HF) for 1.5 h. Finally, the DPC underwent drying at
80 °C inside a vacuum oven throughout the night.

2.2. Functionalization of DPC

The Bi-DPC was prepared by the GD process. Three different con-
centrations were prepared: 0.01, 0.05, and 0.1 M using 0.73, 3.64, and
7.28 g of bismuth nitrate (Bi(NO3)3-5H20, Sigma-Aldrich, 99 %) in 145
ml of DI water and 5 ml of nitric acid (HNOs), respectively. The three
mixtures were stirred continuously for 1 h. Following this, 0.5 g of the
previously prepared DPC was introduced into the solution and agitated
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for 20 h at 50 °C. Subsequently, the resulting Bi-DPC was washed with DI
water and then dried at 80 °C within a vacuum oven overnight to acti-
vate it.

2.3. Structural characterizations

The microstructures and morphology of DPC and Bi-DPC were
examined using transmission electron microscopy (TEM), energy
dispersive X-ray spectroscopy (EDS), and field-emission scanning elec-
tron microscopy (FE-SEM). The chemical composition and crystal
structure were explored using X-ray diffraction (XRD) employing
monochromatic Cu Ka radiation (1 = 1.54056 10\), Raman spectroscopy,
and X-ray photoelectron spectroscopy (XPS). The electrical character-
istics of the materials were determined using a powder resistivity mea-
surement setup. Furthermore, a porosity analyzer utilizing the
Brunauer-Emmett-Teller (BET) method was employed to ascertain the
total surface areas and pore volumes of the materials.

2.4. Electrochemical characterizations

To fabricate the electrodes, separate slurries were prepared using 80
wt% DPC and Bi-DPC, respectively, each combined with a conducting
agent (Super P, 10 wt%) and a binder (polyvinylidene fluoride, PVdF,
10 wt%) in N-methyl-2-pyrrolidone (NMP). A copper (Cu) foil current
collector served as the substrate for applying these slurries, followed by
exposure to vacuum at 120 °C overnight. Following this, the cells were
pressed at a pressure of 200 kg cm 2. Li metal foil was utilized as the
counter electrode in the construction of CR2032 coin-type cells. The
separator consisted of a polyethylene (PE) membrane, while the elec-
trolyte was created from 1 M lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) in a mixture of dioxolane-dimethyl ether (DOL-DME;
50:50 by volume), with 1 wt% lithium nitrate (LiNO3) included as an
additive. Additionally, full cells were constructed using a commercially
available LiFePO4 (LFP) cathode with a theoretical capacity of 170 mAh
g 1, an active material loading of 4 mg cm ™2, and an areal capacity of 0.6
mAh cm~2. We manufactured a full cell by integrating this cathode with
a pre-stored Li anode with a capacity of 1.4 mAh cm ™2, The full cell was
subjected to cycling under a constant current density of 0.2 mA cm 2,
within a voltage window ranging from 2.5 to 4.0 V.

3. Results and discussion
3.1. Material properties of Bi-DPC

The schematic illustration in Fig. 1 shows the Li plating behaviour on
the DPC containing Zn, exhibiting a superficial deposition pattern with
dendritic growth as opposed to the uniform Li plating within the Bi-DPC.
In detail, the process starts from the early synthesis steps for DPC and Bi-
DPC, as shown in Fig. 1a and S2. Herein, the mesoporous structures were
obtained after etching SiO, using HF, resulting in open pathways that
facilitate the diffusion of Li ions. For Bi-DPC, spontaneous GD reactions
of Zn via Bi occurred by the disparity in the reduction potential differ-
ence between the Bi and Zn metals. The relatively lower formation en-
ergy value between Li and Bi creates favourable deposition sites for Li
plating, in contrast to the higher formation energy between Li and Zn
(Fig. 1c). This is further confirmed by the SEM images in Fig. 1b,d, which
distinctively show dendritic Li growth for DPC and smooth Li deposition
for Bi-DPC. For a comprehensive comparison, we studied the material
properties and deposition characteristics of our developed Bi-DPC across
various concentrations (0.01Bi-DPC, 0.05Bi-DPC, and 0.1Bi-DPC) and
compared them with those of pristine DPC as a reference.

Fig. 2a-c presents SEM and TEM images demonstrating the overall
morphology of rhombic dodecahedral particles with an average size of
500 nm for Bi-DPC at varying concentrations. Similar size and
morphology characteristics are also evident for DPC, which are further
elucidated in Fig. S3a-b. Fig. S3 provides invaluable insights into the
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Fig. 1. (a) Schematic illustration demonstrating the impact of Bi on Li deposition within the mesoporous structures compared to zinc-containing derived mesoporous
carbon (DPC). The SEM images at the bottom show the difference between Li growth patterns on (b) DPC (dendritic growth) and (d) Bi-DPC (axial growth). (c) The
formation energy was carried out using data from the Materials Project database, indicating improved Li affinity in the context of the alloying reaction involving Bi.

composition of DPC, underlining the even distribution of Zn particles
within the main amorphous carbon framework. Furthermore, the
effectiveness of the GD process is evidenced by the substitution of Bi for
Zn at different concentrations in a uniformly distributed manner. This
uniform dispersion holds significance, as the consistent distribution of
the functional material dictates the homogeneity of the Li-ion flux
during cycling. Additionally, the EDS elemental mappings show
elevated Bi intensities (color-coded in red) in 0.1Bi-DPC, as anticipated
when compared to 0.05Bi-DPC and 0.01Bi-DPC. Interestingly, the ni-
trogen intensity in 0.1Bi-DPC is relatively stronger than that of others.
To confirm the effect of metal and nitrogen content on the electrical
conductivity, powder resistivity analysis was conducted on DPC and
different Bi-DPC concentrations under different applied pressures from 5
to 20 kN (Fig. S4). It was shown that the electrical conductivity of 0.1Bi-
DPC is the highest among all concentrations and three orders of
magnitude higher than DPC. The electrical conductivity of 0.1Bi-DPC
increased linearly with pressure from 3.4 S cm™! at 5 kN to 16.1 S
em ™! at 20 kN.

The XRD patterns presented in Fig. 3a show broad peaks at low Bragg
angles that are correlated with the amorphous carbon nature of DPC,
0.01Bi-DPC, 0.05Bi-DPC, and 0.1Bi-DPC. Additionally, characteristic
peaks corresponding to the metallic Bi are evident in 0.05Bi-DPC and
0.1Bi-DPC. Among these, the most significant characteristic peaks
appear in 0.1Bi-DPC, whereas 0.01Bi-DPC shows little or no presence of
metallic peaks due to the low Bi concentration. In detail, the most sig-
nificant diffraction peaks, especially (01 2) at 20 = 27°, are attributed to
the presence of bismuth. Upon comparing all the results, we conclude
that the visibility of low-intensity reflections such as (003), (101), and
(01 8) suggests that the relative amount of Bi in the 0.1Bi-DPC sample is
higher than in the other samples. The substitution of Bi for Zn is
confirmed by the calculated Bi/Zn ratios obtained from the EDS
elemental mapping results, showing an increase from 14.1 % for 0.01Bi-
DPC to 66.1 % for 0.1Bi-DPC, as presented in Fig. 3b. Further validation
of the amorphous nature of Bi-DPC is found in the Raman spectra shown
for the three Bi-DPC concentrations and DPC, as shown in Fig. 3c. This

implies that the GD process has no impact on the structure of the DPC. In
detail, the appearance of peaks at 1328 and 1584 cm ™!, associated with
the G- and D-bands respectively, reveals the presence of both disorga-
nized carbon and graphitic carbon structures. The relative peak intensity
ratio of the D band to the G band, represented by Ip/Ig, was determined
to be approximately 1.05, indicating a high presence of defects within
the structure of DPC.

The Nj adsorption-desorption measurements demonstrate typical
type-IV isotherms, and the corresponding pore size distributions are
compared in Fig. 3d-e, reflecting the size of the previously etched SiO5
and confirming the design of the mesopores. The specific surface areas
and pore volumes of Bi-DPC, as illustrated in Fig. 3f, show negligible
changes when compared to DPC. This indicates that the desired meso-
porous structure is maintained for facilitating Li-ion transport.
Increasing the Bi concentration beyond a certain limit can certainly
affect the size of Bi particles and hence clog the pore structures. How-
ever, the chosen concentrations in this study did not cause any direct
effect on the pore volume but rather on the Li deposition behavior. More
specifically, the pore volume was calculated to be 0.53, 0.56, 0.51, and
0.52 cm® g’l, and the BET surface area was determined to be 710, 692,
673, and 657 m? g~! for DPC, 0.01Bi-DPC, 0.05Bi-DPC, and 0.1Bi-DPC,
respectively.

3.2. Electrochemical performance of Bi-DPC

3.2.1. The effect of Bi concentrations

We examined the electrochemical performance of Bi-DPC at various
concentrations and compared it to that of the DPC as a reference. Gal-
vanostatic cycling was conducted in half-cells to identify the concen-
tration that provides optimal reversibility and Li storage capability. An
interesting observation is the inverse correlation between nucleation the
overpotential and the Bi concentration, as shown in Fig. 4a-b. The
cycling performance was measured at a current density of 0.2 mA cm 2
and an areal capacity of 0.2 mAh ecm~2 (Fig. 4c). In the case of 0.01Bi-
DPC and 0.1Bi-DPC anodes, stable cyclability was sustained for



J.H. Suh et al.

) ¥°% % 0.01BiDPC

p
i
< D t

Chemical Engineering Journal 480 (2024) 148105

Fig. 2. SEM images, TEM images, and EDS elemental mappings of (a) 0.01Bi-DPC, (b) 0.05Bi-DPC, and (c) 0.1Bi-DPC.

approximately 120 and 160 h, respectively, after which, a noticeable
increase in overpotential occurred. Conversely, the 0.05Bi-DPC anode
showed the most stable cyclability over 200 h with the least over-
potential. In contrast, the DPC anodes exhibited a significant over-
potential after around 60 h of cycling, indicating the accumulation of
inactive or dead Li. The rate capability was also evaluated at the
different current densities of 0.2, 0.5, and 1 mA cm‘z, before returning
to the initial value of 0.2 mA cm ™2, as shown in Fig. 4d. Note that the
samples with all three Bi concentrations and DPC demonstrate excellent
rate capabilities with negligible change. A slightly larger voltage gap
appeared in DPC, 0.01Bi-DPC, and 0.1Bi-DPC compared to 0.05Bi-DPC
at 1 mA cm 2

In order to understand and evaluate the performances of Bi-DPC for
practical usage of Li-metal battery applications, a pouch cell with a
layered design has been employed to allow maximum use of space and
active materials. Fig. 4e shows the pouched cell performance at a current
density of 4 mA cm™2. The cycle test revealed that while DPC exhibited
internal shorting before reaching 200 h, 0.05Bi-DPC demonstrated a
stable and uniform voltage profile without significant overpotentials for
over 250 h.

The performance of full-cells was also assessed at different Bi con-
centrations and compared to that of the DPC. A commercially available
LiFePO4 (LFP) was used as a cathode, functioning within a voltage range
of 2.5t0 4.0 V. Fig. 5a shows the galvanostatic charge-discharge profiles
for the first cycle of full-cells employing DPC, 0.01Bi-DPC, 0.05Bi-DPC,
and 0.1Bi-DPC anodes. Among the different concentrations, the full-cell
with 0.05Bi-DPC anode showed the highest discharge specific capacity
of approximately 150 mAh g ', indicating superior Li-ion accessibility.
As indicated by the Nyquist plots in Fig. 5b, all the full-cells employing
0.01Bi-DPC, 0.05Bi-DPC, and 0.1Bi-DPC anodes exhibited significantly
reduced charge transfer resistance (Re) of 37.8, 34.3, and 44.2 Q,
respectively, compared to DPC (72.0 Q). This reduction is mainly
attributed to the fast Li ion transport and strong Li-host interaction
facilitated by the galvanically displaced Bi, especially in the case of
0.05Bi-DPC [53]. Fig. 5c shows the cycling performances for the full-
cells configured with Bi-DPC anodes with varying Bi concentrations at
an areal capacity of 0.6 mAh cm ™2 and a constant current density of 0.2
mA cm 2 for 100 cycles. It was found that the specific capacity of the
LFP || DPC and LFP || 0.1Bi-DPC full-cells was notably decreased from
144.8 to 84.9 mAh g ! and from 158.5 to 113.1 mAh g ! with a capacity
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retention of around 58.6 % and 71.4 % after 100 cycles, respectively. On
the contrary, the LFP || 0.05Bi-DPC and LFP || 0.01Bi-DPC cells showed
a relatively slower decrease in the specific capacity, with both main-
taining a capacity retention of around 81.7 %. Furthermore, all full-cells
with Bi-DPC anodes showed stable Coulombic efficiency (CE) of almost
100 % over the 100 cycles. In the case of LFP || DPC, however, some
disruption in CE was observed after only 40 cycles. The rate capabilities
of all the full-cells with Bi-DPC anodes (see Fig. S5a-b) demonstrated
relatively stable performance, with slightly higher specific capacity in
the case of the full-cell with 0.05Bi-DPC anode at all applied current
densities.

For a comprehensive insight into the performance degradation, we
acquired incremental capacity curves. By plotting differential voltage
(dQ/dV) curves, it became evident that the full-cell with DPC anode
gradually undergoes a phase shift and a detrimental decrease in capac-
ity, corresponding to the capacity fading (Fig. 5d). In contrast, the full-
cell with the best performing 0.05Bi-DPC anode demonstrated a rela-
tively smaller phase shift. Additionally, the area under the curves
remained consistent across 100 cycles, demonstrating superior stability
and reversibility for Li plating and stripping (Fig. 5e).

The electrochemical properties of Bi-DPC at various concentrations
were further verified through the Li deposition behavior on the anode
surface, as illustrated in Fig. S6. In detail, the high or abundant amount

of Bi in 0.1Bi-DPC causes preferential Li growth on the closest superficial
Bi particles rather than within the mesoporous pathways, resulting in
dendritic growth of metallic Li. Similarly, the low amount of Bi in
0.01Bi-DPC results in uneven Li growth, which is attributed to the
widely dispersed Bi particles and results in limited wettability towards
Li. The optimal performance of 0.05Bi-DPC, on the other hand, is owing
to the fact that the well-calibrated distribution and quantity of Bi par-
ticles facilitate uniform Li deposition inside the porous structure of Bi-
DPC and onto the anode surface. The significant differences in these
concentrations were further confirmed by examining the SEM images of
the electrode surface after 100 cycles (Fig. S6b) and the TEM images of
particle morphology after initial plating (Fig. S6¢). Our literature survey
showed how our electrochemical performance compare to other pub-
lished work (Table 1).

Fig. 6 illustrates the crucial role of Bi within a porous carbon host
during the Li deposition process. Previous studies indicate that intro-
ducing metals is capable of forming alloys with Li and it becomes
possible to deposit Li selectively at specific sites while maintaining a
high lithium affinity. Particularly, when Ag particles reside within the
porous host, Li deposition occurs from the inside towards the surface due
to Li’s strong affinity with Ag. However, Ag has the disadvantage of cost
inefficiency and particle aggregation tendency during galvanic
replacement due to its high surface energy. (Fig. S7) This can cause a
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Fig. 5. Full-cell electrochemical performance of Bi-DPC at different concentrations and standard DPC: (a) galvanostatic voltage profiles at a current density of 0.2
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of 0.05Bi-DPC recorded at every 10th cycle over 100 cycles at a current density of 0.2 mA cm

challenge over repeated cycles of Li plating and stripping, leading to
localized Li deposition. In contrast, the introduction of Bi within the
porous carbon host results in even dispersion without particle agglom-
eration post galvanic displacement. These characteristic positions Bi as a
superior alternative to Ag, outperforming in terms of both cost-
effectiveness and efficiency. To further support these findings, the cor-
responding TEM observation was carried out. In contrast to DPC

-2

(Fig. 6a), Bi-DPC reveals a smooth Li deposition within the host struc-
ture, as demonstrated in both the schematic and TEM images provided in
Fig. 6b.

3.2.2. Reaction mechanism of Bi-DPC
To further investigate the reaction mechanism of Bi-DPC, we per-
formed cyclic voltammetry (CV) on 0.05Bi-DPC, referred to as Bi-DPC
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Table 1
Electrochemical performances of Li-metal anodes utilizing carbon-based nano-
composite frameworks. NPs stands for nanoparticles.

Material Li nucleation Current CE Cycle Areal Ref.
overpotential density (%) h) capacity
(mV) (mA cm’ (mAh
2 em™®)
Bi-DPC 8.0 4.0 100 250 1.1 This
work
Ag/N- - 1.0 98 800 1.0 [44]
porous
carbon
Au/ - 0.5 98 300 1.0 [46]
hollow
carbon
MnO/N- - 1.0 97 200 1.0 [54]
porous
carbon
ZnO- 40.0 1.0 97 200 1.0 [55]
porous
carbon

hereafter, with a scan rate of 0.1 mV s’l, as shown in Fig. 7a [56].
During the cathodic scan (Li plating), the first reduction peak was
observed at 0.76 V, which corresponds to the alloying reaction of Bi with
Li to form the intermediate LiBi phase. Subsequently, a second peak was
found at 0.7 V vs. Li/Li", signifying the formation of Li3Bi phase. In the
anodic scan (Li stripping), a distinct oxidation peak was observed at
0.89 V vs. Li/Li", indicating the reversible dealloying process for Li3Bi.
The behavior shown in the electrochemical reactions agreed with the
XPS analysis (see Fig. 7b), which shows the chemical evolution of Bi in
the Bi-DPC at selected states of charge. Before Li plating, the Bi 4f;,» and
Bi 4fs/» peaks were observed at around 159.0 and 164.1 eV, respec-
tively. The CV curve indicates that the first reduction reaction takes
place at 0.76 vs. Li/Li", which was confirmed by the XPS through a
slight shift in the Bi 4f;,» and Bi 4f5 5 peaks to lower binding energies of
158.7 and 163.8 eV, respectively, indicating the formation of the in-
termediate LiBi phase. Upon Li plating to 0.7 V vs. Li/Li", more

(a) @C oL

DPC Liplating

(b)

200 nm

Li plating

200 nm
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pronounced peak shifts were observed in the spectrum of the Bi-DPC
compared to the DPC, reflecting the formation of LisBi phase. During
the Li stripping at 0.8 V vs. Li/Li", however, the binding energies of Bi
4f; 5 and Bi 4fs/9 peaks reverted to their original values with only slight
variation, elucidating the dealloying reaction of Li3Bi phase. Hence, it
was concluded that the alloying and dealloying behavior of Bi-DPC re-
mains remarkably reversible during the long-term cycling process,
which aligns well with our previous findings on stable cycling in the
electrochemical evaluation. In addition, utilizing a nitrate-based pre-
cursor in the galvanic displacement process not only facilitates the
substitution of Bi but also allows for the functionalization of the DPC
with oxidized nitrogen groups. This functionalization of the carbon
surface with oxidized nitrogen during lithium plating and stripping
catalyzes the formation of lithium nitride (LisN) within the solid elec-
trolyte interphase (SEI), which in turn significantly enhances the surface
morphology of lithium deposition. Actual XPS analysis results confirm
an increase in oxidized nitrogen content after the galvanic displacement
process, and an increased content of LisN after cycling (Fig. S8). These
changes contribute to the stabilization of the SEI film, as nitrogen’s lone
pair electrons facilitate Li™ mass transfer and the conversion into the
LisN phase during the initial discharge process is instrumental in this
stabilization.

4. Conclusion

The challenges associated with using DPC as Li host materials have
led to an exploration of innovative solutions. This study demonstrated a
promising way to mitigate dendritic Li growth through a highly-efficient
and cost-effective approach. By incorporating Bi into the DPC host using
GD process, we optimized the Bi concentration to achieve optimal
electrochemical performance of Bi-DPC anode for use in LMBs. The Bi-
DPC consistently maintained its performance and structural integrity.
This study leverages the unique properties of Bi-based anodes and pro-
vides expanding opportunities to improve Li deposition. Our work is
expected to offer a perspective on the understanding of the enhancing
electrochemical performance, as well as provide a fundamental frame-
work for designing anodic Bi-DPC materials with high-performance. Due

Li stripping

Li stripping

Fig. 6. Schematic illustrations and TEM images confirming the morphology of Li deposition: (a) in the DPC, and (b) in the Bi-DPC after 100 cycles.
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Fig. 7. (a) Cyclic voltammogram of 0.05Bi-DPC recorded with a scan rate of 0.1 mV s~!, (b) XPS analysis of the Bi spectra revealing the chemical evolution during

the Li plating and stripping.

to the complexity of understanding the Li adsorption and the various
factors that can influence the electrochemical performance of the Bi-
DPC, however, additional scientific exploration is necessary. Espe-
cially utilizing molecular dynamic simulations of the electrodes and
phase-field simulations of local lithium adsorption processes.
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