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ABSTRACT: Aqueous zinc (Zn)-based batteries with
high cyclic stability, exceptional safety, and low cost hold
great promise as next-generation energy storage
devices. However, Zn metal anode suffers from serious
dendrite growth, hydrogen evolution, and Zn corrosion
during plating/stripping cycles, hampering its practical
utilization. Herein, we report a multicore—shell structure
of bismuth (Bi) nanoparticles embedded within N-doped
porous carbon nanorods (NPCN) (Bi@NPCN) to
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Multicore-shell BI@NPCN Bi@NPCN after Zn deposition

regulate Zn deposition behavior. Theoretical simulation and in situ optical microscopy revealed that the abundant Bi
nanoparticles with high zincophilic property strongly adsorbed Zn#, enabling rapid and massive Zn deposition. Meanwhile,
NPCN with porous feature provides sufficient space for accommodating Zn volume expansion. Electrochemical tests
demonstrated an ultra-stable dendrite-free Zn deposition behavior for 1500 h, high rate capability up to 20 mA-cm™, and an
exceptional Coulombic efficiency of ~ 100% after 1200 cycles. The Zn-ion batteries coupled with ammonium vanadate
cathode exhibit a highly-stable cyclic performance for 3000 cycles at 5.0 A-g™', with a high capacity retention of 66.7%.
Impressively, a remarkable long-term cyclic performance over 10,000 cycles was realized when employing active carbon
cathode. This study offers a new strategy of utilizing multicore—shell structure with zincophilic seeds to achieve dendrite-

free Zn metal anode.

KEYWORDS: zinc metal anode, dendrite, multicore—shell, Bi nanoparticle, porous carbon nanorod

1 Introduction

The rapid development of modern electronic markets requires
advanced energy storage devices with high stability and great safety
[1, 2]. However, the traditional battery systems usually involve the
utilization of highly-active metal anodes and carbonate/ether-based
electrolytes [3, 4], which would inevitably induce safety issue.
Recently, aqueous zinc (Zn)-based batteries, like Zn-ion batteries [5,
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6] and Zn-iodine batteries [7, 8], have caught tremendous interests,
owing to the high theoretical capacity, exceptional long-term cyclic
stability, extremely-high safety, and nontoxicity [9, 10]. More
importantly, Zn element reserves are abundant in earth’s crust,
significantly lowering the battery costs [11]. Nevertheless, Zn metal
anode would suffer from uneven Zn deposition and dendrite
formation/growth, leading to the generation of “dead Zn” and even
short circuit of batteries [12-14]. Additionally, hydrogen evolution
and Zn corrosion in aqueous electrolyte may occur during cycles,
thereby further deteriorating the electrochemical performance of
Zn metal anode [15-17].

To address the challenges facing Zn metal anodes, promising
solutions have been attempted. Initially, similar to those in
lithium/sodium metal anodes [18, 19], Zn host materials and new
Zn structures with large surface areas were elaborately constructed
to reduce the local current density and accommodate the volume
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expansion of Zn anode [20, 21], but these strategies failed when
significantly increasing Zn deposition currents. For instance,
carbonaceous materials with micro- and nanostructures were
employed as Zn host [22, 23], and the generation of Zn dendrite on
surface can be put off efficiently but cannot be prevented. Another
huge challenge should be the inhomogeneous electric field nearby
Zn surface [24, 25], resulting in uneven Zn deposition and further
dendrite growth. As a representative solution, protective layers were
utilized to stabilize Zn metal anode [26, 27]. However, these kinds
of strategies still cannot realize the uniform distribution of Zn*
during persistent plating.

Recently, it is recognized that adopting zincophilic seeding sites
can significantly address the issues facing Zn metal anode. The
zincophilic seeding sites usually possess high chemical affinity with
Zn* and low energy barriers for Zn nucleation and further
deposition, improving Zn utilization ratio and meanwhile
alleviating Zn dendrite formation and growth [28]. By far, several
zincophilic seeds, like cobalt [29], silver [30], gold [31], copper [32],
Sn [33, 34], and Zn [35], have been developed. However, these
zincophilic seeds loaded on Zn surface or other substrates normally
possess low loading amounts. Zn deposition initially occurs on the
surface of Zn or substrates, but the continuous Zn deposition
would inevitably induce the generation of Zn dendrites. Similarly,
these zincophilic seeds within substrates usually exhibit limited
active site number, restricting Zn deposition speed and leading to
Zn dendrite formation/growth during long-time plating/stripping
cycles. Therefore, it is urgently necessary to design and construct an
intriguing structure with abundant zincophilic seeding sites.

Herein, we report a multicoreshell structure comprising of
bismuth (Bi) nanoparticles encapsulated within N-doped porous
carbon nanorods (NPCN) (Bi@NPCN) as a coating layer on

separator to regulate Zn deposition behaviors. Notably, the
utilization of Bi@NPCN coating layer realizes the synergistic effects
of both Zn host and separator modification strategies. The Bi
nanoparticles serve as zincophilic seeding sites, strongly adsorbing
Zn* and effectively lowering the energy barriers for Zn nucleation
and further deposition. NPCN in Bi@NPCN provides a uniform
electric field, enabling homogeneous Zn* distributions during
plating. More importantly, the multicore-shell structure of
Bi@NPCN with sufficient space can afford much amount of Zn,
facilitating the stability and longevity of Zn metal anode. The in situ
optical microscopy reveals a completely dendrite-free Zn deposition
under a high current rate for a long time. Electrochemical tests
disclosed a stable cyclic performance for over 1500 h, high rate
capability up to 20 mA-cm”, and an exceptional Coulombic
efficiency of ~ 100% for 1200 cycles. Impressively, when coupled
with ammonium vanadate (NH,V,0,,) cathode, Zn-ion batteries
exhibit a long-term cycle for 3000 times with a high capacity
retention of 66.7%. Moreover, Zn-ion batteries using active carbon
cathode display an ultra-stable cyclic performance for over 10,000
cyclesat 5.0 A-g.

2 Results and discussion

The multicore-shell BI@NPCN was fabricated through a typical
two-step route (Fig. 1(a)). Bi-based metal-organic framework (Bi-
MOF) was first synthesized via a hydrothermal method.
Subsequently, during the temperature ramping process, the organic
species converted into carbon matrix, and Bi species aggregated
together and formed Bi nanoparticles. After further pyrolyzing with
the assistance of diammonium dicyanide, partial Bi was evaporated,
and space was generated between residual Bi and carbon shell,
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Figure1 Synthesis and typical morphology of the as-prepared Bi@NPCN. (a) Schematic illustration of the synthesis of Bi@NPCN and its function during Zn
plating/stripping cycles. BTA: 1,3,5-benzenetricarboxylic acid. (b) and (c) TEM, (d) HRTEM, and (e) HAADF-STEM images and (f)—(h) elemental mapping results of

Bi@NPCN.
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creating multicore-shell Bi@NPCN. Particularly, diammonium
dicyanide under high temperature can release ammonia,
simultaneously serving as the reduction agent and N-doping
source. Figure S1 in the Electronic Supplementary Material (ESM)
shows the transmission electron microscopy (TEM) images of Bi-
MOF, revealing a nanorod morphology. TEM image with higher
magnification indicates the smooth surface of Bi-MOF, and
discloses an average width of ~ 300 nm. After the pyrolysis process,
the product inherits the nanorod morphology of Bi-MOF, as
displayed in Fig. 1(b), and numerous nanoparticles are observed.
Further TEM image (Fig. 1(c)) demonstrates the uneven and coarse
surface characteristic with porous inner structure of Bi@NPCN.
Notably, small nanoparticles are completely embedded within the
pores (Fig. 1(d)), forming a multicore-shell structure. The high-
resolution TEM (HRTEM) image indicates that the average particle
size of Bi is ~ 10 nm and further reveals two lattice distances of 0.33
and 0.24 nm, corresponding to the (012) and (104) planes of Bi,
respectively. Figures 1(e)-1(h) show the high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
image and corresponding elemental mapping results. Obviously, C,
N, and Bi elements are achieved, and their homogeneous
distributions within multicore-shell Bi@NPCN are further
demonstrated. As a control sample, NPCN shows the similar
morphology and structure, but without the existence of Bi
nanoparticles (Fig. S2 in the ESM). The HAADF-STEM results
disclose the existence and uniform distributions of C and N
elements within NPCN.

The compositions and crystalline structure of the as-prepared
samples were further investigated. As displayed in Fig. 2(a), the
XRD patterns of BI@NPCN and NPCN disclose the representative
diffraction peaks of carbonaceous materials. Particularly, the
diffraction peaks belonging to Bi metal were also observed from
Bi@NPCN (JCPDS card No. 44-1246). Figure 2(b) presents the
Raman spectra of both Bi@NPCN and NPCN, showing the typical
Raman D and G bands originating from carbon materials. This is
consistent with the XRD results. The intensity ratio of D to G bands
(Ip/I;;) for Bi@NPCN and NPCN are calculated to be 1.05 and 0.98,

respectively, suggesting the moderate graphitic degree of carbon
matrices [36, 37]. Notably, the slightly higher I,/I; value for
Bi@NPCN may be attributed to the short annealing time compared
to that of NPCN and the defects induced by Bi nanoparticles.
Figure 2(c) shows the nitrogen adsorption and desorption
isotherms of Bi@NPCN and NPCN, disclosing the typical micro-
and mesoporous feature of NPCN. The Brunauer-Emmett-Teller
(BET) surface areas of both Bi@NPCN and NPCN are about 25.4
and 2860 m>g', respectively, and their corresponding
Barrett-Joyner-Halenda (BJH) pore volumes are 0.13 and
1.03 cm*g", respectively (Fig. 2(d)). The X-ray photoelectron
spectroscopy (XPS) was conducted to further probe the chemical
states and valences of the compositions. As shown in Fig. S3 in the
ESM, the survey XPS spectrum of Bi@NPCN indicates the presence
of C, N, and Bi elements, but no Bi element was detected from that
of NPCN (Fig. S4(a) in the ESM). The high-resolution XPS
spectrum at N 1s region for Bi@NPCN reveals three N groups
(Fig. 2(e)), including pyridine-N at 398.2 eV, pyrrole-N at 399.8 eV,
and graphitic-N at 401.6 eV [38]. The high-resolution XPS
spectrum at N 1s region for NPCN discloses three similar N groups
(Fig. S4(b) in the ESM). The high-resolution XPS spectrum at Bi 4f
region shows two strong peaks located at 158.8 and 164.2 eV
(Fig. 2(f)), ascribing to the Bi 4f,, and Bi 4f;),, respectively. This
indicates that the valence state of Bi in Bi@NPCN is positive, which
can be attributed to the unavoidable partial surface oxidation of Bi.
Notably, although oxidized Bi surface was detected, the bulk was
still Bi metal, and only rhombohedral phase Bi was analyzed by
XRD and TEM characterizations [39, 40].

To evaluate the crucial roles of the as-prepared samples for
guiding Zn deposition behaviors, symmetrical batteries were firstly
assembled by using Zn foil as both working and counter electrodes,
bifacially modified glass fiber (GF) membrane as separator, and
2.0 M ZnSO, as the electrolyte. Symmetrical batteries using pristine
GF membrane were also tested for comparison. Figure S5 in the
ESM presents the electrochemical impedance spectroscopy (EIS)
spectra of these symmetrical batteries, which are composed of a
semicircle. Notably, the symmetrical batteries using Bi@NPCN-
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Figure2 Compositional and structural characterizations of the as-prepared samples. (a) XRD patterns, (b) Raman spectra, (c) nitrogen adsorption—desorption isotherms,
and (d) pore size distribution curves of BiI@NPCN and NPCN. High-resolution XPS spectra at (e) N 1s and (f) Bi 4f regions.
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modified separator shows the smallest diameter, indicating the
lowest charge transfer resistance. The cyclic stability of Zn
plating/stripping behaviors for these symmetrical batteries was then
investigated. As displayed in Fig. 3(a), the symmetrical batteries
using Bi@NPCN-modified separator show an outstanding
reversibility for over 1500 h under 1 mA-cm™ and 1 mAh-cm™. As
sharp contrasts, the symmetrical batteries using NPCN-modified
separator and pristine GF membrane exhibit inferior cyclic
performance for only 300 and 200 h, respectively. After the current
rate is increased to 10 mA-cm?, the symmetrical batteries using
Bi@NPCN-modified separator also exhibit the superior long-term
cyclic stability for over 800 h, while the symmetrical batteries using
NPCN-modified separator and pristine GF membrane fail after
merely 190 and 130 h, respectively (Fig. 3(b)). In addition, the
resistance characteristics of the symmetrical batteries using various
separators after electrochemical tests were also examined, revealing
the lowest charge transfer resistance of those using Bi@NPCN-
modified separator (Fig. S6 in the ESM). The rate performance
of these symmetrical batteries was also measured from 1 to
20 mA-cm™ (Fig. 3(c)). Excitingly, the symmetrical batteries using
Bi@NPCN-modified separator deliver stable voltage polarization
even under 20 mA-cm™. However, the symmetrical batteries using
NPCN-modified separator and pristine GF membrane show higher
voltage polarizations under the same current rates. These results
demonstrate that Bi@NPCN can realize highly stable and superior
reversible Zn deposition behavior [41, 42].

The corrosion resistance of these symmetrical batteries was

(a) 02

further investigated by measuring the linear polarization curves. As
displayed in Fig. S7 in the ESM, the Zn/Bi@NPCN-based
symmetrical batteries exhibit a corrosion current density of
398 mA-cm® much lower than those of Zn/NPCN-based
(5.64 mA-cm™) and bare Zn-based (5.83 mA-cm™) symmetrical
batteries. This demonstrates that Bi@NPCN can better suppress
the occurrence of Zn corrosion [43, 44]. Moreover, the Zn
deposition behaviors on Zn/Bi@NPCN, Zn/NPCN, and bare Zn
surface were examined by testing the cyclic voltammetry
(CV) curves of Zn/Bi@NPCN//Ti, Zn/NPCN//Ti, and bare Zn//Ti
cells, and the potential between A and B indicates the trend for
uniform Zn deposition. As clearly shown in Fig. S8 in the ESM, the
potential between A and B for Zn/Bi@NPCN//Ti cell is only
28 mV, much lower than those of Zn/NPCN//Ti (51 mV) and
bare Zn//Ti cells (62 mV), demonstrating that Bi@NPCN can
efficiently guide uniform Zn deposition [45, 46]. In addition,
chronoamperometry technique was further conducted to verify Zn
deposition behavior, and Fig. S9 in the ESM displays the
current-time curves of these symmetrical batteries. After the two-
dimensional (2D) Zn deposition for ~ 100 s, Zn/Bi@NPCN anode
started the three-dimensional (3D) Zn deposition, implying a
uniform Zn deposition on Bi@NPCN surface. However, Zn/NPCN
anode exhibits a 2D Zn deposition for more than 200 s, and bare
Zn anode shows a continuous current decrease. These longer time
for 2D Zn deposition may induce the formation and growth of Zn
dendrites [47, 48].

Asymmetrical batteries were then assembled to further assess the
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Figure3 Electrochemical performance of Zn metal anodes using various separators. Cyclic performance of symmetrical batteries using various separators at (a) 1 and (b)
10 mA-cm™. (c) Rate performance of symmetrical batteries using various separators. (d) Coulombic efficiencies and (e) Zn nucleation potential of asymmetrical batteries

using various separators at 2 mA-cm™.
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Zn deposition behaviors on Bi@NPCN. Moreover, asymmetrical
batteries using NPCN-modified separator and pristine GF
membrane were tested. As presented in Fig. 3(d), the asymmetrical
batteries using Bi@NPCN-modified separator exhibit superior
Coulombic efficiency approaching 100% and an ultra-stable long-
term cycle for over 1200 cycles under 2 mA-cm™ and 1 mAh-cm™
As a sharp contrast, the asymmetric batteries using NPCN-
modified separator and pristine GF membrane display the cyclic
performance for only 370 and 120 cycles, respectively, and then
they suffer from apparent efficiency fluctuations. Moreover, Zn
nucleation potential is an important indicator for estimating Zn
deposition behavior. Obviously, the Zn nucleation potential on
Bi@NPCN is about 35 mV, lower than those on NPCN (43 mV)
and bare Zn foil (71 mV) (Fig. 3(e)), indicating that Bi@NPCN can
better facilitate Zn deposition [49]. Notably, the decreased Zn
nucleation on NPCN as compared to bare Zn foil is ascribed to the
decreased local current density originating from its high surface
area, while the further reduced Zn nucleation potential on
Bi@NPCN can be attributed to the existence of abundant nuclei
stemming from Bi nanoparticles [50, 51]. Therefore, Bi@NPCN can
better guide homogeneous Zn deposition and enable the stable
cyclic performance of batteries.

In situ optical microscopy was then conducted to visually verify
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the functions of Bi@NPCN and NPCN during Zn plating. The
Bi@NPCN and NPCN were coated on Zn foil with a thickness of
~ 10 pm, and the Zn deposition test was performed on a
homemade cell under a high current density of 10 mA-cm™. As
presented in Fig. 4(a), bare Zn foil suffers from an apparent
dendrite formation only 4 min after the test started, and after
15 min, dense and long Zn dendrites were achieved on Zn surface.
For Zn foil coated with NPCN layer (Fig. 4(b)), Zn initially
deposited on the NPCN layer, and a Zn layer was formed after only
6 min. After 15 min, a dense Zn layer with dendrites formed on
surface was gained. As a sharp contrast, for Zn foil coated with a
Bi@NPCN layer, a smooth and dendrite-free surface was achieved
even after 15 min (Fig. 4(c)), indicating that Bi@NPCN layer can
efficiently suppress dendrite formation and growth. These observed
Zn deposition behaviors can be attributed to the surface difference
between Zn foils. As illustrated in Fig. 4(d), the uneven
galvanization is distributed on bare Zn foil owing to the side
reactions including corrosion, passivation, and hydrogen evolution
reaction [52], which inevitably induce the Zn dendrite formation
and growth on Zn foil surface. For Zn foil coated with NPCN layer
(Fig. 4(e)), Zn deposition occurs on the surface of NPCN layer
because of the induced homogeneous electric fields by NPCN layer.
However, Zn dendrites generated on Zn layer during continuous
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plating, while for Zn foil coated with Bi@NPCN layer (Fig. 4(f)), Bi
nanoparticles strongly adsorbed Zn* due to the high zincophilic
property originating from the higher binding energy between Bi
structure and Zn atom (Fig. 4(g)), compared to those of N groups
with Zn atoms (Figs. 4(h) and 4(i) and Fig. S10 in the ESM), and
Zn deposition may initially occur around Bi nanoparticles instead
of Bi@NPCN surface. Considering the multicore-shell structure of
Bi@NPCN and sufficient space between Bi nanoparticles and
carbon, maybe no Zn was deposited on Bi@NPCN surface.

To further evaluate the possibility for practical utilizations of
Bi@NPCN, Zn-ion batteries using Zn anode, NH,V,0,, cathode
[53] (Figs. S11 and S12 in the ESM), and modified GF membrane
were then assembled and tested. Figure 5(a) shows the typical CV
curves of Zn-ion batteries within 0.3-1.4 V at 0.1 mV-s™. The Zn-
ion batteries using Bi@NPCN-modified separator and pristine GF
membrane display the typical CV shapes of NH,V,0,, cathode
with comparable peak current densities [54, 55]. The rate
performance of Zn-ion batteries using different separators were
measured with the current densities ranging from 0.5 to 10 A-g™. As
presented in Fig. 5(b), Zn-ion batteries using Bi@NPCN-modified
separator exhibit a slightly higher rate capability compared to Zn-
ion batteries using pristine GF membrane, and the specific
capacities at 0.5, 1.0, 2.0, 3.0, 5.0, and 10 A-g™ are 304, 282, 265, 240,
208, and 161 mAh-g”, respectively. When the current rate was reset
to 0.5 A-g, the specific capacity recovered to 298 mAh-g, while for
Zn-ion batteries using pristine GF membrane, the specific capacity
at10 A-g'is 152 mAh-g™.

The long-term cyclic performance of Zn-ion batteries under high

rates can better reflect the practical availability of Zn anode. As
shown in Fig. 5(c), the Zn-ion batteries using Bi@NPCN-modified
separator deliver a stable cyclic performance for over 500 cycles at
20 A.g' After 500 cycles, the specific capacity retains at
228 mAh-g”, corresponding to a high capacity retention of 76.3%.
As a contrast, the Zn-ion batteries using pristine GF membrane
display a specific capacity of only 206 mAh-g™ at the 500th cycle.
After the current rate is increased to 5.0 A-g’, Zn-ion batteries
using Bi@NPCN-modified separator exhibit an ultra-stable cyclic
performance for over 3000 cycles (Fig. 5(d)). After the initial
activation process, the specific capacity at 50 A-.g" reaches
198 mAh-g" and then keeps almost stable after 700 cycles. In the
residual cycles, the specific capacity decreases gradually, and
eventually it retains at 132 mAh-g" after 3000 cycles, indicating a
high capacity retention of 66.7%. Moreover, the Coulombic
efficiency at the 3000th cycle approaches 100%, suggesting the high
reversibility of Zn-ion batteries. For comparison, Zn-ion batteries
using pristine GF membrane show lower specific capacity values
with battery failure for only ~ 1200 cycles. The cyclic performance
of Zn-ion batteries under high areal loading of NH,V,0,, was also
tested. As shown in Fig. 5(e), after the activation process, the Zn-ion
batteries under 10 mg-cm™ NH,V,0,, exhibit an initial specific
capacity of 173 mAh-g” at 1.0 A-g”. Then, the specific capacity
increases gradually during the first 400 cycles, and finally, the
specific capacity reaches 191 mAh-g" at the 400th cycle. The
increment of specific capacity can be attributed to the activation
process of NH,V,0,, cathode, which enables the thorough
electrolyte penetration and complete contact between electrolyte
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Figure5 Electrochemical performance of Zn-ion batteries using NH,V,0,, and active carbon as cathode materials. (a) CV curves, (b) rate capability, and cyclic
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and NH,V,0,,. As a sharp contrast, Zn-ion batteries using pristine
GF membrane presented lower specific capacities and failed after
only 70 cycles (Fig. S13 in the ESM).

The Zn-ion batteries using active carbon as cathode were also
assessed. Figure 5(f) shows the cyclic performance of Zn-ion
batteries under 4.0 mg-cm™ active carbon at 5.0 A-g". Apparently,
Zn-ion batteries using Bi@NPCN-modified separator exhibit
comparable long-term cyclic performance with higher specific
capacity values for 10,000 cycles, compared to Zn-ion batteries
using pristine GF membrane. Initially, Zn-ion batteries using
Bi@NPCN-modified separator deliver a high specific capacity of
61 mAh-g”, and then the specific capacity keeps almost stable and
maintains at 63 mAh-g™ at the 10,000th cycle. For comparison, Zn-
ion batteries using pristine GF membrane show a specific capacity
of 58 mAh-g™ after running 10,000 cycles. Notably, the Coulombic
efficiency of Zn-ion batteries using BI@NPCN-modified separator
at the 10,000th cycle is ~ 100%, implying the high reversibility of Zn
metal anode. Figure 5(g) shows the galvanostatic discharge/charge
profiles of Zn-ion batteries using Bi@NPCN-modified separator at
different cycles, disclosing the typical profile shape of Zn-ion
batteries using active carbon [27]. Moreover, these profiles show the
similar shape characteristics, further suggesting the high
reversibility of Zn-ion batteries. Therefore, it is concluded that
Bi@NPCN ameliorated the electrochemical performance of Zn-ion
batteries, which is attributed to the significantly improved Zn
utilization efficiency.

3 Conclusions

In summary, a multicore-shell Bi@NPCN was designed and
constructed to efficiently regulate Zn deposition behaviors.
Benefitting from the high zincophilic property of Bi nanoparticles
and porous feature of NPCN, Bi@NPCN enabled a rapid dendrite-
free Zn deposition, as confirmed by theoretical simulations and in
situ optical microscopy test. Electrochemical measurements reveal
an ultra-stable Zn deposition behavior for over 1500 h and an
exceptional Coulombic efficiency of ~ 100% for 1200 cycles, with a
low hysteresis voltage of only 35 mV. Consequently, the Zn-ion
batteries coupled with NH,V,0,, cathode exhibit an impressive
cyclic performance for 3000 cycles. Moreover, a highly stable cyclic
performance for over 10,000 cycles was achieved when using active
carbon as cathode material. This study demonstrates that the
multicore-shell structure with abundant zincophilic seeding sites
can realize high-performance and dendrite-free Zn metal anodes.

Electronic Supplementary Material: Supplementary material
(synthesis methods, electrochemical testing details, theoretical
studies, and Figs. S1-S13) is available in the online version of this
article at https://doi.org/10.26599/NR.2025.94907372.
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