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skin-enabled dendrite-free Li
deposition in pomegranate-like carbon
microclusters
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The pomegranate-like carbon microclusters (P-CMs), constructed from densely assembled hollow carbon

spheres, provide interconnected internal voids that can accommodate Li andmitigate macroscopic volume

changes. However, despite this advantageous architecture, Li deposition in P-CMs often remains surface-

biased owing to insufficient interfacial lithiophilicity and non-uniform solid-electrolyte interphase

formation. These interfacial limitations lead to localized Li nucleation, gradual Li accumulation on the

outer surface, and eventual dendritic growth under prolonged cycling conditions. In this study, we

applied a conformal polydopamine (PDA) nanoskin coating on the P-CM (the resulting sample is denoted

as P-CM@PDA) to regulate its Li nucleation behavior and stabilize the interfacial chemistry. The PDA-

derived catechol/amine functional groups provide abundant lithiophilic sites that lower the nucleation

barrier and homogenize the Li+ flux, while the hierarchical P-CM framework facilitates inward Li infusion

through continuous ionic pathways. Consequently, P-CM@PDA achieves highly reversible Li plating/

stripping, with a stable coulombic efficiency of ∼97% for 150 cycles at 3.0 mA h cm−2, and maintains

long-term symmetric cell cycling for more than 450 h at 2.0 mA cm−2 and 1.0 mA h cm−2. When paired

with a LiFePO4 cathode, the full cell delivers a high reversible discharge capacity of 141.8 mA h g−1 with

>99% capacity retention over 350 cycles and superior rate capability up to 10C rate. This study

demonstrates that interfacial lithiophilicity enhancement, rather than structural redesign alone, is the key

to enabling dense, dendrite-free Li storage in hierarchical carbon hosts, providing a promising pathway

to high-energy lithium metal batteries.
Introduction

Lithium metal has long been regarded as a leading candidate
for next-generation anodes in lithium-ion batteries (LIBs) owing
to its ultrahigh theoretical capacity (3860mA h g−1) and very low
reduction potential (−3.04 V vs. standard hydrogen
electrode).1–6 Unlike conventional anodes, such as graphite and
silicon, which undergo volume changes of approximately 10%
and 400%, respectively, lithium metal exhibits theoretically
unlimited relative volume uctuations during cycling because
metallic Li can deposit and strip without a host framework.7–11

This host-free deposition not only amplies volume instability
but also aggravates dendritic growth, a phenomenon that is far
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more pronounced than that in traditional LIB systems.12,13

Furthermore, Li-metal anodes suffer from severe interfacial
instability in liquid electrolytes. Spontaneous reactions with the
electrolyte generate a solid-electrolyte interphase (SEI) that
initially passivates the surface but lacks mechanical
robustness.14–18 Repeated plating/stripping induces large
volume changes and internal stress, fracturing the self-formed
SEI, exposing fresh Li metal, and continuously consuming the
electrolyte.19–22 These effects are exacerbated by the uneven li-
thiophilicity of the substrate, non-uniform Li+ ux, and local Li+

depletion near active sites, resulting in dendritic growth, dead
Li accumulation, low coulombic efficiency (CE), and safety
concerns.23–25 In essence, the battery fails due to the formation
of a mechanically fragile, chemically heterogeneous SEI coupled
with an uneven current/potential distribution driven by Li+

concentration gradients.
Several strategies have been explored to stabilize Li-metal

anodes, including electrolyte optimization and the use of
functional additives that promote the in situ formation of more
uniform SEI layers.26–29 Although these electrolyte-driven
approaches have improved the interphase chemistry of LIBs,
the resulting SEI oen remains insufficiently elastic to
J. Mater. Chem. A
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Fig. 1 Schematic illustration of the synthesis process of P-CM@PDA.
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accommodate the continuous morphological evolution of the
Li-metal anode, resulting in recurring fracture and repeated
electrolyte decomposition.30–33

To address these limitations and restrain dendrite growth,
carbon hosts with well-dened three-dimensional (3D) archi-
tectures have been proposed as effective physical scaffolds.34–38

Their large surface areas and internal free volumes distribute
the current, lower the local current density, and provide space to
accommodate the deposited Li. Consequently, carbon materials
with advantageous morphologies, such as those derived from
carbon nanotubes, graphene frameworks, and metal–organic
frameworks (MOFs), have been explored as Li hosts.39–43

However, many of these hosts face scale-up barriers owing to
complex fabrication routes, high costs, and the need for
a substantial amount of binder to form electrodes. Even when
available, particulate electrodes can exhibit high through-
thickness tortuosity and a modest tap density, channeling Li+

toward the top surface and causing “top-plating.”
In our previous study, we demonstrated the feasibility of

a spray drying-based hierarchical assembly strategy for con-
structing pomegranate-like carbon microclusters (P-CMs), in
which primary hollow carbon spheres (HCSs) were densely
packed while maintaining their internal voids.44 This design
preserves the intrinsic structural advantages of the individual
HCSs while overcoming the limitations associated with nano-
scale hosts, thereby enabling improved structural integrity,
reduced binder demand, and lower electrode tortuosity. These
features facilitate continuous and shortened electron/ion
transport pathways, effectively mitigating top-surface Li
plating and allowing Li to be stably accommodated within the
internal voids of the primary spheres. Nevertheless, the P-CM
host still relies on a spontaneously formed SEI, which
remains chemically heterogeneous and mechanically vulner-
able, especially at high current densities or large areal capac-
ities. Such instability could cause localized Li+ ux, uneven
nucleation, and preferential Li plating near the top surface,
resulting in excessive Li accumulation and dead Li formation.
In this regard, the original P-CM architecture dened where Li
could be stored, but did not actively regulate how or where Li
nucleation and early-stage growth were initiated.

To overcome the limitations of the spontaneously formed
SEI and to fundamentally alter the Li growth mode in the P-CM
host, a conformal polymer nanolayer was introduced onto the P-
CM surface. This articial skin establishes a pre-dened inter-
facial chemistry that anchors Li+ uniformly during nucleation,
preventing stochastic deposition events that generally trigger
dendrite formation.45–47 At themolecular level, the polymer layer
supplies lithiophilic coordination sites that lower the nucle-
ation energy barrier and promote spatially homogeneous Li
adsorption, while its viscoelastic and ion-permeable network
buffers the interfacial strain and maintains uninterrupted Li+

transport during cycling.48,49 To satisfy these interfacial
requirements, polydopamine (PDA) was selected as the func-
tional coating material owing to its abundant catechol and
amine ligands, strong adhesion, and intrinsic mechanical
deformability.44 The PDA forms a tightly conformal nanoskin
around the P-CM scaffold via in situ oxidative self-
J. Mater. Chem. A
polymerization, creating a Li-affinitive and stress-adaptive
interphase.50–52 This pre-engineered hybrid framework syner-
gistically couples the low-tortuosity 3D carbon host with
dynamic interfacial regulation, enabling bottom-up Li lling
within the internal voids, mitigating dead Li accumulation, and
delivering dendrite-free deposition behavior with enhanced
cycling stability and CE. Therefore, the Li metal could be
effectively accommodated within the large internal voids of the
HCS subunits in the P-CM framework, provided that inward Li
infusion is promoted by interfacial regulation. This mechanism
enabled stable Li deposition while minimizing surface-driven
dendritic growth. Consequently, the P-CM@PDA host facili-
tated highly reversible Li cycling, sustaining a high CE of ∼97%
over 150 cycles at an areal capacity of 3 mA h cm−2, and
demonstrated long-term cycling stability over 450 h at 2 mA
cm−2 and 1.0 mA h cm−2 in symmetric cells. Furthermore, when
coupled with a LiFePO4 (LFP) cathode, the full cell exhibited
excellent capacity retention and stable cycling performance,
conrming the practical applicability of the P-CM@PDA host
for high-energy lithium-metal batteries.
Experiments
Synthesis of SiO2@RF nanoparticles and P-CM

Silica-resorcinol-formaldehyde (SiO2@RF) core–shell nano-
particles were synthesized following a previously reported
procedure.53 A homogeneous aqueous suspension of SiO2@RF
nanoparticles (15 g L−1) was prepared with dextrin (5 g L−1) as
a processing aid. The suspension was spray-dried at a nozzle
back-pressure of 2.0 bar and an outlet temperature of 100 °C to
produce SiO2@RF microclusters. The collected powder was
carbonized at 700 °C for 3 h under Ar ow to convert the RF
shell into carbon. The internal SiO2 template was subsequently
removed by etching in a 3.0 M NaOH solution, obtaining
pomegranate-like carbon microclusters (P-CM).
Preparation of PDA-coated P-CM (P-CM@PDA)

To a apply the PDA coating, the P-CMs (0.15 g) were dispersed in
150 mL of Tris buffer (10 mM, pH 8.5) via bath sonication for
10 min. Dopamine$HCl (0.15 g) was then added (solid mass
ratio of P-CM to dopamine = 1 : 1; total solid z 1.0 g L−1). The
mixture was stirred at room temperature for 24 h in ambient air
to induce the in situ oxidative self-polymerization of dopamine,
forming a conformal PDA nanoskin on the carbon surface. The
nal product (P-CM@PDA) was collected via centrifugation,
washed with deionized water, and dried under vacuum.
This journal is © The Royal Society of Chemistry 2026
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Results and discussion

As depicted in Fig. 1, monodisperse SiO2 cores prepared by the
Stöber method were coated with a RF shell to form SiO2@RF
nanoparticles (Fig. S1). A single-pass spray-drying step trans-
formed the colloidal SiO2@RF particles into dense spherical
microclusters (a-SiO2@C, Fig. S1c and d). The subsequent
carbonization and alkaline etching processes led to P-CMs
composed of tightly packed hollow subunits. Finally,
conformal PDA nanoskin was introduced via the in situ oxida-
tive self-polymerization of dopamine to obtain P-CM@PDA.
This coating uniformly covered the carbon framework and
preserved its hierarchical morphology, generating a continuous
and mechanically compliant interface.

Fig. 2 shows the morphological and structural features of the
P-CM@PDA host. The spray-drying process compacted
numerous HCSs into well-dened spherical microclusters while
retaining the internal voids of each subunit. As observed in the
SEM image of the pristine HCS (Fig. S1a and b), the particles
initially existed as isolated shells, but dextrin-assisted spray
drying induced the assembly of a robust microsphere with
a rough surface texture (Fig. S1c and d). The TEM analysis
conrmed that the carbon shell was thin and continuous, and
Fig. 2 Morphological, structural, and chemical characterization of P-
CM@PDA. (a) SEM and (b and c) TEM images of P-CM@PDA, (d) EDS
elemental mapping images for C and N in P-CM@PDA, (e) XRD pattern,
(f) Raman spectrum, and (g) survey and (h) high-resolution N 1s XPS
profiles of P-CM@PDA.

This journal is © The Royal Society of Chemistry 2026
that a hierarchical porous framework favorable for accommo-
dating Li within the cluster interior was formed (Fig. 2b),
consistent with the hollow architecture observed in pristine
HCSs (Fig. S2).

Aer the PDA coating, the overall spherical geometry and
corrugated surface characteristic of the P-CM were preserved
(Fig. 2a and b), and a uniform conformal nanoskin (∼13 nm)
was clearly visible on the carbon shells (Fig. 2c). Energy-
dispersive X-ray spectroscopy elemental mapping of carbon
and nitrogen (Fig. 1d) further veried the homogeneous depo-
sition of the N-containing PDA layer over the entire cluster
surface, indicating complete interfacial coverage. Such
conformal coverage ensures intimate interfacial contact and
stable chemical coupling between the PDA skin and the
underlying carbon framework.

The carbon skeleton of the P-CM host exhibited a broad (002)
diffraction peak in the X-ray diffraction pattern (Fig. 2e) and
characteristic D and G bands in the Raman spectrum (Fig. 2f),
indicating an amorphous, defect-rich carbon framework. The X-
ray Photoelectron Spectroscopy (XPS) analysis further
conrmed the presence of C, O, and N species originating from
the PDA layer (Fig. 2g). Spectral deconvolution of the N 1s region
(Fig. 1h) resolved multiple components assigned to amine (R–
NH2), secondary amine (R–NH–R), and imine (R–N]R) func-
tionalities, consistent with polymerized catecholamine struc-
tures.54 These N/O-rich groups make the surface highly
lithiophilic, reducing the Li nucleation overpotential and
facilitating homogeneous Li deposition. Collectively, these
characterizations conrmed that the hierarchical carbon
architecture was well preserved aer PDA modication and that
a conformal, nitrogen-functionalized nanoskin was uniformly
anchored on the microclusters, establishing a stable and
chemically interactive interface.

To elucidate the effect of PDA surface modication on the Li
nucleation pathway, the Li plating behavior was systematically
Fig. 3 Top- and cross-sectional SEM images of Li layers of increasing
areal capacities plated on P-CM and P-CM@PDA hosts at 1 mA cm−2.
(1) Top-view SEM images after Li deposition of 1, 3, and 5 mA h cm−2

on P-CM (a–f) and P-CM@PDA (g–l) hosts. (2) Cross-sectional SEM
images of P-CM (a–f), and P-CM@PDA (g–l).

J. Mater. Chem. A
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Fig. 4 Top- and cross-sectional SEM images of Li-stripping behavior
after plating at 3 mA h cm−2 and 1 mA cm−2, and delithiation to 80mV.
Top-view images of P-CM (a and b) and P-CM@PDA (c and d). Cross-
sectional images of P-CM (a and b) and P-CM@PDA (c and d).
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investigated at 1 mA cm−2 and increasing areal capacities of 1,
3, and 5 mA h cm−2 (Fig. 3). At 1 mA h cm−2, the P-CM electrode
showed localized Li accumulation on the external surfaces of
the microclusters, as evidenced by the irregular granular
deposits in the top-view images (Fig. 3(1)a and b). The corre-
sponding cross-sectional image (Fig. 3(2)a and b) reveals a top-
plated Li layer of ∼10 mm thickness loosely attached to the host
scaffold and exhibiting visible interfacial gaps. In contrast, the
P-CM@PDA electrode (Fig. 3(1)g and h) maintained a spherical
cluster morphology with a smooth and uniform Li coating. The
side-view proles (Fig. 3(2)g and h) show a signicantly thinner
top-plated Li layer with strong interfacial contact, indicating
that Li deposition is preferentially guided into the internal void
network rather than accumulating on the external surface.
Importantly, the key synergy does not arise from enhanced li-
thiophilicity alone, but from the coupling between nucleation
regulation by the PDA nanoskin and spatially guided Li growth
enabled by the hierarchical void architecture. When the plating
capacity was increased to 3 mA h cm−2, the morphological
contrast became more pronounced. For P-CM, the top-view
images (Fig. 3(1)c and d) display coalesced Li domains and
partially fused surface clusters, accompanied by a thick, porous,
and poorly adhered Li layer (∼22 mm) in the cross-section
(Fig. 3(2)c), conrming unstable Li growth driven by non-
uniform current distribution. In contrast, P-CM@PDA
(Fig. 3(1)i and j) preserved a compact and smooth surface
without dendritic protrusions, while the cross-sectional Li layer
remained dense and moderately thick (∼12 mm) (Fig. 3(2)i),
indicating that Li continued to ll the carbon scaffold, rather
than building up externally. At the highest areal capacity of
5 mA h cm−2, the P-CM electrode exhibited severe surface
roughening and porous dendritic Li structures (Fig. 3(1)f), along
with a thick and delaminated Li layer (∼29 mm) (Fig. 3(2)e),
demonstrating structural instability and uncontrolled Li over-
growth. In sharp contrast, P-CM@PDA (Fig. 3(1)k and l) main-
tained a dense and conformal Li coating with preserved
microcluster morphology, and the side view of the sample
(Fig. 3(2)k) shows a uniform, well-adhered Li layer (∼14 mm),
with no interfacial separation. This stable morphology indicates
suppressed Li crowding, minimized SEI damage, and uniform
ion ux throughout cycling. Collectively, these results conrm
that while the uncoated P-CM primarily supports surface-
dominated Li growth, causing rapid accumulation and
dendritic expansion at high capacities, the P-CM@PDA elec-
trode enables internalized, bottom-up Li lling promoted by the
lithiophilic PDA coating. It should be noted that the morpho-
logical observations primarily demonstrate a suppressed
surface accumulation behavior rather than a direct quantica-
tion of Li distribution within the internal voids. The synergy
between the hierarchical microcluster voids and the uniform
interfacial chemistry ensured compact, dendrite-free Li depo-
sition with strong structural integrity.

Following the plating analysis, Fig. 4 presents the Li-
stripping morphologies aer depositing 3 mA h cm−2 of Li
and delithiation to 80 mV at a current density of 1 mA cm−2,
providing direct insight into the reversibility of Li cycling. Aer
being stripped, the uncoated P-CM electrode (Fig. 4(a and b))
J. Mater. Chem. A
exhibited abundant residual porous Li and irregular voids
scattered across the surface, as well as an uneven, discontin-
uous interface in the cross-section (Fig. 4(a and b)). The
remaining Li layer, approximately 3 mm in thickness, indicated
incomplete Li removal and the formation of “dead Li” regions
that hindered uniform delithiation. This morphological degra-
dation reects poor interfacial stability and inefficient charge
transfer during stripping, which is consistent with the inho-
mogeneous Li plating observed earlier. In contrast, the P-
CM@PDA electrode (Fig. 4(c and d)) demonstrated a highly
reversible Li-stripping behavior, with the spherical microcluster
morphology almost completely restored and only a thin residual
layer (∼22 mm) of Li remaining, as shown in the side-view
images (Fig. 4(c and d)). The surface was smooth and free of
large pores, suggesting that Li was evenly extracted from both
the outer and inner regions of the electrode. This reversibility
conrmed that the conformal PDA coating effectively main-
tained an intimate interfacial contact during both plating and
stripping, enabling uniform Li dissolution, without structural
collapse. Consequently, the combined results shown in Fig. 3
and 4 demonstrate that the hierarchical P-CM framework and
lithiophilic PDA nanoskin act synergistically to sustain
compact, dendrite-free, and reversible Li cycling by mitigating
interfacial detachment and facilitating homogeneous ion
transport.

To further clarify the interfacial Li-ion transport and reaction
kinetics of the hierarchical carbon hosts, linear polarization,
Tafel analysis, and asymmetric cell tests were conducted on the
HCS, P-CM, and P-CM@PDA electrodes (Fig. 5). Fig. 5a shows
the linear polarization curves of the symmetric cells. The P-
CM@PDA electrode exhibited the lowest overpotential slope,
indicating the formation of an SEI layer with a smaller interfa-
cial resistance and faster Li-ion diffusion than those of the P-
CM and HCS electrodes. The PDA-derived functional groups
(catechol and amine) served as lithiophilic sites that enhanced
charge transfer and facilitated uniform Li nucleation. Using the
corresponding Tafel plots (Fig. 5b), the exchange current
densities (j0) of HCS, P-CM, and P-CM@PDA were estimated to
be 0.74, 0.89, and 0.99 mA cm−2, respectively, conrming the
This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (a) Linear polarization curves and (b) Tafel plots of symmetric
cells using HCS and P-CM hosts as electrodes. (c) Voltage–capacity
profiles obtained during initial Li plating at 1.0 mA cm−2 and
3.0 mA h cm−2 in asymmetric cells. (d–g) Coulombic efficiencies (CEs)
of asymmetric cells under various cycling conditions: (d) 1.0 mA cm−2

and 1.0 mA h cm−2, (e) 3.0 mA cm−2 and 1.0 mA h cm−2, (f) 2.0 mA
cm−2 and 1.0 mA h cm−2, (g) 1.0 mA cm−2 and 3.0 mA h cm−2.
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superior interfacial kinetics of the PDA-modied electrode. In
addition, cyclic voltammetry (CV) of the symmetric cells was
conducted to further evaluate the interfacial reversibility during
repeated plating/stripping (Fig. S4). Sequential CV scans (cycles
1–10) revealed distinct differences in the stabilization behavior
among the three hosts. The HCS electrode showed gradually
shied and broadened CV curves, indicating continuous SEI
reconstruction and sluggish interfacial charge transfer. In
contrast, the P-CM electrode exhibited reduced hysteresis and
faster curve convergence, reecting improved Li+ accessibility
through the interconnected microcluster framework. Remark-
ably, P-CM@PDA displayed nearly overlapping CV proles from
the initial cycles, demonstrating rapid SEI stabilization and
highly reversible Li nucleation/dissolution. This improvement
originated from the strong chemical affinity between Li+ and the
N/O-rich PDA layer, which decreased the interfacial energy
barrier for Li+ desolvation and nucleation. In addition, the
initial Li plating behavior was investigated in asymmetric cells
at a current density of 1.0 mA cm−2 and areal capacity of
3.0 mA h cm−2 (Fig. 5c). The P-CM and P-CM@PDA electrodes
exhibited similar initial overpotentials, with that of the P-
CM@PDA electrode being only slightly lower. This result indi-
cates that both hosts possess sufficient ion-transport pathways
within their porous frameworks, enabling Li+ migration into the
electrode interior. However, the marginally smaller over-
potential and smoother voltage response of P-CM@PDA suggest
that the PDA layer further enhances interfacial wettability and
charge transfer, leading to a more uniform Li+ ux and homo-
geneous nucleation throughout the host structure. Therefore,
the slightly reduced andmore stable polarization of P-CM@PDA
implies that Li preferentially deposits inside the interconnected
voids, rather than accumulating on the external surface,
contributing to compact and dendrite-free Li growth. The CE
values of the asymmetric cells were evaluated at different
current densities and areal capacities to assess the reversibility
This journal is © The Royal Society of Chemistry 2026
and stability of Li plating/stripping on the three electrodes
(HCS, P-CM, and P-CM@PDA). Under themoderate condition of
1.0 mA cm−2/1.0 mA h cm−2 (Fig. 5d), the P-CM@PDA electrode
exhibited a highly stable CE of ∼99% throughout long-term
cycling, with negligible uctuations. In contrast, the P-CM
electrode showed a gradual decline in CE from ∼98% to
∼95% aer extended cycling, and the HCS electrode suffered
pronounced CE decay within 20 cycles, accompanied by severe
instability. These results demonstrate that the conformal PDA
layer provides a chemically uniform Li-affinity surface and
mechanically robust SEI, enabling durable Li reversibility, even
under continuous cycling. When the current density was
increased to 3.0 mA cm−2 while maintaining an areal capacity of
1.0 mA h cm−2 (Fig. 5e), the performance gap widened. The HCS
electrode rapidly failed owing to dendritic growth and unstable
interfacial contact, whereas the P-CM maintained moderate
stability. In comparison, P-CM@PDA retained a nearly constant
CE (>98%) over 200 cycles, highlighting its excellent tolerance to
high-rate operation, which originated from the fast charge-
transfer kinetics of the PDA-modied surface and the uniform
Li+ ux distribution within the 3D porous network. At 2.0 mA
cm−2/1.0 mA h cm−2 (Fig. 5f), the general trend persisted, with
HCS exhibiting early failure, P-CM showing moderate dura-
bility, and P-CM@PDA consistently maintaining the highest CE
(>98%) with minimal deviation. The superior reversibility of P-
CM@PDA resulted from its dual regulation: structural voids
that buffer Li volume changes and the lithiophilic PDA skin that
ensures homogeneous Li nucleation and dissolution. Finally,
when the areal capacity was increased to 3.0 mA h cm−2 at 1.0
mA cm−2 (Fig. 5g), the Li plating/stripping process became
more demanding owing to the deposition of thicker Li layers
and intensied SEI stress. Under these conditions, HCS
exhibited rapid CE degradation and early short-circuiting,
whereas P-CM exhibited a steady, yet noticeable drop in CE to
a value below 95% aer ∼58 cycles. In contrast, P-CM@PDA
continued to deliver a high and stable CE of ∼98–99%,
demonstrating its ability to sustain reversible Li cycling, even at
high areal loading. Overall, the consistent CE superiority of P-
CM@PDA across all current and capacity conditions under-
scores the synergistic benets of the hierarchical carbon
framework and the chemically active PDA coating. This
combination provides efficient Li+-transport pathways, ample
voids for Li accommodation, and robust SEI integrity, thereby
preventing dendrite growth and the accumulation of dead Li,
even under aggressive cycling regimes.

To further investigate the chemical composition of the SEI
layer and the role of the PDA layer, XPS analysis was conducted
on the electrodes aer 50 cycles. Fig. 6a and b show the C 1s
spectra of P-CM@PDA and P-CM, respectively. Both electrodes
exhibit typical SEI components, including C–C (284.8 eV), C–O
(286.3 eV), and C]O (288.5 eV) peaks, which originate from the
decomposition of the carbonate-based electrolyte.55 The F 1s
spectra provide more distinctive evidence of the PDA layer's
inuence. For both P-CM@PDA (Fig. 6c) and P-CM (Fig. 6d), the
peaks corresponding to LiF (683.8 eV) and LixPOyFz (685.3–685.7
eV) are observed.56–58 Notably, the P-CM@PDA electrode exhibits
a signicantly higher relative intensity of the LiF peak
J. Mater. Chem. A
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Fig. 6 Chemical composition of the SEI layers after 50 cycles. High-
resolution XPS spectra of (a and b) C 1s, (c and d) F 1s, and (e and f) N 1s
for (a, c and e) P-CM@PDA and (b, d and f) bare P-CM.

Fig. 7 Symmetric cycling stability evaluation of the P-CM and P-
CM@PDA electrodes. (a and b) Voltage–time profiles recorded under
continuous cycling at 2.0 and 3.0 mA cm−2 (1.0 mA h cm−2). (c) Rate
performance under stepwise current density variation from 0.5 to 10
mA cm−2.
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compared to the bare P-CM. This suggests that the PDA layer
effectively regulates the electrolyte decomposition process,
promoting the formation of a LiF-rich SEI, which is known to
provide high ionic conductivity and mechanical stability. The
most critical difference is observed in the N 1s spectra. While
the bare P-CM electrode (Fig. 6f) shows no discernible nitrogen
signal, the P-CM@PDA electrode (Fig. 6e) displays clear peaks at
399.3 eV and 400.2 eV, corresponding to amine/imine groups of
PDA and Li–N species, respectively.59 The emergence of the Li–N
peak denitively proves that the nitrogen-containing functional
groups of the PDA layer are chemically involved in the SEI
formation, creating a lithiophilic environment that guides
uniform Li deposition.

To further evaluate the cycling stability and interfacial
reversibility of Li plating/stripping, symmetric cells were tested
using the HCS, P-CM, and P-CM@PDA hosts under progres-
sively increasing current conditions (Fig. 7). At 1.0 mA cm−2

(Fig. 7a), the HCS electrode exhibited a rapid rise in the over-
potential and strong voltage uctuations within the rst 50 h,
indicating unstable Li nucleation and repeated SEI rupture. In
contrast, the P-CM electrode showed a more gradual evolution
of the overpotential, reecting improved Li accommodation
within the internal voids of the microcluster framework.
Notably, the P-CM@PDA electrode maintained the lowest and
most stable polarization over extended cycling (∼450 h), with
minimal voltage noise, demonstrating highly reversible Li
plating/stripping behavior. These results conrm that the PDA
nanoskin promotes uniform Li+ ux and accelerates SEI
J. Mater. Chem. A
stabilization, thereby preventing localized surface deposition.
When the current density was increased to 3.0 mA cm−2

(Fig. 7b), the performance differences became more
pronounced. The HCS-based cell experienced a sharp increase
in the overpotential, followed by rapid cell failure owing to
severe dendrite accumulation and interfacial delamination. The
P-CM cell exhibited moderate stability but gradually developed
increasing voltage hysteresis at 120 h, suggesting that Li began
to migrate from the internal sites toward the external surface
under high-rate conditions. In contrast, the P-CM@PDA cell
maintained a stable and relatively low overpotential, even at
a high current density, conrming that the PDA-mediated li-
thiophilic interface enabled uniform reaction kinetics and
effectively suppressed high-current-induced dendritic propaga-
tion. To further probe the evolution of interfacial resistance
during cycling, electrochemical impedance spectroscopy (EIS)
was performed on P-CM//Li and P-CM@PDA//Li asymmetric-
cells (Fig. S5). In the fresh state (Fig. S5a), the P-CM@PDA
electrode exhibits a slightly larger semicircle, which can be
attributed to the presence of the polymeric PDA nanoskin.
However, aer ve plating/stripping cycles (Fig. S5b), the
interfacial resistance of P-CM@PDA becomes noticeably
smaller than that of bare P-CM. This reduction indicates the
formation of a more stable and ionically conductive SEI, sug-
gesting that the PDA layer facilitates interfacial stabilization
This journal is © The Royal Society of Chemistry 2026
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rather than impeding charge transfer during cycling. Under
stepwise current density cycling (Fig. 7c), clear differences were
observed in the interfacial robustness and reversibility of the
three electrodes. At 1.0 mA cm−2, the HCS electrode rapidly
developed overpotential dri and irregular voltage oscillations,
suggesting unstable SEI formation and surface-dominated Li
accumulation. The P-CM electrode exhibited a relatively
smoother voltage response, but showed a gradual increase in
polarization when the current density increased to 3.0 mA cm−2,
indicating that Li deposition began to shi toward the external
surface under higher ionic ux. In contrast, the P-CM@PDA
electrode maintained a low and steady overpotential
throughout the rate sequence, even aer a transition to high-
current operation and subsequent return to 1.0 mA cm−2,
demonstrating excellent interfacial elasticity and reversible Li-
deposition behavior. This ability to recover and maintain
stable polarization aer high-rate stress conrms that the PDA
nanoskin not only homogenizes the Li+ ux but also mechan-
ically stabilizes the SEI, preventing morphological memory
effects and dendritic inheritance during cycling. Collectively,
the rate performance of the symmetric cell indicates that while
HCS undergoes unstable, surface-localized Li growth and P-CM
partially buffers Li but struggles under a high current, P-
CM@PDA enables structurally reversible, dendrite-free Li
cycling across a broad range of operational current densities.

To demonstrate the practical applicability of the hierarchical
carbon hosts in lithium-metal batteries, full cells were assem-
bled by pairing a LiFePO4 (LFP) cathode with each anode (HCS,
P-CM, or P-CM@PDA) (Fig. 8). Recent studies on high-
utilization lithium-metal batteries have primarily adopted
strategies based on either excess Li metal foils or Li infusion
into conductive frameworks to construct full cells.60,61 In such
approaches, metallic Li is typically introduced by melt
Fig. 8 Full-cell electrochemical performance of the P-CM@PDA and
P-CM anodes paired with a LiFePO4 (LFP) cathode. (a) Cycling
performance at 1.0C over prolonged cycles. (b) Rate capability at
various current densities from 0.2C to 10C.

This journal is © The Royal Society of Chemistry 2026
inltration, chemical infusion, or the use of thick Li foils,
allowing sufficient Li reservoirs to sustain cycling while miti-
gating rapid capacity decay. These congurations have provided
valuable insights into Li-metal degradation mechanisms and
utilization limits under high areal capacities. However, the
presence of excess Li inherently masks the intrinsic reversibility
of the host structure and makes it difficult to decouple Li
utilization efficiency from the buffering effect of an oversized Li
reservoir. As a result, evaluating whether a host architecture can
truly regulate Li deposition and dissolution under lean-Li
conditions remains challenging in these systems. In contrast,
the present work adopts a fundamentally different full-cell
conguration based on electrochemically pre-plated Li,
enabling a quantitatively controlled and limited Li inventory
that directly reects the reversibility of the host architecture
rather than the availability of excess Li.

For full-cell assembly, the P-CM@PDA anode was pre-
lithiated by electrochemical Li plating at 1.0 mA cm−2 to
a xed areal capacity of 5.0 mA h cm−2, providing a limited and
well-dened Li inventory. No thick Li foil was used in the full-
cell conguration. The LFP cathode loading was 1.18 mg
cm−2, corresponding to an areal capacity of ∼2.0–
2.1 mA h cm−2, while the P-CM@PDA anode loading was
1.12 mg cm−2. Based on the pre-plated Li capacity, the resulting
N/P ratio was approximately 2.3–2.5. At a cycling current of 1.0C,
the HCS//LFP full cell exhibited rapid capacity deterioration and
eventual short-circuit failure aer ∼130 cycles, which is attrib-
uted to unstable Li plating on the HCS electrode and the
progressive accumulation of electrically isolated dead Li
(Fig. 8a). In contrast, the P-CM//LFP cell exhibited improved
cycling stability and maintained a reversible capacity over 300
cycles. However, the gradual capacity decay and reduced CE
indicate the incomplete suppression of interfacial degradation
and Li deposition instability. Strikingly, the P-CM@PDA//LFP
cell exhibited the most robust cycling reversibility, retaining
a high discharge capacity of 141.8 mA h g−1 and >99% CE aer
300 cycles. The stable voltage plateau and minimal hysteresis
during cycling conrmed the structurally reversible Li
deposition/dissolution and strong interfacial integrity between
the pre-lithiated scaffold and the electrolyte. The evolution of
the charge–discharge proles during cycling further highlights
the different interfacial behaviors (Fig. S6a–c). The HCS//LFP
full cell exhibited signicant broadening and distortion of the
voltage proles aer ∼330 cycles, indicating a severe loss of
active Li and increasing polarization. The P-CM//LFP cell
exhibited moderate prole distortion, implying the partial
stabilization of Li cycling. In contrast, the P-CM@PDA//LFP cell
maintained nearly overlapping GCD curves over extended
cycling, conrming that the PDA-modied hierarchical carbon
framework effectively accommodates Li without inducing an
irreversible Li buildup or structural degradation. Electro-
chemical impedance spectroscopy measurements performed
aer 55 cycles (Fig. S6d) supported these observations. The
charge-transfer resistance (Rct) followed the order of P-
CM@PDA < P-CM < HCS, with P-CM@PDA exhibiting the
smallest semicircle diameter. This reduction in the interfacial
resistance arises from the lithiophilic PDA nanoskin, which
J. Mater. Chem. A
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introduces abundant polar functional groups (catechol and
amine), improving wetting and enabling uniform Li+ ux
during cycling. The superior interfacial stability of the P-
CM@PDA anode is further reected in its rate performance
(Fig. 8b). While both HCS//LFP and P-CM//LFP maintain
reasonable capacities at moderate current densities (#5.0C),
the HCS//LFP cell undergoes abrupt capacity decay at a higher
current (10.0C), consistent with its unstable interfacial Li
handling. In contrast, the P-CM//LFP cell showed improved
retention, yet still suffered from polarization-induced capacity
loss. Conversely, the P-CM@PDA//LFP cell maintained a high
reversible capacity, even at 10.0C, demonstrating accelerated
charge-transfer kinetics and suppressed Li dendrite formation
under high-rate cycling. Collectively, these full-cell evaluations
conrm that the hierarchical P-CM scaffold provides internal Li-
storage sites, and that the PDA-derived lithiophilic surface layer
ensures uniform nucleation, dense Li packing, and reversible Li
transport, enabling the long-term, high-rate, and stable opera-
tion of the Li-metal full cell.

Conclusions

This study demonstrates that uniformly assembling hollow
carbon spheres into dense pomegranate-like microclusters
enables efficient Li accommodation within the internal voids,
while conformal PDA nanoskin serves as a lithiophilic and
mechanically adaptive interphase. The hierarchical P-CM
framework reduced electrode tortuosity and facilitated prefer-
ential inward Li accommodation, while the PDA layer regulated
Li nucleation behavior and contributed to SEI stabilization.
Collectively, these structural and chemical contributions effec-
tively suppressed dendritic growth and mitigated dead Li
accumulation. Consequently, the P-CM@PDA host achieved
highly stable Li reversibility, maintaining ∼97% coulombic
efficiency at 3.0 mA h cm−2 and sustaining long-term cycling
(>450 h) at 2.0 mA cm−2 in symmetric cells. When implemented
in full cells with a LiFePO4 cathode, the P-CM@PDA anode
exhibited high-capacity retention (141.8 mA h g−1), >99% CE
aer 350 cycles, and outstanding rate performance up to 10C,
outperforming both unmodied P-CM and HCS hosts. These
results suggest that interfacial chemistry engineering, when
coupled with hierarchical void-conned Li storage, provides
a robust pathway to dendrite-free and long-lived Li metal
anodes. The strategy described herein is synthetically scalable,
compositionally versatile, broadly compatible, and offers
a practical route to next-generation high-energy lithium metal
batteries.
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