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ABSTRACT: Fullerene network is an emergent two-dimen-
sional (2D) carbon allotrope in which C60 molecules are
covalently bonded to form a quasi-hexagonal pattern (qHP).
The intermolecular covalent bonding significantly reshapes the
intrinsic electronic structure of the C60 units, leading to
enhanced structural stability and electrochemical activity.
Herein, we report unconventional high-density Na-ion storage
and electrocatalytic conversion properties of fullerene networks
(qHP-C60) driven by their covalent quasi-hexagonal topology.
As an anode material for sodium-ion batteries, the covalent
framework facilitates intermolecular charge transfer and creates
favorable sites for Na+ adsorption, delivering a maximum reversible capacity of 279 mAh g−1 at 25 mA g−1. In addition, the
interconnected and curved C60 subunits induce inhomogeneous electron distribution, accelerating the reaction kinetics of
NaCl/Cl2 conversion in sodium-chlorine batteries. This enables a high current density (15,000 mA g−1 versus 1,000−1,500
mA g−1) at a significantly reduced catalyst loading amount (5 wt % versus 60−80 wt %) compared to benchmark catalysts. Our
study provides insights into the covalent structural engineering of carbon materials for high-performance energy applications.
KEYWORDS: fullerene network, carbon materials, sodium-chlorine batteries, sodium-ion batteries, carbon electrocatalyst

■ INTRODUCTION
High-performance carbon materials are essential to various
energy harvesting and storage technologies.1−3 Among them,
graphite has dominated the lithium-ion battery anode for
decades owing to its structural stability and optimal electro-
chemical potential.4,5 However, extending graphite to more
sustainable and high-performance battery systems, such as
intercalation-type sodium (Na)-ion batteries and conversion-
type Na−S, Na−O2, and Na−Cl2 batteries, remains a major
challenge. The narrow interlayer gap of graphite (3.35 Å)
imposes a high energy barrier for Na-ion intercalation, yielding
very low capacities of only 12−35 mAh g−1 in Na-ion
batteries.6 Moreover, the highly stable and symmetric
hexagonal carbon lattice of graphite cannot provide sufficient
active sites to catalyze the redox reactions in conversion-type
batteries.7,8 Although chemical modification strategies, such as
heteroatom doping or disorder engineering, have been
extensively explored to enhance Na-ion storage and electro-
catalytic performance,9−14 state-of-the-art carbon materials,
such as heteroatom-doped carbon, porous graphite, and carbon
nanotubes, still face a fundamental trade-off between these two
functions within a single structure.15,16 Thus, integrating high-

capacity Na-ion storage and intrinsic catalytic activity into one
carbon material is highly desirable, yet remains a significant
challenge for advancing electrochemical performance.
From a structural perspective, carbon materials are typically

constructed using carbon atoms as fundamental building units.
Recently, carbon clusters have emerged as new building blocks
for the topological engineering of crystalline carbon materi-
als,17−20 including long-range ordered porous carbon,21

ultrahard amorphous carbon,22 and polymerized phase of
C60,

23 enabling numerous unique properties. For example, Hou
et al. and Meirzadeh et al. prepared monolayer and few-layer
polymeric C60 networks,2,3 in which individual C60 clusters
exhibit hexagonal coordination with six neighboring fullerene
cages oriented along the equatorial plane, featuring interlinked
bonding configurations that include both C−C connections
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and [2 + 2] cycloaddition bridges. These pioneering works
suggest that the rational design of C60 networks may offer new
electrochemical properties of carbon materials toward
advanced battery applications.
To address the structure−property trade-offs in many

carbon materials, this study introduces a molecular engineering
strategy for preparing layered qHP-C60, enabling high-capacity
Na-ion storage and efficient electrocatalytic NaCl/Cl2
conversion. The scope of this work includes the scaled-up
synthesis of qHP-C60 materials, Na-ion storage properties, and
their catalytic performance in conversion-type NaCl/Cl2
batteries (Figure 1). Especially, layered qHP-C60 exhibits a
large interlayer spacing of 9.60 Å, providing spacious channels
for rapid Na-ion intercalation and deintercalation. The
covalent intermolecular bridge bonds generate a high density

of accessible active sites that promote Na+ adsorption and
storage, providing a substantial Na-ion storage capacity of up
to 279 mAh g−1 at 25 mA g−1. The nonuniform electron
density localized at the edges significantly enhances the
catalytic activity toward NaCl/Cl2 conversion, enabling a
record rate capability of 15,000 mA g−1 while reducing the
catalyst loading from 60−80 wt % to 5 wt %. Our results open
a new avenue for high-performance energy storage by de novo
molecular engineering of carbon materials.

■ RESULTS AND DISCUSSION

Scalable Synthesis of qHP-C60
The synthesis of layered qHP-C60 in large quantities is essential
for studying its electrochemical performance. The overall

Figure 1. Schematic of the qHP-C60 framework based on covalently bonded C60 molecules. The interlayer gap of the layered qHP-C60 crystal
is 9.60 Å.

Figure 2. Synthesis and the characterizations of qHP-C60. (a) Schematic illustration of the convective chemical vapor transport approach for
the growth of Mg4C60 crystal. (b) Temperature-dependent vapor pressures of Mg and C60. (c) Energy-dispersive spectrometer test of Mg4C60
and qHP-C60. (d) Optical microscope image of a typical qHP-C60 crystal. The scale bar is 20 μm. (e) High-resolution TEM image of qHP-
C60. The scale bar is 5 nm. Inset: selected area electron diffraction pattern. The scale bar is 4 nm−1. (f) Inverse fast Fourier-transformed
high-resolution TEM image of qHP-C60. The scale bar is 2 nm. (g) High-resolution TEM image of the cross-section of qHP-C60. The
measured interlayer gap of qHP-C60 is 9.60 Å. The scale bar is 2 nm. (h) XRD patterns of graphite and qHP-C60. (i) Raman spectra of C60
molecules and qHP-C60. (j) Magic-angle-spinning solid-state 13C NMR spectra of C60 molecules and qHP-C60. (k) C 1s XPS spectrum of
qHP-C60.
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synthetic route of qHP-C60 involves two steps, including the
growth of high-quality Mg4C60 crystals and the subsequent
selective Mg extraction (Figure S1 and Experimental Section).
The Mg4C60 precursor features in-plane covalent C60 networks
stabilized by strong out-of-plane Mg−C interactions. We
developed a customized convective chemical vapor transport
process, wherein Mg and C60 sources were spatially separated
into independently controlled temperature zones (T1 = 773 K
for Mg, T2 = 873 K for C60, respectively, Figure 2a). This
design accommodates their different vapor pressures and
enables scalable growth of high-quality Mg4C60 crystals
(Figures 2b and S2−S5). Subsequent topochemical removal
of Mg2+ ions was achieved through a mild two-step etching
protocol. Initial treatment with nitric acid weakened Mg−C
interactions to release Mg2+ ions, followed by the addition of
salicylic acid to provide a competitive coordination that
ensured complete Mg2+ extraction, yielding phase-pure layered
qHP-C60 (Figure 2c). Notably, the mild Mg removal process
did not break the layered qHP-C60 crystals into single- or few-
layer nanosheets, as confirmed by its low specific surface area
of 4.04 m2 g−1, measured by N2 adsorption−desorption
isotherms (Figure S6).
The qHP-C60 exhibits well-defined hexagonal crystalline

structures with an average particle size of ∼100 μm, as
validated by optical microscopy and SEM (Figures 2d, S7−
S8). High-resolution transmission electron microscopy (HR-

TEM) showed a honeycomb-like hexagonal pattern (Figure
2e). This was further validated by bandpass-filtered inverse fast
Fourier transform (iFFT), which removed aperiodic pixel noise
and highlighted the distinct hexagonal topology of the
interlinked C60 subunits (Figure 2f). Cross-sectional HR-
TEM imaging revealed an interlayer gap of 9.60 Å (Figure 2g),
consistent with X-ray diffraction (XRD) analysis that displayed
two characteristic diffraction peaks at 9.26° and 19.35°,
corresponding to the (200) and (400) planes, respectively
(Figure 2h). Spectroscopic analysis confirmed the trans-
formation from molecular C60 to layered qHP-C60. Raman
spectra showed the characteristic qHP-C60 peaks at 1,426 cm−1

and 1,551 cm−1, attributed to the pentagonal-pinch (A )g
2 and

hexagon shear (H )g
8 vibrational modes, respectively (Figure 2i).

The Ag
2 mode, which is highly sensitive to cage geometry and

electron density redistribution, shifted to lower wavenumber,
from 1,451 cm-1 in molecular C60 to 1,426 cm−1, indicating C60
cage distortion induced by covalent bonding.2 The inter-
molecular bonding reduces the symmetry of the C60 cage,
giving rise to two new vibrational modes at 916 cm−1 and 975
cm−1, which are associated with intermolecular sp3-type bonds
formed upon polymerization.18,24−26 This is further supported
by magic-angle-spinning solid-state13C nuclear magnetic
resonance (NMR), which reveals two distinct emerging
resonances at 59.9 and 44.1 ppm (Figure 2j).27,28 In addition,

Figure 3. Electrochemical performance of qHP-C60 in Na-ion batteries. (a) Photograph of ∼10 g qHP-C60 powder. The scale bar is 2 cm. (b)
Photograph of a 0.8 × 0.1 m2 qHP-C60 electrode. (c) Raman spectra of the corresponding 15 marked positions on the qHP-C60 electrode in
(b). (d) Galvanostatic charge−discharge curves of Na||graphite, Na||C60, and Na||qHP-C60 cells at a current density of 25 mA g−1. (e) Rate
performance of graphite, C60, and qHP-C60. (f) Galvanostatic charge−discharge curves of qHP-C60 at increasing current densities from 25 to
1,000 mA g−1. The mass loadings of anode materials in d-f are 1.4 mg cm−2. (g) Cycling performance of the Na||qHP-C60 cell at a current
density of 100 mA g−1. The mass loading of qHP-C60 is 2.5 mg cm−2. (h) In situ Raman spectra of qHP-C60 during charge and discharge at
the 2nd cycle with a current density of 100 mA g−1. (i) Schematic illustration and the corresponding Na adsorption energies of potential Na
adsorption sites in qHP-C60. T, S, H, and P represent triangle, square, hexagon, and pentagon sites, respectively.
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the sp2 carbon resonance shifted from 143.8 to 148.5 ppm due
to covalent assembly of C60 subunits (Figure 2j). X-ray
photoelectron spectroscopy (XPS) revealed a sp2/sp3 carbon
ratio of 52:8 (Figures 2k and S9), in agreement with the
theoretical bonding configuration in qHP-C60, where 52 sp2
carbons originate from the C60 cage and 8 sp3 carbons arise
from intermolecular cross-linking.2,29

Sodium-Ion Storage in qHP-C60
Our convective chemical vapor transport method enabled the
scalable synthesis of more than 10 g of qHP-C60 (Figure 3a),
allowing for the fabrication of a 0.8 × 0.1 m2 electrode on
aluminum (Al) foil for battery production (Figures 3b-c and
S10). We evaluated the Na-ion storage behavior in a Na||qHP-
C60 cell using a common organic electrolyte of 1 M sodium
perchlorate in ethylene carbonate and propylene carbonate
(1:1 by volume) with 5 wt % fluoroethylene carbonate (see
Experimental Section). At a current density of 25 mA g−1,
qHP-C60 delivered a reversible capacity of 279.2 mAh g−1

(Figure 3d), far exceeding that of graphite (16.5 mAh g−1) and
C60 (0.3 mAh g−1). At an elevated current density of 1,000 mA
g−1, it maintained a discharge capacity of 147.5 mAh g−1,
whereas both graphite and C60 exhibited negligible discharge
capacities under the same conditions (Figure 3e−f).
To gain deeper insight into the electrochemical kinetics of

qHP-C60, we performed cyclic voltammetry measurements at
increasing scan rates from 0.3 to 3 mV s−1 (Figure S11a). The
resulting b-values for the anodic and cathodic peaks were 0.604
and 0.551, respectively (Figure S11b), indicating that charge
storage was governed by a mixed diffusion-capacitive process in
which ion diffusion plays a dominant role.30 This diffusion-
controlled behavior was also supported by the large interlayer
spacing of 9.6 Å, which offers low-barrier pathways for Na+

diffusion. We further confirmed the high cycling stability of
qHP-C60, which retained 81.82% of its initial capacity after 300
cycles with an average Coulombic efficiency (CE) of 99.52%
(Figure 3g). Even at an elevated current density of 2 A g−1, the

Figure 4. Electrochemical performance of qHP-C60 as high-performance cathode catalyst for rechargeable Na−Cl2 battery. (a) Schematic
illustration of a rechargeable Na−Cl2 battery based on a cathode composed of graphite, qHP-C60, and PTFE in a weight ratio of 85:5:10. (b)
Galvanostatic charge−discharge curves of rechargeable Na−Cl2 batteries based on bare graphite cathodes and graphite cathodes with 5 wt %
qHP-C60 or 5 wt % C60. The current densities are 1,000 mA g−1 and 15,000 mA g−1. (c) Comparison of catalyst loading and maximum areal
current based on various cathode catalysts in rechargeable Na−Cl2 batteries, including metal−organic framework (MOF, UiO-66-NH2),

34

covalent organic framework (COF-NH2),
35 porous organic nanocage (POC),36 reduced graphene oxide (rGO),37 and nitrogen-doped

carbon nanosheets (N-CS).38 (d) SEM images of qHP-C60 cathodes from the rechargeable Na−Cl2 batteries at various charge and discharge
states. The current density and specific capacity are 500 mA g−1 and 500 mAh g−1, respectively. The scale bars are 500 nm. (e) Optimized
structures of AlCl4−NaCl on the edge (left) and the center of qHP-C60 (right). (f) In situ Raman spectra of the electrolyte (300−450 cm−1)
and qHP-C60 (1,350−1,650 cm−1) during continuous charge and discharge. The current density and specific capacity are 1,000 mA g−1 and
500 mAh g−1, respectively. (g) Calculated Gibbs free energies of NaCl oxidation on the edge of graphite and qHP-C60. (h) Differential charge
density distributions of the adsorbed AlCl3−NaCl2* reaction intermediates on graphite (up) and qHP-C60 (down), respectively. The yellow
and cyan areas represent the accumulation and depletion of electron densities, respectively.
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electrode preserved 80% of its capacity after 150 cycles (Figure
S12). In addition, the SEM images revealed that the qHP-C60
maintained its layered morphology after 300 cycles (Figure
S13), confirming the structural robustness during repeated Na-
ion insertion and extraction. The relatively low initial CE could
be attributed to facilitated electrolyte decomposition for the
formation of a solid-electrolyte interphase layer during the
initial cycle, due to the presence of edge active sites in qHP-
C60.

12

We performed in situ Raman spectroscopy to monitor the
evolution of characteristic modes of qHP-C60 at 1,420 cm−1

and 1,550 cm−1 during electrochemical cycling. The intensity
of these modes weakened during charging, corresponding to
Na+ deintercalation, and recovered during discharging due to
Na+ intercalation (Figure 3h), indicating the strong Na+
affinity of qHP-C60. To analyze the potential Na+ storage
sites, we performed density functional theory (DFT)
calculations (Figure 3i). The triangular region formed between
three adjacent C60 subunits (denoted as the “T” region) was
identified as an energetically favorable interaction site,
originating from the covalently bonded framework, which
creates a thermodynamically metastable state. Such a
configuration yields an intrinsic driving force to stabilize the
inserted Na+, lowering the energy barrier that normally
prevents Na+ storage in graphite lattices or pristine C60
cages.31,32 This mechanism represents a unique Na-ion storage
pathway governed by molecular-scale metastability. Further
confirmation of the facilitated Na-ion transport on the qHP-
C60 surface comes from its reduced diffusion barrier of 0.237
eV, which is significantly lower than that of bare C60 molecules
(Figure S14). Moreover, the large interlayer spacing of 9.60 Å
in qHP-C60 further facilitates rapid transport of Na ions, which
collectively contributes to the excellent rate performance in
Na-ion storage.
Catalytic Properties of qHP-C60
The uneven electron distribution inherent to qHP-C60 offers
electrocatalytic capability, especially in mediating reversible
chloride redox chemistry. In a conversion-type Na−Cl2 battery,
5 wt % qHP-C60 was incorporated with graphite, denoted as
the qHP-C60 cathode (Figures 4a and S15). For comparison, 5
wt % C60 incorporated in graphite (denoted as the C60
cathode) and bare graphite cathodes were also prepared. The
qHP-C60 cathode significantly promoted the reaction kinetics
of NaCl/Cl2 conversion, enabling an ultrahigh current density
of 15,000 mA g−1 while delivering a reversible capacity of 325
mAh g−1, in contrast to negligible capacities observed with bare
graphite and C60 cathodes under identical conditions (Figure
S16). The Coulombic efficiency for the qHP-C60 cathode
decreases to ∼80% at 15,000 mA g−1. The lower CEs at 15,000
mA g−1 can be explained by the decomposition of SOCl2-based
electrolyte at high currents, which generates byproducts such
as SO2Cl2 and S−Cl compounds, giving rise to reduced
electrochemical reversibility and lower CEs.33 Galvanostatic
charge−discharge profiles further showed a reduced over-
potential of 1.15 V stemming from the qHP-C60 cathode,
compared to 1.39 V for the C60 cathode and 1.21 V for the
bare graphite cathode at 1,000 mA g−1 (Figure 4b). When
benchmarked with state-of-the-art cathode catalysts, including
metal−organic and covalent-organic frameworks,34,35 porous
organic nanocages,36 reduced graphene oxide,37 and heter-
oatom-doped carbons,38 the purely carbonaceous qHP-C60
demonstrates outstanding advantages in both catalyst loading

(5 wt % versus 60−80 wt %) and maximum current density
(15,000 mA g−1 versus 1,000−1,500 mA g−1) (Figure 4c).
Furthermore, the excellent catalytic capability enabled a
maximum NaCl utilization rate of 81.4%, significantly
outperforming the range of 16.0−62.5% in previous reports
(Figure S17).33,37,39−41 Even at −20 °C, the Na−Cl2 battery
based on the qHP-C60 cathode exhibited stable cycling
performance for more than 470 cycles with a charge capacity
of 500 mAh g−1 (Figure S18).
The impressive electrochemical performance originates from

the abundant catalytic edge sites of qHP-C60, which serve as
preferential nucleation centers for NaCl deposition during the
discharge process (Figures 4d and S19). DFT calculations
further confirmed that these edge sites exhibited stronger
adsorption energy for AlCl4−NaCl clusters (−3.17 eV) than
the basal plane regions (−2.93 eV) (Figures 4e and S20),
enabling efficient NaCl/Cl2 conversion while suppressing
electrolyte decomposition. As a result, the qHP-C60 cathode
afforded a long cycle life exceeding 340 cycles, far out-
performing bare graphite (167 cycles) and C60 (113 cycles)
(Figure S21). This performance ranks among the best cycle
lives reported for Na−Cl2 batteries (Figure S22).33,37,39−41

Postcycling morphological analysis further confirmed the
structural robustness of qHP-C60 after 300 cycles (Figures
S23a,b and S24a). In stark contrast, pristine C60, which relies
solely on weak van der Waals interactions, underwent rapid
structural degradation within only 35 cycles (Figures S23c,d
and S24b). These results validate the critical role of a
covalently bonded architecture in maintaining mechanical
and electrochemical stability under extended cycling con-
ditions.42,43

Mechanistic studies using in situ Raman spectroscopy
revealed strong electronic interactions between the AlCl4−

anion (Al−Cl symmetric stretching at 350 cm−1) and qHP-
C60 (Ag

2 mode at 1,420 cm−1 and Hg
8 mode at 1,550 cm−1)

(Figure 4f).44,45 During charging, the Raman peaks of qHP-C60
weakened owing to AlCl4− anion adsorption, which perturbs
the vibrational modes of the C60 subunits. Upon discharge, the
peaks recovered as the AlCl4− anions desorbed back into the
electrolyte. In contrast, graphite exhibited negligible spectral
changes (Figure S25), indicating much weaker interactions
with AlCl4−. DFT calculation results further showed a stronger
AlCl4− adsorption energy on qHP-C60 (−3.17 eV) relative to
conventional graphite (−2.43 eV), reducing the NaCl*
oxidation barrier from 1.48 eV (graphite) to 1.14 eV (qHP-
C60) (Figures 4g and S26). Differential charge density and
Bader charge analyses revealed an accelerated electron transfer
pathway between qHP-C60 and NaCl, via the formation of a
“qHP-C60−AlCl3−NaCl2*” complex, which facilitates NaCl
oxidation and improves interfacial reaction kinetics along the
electroactive edges (Figure 4h). Electrochemical impedance
spectroscopy (EIS) measurements further revealed a lower
charge-transfer resistance (Rct) of 37.1 Ω for qHP-C60, versus
73.0 Ω for bare graphite (Figure S27), confirming that qHP-
C60 facilitates more efficient interfacial charge transfer.
Overall, this study advances the field by establishing qHP-

C60 as a topology-engineered multifunctional carbon material
that integrates high-capacity Na-ion storage and intrinsic
catalytic activity within a single all-carbon covalent framework.
Especially, the covalent intermolecular bridge bonds create
abundant accessible sites for Na+ adsorption, enabling a high
reversible Na-ion storage capacity of up to 279 mAh g−1 at 25
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mA g−1. Furthermore, edge-localized charge redistribution
markedly promotes the catalytic kinetics of NaCl/Cl2
conversion, delivering a record rate capability of 15,000 mA
g−1 with a substantially reduced catalyst loading of only 5 wt %,
compared with the typical 60−80 wt % required for benchmark
catalysts. Despite these promising results, several challenges
should still be addressed to enable practical battery
applications of qHP-C60. Although gram-scale synthesis of
qHP-C60 and large-area electrode fabrication have already been
demonstrated, further efforts are needed to reduce the material
cost, particularly in comparison with other low-cost carbon-
based materials. From an electrochemical perspective,
optimization of the molecular structure of qHP-C60 is required
to effectively expose and utilize the internal catalytic sites,
thereby enhancing its catalytic performance and broadening its
applicability to other conversion-type battery systems. In
addition, rational engineering of the electrolyte-electrode
interface will be crucial for further improving the long-term
stability of qHP-C60 when applied to reactive electrolytes.

■ CONCLUSION
In summary, we report sodium storage and electrocatalytic
conversion properties in layered fullerene networks. The quasi-
hexagonal covalent framework not only enhances structural
stability but also introduces emergent electronic and catalytic
properties that enable efficient Na-ion storage and chlorine
redox chemistry, achieving excellent electrochemical perform-
ance in both Na-ion batteries and conversion-type Na−Cl2
batteries. The formation of intermolecular bridging bonds
generates a high density of electroactive sites that thermody-
namically stabilize intercalated Na+ ions, while the large
interlayer spacing of 9.60 Å kinetically facilitates rapid Na-ion
transport. In addition, the electron density redistribution at the
edges of qHP-C60, induced by intermolecular covalent
bonding, significantly enhances catalytic activity for NaCl/Cl2
redox reactions, making it one of the most promising cathode
catalysts reported for Na−Cl2 batteries. The combination of ab
initio structural design and topological control establishes an
attractive platform for engineering functional carbon materials,
opening an avenue for efficient energy storage.

■ EXPERIMENTAL SECTION
Materials: C60 powder (99.9%) was purchased from Suzhou Dade
Carbon Nano Technology Co., Ltd. Mg nuggets (99.0%), salicylic
acid (99.5%), N-methylpyrrolidone (NMP, 99.5%), and ethanol
(99.5%) were acquired from Sinopharm Chemical Reagent Co., Ltd.
Thionyl chloride (SOCl2, 99.0%) was received from Energy Chemical
(Shanghai). Aluminum chloride (AlCl3, 99.0%) was purchased from
TCI Development Co., Ltd. Sodium bis(fluorosulfonyl)imide (NaFSI,
99.9%) and sodium bis(trifluoromethylsulfonyl)imide (NaTFSI,
99.9%) were sourced from Changde Dado New Material Co., Ltd.
Sodium metal cubes (Na, 99.7%) were acquired from Shanghai
Aladdin Biochemical Technology Co., Ltd. Nickel foam (Ni, 0.5 mm
thick), Ketjenblack (KJ, ECP-600JD), and polytetrafluoroethylene
emulsion binder (PTFE, 60 wt % aqueous dispersion, Daikin, D-
210C) were purchased from Cyber Electrochemical Materials. The
commercial ester-based electrolyte composed of 1 M sodium
perchlorate (NaClO4) in a mixture solvent of ethylene carbonate
(EC) and propylene carbonate (PC) (1:1 by volume), containing 5
wt % fluoroethylene carbonate (FEC), was purchased from Duoduo
Reagent. NaFSI and NaTFSI were dried in a vacuum oven at 90 °C
overnight prior to use. All the other chemicals were used as received
without further purification.

Preparation of Mg4C60 and qHP-C60:Mg4C60 crystals were
prepared by a convective chemical vapor transport approach, with

Mg nuggets serving as the Mg source. 75 mg of Mg and 150 mg of C60
powder were placed into two terminals of a quartz tube, spaced 35 cm
apart. The tube was then evacuated and transferred into a multizone
tubular furnace with a temperature gradient of 500−600 °C for 40 h.
Micrometer-scale Mg4C60 crystals formed in the region with a
temperature of 500 °C. The Mg4C60 crystals were used as precursors
to synthesize qHP-C60 through a combined acid etching and chelate-
driven Mg removal process. To prepare the etching solution, 200 mL
of 2 M nitric acid (HNO3) aqueous solution and 200 mL of 2 M
salicylic acid in N-methylpyrrolidone were mixed thoroughly under
constant stirring at room temperature. One gram of Mg4C60 crystals
was then added to the solution and allowed to react for 24 h at room
temperature. After the reaction, the resulting qHP-C60 was washed
three times with N,N-dimethylformamide and ethanol, and dried at
80 °C in a vacuum oven, yielding approximately 0.88 g of the final
product.

Preparation of electrolytes and electrodes: All electrolytes were
prepared in an argon-filled glovebox with the contents of H2O and O2
below 1 ppm. The SOCl2-based electrolyte was prepared by dissolving
4 M AlCl3 in SOCl2, followed by adding 2 wt % NaFSI and 2 wt %
NaTFSI (relative to the total weight of AlCl3 and SOCl2). The
mixture was stirred at 800 rpm for 4 h to prepare the electrolyte. For
Na−Cl2 batteries, the cathode slurry was made by mixing graphite,
qHP-C60, and PTFE in ethanol at a weight ratio of 85:5:10. The
mixture was sonicated until the carbon materials were uniformly
dispersed. Ni foams with a diameter of 14 mm were cut using a
manual disk cutter (MTI, MSK-T-10) and cleaned by ultrasonic
treatment in ethanol for 10 min. The obtained cathode slurry was
applied dropwise (80 μL each time) onto a Ni foam hovered over a
100 °C hot plate. After each drop, a 5-min rest ensured complete
ethanol evaporation. This process was repeated until the carbon mass
loading reached 2−3 mg cm−2. The resulting carbon cathodes were
dried overnight in a vacuum oven at 100 °C and then roll-pressed into
thin electrodes. For comparison, graphite and C60 cathodes were
prepared using the same method, with slurry compositions adjusted to
graphite:PTFE = 90:10 and graphite:C60:PTFE = 85:5:10, respec-
tively. For Na-ion batteries, electrodes were prepared by mixing qHP-
C60, super P, and PVDF in NMP with a weight ratio of 80:10:10,
followed by grinding in an agate mortar for 2 h at 25 °C. The slurry
was then coated onto a carbon-coated Al foil and dried under vacuum
at 100 °C for 24 h, which was further rolled to form the qHP-C60
electrode.

Preparation and characterization of batteries: All batteries were
assembled in an argon-filled glovebox with the contents of H2O and
O2 below 1 ppm. The Na metal anodes were prepared by removing
the surface oxide layer from a rinsed Na metal cube using a clean
blade, followed by pressing the Na metal into a thin foil (14 mm in
diameter). The Na−Cl2 batteries were fabricated in 2032-type coin
cells (grade 316 stainless steel), using glass fiber separators (GF/D,
Whatman, 16 mm in diameter). A cathode (14 mm in diameter) and
Na foil were separated by two glass fiber separators with 150 μL of
electrolyte. For Na-ion batteries, a qHP-C60 electrode (12 mm in
diameter) and Na foil were separated by one glass fiber separator with
120 μL of electrolyte. All coin cells were hermetically sealed using a
digital pressure-controllable electric crimper (MTI, MSK-160E).
Galvanostatic charge−discharge measurements were conducted on a
Neware battery testing system (CT-4008Tn-5 V6A-S1).

Material Characterization: Morphological characterization was
carried out using a field-emission scanning electron microscope
(ZEISS Gemini SEM 300) at an accelerating voltage of 5 kV.
Crystalline phases were identified by X-ray diffraction using a Thermo
Scientific ARL Equinox 3500 diffractometer with Cu Kα radiation (λ
= 0.154 nm). Raman spectroscopy was conducted using a LabRAM
Soleil confocal system with a 532 nm excitation laser. In situ Raman
measurements were performed using a spectroelectrochemical cell
(MicroElab), with a spectrum recorded every 5 min. High-resolution
transmission electron microscopy was performed with a Thermo
Fisher TALOS F200X instrument operated at 200 kV. Surface
chemical composition was analyzed by X-ray photoelectron spectros-
copy using monochromatic Al Kα X-rays (1,486.6 eV) on a Thermo
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Scientific ESCALAB Xi system, with all binding energies calibrated to
the C 1s peak (284.8 eV). Solid-state 13C NMR was conducted on a
Bruker AVANCE NEO 600 WB spectrometer.

Computational details: All density functional theory (DFT)
calculations were performed using the Vienna Ab Initio Simulation
Package (VASP).46,47 The generalized gradient approximation
method with the Perdew−Burke−Ernzerhof (PBE) exchange-
correlation function was used to manage the electron exchange and
correlation energy.48 The plane wave basis (kinetic energy cutoff
value: 450 eV) was used to describe the valence electrons. All
calculations were performed using the k-point sampling obtained from
the gamma center with a 1 × 1 × 1 mesh. The atomic positions were
fully optimized until the energy and forces converged to 1 × 10−5 eV
and 0.03 eV Å−1, respectively. The Na-ion diffusion barriers were
evaluated using the climbing-image nudged elastic band (CI-NEB)
method, which identifies the minimum-energy migration pathway and
the corresponding transition state between two stable adsorption sites.
The Na adsorption energy (Eads) was considered as follows:

E E E Eads X X= **

where E*X, E*, EX is the total energy of the intermediates adsorbed on
the system, the system, and the intermediates, respectively.

The charge difference was obtained as follows:

AB B A=

where ρAB, ρA, and ρB is the charge density of AlCl3−NaCl2 adsorbed
at C60 or C, C60, or C, and AlCl3−NaCl2, respectively.

Vapor pressure calculations: The vapor pressure of Mg was
estimated based on the literature data.49 For C60, the vapor pressure
was calculated by the Clausius−Clapeyron equation:50

ln P
H

RT
Cm= +

where P, ΔHm, R, T, and C represent the vapor pressure, molar
enthalpy of evaporation, molar gas constant 8.314 J (mol·K)−1,
temperature, and a constant, respectively. The ΔHm of C60 was 183.5
kJ mol−1.
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