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perpendicular to graphene planes. This structure provides new
insights into the close-packed stabilization mechanisms of
alkali metals at the 2D limit.

RESULTS AND DISCUSSION
Na intercalation in BLG was achieved via a vapor-phase
transport method.20 A BLG sheet was transferred onto a TEM
Quantifoil grid and sealed in a quartz tube along with metallic
Na and a pyrolytic graphite sheet (PGS).21 The system was
gradually heated to 300 °C, and the progress of intercalation
was monitored by Raman spectroscopy. Once the spectrum of
the PGS exhibited features corresponding to stage 6−8
intercalation, the reaction was deemed complete.22 The Na-
intercalated BLG sample was subsequently transferred under
an inert atmosphere through a JEOL vacuum transfer holder to
a 60 kV aberration-corrected STEM for structural character-
ization without atmospheric exposure.

Figure 1a presents an annular dark-field (ADF) STEM
image of a Na-intercalated BLG. The BLG exhibits a twist
angle of 27°, as confirmed by the fast Fourier transform (FFT)
pattern shown in the lower inset, where green markers indicate
the graphene lattices. The intercalated Na appears with a
brighter contrast and displays a uniform crystalline distribution
across the observed area. FFT analysis reveals hexagonal

symmetry in the Na lattice (purple spots), consistent with the
fcc (111) structure. The upper inset in Figure 1a shows a
filtered ADF image of the dashed area, enhancing contrast for
structural analysis. The Na atoms are highlighted by three
distinct brightness levels of purple dotted circles, reflecting the
projected atomic arrangement of the fcc (111) Na trilayer. The
corresponding atomic model, fully consistent with the results
of DFT calculations (see below) and shown in Figure 1e,
depicts a Na trilayer configuration confined between the BLG
layers that leads to an interlayer expansion of BLG to 1.26 nm.
A simulated ADF-STEM image based on this model is
presented in Figure 1c, reproducing the experimental features
(Figure 1b) with high fidelity. A comparison of ADF intensity
profiles extracted along the yellow arrows in Figures 1b and 1c
is plotted in Figure 1d, showing excellent agreement between
experimental (purple line) and simulation (gray dashed line).
The close correspondence further supports the proposed
trilayer fcc (111) Na intercalation model.

Raman spectroscopy was performed on BLG before and
after Na intercalation, as shown in Figure 2a. The pristine BLG
(gray spectrum) exhibits a G peak at 1581 cm−1 and a broad
2D peak at 2680 cm−1, characteristic of interlayer-coupled
BLG. Upon Na intercalation, the G peak downshifts to 1550
cm−1, indicating significant charge transfer (∼0.03 e−/C atom)
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from the intercalated Na to the graphene layers.18,23

Concurrently, the Raman 2D peak undergoes notable changes
in shape and intensity, further reflecting the strong electronic
coupling between Na and graphene.

To confirm the presence of Na intercalated between the
graphene layers rather than on the BLG surface, we analyzed
the low-loss region of the EELS spectrum, taking advantage of
the unique optical features of twisted BLG. Twisted BLG
without intercalation exhibits twist-angle-dependent van Hove
singularities (vHs), which give rise to characteristic optical
transition peaks.24 These peaks are highly sensitive to
interlayer coupling and are suppressed when the layers are
electronically decoupled by intercalation. As shown in the inset
of Figure 2b, an EELS line scan acquired along the green path,
from empty BLG into the Na-intercalated area, reveals a
distinct vHs peak at ∼3.5 eV in the unintercalated BLG (gray
spectrum), which disappears in the Na-intercalated area

(purple spectrum). Additionally, a broad peak emerges at
∼8.5 eV (marked by an asterisk), attributed to the plasmon-
like response of metallic Na, providing further evidence of Na
intercalation between the graphene sheets, as illustrated by the
side-view atomic model of the trilayer Na intercalation in BLG
shown in Figure 2c.

Stronger evidence of Na intercalation was obtained by
comparing the optical properties of oxidized Na regions using
low-loss EELS. Unlike the fcc (111) trilayer structure of
intercalated Na, the oxidized regions exhibit a square lattice
Na2O arrangement, as shown in the inset of Figure 2e.
Notably, the vHs peak, marked by a gray triangle in Figure 2e,
remains visible in regions where Na2O is present (orange
spectrum), indicating that the two graphene layers remain
electronically coupled. This observation proves that Na2O
resides on the BLG surface rather than being intercalated, as
depicted in the atomic model in Figure 2f. We note that Na2O
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likely formed as a byproduct of partial oxidation of surface Na
during sample preparation or transfer, despite our use of an
inert atmosphere and vacuum transfer holder. Valence-loss
EELS analysis also reveals that Na2O exhibits an optical
bandgap of approximately 1.45 eV, consistent with previous
reports on alkali metal oxides.25,26 Furthermore, the Na-related
plasmon-like peak in Na2O is observed at 8.9 eV (marked by
an asterisk), slightly blue-shifted compared to the plasmon
peak of intercalated metallic Na.

Chemical analysis of the Na-intercalated BLG was
conducted by using core-loss EELS. Figure 2d compares the
EELS spectra of intercalated Na within BLG (purple
spectrum), acquired from a thin, uniform crystalline Na
domain, and oxidized Na2O formed on the BLG surface
(orange spectrum). The surface Na2O, exhibiting a square
lattice structure, shows a distinct oxygen �-edge at 533 eV,
confirming its oxidized nature. In contrast, the intercalated Na
displays a sharp Na �-edge at 1068 eV, which is red-shifted
relative to the oxidized Na reference at 1074 eV (orange
spectrum), consistent with its metallic state.

Sodium, like other alkali metals, adopts a body-centered
cubic (bcc) structure at ambient conditions.27,28 Similar to its
congeners, Na also undergoes structural phase transformations
at low temperatures. A notable example is the bcc-to-hcp
transition at cryogenic temperature below 35K,29−31 with the
structures shown in Figure 3a,b. The hcp phase of Na exhibits
the characteristic A-B-A-B stacking sequence in the bulk, while
the fcc phase is characterized by A-B-C stacking.

To gain insights into the energetics of Na intercalation into
BLG, we performed DFT calculations for various Na layer
configurations. The formation energy, � f, was defined as the
energy per Na atom required to extract atoms from the bulk
crystal and insert them between graphene layers in single,
double, or trilayer configurations.

Our calculations show that single layer Na intercalation
configurations (i.e., C6NaC6, C8NaC8) are energetically
unfavorable (� f > 0), consistent with previous reports.14 In
contrast, multilayer Na structures exhibit an increasing
thermodynamic stability with a higher Na density. As shown
in Figure 3c, the formation energy decreases with increasing
density, but remains positive. The energetics and geometry of
the double layer configuration with the lowest density (0.083),
which can also be referred to as a zigzag structure, are also in a
good agreement with the previous results.32 The lowest energy
configuration we found is that for the fcc (111) trilayer having
the A-B-C stacking sequence. The calculations also evidence
lower energies for intercalated layers compared to surface
deposited ones, as shown in Figure 3c by comparing the 2L
and 1L+1L cases. The atomic structures corresponding to all
calculated configurations are listed in Figure S1. This trend
contrasts with the behavior of heavier alkali metals, which have
been reported to stabilize at lower densities in bcc-like
configurations with � f < 0 and single layer corresponding to the
lowest-energy configuration.14 The DFT-optimized atomic
model of the most stable intercalated Na trilayer (C14Na9C14)
is presented in the right panel of Figures 3c and Figure 1e.
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Figure 3d presents simulated ADF-STEM images of Na
atomic layers with varying stacking configurations along the fcc
(111) direction. In the single layer case, Na atoms adopt a
hexagonal arrangement with a nearest-neighbor distance of
3.75 Å. In the bilayer configuration, the atoms form a
honeycomb lattice with a reduced Na−Na spacing of 2.16 Å.
The trilayer structure recovers hexagonal symmetry with the
same 2.16 Å interatomic distance. In all cases from single layer
to trilayer, the ADF contrast of individual Na atoms remains
the same due to the lateral offset of the Na lattice, preventing
direct atomic column overlap. Beyond the third layer, however,
additional contrast appears owing to the vertical atom stacking,
assuring an unambiguous distinction from thinner layers. The
simulated image for Na 3L fits the experimentally obtained
STEM image in Figure 1b. Experimentally, we did not observe
single layer or bilayer Na intercalation in BLG. Interestingly,
while K, Rb, and Cs tend to intercalate as bilayer structures
forming a honeycomb lattice,18 Na preferentially forms a
trilayer fcc (111) structure, a stacking sequence not previously
reported for the other heavier alkali metals intercalated in
BLG.

To gain deeper insight into the intercalation process, we
assessed charge transfer � q for intercalated Na in BLG across a
range of Na densities and presented it in Figure 4a, along with
the energies of the corresponding configurations, as functions
of the distance between Na atoms. As evident from Figure 4a,
charge transfer remains roughly the same (each Na atom gives

roughly one electron to graphene) down to a separation of
about 6 Å, then charge transfer decreases below 0.6 e, as
graphene simply cannot accommodate that many electrons.
The analysis of the configurations indicates that the initial
decrease in � f is associated with the gain in the vdW energy
when Na atoms are closer to each other. At the same time, the
Coulombic repulsion between Na ions (positive value)
increases, along with the Coulombic attraction (negative
values) of the positively charged ions to the negatively charged
graphene sheets. All together, this gives rise to saturation of � f
at small separation. It is clear that single layer configurations
with higher Na density, corresponding to shorter Na−Na
distances, are energetically more favorable, which gives rise to
the densification of Na, likely followed by the formation of
multilayer structures; see Figure S1. The corresponding atomic
models are listed in Figure 3b.

As for charge transfer in multilayer configurations, a similar
trend is observed although the charge distribution becomes
layer-dependent. Figure 4c shows the rearranged charge
density for the trilayer Na configuration (C14Na9C14) in
BLG. The outer Na layers, adjacent to the graphene sheets,
exhibit substantial charge transfer, while the middle Na layer
shows only minimal charge redistribution, as demonstrated
earlier.14
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CONCLUSIONS
Unlike K, Rb, or Cs, which intercalate into BLG as bilayer hcp
(0001) structures, appearing as a honeycomb lattice in top-
view projections, Na adopts a distinctly different behavior. Our
study reveals that Na preferentially forms a close-packed fcc
(111) stacked trilayer, an arrangement that has not been
experimentally observed for the other alkali metals. This
unexpected configuration, uncovered through direct STEM
imaging, EELS spectroscopy, and DFT calculations, highlights
a unique interplay among atomic size, stacking geometry, and
interlayer stabilization in the 2D limit.

Rather than achieving stability through ionic size or bonding
strength alone, Na intercalation in BLG is stabilized through
collective trilayer stacking, accompanied by a nonuniform
charge distribution across layers. The outer Na layers adjacent
to the graphene interface donate significantly more charge than
does the inner layer, suggesting a directional charge transfer
mechanism. Such layer-specific charge modulation offers new
opportunities for tuning interlayer coupling and local
electronic environments in van der Waals heterostructures.

Beyond resolving a long-standing puzzle in Na intercalation
chemistry, our findings demonstrate that structural stabiliza-
tion via stacking order can serve as a general design principle
for engineering the intercalation behavior in low-dimensional
materials. This work opens avenues for exploring tailored
charge reservoirs, electrostatic gating strategies, and interfacial
phenomena, such as plasmonic and superconductivity, by
controlling multilayer intercalation configurations in layered
systems.

METHODS
Growth of Bilayer Graphene. BLG sheet was synthesized by

ambient pressure CVD using a Cu−Ni alloy thin film deposited on c-
plane sapphire.33 The Ni and Cu thin films were deposited on
sapphire substrates by radio frequency (RF) sputtering. The substrate
was set at ∼500 and 80 °C for the Ni and Cu deposition, respectively.
The Cu−Ni film was alloyed by heating at 950 °C in a Ar/H2 (Ar:
195 sccm, H2: 5 sccm) flow for 1 h at ambient pressure. CH4 (200
ppm) was then supplied for times between 10 min to 1 h at a
temperature of 1085 °C. After growth, the sample was immediately
cooled down to room temperature.

Na Intercalation. The intercalated specimens were synthesized by
the vapor method. The alkali metal Na (Sigma-Aldrich 99.95%) was
used without further purification. The alkali metals were put into a
glass ampule with the BLG and PGS graphite sheet (EYGS, Panasonic
Co.), where the molar ratio of Na/C was adjusted to be 6 under an Ar
atmosphere. The glass ampules were sealed after evacuation and
heated to 300 °C for a few days. The reaction end points were
confirmed by Raman spectroscopy.22,34

Raman Spectroscopy. Raman spectra were acquired by using a
JASCO NRS-5500 spectrometer, which was equipped with a 5×
objective lens and a DU420-OE CCD detector with 1024 channels
cooled to −70 °C. The excitation laser had a wavelength of 532 nm
and a power of 5.9 mW. The total exposure time for the
measurements was 100 s.

STEM and EELS. STEM images were acquired with JEOL
TripleC#3, an ARM200F-based ultrahigh vacuum microscope
equipped with a JEOL delta corrector and a cold field emission gun
operating at 60 kV. The ADF probe current was ∼10 pA, and the
convergence half an gle and internal acquisition half an gle were 37
and 76 mrad, respectively. The EELS core loss spectrum was acquired
by a line scan with an exposure time of 0.1 s/pixel and recorded with a
Gatan Rio CMOS camera optimized for low voltage operation. EELS
low loss spectra were performed by using JEOL-tripleC#2, a low-
voltage thermal 60 kV microscope equipped with a double Wien-filter
monochromator and delta correctors for TEM and STEM. The

convergence semiangle and the inner acquisition semiangle were 43
and 125 mrad. The probe current was 8 pA with an energy resolution
of 45 meV after a 0.5 �m slit. All STEM images and EELS data were
collected at room temperature.

Density Functional Theory Calculations. Spin-polarized
density functional theory (DFT) calculations were performed using
the Vienna Ab initio Simulation Package (VASP),35,36 based on the
plane-wave projector augmented-wave (PAW) method.37 All the
calculations were carried out using the Perdew−Burke−Ernzerhof
exchange-correlation functional.38 All structures are fully optimized
until the maximum force on each atom is less than 0.01 eV/Å. The
Brillouin zone of the primitive cells and supercells were sampled using
(18 × 18 × 1) and (6 × 6 × 1) Monkhorst−Pack k-point,
respectively.39 van der Waals (vdW) interactions were taken into
account using the Grimme method (DFT-D2).40

Various concentrations of Na atoms in single layer, bilayer, and
trilayer configurations between bilayer graphene sheets were studied
by changing the size of the graphene supercell. The stability of a Na
structure in BLG was evaluated by calculating its formation energy � f
as follows:

= +E E E n n/
i

i i if Gr Na Gr

i

k

jjjjjj

y

{

zzzzzz (1)

where � Gr+Na is the energy of the graphene supercell with Na atoms
and � Gr represents the energy of the bilayer graphene. � � and � � refer
to the number of Na atoms and their chemical potentials in the bulk
FCC phase, respectively.
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