
Converting the Bulk Transition Metal Dichalcogenides Crystal into
Stacked Monolayers via Ethylenediamine Intercalation
Yeojin Ahn, Gyubin Lee, Namgyu Noh, Chulwan Lee, Duc Duy Le, Sunghun Kim, Yeonghoon Lee,
Jounghoon Hyun, Chan-young Lim, Jaehun Cha, Mingi Jho, Seonggeon Gim, Jonathan D. Denlinger,
Chan-Ho Yang, Jong Min Yuk, Myung Joon Han, and Yeongkwan Kim*

Cite This: Nano Lett. 2023, 23, 9733−9739 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: We report the synthesis of ethylenediamine-
intercalated NbSe2 and Li-ethylenediamine-intercalated MoSe2
single crystals with increased interlayer distances and their
electronic structures measured by means of angle-resolved
photoemission spectroscopy (ARPES). X-ray diffraction patterns
and transmission electron microscopy images confirm the
successful intercalation and an increase in the interlayer distance.
ARPES measurement reveals that intercalated NbSe2 shows an electronic structure almost identical to that of monolayer NbSe2.
Intercalated MoSe2 also returns the characteristic feature of the monolayer electronic structure, a direct band gap, which generates
sizable photoluminescence even in the bulk form. Our results demonstrate that the properties and phenomena of the monolayer
transition metal dichalcogenides can be achieved with large-scale bulk samples by blocking the interlayer interaction through
intercalation.
KEYWORDS: transition metal dichalcogenides, MoSe2, NbSe2, intercalation, bulk, monolayer

The physics of monolayer transition metal dichalcogenides
(TMDs) is definitely one of the major research subjects

of recent low-dimensional material science by virtue of its
distinct properties that are not observed in their bulk
counterparts.1−3 For instance, in the case of group VI TMDs
including MoSe2, the transition from an indirect band gap to a
direct band gap with decreasing thickness to a monolayer4−9

greatly modifies the optical response of the system, which
presents new avenues for optical devices.10−13 Furthermore,
owing to the noncentrosymmetric lattice structure of the
monolayer, exotic electrical and optical responses associated
with the Berry phase, curvature, and connection are
enabled.14−16 In the case of group V TMDs represented by
2H-NbSe2, Ising superconductivity appears in the monolayer
where the in-plane upper critical field is significantly enhanced,
exceeding the Pauli paramagnetic limit, as a result of broken
inversion symmetry of monolayer TMDs.17−19

In bulk TMDs, such physics of monolayer TMDs is
hindered mainly due to the presence of interlayer coupling;
the genuine electronic structure of the TMD layer with a direct
band gap and with valley-dependent Berry curvature is either
modified or canceled via interlayer coupling. The interlayer
coupling generates the bonding and antibonding branches, and
the number of branches depends on the number of layers,
pushing the band top position at the Γ point and finally placing
the valence band maximum (VBM) at the Γ point instead of
the K point.20 Alternating the stacking of layers in the bulk

restores the inversion symmetry, canceling out any responses
associated with the Berry phase, connection, or curvature.
The mechanism described above in turn suggests an

alternative way to dig the hidden monolayer physics out of
the bulk crystal rather than making it atomically thin. That is
blocking the interlayer coupling, which can be achieved by
simply enlarging the interlayer distance so that the wave
functions at each layer do not overlap with one another.
Practically, one straightforward approach is the intercalation of
guest ions or molecules between the layers in TMDs. Indeed,
there are several methods for intercalation, including the
electrochemical method,21,22 ion intercalation during vapor
transport,23,24 and immersion in a liquid solution.25−27 Some
results provide the recovery of monolayer physics in the bulk
form as expected; however, the recovery of the genuine
electronic structure of the TMD has not been fully addressed
experimentally.
In this Letter, we report the recovered monolayer electronic

structure in ethylenediamine (C2H8N2, EDA)-intercalated
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NbSe2 and Li-EDA-intercalated MoSe2 in bulk forms with
expanded interlayer distances (see Figure 1a). We confirmed
that the intercalation successfully increases the interlayer
distance to 10.26 Å through X-ray diffraction (XRD),
transmission electron microscopy (TEM), and scanning
electron microscopy (STEM). Angle-resolved photoemission
spectroscopy (ARPES) was employed to investigate the
electronic structure of intercalated crystals, which returns the
genuine electronic structure of the monolayer TMD as
expected for both NbSe2 and MoSe2. Finite photolumines-
cence (PL) from Li-EDA-intercalated MoSe2 also verifies the
formation of the direct band gap.
EDA was selected as the intercalant as it is in a stable charge-

neutral form, avoiding interaction between the intercalant and
the host materials, and has sufficient length to expand the
interlayer distance to the extent of blocking the interlayer
coupling. EDA was intercalated into TMD bulk crystals by
immersion of single-crystal 2H-NbSe2 in liquid EDA and 2H-
MoSe2 in a solution of Li metal dissolved in EDA. Two
milliliters of an EDA or Li-EDA solution and 2−4 mg of 1 mm
× 1 mm size single crystals were placed in a 10 mL borosilicate
glass vial and sealed with a silicone cap and PTFE septum. We
applied heat for 6−10 h by using reactor Monowave 50 and
washed the sample with fresh EDA several times after
removing the residual EDA or Li-EDA solution. All of the
intercalation processes were performed in an argon-filled
glovebox. TEM samples were prepared by using a focused ion
beam (FIB) and measured by high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
and high-resolution transmission electron microscopy
(HRTEM). HAADF-STEM observation was performed with
double Cs corrected Titan cubed G2 at an acceleration voltage
of 300 kV (KARA, KAIST Analysis Center for Research
Advancement). HRTEM observation was performed with a
JEM-2100F electron microscope at an acceleration voltage of
200 kV. ARPES measurements were conducted at beamline
4.0.3 of the Advanced Light Source (ALS). Samples were

cleaved at 10 K for pristine MoSe2, NbSe2, and intercalated
NbSe2 and at 100 K for intercalated MoSe2 under ultrahigh
vacuum with a pressure of <4 × 10−11 Torr. ARPES data of
pristine and intercalated NbSe2 are acquired with a photon
energy of 55 eV. The photon energies utilized for measure-
ments of pristine and intercalated MoSe2 are 90 and 70 eV,
respectively. The total energy resolution estimated with the
reference gold spectrum was 27 meV or better. For first-
principles density functional theory (DFT) calculation, the
“Vienna ab initio simulation package”28 was used on the basis
of projector-augmented wave potential.29 Within the Perdew−
Burke−Ernzerhof type of GGA functional,30 a Γ-centered k-
grid of 20 × 20 × 6 and a plane-wave energy cutoff of 500 eV
were adopted. The experimental lattice parameters are used for
bulk calculations, and the internal coordinates are optimized
with the force criterion of 0.01 eV/Å.
The XRD patterns of pristine and intercalated 2H-NbSe2

samples under different heating conditions are shown in Figure
1b. The diffraction patterns of pristine NbSe2 and EDA-
intercalated NbSe2 are indexed as a 2H-type P63/mmc
structure. New Bragg peaks first appear in the 150 °C 8 h
sample, though original pristine NbSe2 peaks are still present,
which indicates a mixture of intercalated and non-intercalated
regions. As a function of heating time, the intensity of newly
emergent (pristine) peaks gradually increases (decreases). The
pristine peaks disappear, and only new peaks remain in the 150
°C 12 h sample, suggesting rather uniform intercalation in the
final stage. Lattice parameter c is estimated to be 12.54 Å for
2H-NbSe2 and 20.52 Å for EDA-intercalated NbSe2, indicating
that the interlayer distance is increased from 6.27 to 10.26 Å.
A HAADF-STEM image of pristine NbSe2 (Figure 1c) and a

high-resolution TEM (HRTEM) image of intercalated NbSe2
(Figure 1d) also confirm successful intercalation of EDA into
NbSe2; the distance between neighboring layers is enlarged
compared to that of unintercalated bulk NbSe2. Compared to
the STEM image of pristine 2H NbSe2, the HRTEM image of
intercalated NbSe2 appears to be fuzzy, presumably due to

Figure 1. Schematic diagram of organic molecule intercalation and experimental data confirming intercalation. (a) Crystal structure of 2H-NbSe2
(left) and EDA-intercalated NbSe2 (right). (b) XRD spectra of pristine and EDA-intercalated NbSe2. (c) HAADF-STEM image of pristine NbSe2.
(d) HRTEM image of intercalated NbSe2. (e) XRD spectra of pristine and Li-EDA-intercalated MoSe2.
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undesired deintercalation of EDA during the sample
preparation process for TEM measurement and possible
damage to the crystallinity by the intercalation of rather large
organic molecules of EDA. The interlayer distance can be
determined from the images, which coincides with the value
estimated from XRD patterns. In the case of MoSe2, Li is
additionally introduced, along with EDA for intercalation.
Other than co-intercalation of Li, the XRD patterns of
intercalated samples prepared with different reaction times
exhibit trends similar to those of NbSe2; the intensity of
pristine peaks decreases and the intensity of new peaks
increases with the increased reaction time of the samples
(Figure 1e). The interlayer distance is increased from 6.46 to
10.26 Å, which is also analogous to the case for EDA-
intercalated NbSe2. We note that EDA can be easily
intercalated into metallic TMDs such as NbSe2, whereas
semiconducting MoSe2 needs Li to be co-intercalated with
EDA. Presumably, to enable the intercalation process, it would
be necessary to align the electrochemical potential of EDA and
the chemical potential of TMDs, and thus, an additional
electron from Li should be introduced to fill the empty
conduction state, which would not be necessary for metallic
TMDs.31

Next, the electronic structure of intercalated TMD was
measured by ARPES and compared with the bulk pristine case,
which is summarized in Figure 2. The Fermi surface topology
of pristine NbSe2 presented in Figure 2a clearly shows two Nb
4d orbital-driven hexagonal pockets around the zone center
and two trigonally warped pockets around the K point. Figure
2b shows band dispersion along the Γ−M high-symmetry line
at the hexagonal Brillouin zone of pristine NbSe2. Nb 4d-
derived bands near the Fermi level are separated, which is the
key feature generated by interlayer coupling.32,33 This splitting
is more clearly shown in Figure 2c, a curvature plot34 in Figure
2b, and its magnified image on the right. The pancake-shaped

band of Se 4pz orbital origin is also observed (Figure 2b), but it
is blurred presumably due to kz broadening.

35−38

The measured electronic structure of EDA-intercalated
NbSe2 is summarized in the same manner to directly compare
with that of bulk pristine NbSe2. The Fermi surface topology of
the intercalated sample shown in Figure 2d is similar to that of
pristine 2H-NbSe2 with hole pockets at the Γ and K points,
although it is blurred due to the possible damage from organic
molecule intercalation. The intact Fermi surface topology
confirms that the phase transition to the 1T structure through
intercalation did not occur. Figure 2e shows band dispersion
along the Γ−M direction. Nb 4d band splitting due to
interlayer coupling is absent, sharply in contrast to the pristine
bulk band dispersion (Figure 2c) where the bonding−
antibonding splitting due to interlayer coupling is apparent.
The curvature plot of Figure 2e and its enlarged image at the
right (Figure 2f) confirm that the splitting of the Nb band near
the Fermi level vanishes in the intercalated sample, presumably
due to weakened interlayer coupling through intercalation, as
expected. Indeed, the absence of band splitting coincides with
the band structure of monolayer NbSe2.

39−41

The change in the electronic structure through EDA
intercalation is also evidenced by the temperature-dependent
electrical resistivity of bulk pristine and intercalated NbSe2
shown in Figure 2g. As shown in the inset, the super-
conducting transition of bulk NbSe2 occurs at ∼6 K, whereas
EDA-intercalated NbSe2 does not show any sudden decrease in
resistivity down to 2 K. In addition, the overall power law
dependence of resistivity on the temperature is modified,
which suggests the landscape of charge density wave (CDW)
transition and its fluctuation is also renormalized due to
intercalation. Specifically, we estimated the point at which the
temperature dependence of resistivity deviates from conven-
tional ∼T2, as the fluctuations of the CDW above the transition
temperature are known to renormalize the carrier dynamics
and thus the temperature dependence of resistivity.42 As

Figure 2. Electronic structure and resistivity of EDA-intercalated NbSe2 compared with those of pristine bulk NbSe2. ARPES data of unintercalated
bulk NbSe2 consist of (a) a Fermi surface map, (b) band dispersion along the Γ−M direction, and (c) a curvature plot of panel b and its magnified
image. ARPES data of intercalated NbSe2 consist of (d) a Fermi surface map, (e) band dispersion along the Γ−M direction, and (f) a curvature plot
of panel e and its magnified image. (g) Temperature dependence of the electrical resistivity for pristine and intercalated samples. The bottom right
inset shows a close-up for temperatures between 0 and 20 K. (h) Resistivity of pristine and intercalated NbSe2 as a function of quadratic
temperature. The blue and green lines are fits to ρ = ρ0 + AT2 (ρ0 is the residual resistivity).
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indicated in Figure 2h, the temperature range showing T2

behavior is increased from 33.5 K43 of the original CDW
transition temperature to ∼50.25 K, indicating an increased
transition temperature similar to the case of electrochemically
intercalated NbSe2.

44

To confirm that the observed change in the band structure is
the result of diminished (enlarged) interlayer coupling
(distance) via intercalation, DFT calculations of bulk 2H-
NbSe2 with an increasing lattice parameter c were carried out
(Figure 3). The calculated band structures show that the key
feature of bonding−antibonding splitting of the Nb 4d band
near the Fermi level along the Γ−M direction is gradually
diminished as lattice parameter c increases from the original
NbSe2 bulk value of 12.54 to 20.66 Å (Figure 3a). The band
splits eventually become negligible, and the overall electronic
structure is quite similar to that of the monolayer at c = 20.66
Å (Figure 3e). This finding supports our interpretation that the
EDA intercalation mainly separates two adjacent NbSe2 layers
without changing other electronic properties. Note that in our
DFT calculation, EDA intercalation is modeled by inserting a
vacuum layer for the sake of simplicity into the calculation.
Therefore, the good agreement between our DFT calculations
and ARPES measurements demonstrates the role of EDA as a
layer separator, enabling us to effectively investigate the
monolayer limit in the bulk form of the sample.
The recovery of the genuine electronic structure of TMD

through intercalation is also reproduced in the case of Li-EDA-
intercalated MoSe2. ARPES spectra of the Li-EDA-intercalated
sample compared with the bulk pristine sample are presented
in Figure 4a−c. Band dispersion of bulk MoSe2 along the Γ−K
direction (Figure 4a) shows that the VBM is located at the Γ
point, driven by orbital hybridization, with valence band
branches of bonding and antibonding states dominated by

transition metal 4d and chalcogen pz orbital character. The
electronic structure of Li-EDA-intercalated MoSe2 shown in
Figure 4b retains a 2H-type band topology without a phase
transition to the 1T structure, coinciding with the XRD result.
Figure 4b shows the Γ−K band dispersion of the intercalated
sample. Although the ARPES spectra are blurred, presumably
due to the developed inhomogeneity of the system through
intercalation, it is noticeable that the number of branches of
the valence band near the zone center of the intercalated
sample is reduced. The curvature plot of the original ARPES
spectra of the intercalated sample for improved visualization
(Figure 4c) shows that the valence band at the Γ point has
only one branch, and the top of the valence band is lower than
that at the K point, resulting in the VBM being shifted to the K
point. The VBM at the K point is ∼200 meV higher than the
valence band top at the Γ point. In addition, the conduction
band is also observed by the donation of charge from the
intercalation of the alkali metal Li into the sample. The
conduction band minimum also turned out to be located at the
K point, combined with the VBM at the K point. This leads to
a direct band gap of ∼1.55 eV, which is a characteristic feature
of the monolayer MoSe2 electronic structure.

8

After confirmation of the recovery of the monolayer
electronic structure, the PL responses of the pristine bulk
sample and intercalated sample are measured to investigate the
formation of the direct band gap separately through the optical
response. As expected, the pristine MoSe2 sample does not
exhibit PL.12 In sharp contrast to the bulk case, the PL peak
emerges for EDA-intercalated MoSe2, centered at ∼1.7 eV. We
note that the observed PL is not attributed to the Li-EDA. The
absorption spectrum of Li-EDA exhibits a peak at 0.99 eV,45

which is far smaller than the observed energy scale of the PL
peak. Hence, returning a sizable PL peak indicates the

Figure 3. Calculated band structure of 2H-NbSe2 with (a) the original c and (b−e) c values of ≤20.66 Å.

Figure 4. Direct band gap of Li-EDA-intercalated MoSe2. Band dispersions of (a) pristine bulk MoSe2 and (b) Li-EDA-intercalated MoSe2 along
the Γ−K direction. (c) Curvature plot of panel b. (d) PL spectra of pristine and intercalated MoSe2.
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formation of a direct band gap. However, the intensity of the
PL peak is not comparable to that from monolayer MoSe2 in
the previous studies, which is likely limited by the damage on
the crystal introduced by intercalation. Also, the energy scale of
PL peaks of ∼1.7 eV is larger than previous PL results of
monolayer MoSe2

12,13 and captured the direct band gap size in
our study (Figure 4c). One possible origin would be the
internal strain caused by intercalation as the renormalization of
the band gap size upon biaxial compressive strain to MoS2 has
been previously reported,46 and the intercalation of organic
molecules in an inhomogeneous manner can lead to local
internal strain and possibly increase the band gap. Another
possible origin is the decrease in PL intensity of the A exciton
and the increase in intensity of the B exciton due to Se
vacancies.47 The creation of bands within the band gap caused
by Se vacancies can affect the exciton recombination process to
favor recombination via a lower spin−orbit split valence band
at K corresponding to the B exciton.
In conclusion, we were able to synthesize EDA-intercalated

NbSe2 and Li-EDA-intercalated MoSe2 single crystals with
increased interlayer distances and confirmed that the interlayer
interaction is weakened enough to transform the bulk crystals
into stacked individual monolayers through direct electronic
structure diagnostics. Overall, both NbSe2 and MoSe2 exhibit
monolayer-like band dispersion and optical properties after
intercalation, the absence of bonding−antibonding splitting
leading to the direct band gap in the MoSe2 case. We believe
the impact of this success should be broad as the intercalation
can be generally applied to the various van der Waals (vdW)
materials; it could allow us to access the pure two-dimensional
physics without undesired interlayer interaction such as the
cases of RuCl3,

48−51 Kagome,52−56 and van der Waals
magnets.57−60 Practically, securing monolayer properties with
large-scale bulk samples could greatly reduce the hurdles in
device fabrication for application.
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