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 A B S T R A C T

2D materials, characterized by their extensive surface area and customizable chemical and electronic prop-
erties, offer compelling advantages as advanced materials. These unique attributes pave the way for the 
development of next-generation electronics and optoelectronics, photo- and electro-catalysis, energy storage 
and conversion devices, and sensors. The most prominent and commonly available 2D transition metal 
dichalcogenide, molybdenum disulfide (MoS2), has already shown its potential for advanced applications. 
However, its relatively unfavorable electronic structure and limited intrinsic conductivity lower its suitability 
for applications that require high conductivity, such as electrocatalysts. One way to enhance its conductivity 
is by electrochemically intercalating alkali metal ions, e.g., Na+ and K+, into its layered structure, potentially 
adjusting its electronic structure. Here, we present a comprehensive investigation into the atomic-scale 
intercalation mechanism using molecular dynamics simulations, complemented by experimental analysis of 
structural and electronic properties at the macro scale through various characterization techniques. It is 
demonstrated that the hydration shell of ions serves as an energy barrier to intercalation as it undergoes 
a structural change during the intercalation. When alkali metal ions are intercalated into MoS2, they introduce 
more defects and enhance conductivity. Notably, these effects are more pronounced for potassium than for 
sodium.
1. Introduction

Meeting today’s technological and societal needs relies on advanced 
materials whose properties can be precisely tailored for high per-
formance and demanding applications. A prominent and widely re-
searched group of advanced materials is the family of 2D materials, 
due to their superior mechanical, electronic, and structural proper-
ties [1]. The high surface-to-bulk ratio of 2D structures enhances their 
surface functionality, while their layered architecture allows for precise 
tuning of chemical and electronic properties [2]. These materials find 
applications across a wide range of fields, including electronics and 
optoelectronics (e.g., semiconductors, photodetectors), photo-, electro- 
(e.g., water purification, electrolyzers for water splitting, CO2 reduc-
tion) [3] and thermal catalysis [4], energy storage and conversion 
(e.g., batteries, supercapacitors) [5,6], field emitters [7] and sensing 
(e.g., gas and biosensors) [8,9].

∗ Corresponding author.
E-mail address: r.m.hartkamp@tudelft.nl (R. Hartkamp).

2D materials encompass a diverse range of classes, including transi-
tion metal dichalcogenides (TMDs), MXenes, graphene and its deriva-
tives, hexagonal boron nitride (h-BN), and layered metal oxides, each 
offering distinct structural and electronic properties tailored for various 
applications [10]. Recently, 2D transition metal borides (MBenes) have 
also emerged as a promising class of 2D materials, exhibiting notable 
electrochemical and catalytic properties [11]. As a member of the 
(TMD) family, MoS2 is an abundant and cost-effective material that 
offers a tunable chemistry and bandgap, excellent chemical stability, 
and a layered structure, making it a promising choice for advanced 
applications [12].

A monolayer of MoS2 consists of a layer of molybdenum (Mo) atoms 
sandwiched between two layers of sulfur (S) atoms. These monolayers 
are held together by van der Waals forces, which then combine to 
form the bulk material [13]. The three major polytypes of bulk MoS2
https://doi.org/10.1016/j.apsusc.2025.164284
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are the metastable 1T-polytype with octahedral structure and exhibit-
ing metallic properties, the 3R- and the 2H-polytypes with trigonal 
prismatic structure (see Figure S1) and displaying semiconducting prop-
erties [14]. The 2H-polytype MoS2 is composed of a two-layer stacked 
unit cell that restores the otherwise broken inversion symmetry of the 
monolayer MoS2, while the 3R-polytype consists of a three-layer unit 
cell, where the inversion symmetry is broken [15,16].

Due to the broken inversion symmetry in the 3R-polytype, a strong 
spin–orbit coupling is possible based on the d-orbitals of the transition 
metals [17]. This provides the opportunity for the development of 
such applications as electronic and optoelectronic devices [18,19] and 
using properties such as valley- and spin-Hall effect and superconduc-
tivity [20–22]. The 3R-polytype can be synthesized through chemical 
vapor deposition and via the mechanical folding and stacking of MoS2
monolayers [23,24]. Conversely, the 2H-polytype is the most com-
monly and naturally available polytype [14]. The applications with this 
polytype include utilizing bulk or monolayer MoS2 as (electro-/photo-
)catalyst both for hydrogen production in aqueous media [25–27] 
and for CO2 reduction in organic media [28–30]. Furthermore, the 
2H-polytype MoS2 has demonstrated to be a suitable anode material 
for aqueous rechargeable batteries (ARBs) based on alkali earth met-
als [31–36], earth metals [37–40], and earth-abundant materials [41–
43], as emerging competitors to lithium-ion batteries (LIBs).

As both the 2H and the 3R polytypes are semiconducting, the 
presence of the bandgap presents a challenge, but also an opportunity 
for tuning the electronic properties. The layered structure of MoS2
allows the intercalation of (alkali metal) ions, which then donate 
their valence electrons to the MoS2 and increase its conductivity and 
change the bandgap. If the intercalation occurs at high concentrations 
of intercalants, then a phase transition is induced from the 2H polytype 
phase to the metastable 1T-polytype phase by the gliding of the mono-
layers [44]. The intercalation process of different alkali metal ions was 
studied through various experimental techniques [45,46]. Wang et al. 
imaged the intercalation process of Na+ ions in MoS2 with aberration-
corrected transmission electron microscopy (TEM) and they showed 
that the MoS2 structure undergoes complicated phase transitions due 
to the presence of the Na+ ions [45]. Attanayake et al. compared 
the intercalation of Na+, Ca2+, Co2+ and Ni2+ ions to MoS2 based 
on the efficiency of hydrogen production [47]. The intercalation of K 
atoms and K+ ions was studied by Andersen et al. using first-principle 
calculations [48]. Their calculations showed that the ions together 
with water molecules can be intercalated into the bulk MoS2 structure; 
however, based on measurements by Zak et al. [49] they only added 
one or two water molecules next to the ions, not a full hydration shell.

Controlling intercalation on the microscale can significantly impact 
the property changes of the 2D material. However, achieving such 
control requires a mechanistic understanding of intercalation and the 
factors that influence it, such as the role of the intercalant and the 
material and its electronic properties. While the effects of different in-
tercalants have been studied in the literature, a holistic and systematic 
comparison that links the mechanisms at the atomistic level to changes 
in material properties at the macroscopic level is still lacking.

The electrochemical intercalation process, where the driving force 
of the intercalation can be controlled externally, presents a path for 
this systematic comparison. Hence, this article aims to bridge this gap 
by shedding new light on the intercalation mechanism influenced by 
external and internal parameters, such as the applied voltage and the 
inherent hydration shell of the alkali metal ions. We use molecular 
dynamics (MD) simulations to show the microscopic mechanisms of the 
intercalation, while the macroscopic mechanisms and changes in the 
material properties are studied experimentally.

2. Methods and materials

2.1. Molecular dynamics simulations

All MD simulations were carried out in the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) simulation 
2 
package [50] using the DelftBlue supercomputer. For the MoS2, the 
REBOMOS potential was used, developed by Jiang et al. [51]; the 
SPC/E water model was employed to describe the interactions between 
hydrogen and oxygen atoms in water molecules. The rigid structure 
of the water molecules was maintained using the SHAKE algorithm. A 
transferable ion force field, developed by Loche and co-workers [52], 
was used for KCl and NaCl. Packmol software was used to construct 
the simulation box. A detailed description of the MD simulations is 
provided in the Supplementary Information.

2.2. Electrode preparation

MoS2 nanopowder (99% trace metal basis, Sigma Aldrich, for char-
acterization see figures S7–S11) was mixed with Carbon Black (CB, 
Fischer Scientific) and poly(vinyl alcohol) (PVA) was mixed in a ratio 
of 90 wt%, 5 wt% and 5 wt%, respectively. Once the ingredients are 
measured and added to a 5 cm3 vial, the mixture is diluted with 2 mL 
of Deionized (DI) water, then the ink is sonicated in a water bath for 
10 min for homogenization. The glassy carbon substrates (1 × 1 cm, 
Sigma Aldrich, redox.me) are cleaned with DI water and then sonicated 
in isopropyl alcohol for 5 min, then dried with compressed air. After 
the sonication of the ink, 25 μL is dropcasted on the glassy carbon 
substrates; afterwards, the samples are left to dry in air. Afterwards, the 
electrodes are prepared by connecting a copper tape to the substrate 
and then it is covered with tape, exposing only a circle of 10 mm in 
diameter. Then, the intercalation of the two different alkali metal ions 
(Na+ and K+) in the MoS2 was carried out to enhance its conductivity.

The intercalation of alkali metal ions into MoS2 is known to induce a 
phase transition from the semiconducting 2H-phase to the metallic 1T-
phase, which is metastable and prone to reversion to the 2H-phase upon 
thermal treatment or over time [53,54]. In particular, Li+ and Na+ ions 
can intercalate reversibly and stabilize the 1T-phase to some extent due 
to their smaller size, while K+ ions, having a larger atomic radius, cause 
more pronounced lattice distortion and reduced reversibility [54]. The 
1T-phase has been reported to transform back to the thermodynami-
cally stable 2H-phase at temperatures as low as 95 ◦C [55]. To mitigate 
such phase relaxation, all sample processing and characterization steps 
were performed at room temperature or below.

2.3. Electrochemical techniques

All electrochemical measurements were carried out on a BioLogic 
VMP-3e Multichannel Potentiostat with the software EC-Lab. For each 
measurement the prepared electrode was immersed in 40 mL of 1 mM 
KHCO3 (Sigma Aldrich, 99.99%) (K+-intercalation) or 1 mM NaHCO3
(Sigma Aldrich, 99.99%) (Na+-intercalation) in an electrochemical H-
cell. The electrode was placed in the cathode compartment together 
with a saturated calomel electrode (SCE), while a Pt mesh electrode 
was put in the anode compartment. All electrodes were then connected 
to the potentiostat and the whole system was put into a Faradaic cage. 
For the electrochemical intercalation, an electrochemical impedance 
spectroscopy (EIS) was first carried out from 1.0 MHz to 100 mHz, 
then a chronoamperometry (CA) measurement was set on for 1 h at a 
preset potential (the effect of potential was studied and an intercalation 
potential was defined for each ion). Afterwards, the working electrode 
was rinsed with DI water to remove any potential adsorbed layer and 
another EIS measurement was carried out to assess the conductivity of 
the sample.

2.4. Scanning electron microscopy

Scanning Electron Microscopy was performed using a JEOL
IT800SHL system equipped with a field emission gun, operating at 
10.00 kV and a beam current of 42.20 nA. Energy Dispersive Spec-
troscopy (EDS) analysis was conducted with an Oxford Instruments 
Maxim 100 detector.
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Fig. 1. Nquist plots for (a) unfavorable (−1.0 V vs RHE) and (b) favorable (−1.3 V vs RHE) conditions of electrochemical intercalation of sodium ions, (c) resistance change at 
different potentials due to (un)favorable conditions for the electrochemical intercalation of Na+ and K+ ions.
2.5. XRD

The XRD patterns were measured in a Bruker D8 Advance diffrac-
tometer with Bragg–Brentano geometry and Lynxeye position sensitive 
detector with Cu K𝛼 radiation, divergence slit V12, scatter screen height 
5 mm, at 45 kV and at 40 mA. The Detector was set to LL 0.11 W 0.14. 
The measurement range was set between 5◦ to 80◦, with a step size of 
0.03◦ (in case of the VS-MoS2 and K+-intercalated VS-MoS2) and 0.06◦
(in case of the Na+-intercalated VS-MoS2) with a counting time per step 
of 2 s.

2.6. Raman spectroscopy

The Raman spectra were obtained using a WiTec Alpha300R Raman 
Imaging microscope with a 532 nm laser at 1 mW power to prevent 
sample damage. The integration time was set to 5 s with 10 accumula-
tions, and a 63X/0.9 water-dipping objective was used. To ensure high 
spectral resolution, a 1800 g/mm grating was employed, providing a 
resolution better than 1 cm−1.

To accurately monitor structural changes induced by intercalation, 
in situ Raman measurements were performed at the exact same position 
on the sample surface before and after the electrochemical process. 
The sample was mounted in a beaker filled with the electrolyte, which 
was fixed directly on the Raman stage. The initial (pristine) Raman 
spectrum was acquired while the sample was immersed in the elec-
trolyte. Following this, the objective was retracted in the Z direction 
to remove it from the solution, and the electrochemical intercalation 
process was carried out. After intercalation, the objective was carefully 
repositioned to the same coordinates (The spatial positioning resolution 
of the system was approximately 25 nm in XYZ directions, enabling 
precise repositioning of the measurement spot) and focus depth to 
acquire the post-intercalation Raman spectrum. This ensured that the 
layer number and measurement location remained constant, and that 
any observed spectral changes originated from structural modifications, 
such as defect formation, rather than sample drift, delamination, or 
layer number variation.

2.7. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy was carried out in a Physical 
Electronics (PHI) 5400 (Eden Prairie, USA) instrument. The XPS spectra 
were acquired by using non-monochromatic Al K𝛼 radiation produced 
from an X-ray source with an Al anode, operating at 200 W and 13.5 
kV. The primary photoelectron lines for each element were captured 
with a step size of 0.1 eV and a dwell time of 1.25 s, employing a 
spherical capacitor analyzer configured with a pass energy of 71.55 
eV. The MultiPak software was used to analyze and process the XPS 
data, where the acquired peaks were normalized and fitted using the 
iterated-Shirley background.
3 
3. Results and discussions

3.1. Electrochemical intercalation

The insertion of Na+- and K+-ions into MoS2 was achieved via 
electrochemical intercalation by applying a constant potential on the 
working electrode. Electrochemical impedance spectroscopy (EIS) mea-
surements before and after the intercalation steps are used as an 
indicator of changes in conductivity, suggesting favorable conditions 
for intercalation. Figs.  1(a) and (b) show the Nyquist plots of unfa-
vorable and favorable conditions, respectively, where Z0 is the charge 
transfer resistance belonging to the unexposed electrode and Z is the 
charge transfer resistance belonging to the electrode which was sub-
jected to chronoamperometry for 1 h at the respective potentials. The 
position of Z with respect to Z0 determines if the potential of the 
chronoamperometry can be considered as a favorable or unfavorable 
condition for electrochemical intercalation. In Fig.  1(a), a case of 
unfavorable condition is presented, where it shows that the internal 
resistance (the sum of the electrolyte resistance and the charge transfer 
resistance [56]) of the intercalated electrode is higher than the unex-
posed electrode, namely 𝑍 > 𝑍0. On the other hand, Fig.  1(b) shows 
the favorable conditions for intercalation, where the internal resistance 
of the exposed electrode is smaller than that of the unexposed elec-
trode, namely 𝑍 < 𝑍0. This relation indicates favorable conditions for 
intercalation, which results in a lower charge transfer resistance and, 
therefore, a higher conductivity. The data from different measurements 
at different potentials are collected in Tables S1 and S2 for sodium and 
potassium intercalation, respectively.

Fig.  1(c) shows the averaged difference of the measured resistance 
of the electrode at different applied potentials. A negative difference 
indicates a drop in the internal resistance of the electrode due to 
intercalation. Where the Z-Z0 value is strongly negative, they were 
labeled as ‘intercalation potential’ for each ion, namely for potassium 
−1.4 V vs RHE, for sodium −1.3 V vs RHE, respectively.

3.2. MD simulations

MD simulations with umbrella sampling were used to study the 
intercalation mechanism of the Na+ and K+ ions. A simulation box 
(19.3 nm × 9.4 nm × 4.4 nm) was created with 18 000 water molecules, 
4 MoS2 sheets, containing 2700 atoms per sheet, and one cation (Na+ or 
K+) with one Cl− ion for charge neutrality. A description of simulation 
details and the cross-interaction parameter optimization to reproduce 
the correct wettability can be found in the Supplementary Information 
(Tables S3 and S4, Figures S2-S5).

The intercalation Gibbs free-energy curves are shown in Fig.  2(a). 
The hydration shell of Na+ and K+ in bulk water contains approx-
imately 6 and 7 water molecules on average, respectively [57,58]. 
Intercalation of these ions into MoS2 requires the hydration shell to 
be perturbed, resulting in an energy barrier at the edge of the MoS2. 
This energy barrier for intercalation is almost twice as high for the K+
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Fig. 2. (a) Gibbs free-energy curves for non-biased (E=0 V/Å) and biased (E=-0.01 V/Å  and E=-0.02 V/Å) intercalation. (b and c) Merged snapshots from MD simulations of 
Na+-intercalation and K+-intercalation, respectively, showing the deformation of the hydration shells of the ions upon intercalation (molybdenum atoms are represented with blue 
color, sulfur atoms are represented with yellow color, sodium ions are represented with pink color, potassium ions are represented with purple color).
Fig. 3. (a) Gibbs free-energy profiles when no electric field is present, (b) and (c) Gibbs free-energy profiles of sodium and potassium ions in a geometry of 50% hydrated MoS2
and different electric fields are present.
ion as for the Na+ ion, despite the larger hydration energy of the latter 
ion [59].

If an external electric field is applied to the system, in accordance 
with our experiments, then a force 𝐹 = 𝑞𝐸 acts on each charged 
atom, where q is the charge and 𝐸 is the electric field. The external 
electric field acts as an additional driving force for the ion insertion 
in the interlayers of the MoS2. By applying 0.01 V/Å, the intercalation 
barrier for Na+ and K+ ions is lowered by about half relative to the 
case without an external field applied. However, the barrier remains 
larger than the thermal energy 𝐸𝑡ℎ = R𝑇 ≈ 0.59 kcal∕mol, such that 
intercalation events are not likely to occur on the simulation time scale. 
At 0.02 V/Å, the intercalation barrier has vanished for Na+, whereas a 
barrier remains for K+.

Figs.  2(b and c) present merged snapshots of the MD simulations 
showing the difference between the disruption of the hydration shells 
of the two ions. The hydration shell of the Na+ ion is only perturbed 
and deformed during the intercalation process, whereas the K+ ion 
has to expel at least one water molecule from its shell to fit in the 
interlayer distance. Furthermore, the remaining shell is still sterically 
disrupted, hence the higher energy barrier for intercalation. This con-
firms the trend of the different energy barriers in the Gibbs free-energy 
profiles in Fig.  2(a), which then connects and explains well the higher 
experimental intercalation energy for potassium in Fig.  1(c).

These results deviate from the results of Andersen et al. [48], where 
only two water molecules were included in the hydration shell. Their 
computations were based on the work by Zak et al. [49] who measured 
a 50% increase in the vertical lattice parameter and suggested that 
one or two water molecules per K atom are also intercalated in the 
MoS . To test if their assumption is accurate, we also decreased the 
2

4 
hydration of the MoS2 to 50%, mimicking the 50% vertical lattice 
parameter increase. The simulation snapshots in Figure S6 (a) and (c) 
show the perturbation of the hydration shell upon interaction of the 
ion. The hydration shell of the ions is more deformed than those in 
the case of a fully hydrated MoS2. The hydration shell around both 
ions adopts a planar configuration containing four water molecules, 
which exceeds the two water molecules reported by Zak et al. [49]. 
The Gibbs free-energy curves for these 50% MoS2 hydration cases 
in the absence of an externally applied electric field are shown in 
Fig.  3(a). Here, a switch in energy barrier trend can be observed: as 
the sodium ion has a stronger hydration shell, it presents a larger 
energy barrier for intercalation compared to the intercalation energy 
barrier of the potassium ion which stays almost the same as for 100% 
MoS2 hydration. Figs.  3(b) and (c) show that the intercalation energy 
barrier of both ions drastically decreases if an external electric field is 
applied. The difference between the experimental and computational 
models stems from practical limitations in atomistic simulations, where 
a small, idealized system is used to represent a local region of the larger 
experimental structure, allowing key intercalation trends to be captured 
within feasible computational resources.

3.3. Structure analysis

Structural and surface characterization methods are used to study 
the effect of the electrochemical intercalation on the structural prop-
erties of MoS2. Fig.  4(a) shows the XRD patterns of the intercalated 
and non-intercalated MoS2. The intensity of the main peak at the (002) 
crystal plane orientation for the Na+-intercalated and K+-intercalated 
electrodes weakens with respect to the non-intercalated MoS  and a 
2
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Fig. 4. (a) XRD pattern of VS-MoS2, Na+-intercalated VS-MoS2 and K+-intercalated VS-MoS2. (b) XRD pattern showing a slight shift in (002) crystal plane orientation of Na+-
intercalated VS-MoS2 and K+-intercalated VS-MoS2 with respect to VS-MoS2. (c) Raman spectra focused on E12g and A1g modes. (All spectra were normalized to their respective A1g
peak and the plots were stacked for maximum visibility of the shift).
slight broadening can also be observed (Fig.  4(b)), which indicates a 
decrease of the crystallinity as a consequence of the intercalation [45]. 
Furthermore, this can also indicate irreversible changes in the crystal 
structure [45]. This slight broadening can better be observed in Fig. 
4(b), which also shows a slight shift of the peak at the (002) crystal 
plane orientation to smaller angles, which corresponds to an interlayer 
expansion due to the intercalation [60].

Raman spectroscopy (Fig.  4(c)) was carried out to confirm the pres-
ence of vacancies indicated by XRD. Bulk MoS2 has four characteristic 
modes in the Raman spectrum E22g, E1g, E12g and A1g, at ∼32 cm−1 at 
∼286 cm−1, at ∼384.5 cm−1 and at ∼405.5 cm−1, respectively [61]. 
Figure S8 shows all the mentioned characteristic modes except E22g due 
to the limitation of low-frequency measurements of the instrument. 
The peaks appearing between ∼430 cm−1 and ∼470 cm−1 are due to 
the near-the-zone-edge longitudinal and acoustic phonons and their 
combinations [62]. The two main peaks, E12g and A1g, are characteristic 
of different vibrations of the material: E12g is activated by the in-plane 
vibrations of the Mo and S atoms, while A1g is activated by out-of-plane 
vibrations of the S atoms [61,63].

Fig.  4(c) shows the E12g and A1g modes stacked for intercalated and 
non-intercalated electrodes. The A1g mode was measured at 405.7 cm−1

for all samples, while for the intercalated samples, the E12g shows a 
shift to lower frequencies compared to the non-intercalated electrode. 
The increased separation between the E12g and A1g modes indicates 
a compressive strain in the MoS2 structure due to the presence of 
monosulfur defects [64]. The creation of these monosulfur defects is 
a consequence of the unused electrode preparation process, hence, this 
difference in the spectra can also be used for the estimation of the defect 
concentration in MoS2 [65,66]. For a structurally pristine MoS2, the 
difference between the E12g and A1g peaks is 21 cm−1 [61], whereas 
this value has already increased to 24 cm−1 for our MoS2 electrode. 
This suggests that monosulfur defects are created in the electrode 
(from now denoted as VS-MoS2) during the sonication step of the 
sample preparation process. The further blue-shift of the E12g peaks of 
the intercalated samples compared to the V -MoS  electrode indicates 
S 2

5 
an increased concentration of monosulfur vacancies as a consequence 
of the intercalation process and confirms our findings in the XRD 
patterns [64,67].

3.4. XPS analysis

Fig.  5(a) shows the Mo 3d XPS spectra of VS-MoS2, Na+-intercalated 
and K+-intercalated VS-MoS2. The monosulfur vacancies in the MoS2
structure identified with Raman spectroscopy are also confirmed with 
the presence of undercoordinated Mo sites (MoUC) in the Mo 3d spec-
tra [68,69]. In these fitted Mo 3d spectra, the area (Table S6) of the 
MoUC atoms is increased for the intercalated VS-MoS2 compared to 
the VS-MoS2. This also correlates with the results from the Raman 
spectroscopy, as the concentration of these undercoordinated Mo sites 
in the XPS spectra increases with the same tendency as the concen-
tration of the monosulfur defects increases in the Raman spectra. In 
all three fits, a small peak at a ∼234.5 eV and ∼235.5 eV can be 
observed, which corresponds to the oxidation state of Mo6+ in MoO3, 
which can be present due to the exposure to air and water in the ink 
during the sample preparation process and in the electrolyte during the 
electrochemical intercalation [46,70].

For VS-MoS2, the two main peaks, Mo 3d5∕2 and 3d3∕2for the VS-
MoS2 are located at 229.1 eV and 232.4 eV, respectively, which agree 
with the literature values [45,71]. Fig.  5(a) also shows the shift in the 
binding energy for the intercalated VS-MoS2 electrodes with respect to 
the VS-MoS2 electrode. However, these peaks are down-shifted for the 
Na+-intercalated and K+-intercalated VS-MoS2 by 0.5 eV and 0.7 eV, 
respectively, which indicates the presence of excess electrons compared 
to the VS-MoS2. This also suggests that electrons were donated from 
the intercalants (Na+ and K+ ions) to the VS-MoS2 [45]. The same 
downshift in energy was observed for the S 2p3 spectra of the three 
materials (see Figure S10 (a)).

The degree of alkali metal intercalation into VS-MoS2 was estimated 
based on the observed binding energy shifts in the XPS spectra. Specifi-
cally, shifts of 0.6 eV for K+ and 0.5 eV for Na+ in the Mo 3d core level 
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Fig. 5. (a) Fitting of normalized Mo 3d XPS spectra of VS-MoS2, Na+-intercalated VS-MoS2 and K+-intercalated VS-MoS2, respectively, the spectra of the intercalated VS-MoS2
compared to VS-MoS2 spectrum showing a down-shift in binding energy. (b) Linear fitting of valence band spectra to determine E𝐹 -E𝑉  (shown in inset). (c) Calculated electron 
doping density of pristine, Na+-intercalated and K+-intercalated VS-MoS2 based on valence band spectra showing the amount of electron dopants for each electrode.
suggest a significant level of intercalation. Comparing our results to 
literature benchmarks, these chemical shifts correspond to intercalation 
levels of approximately 𝑥 ≈ 0.3–0.5 in A𝑥MoS2 [72–74]. These levels 
are known to induce measurable structural and electronic changes, 
supporting the observed modifications in our system.

To study the effect of the intercalation on the electronic structure of 
the VS-MoS2 further, Figs.  5(b) and (c) assess the effect of intercalation 
on the valence band, hence, high-resolution XPS measurements were 
taken from 20 eV to −15 eV. The value of the bandgap can be changed 
through intercalation of alkali metal ions and, consequently, electron 
doping [48]. The intercalation of the alkali metal ions changes the 
slope of the spectra and, hence, changes the energy level difference 
between the Fermi level and the valence band (EF-EV). With a linear 
extrapolation to the valence band tail (near 0 eV binding energy) in the 
XPS spectra, the value of E𝐹 -E𝑉  was determined, where E𝐹  is the Fermi 
level energy and E𝑉  is the valence band energy, respectively [75].

The high electron dopant density for the Na+-intercalated and K+-
intercalated VS-MoS2 is a consequence of the synergy between the 
sulfur defects and donated s-electrons of the alkali metal ions. The 
change in the electronic properties of lithiated and sodiated defective 
MoS2 has already been investigated with density functional theory 
(DFT) by Barik et al. [76]. According to the DFT calculations, the sulfur 
defects create a midgap state and reduce the bandgap significantly. 
The adsorption of the intercalants (lithium and sodium in their case) 
is enhanced as the midgap state coming from the d-orbital of the 
Mo atom and the s-orbital of the alkali metal atom forms a strong 
hybridization. This results in an enhanced conductivity and changes 
the semiconducting nature of the defective MoS2 to metallic with the 
lithiation/sodiation. Our experimental results correlate well with these 
calculations in the case of the Na+-intercalated V -MoS . However, for 
S 2

6 
the K+-intercalated VS-MoS2 the electron dopant density is even higher, 
which can be due to the presence of potassium’s empty 𝑑-orbital. The 
separation of light (Li+ and Na+) and heavy alkali metal ions (K+, Rb+
and Cs+) are based on the presence of this empty 𝑑-orbital, as it gives 
the possibility of further hybridization between the heavy alkali metal’s 
𝑑-orbital and the transition metal’s 𝑝-orbital. This hybridization and the 
charge transfer then create a low work function due to a larger dipole 
moment than for light alkali metals [77]. This behavior is similar to 
what Yu et al. found with regards to the intercalation of sodium and 
potassium ions in Cu4Se4 [78,79]. Intercalation of alkali-metal ions 
into Cu4Se4 nanosheets induces a surface phase transition, with K+
intercalation occurring at a higher voltage ( 0.756 V) than Na+ ( 0.659 
V), indicative of stronger charge transfer [78]. This stronger interaction 
leads to a larger surface dipole and therefore a more pronounced 
decrease in work function for K+-intercalated Cu4Se4 compared to the 
Na+-intercalated counterpart [78].

4. Conclusions

In this work, we have studied the intercalation mechanisms of 
Na+ and K+ ions into MoS2 and their effect on the structural and 
electronic properties of the host material. We have found that the 
intercalation energy strongly depends on the perturbed hydration shell 
of the alkali metal ion in an aqueous environment at the interface with 
the MoS2. Furthermore, we have shown that the intercalation process 
increases the concentration of monosulfur defects in the MoS2 structure. 
However, the presence of these defects and the donated electrons from 
the alkali metal ions have a synergistic effect on the electronic material 
properties, resulting in increased conductivity. The difference between 
the level of electron dopant density with regard to light and heavy 
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alkali metal ions can be attributed to the presence of the empty orbitals, 
which allow further hybridization. These results also have shown that 
MoS2 is a highly tunable material regarding not only its structural 
properties, regarding its flexibility in the vertical dimension, but also its 
electronic properties through changing the valance band structure; and 
that the structure engineered on the atomic scale has a large influence 
on the macroscopic properties.
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