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Nanoscale Disorder and Deintercalation Evolution in 
K-Doped MoS2 Analysed Via In Situ TEM

Shouqi Shao, Gareth R.M. Tainton, W. J. Kuang, Nick Clark, Roman Gorbachev, 
Alexander Eggeman, Irina V. Grigorieva,* Daniel J. Kelly,* and Sarah J. Haigh*

Intercalation and deintercalation processes in van der Waals crystals underpin 
their use in nanoelectronics, energy storage, and catalysis but there remains 
significant uncertainty regarding these materials’ structural and chemical het-
erogeneity at the nanoscale. Deintercalation in particular often controls the 
robustness and cyclability of the involved processes. Here, a detailed analysis 
of potassium ordering and compositional variations in as-synthesised K inter-
calated MoS2 as well an analysis of deintercalation induced changes in the 
structure and K/Mo elemental composition is presented. By combining 4D 
scanning transmission electron microscopy (4DSTEM), in situ atomic resolu-
tion STEM imaging, selected area electron diffraction (SAED) and energy 
dispersive X-ray spectroscopy (EDS) the formation of previously unknown 
intermediate superstructures during deintercalation is revealed. The results 
provide evidence supporting a new deintercalation mechanism that favors 
formation of local regions with thermodynamically stable ordering rather than 
isotropic release of K. Systematic time-temperature measurements demon-
strate the deintercalation behavior to follow first-order kinetics, allowing com-
positional and superstructural changes to be predicted. It is expected that the 
in situ correlative STEM-EDS/SAED methodology developed in this work has 
the potential to determine optimal synthesis, processing and working condi-
tions for a variety of intercalated or pillared materials.

DOI: 10.1002/adfm.202214390

species, alkali metal-intercalated MoS2 has 
attracted considerable interest in catalysis, 
nanoelectronics, and optoelectronics as 
intercalation allows tuning of the band 
structure.[9–12] However, the materials’ 
in service lifetime for these applications 
is often limited unless the spontaneous 
deintercalation process, where intercalant 
is released from the host crystal lattice, 
is effectively controlled. These materials 
also find applications as electrocatalysts, 
supercapacitors and batteries, since the 
weak van der Waals interlayer bonding 
enables these materials’ ability to with-
stand numerous intercalation and deinter-
calation cycles.[13,14] Many studies consider 
the intercalation behavior of MoS2 as a 
model transition metal dichalcogenide, 
but intercalated crystals are complex at the 
nanoscale and the evolution of structure 
and chemistry during deintercalation has 
never been quantitatively studied at the 
nanometer scale.

The mechanism of alkali metals interca-
lation in MoS2 is underpinned by its elec-
tronic band structure, density of states and 

the availability of intercalation sites.[15] 2H-MoS2 has a layered 
structure with Mo atoms in trigonal prismatic sites; its dz

2 band 
is filled up with two electrons, so that the material is a semicon-
ductor. Due to their low electrochemical potential, when alkali 
metal atoms (Li, Na, K) intercalate they donate an electron 
from their valence s orbital to the electronic levels above the 
band gap, leading to the metallic behavior of the intercalated 

Research Article
﻿

1. Introduction

Intercalation of dopant atoms and ions into the layers of van 
der Waals crystals such as graphite, transition metal dichalco-
genides (TMDCs), and MXenes allows tuning the material’s 
chemical, electronic and optical properties.[1–9] Among the 
family of intercalated 2D materials and possible dopant atom 
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compound. Furthermore, at higher intercalant concentrations, 
the electron transfer to Mo d band results in a structural transi-
tion from trigonal prismatic (2H) to octahedral (1T) coordina-
tion, which can be understood from comparison of the d-band 
density of states for 2H- and 1T-MoS2: the occupied bands for 
1T are significantly lower in energy. The 2H to 1T transition 
is also accompanied by an increase in MoS bond ionicity, 
so that coulombic repulsion between partially charged ligands 
favors the octahedral form.[15] Clustering of transition metal 
atoms also drives further structural phase transitions to the 
rarer metallic 1T′/1T″ or the semiconducting 1T‴ phase[3,17,18] 
(Figure S2, Supporting Information). See also our previous 
work[11,16] for a further discussion of the intercalation process.

Intercalated TMDC materials are desirable for nanoelec-
tronic applications having a reduced contact resistance[7] and 
offering new superconducting phases.[12,16] The metallic 1T 
phase of MoS2 is also appealing for catalytic applications, for 
example, enhancing the efficiency of MoS2 for the hydrogen 
evolution reaction compared to the more thermodynamically 
favored 2H phase.[19] The electronically and catalytically desir-
able 1T phase has been found to persist even after deintercala-
tion, although optimal deintercalation conditions that prevent 
the transformation back to 2H and loss of preferred electronic 
structure whilst removing deleterious effects from remnant 
alkali elements, have yet to be experimentally verified. Deinter-
calation occurs spontaneously in these materials on exposure to 
heat,[20] air,[11,16] and moisture[21] so must be understood for the 
unique properties of these materials to be effectively exploited. 
It is also necessary to understand the deintercalation behavior 
of TMDCs due to the importance of intercalation/deintercala-
tion cyclability when designing materials for next generation 
batteries and supercapacitor systems.[22–24]

Transmission electron microscopy (TEM) is one of the few 
techniques able to provide nanoscale structural and chemical 
information to aid in understanding intercalation and dein-
tercalation processes.[11,24–28] In situ electrical biasing in the 
TEM has shown that Li intercalation in MoS2 induces a 2H 
to 1T phase transition and the formation of ordered Li ion 
superstructures, although deintercalation was not explored as 
the material transformed to amorphous LiS2 at long lithiation 
times.[24,25] In situ TEM electrical biasing has also revealed that 
Na ion intercalated MoS2 contains significant lattice disorder 
with locally ordered domains at the 3–5  nm length scale.[26,27] 
However, K intercalation is less well studied than Na and Li, 
and deintercalation dynamics are entirely unexplored by TEM. 
Additionally, most in situ TEM studies have not employed com-
plementary elemental analysis to correlate local structure and 
composition for intercalated compounds, and no such informa-
tion is available for the deintercalation process.

Here a nanoscale in situ TEM investigation of deintercala-
tion in K-intercalated MoS2 is presented to characterize the 
structural and chemical changes that occur under annealing 
at different temperatures. Multiple in situ electron micros-
copy methods (electron diffraction (ED), high-resolution TEM 
(HR-TEM), STEM) and quantitative energy dispersive X-ray 
spectroscopy (EDS) spectrum imaging) are combined with 4D 
scanning transmission electron microscopy. This direct corre-
lation of local crystal structure and composition provides evi-
dence of new K-MoS2 superstructures and sheds light on the 

local nanostructure and quantitative compositional evolution 
occurring during alkali ion deintercalation for TMDCs.

2. Nanoscale Structural and Elemental 
Characterization of Intercalated MoS2

To achieve K intercalation we used the well-known liquid-
ammonia method.[29] In brief, MoS2 powder consisting of few-
micron size crystalline flakes is immersed in a liquid ammonia 
solution containing K at -78°C for 24 hours (see SI Figure S3c, 
Supporting Information for size and thickness distribution). 
Dissolved K atoms dissociate into solvated cations (K+) and 
solvated electrons (e−) as evident from the deep blue colour of 
the ammonia solution:[30,31] The color is the result of the emer-
gence of a broad optical absorption line peaked at 0.85 eV and 
extending into the visible range.[31] The fact that the colour 
of the solution and its optical properties have been shown to 
be independent of the solute[31] is evidence of the presence of 
solvated electrons: the latter are trapped in cavities formed by 
the polar ammonia molecules and are responsible for the above 
optical absorption. As K+ ions intercalate into the interlayer gal-
lery of the layered crystal, solvated electrons are donated to the 
empty Mo d-bands of 2H-MoS2 to balance the charge[11] while 
the potassium-ammonia solution gradually loses its colour, 
indicating a reduction in the amount of available intercalant in 
solution. Following intercalation, the dried powder was stored 
under argon before transferring a thin layer of intercalated 
crystals onto TEM heating E-chips and rapidly loading these 
into the TEM to minimize exposure to oxygen (see Methods for 
further details).

To track the materials’ deintercalation behaviour it is nec-
essary to understand the structure of the intercalated starting 
material at the nanoscale. Figure 1a shows a representative 
HAADF STEM image of a typical K intercalated MoS2 flake, 
with Figure  1b the corresponding SAED pattern viewed along 
[0001], acquired from the area of the selected-area aperture indi-
cated by the red circle in Figure  1a. The size and morphology 
of the intercalated flake is similar to the pristine MoS2 starting 
material, being composed of restacked aggregates of individual 
crystallites, each having lateral sizes of between 100  nm and 
a few µm, and thicknesses in the range 1–20 nm. STEM-EDS 
spectrum imaging of the flake in Figure 1a reveals a mean K/
Mo ratio, n = 0.84, (equivalent to a stoichiometry of K0.84MoS2, 
or 21.8 at% K) with K present throughout the flake as shown 
in Figure 1c, although the single crystal region indicated by the 
red circle has a slightly lower K/Mo ratio of n  = 0.71 (equiva-
lent to 19.1 at% K). To ensure reliable K/Mo measurements 
and avoid contribution from K attached to the surrounding 
carbon support, threshold-based masking, local averaging and 
the standardless Cliff Lorimer k-factor analysis were performed 
(see SI section S5 and SI Figure S18, for further details). 
The corresponding electron diffraction pattern for this flake 
(Figure  1b) shows superlattice spots with two-fold periodicity 
in the direction of the 1120  and 1010 reciprocal lattice reflec-
tions, thus the superlattice spots closest to the directly trans-

mitted beam are 
1

2
1120  and 

1

2
1010  (corresponding to distances 

in real space that are double the 1120  and 1010 spacing). The 
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origin of these superlattice reflections can be assigned either to 
intercalation-induced zigzag chains of Mo atoms as in the 1T′ 
structure[32] (see SI Figure S2, Supporting Information), or to  
ordering of the alkali ions between the layers.[33] To verify the 
phase of the material we have performed atomic resolution 
high angle annular dark field (HAADF) STEM imaging of 
the crystal structure and compared this to image simulations 
(Figure 1, SI Figures S4, S5, S8). The zigzag chains of the 1T′ 
phase make it readily distinguishable from the 1T or 2H phases 
in an atomic resolution image (Figure  1d-f and SI Figure S8, 
Supporting Information) and from the Fourier transform of a 
high resolution image (SI Figure S6,S7, Supporting Informa-
tion). We found the 1T′ structure only in one nanosized region 
of the flake, spatially remote from the region analysed by elec-
tron diffraction (Figure  1a). Other regions showed predomi-
nantly 1T phase with limited 2H (Figure 1d,e). Since neither the 
2H nor 1T phase produces superlattice reflections, this suggests 
that the alkaline intercalant is responsible for the superlattice 
reflections observed in Fig  1b. Potassium is known to prefer 

to occupy the pseudo-octahedral coordinated interlayer lattice 
sites in the host MoS2 lattice and ordered partial filling of these 
can give rise to superlattice spots.[34] The structure of K0.75MoS2 
(n  = 0.75) shown in Figure  1g has been predicted previously 
for alkali metal intercalants in MoS2,[35] and this reproduces 
the observed superlattice locations (Figure  1h) as well as only 
slightly over estimating the locally measured mean elemental 
analysis (n = 0.71).

However, a closer inspection of the electron diffraction pat-
tern in Figure  1b reveals splitting of the host lattice 1120  and 
1010 diffraction spots (highlighted by the dashed red and 
yellow hexagons), which is not present in the simulation. In 
principle, splitting of diffraction spots can be produced by 
strain and local bending effects but in this case all spots would 
be split (including those of the superlattice). Since this feature 
is only observed for the host lattice spots it must be due to the 
presence of both the pristine host and expanded intercalated 
structures (as has been observed previously in LiMoS2

[33]). This 
is confirmed since the outer 1120  spots correspond to a lattice 

Adv. Funct. Mater. 2023, 2214390

Figure 1.  (S)TEM characterization and atomic structure of as-synthesized intercalated K-MoS2 flakes. a) HAADF STEM image of a K intercalated MoS2 
flake with the average K concentration of 21.9 at% (corresponding to stoichiometry of K0.84MoS2). b) SAED pattern for the area indicated by the red 
circle in (a). Yellow and red dashed hexagons highlight reflections with different lattice constants corresponding to the pristine MoS2 and the interca-
lated phase, respectively. Cyan arrow heads point to the extra superlattice spots seen only in the intercalated phase. c) STEM-EDS K map for the flake 
in (a).d–f) Experimental HAADF STEM images of regions identified as 2H (trigonal prismatic), 1T (octahedral), and 1T′ (zigzag chains of Mo) phases 
acquired from the magenta, green and purple rectangles in (a). Simulated HAADF images are inset for reference (see Figure S2, Supporting Informa-
tion for description of phases). g) Atomic model of K0.75MoS2 used for the diffraction simulation (b), where green, red, and magenta balls indicate K 
ions arranged in 2a × 2a superlattices in different interlayers. In the plan view model (left) the different atomic layers are off-set for clarity. h) Simulated 
diffraction pattern of K0.75MoS2 (see panel (g) and Figure S11, Supporting Information for structural model). The MoS2 lattice reflections are highlighted 
with white circles while the extra spots from the ordered K are red dots. i) Violin plot of K/Mo ratio in 25 as-synthesized K-intercalated MoS2 flakes. 
Red square in each subplot indicates the mean K/Mo ratio for the individual flake, with the standard deviation shown by the red error bars. Blue bars 
indicate the maximum and minimum measurements, and the shadows illustrate the distribution and local variance in K/Mo ratio for individual flakes.
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constant a = 3.16 Å (d-spacing = 1.58 Å), which matches pristine 
2H or 1T MoS2 while the inner 1120  spots are related to twice 
the superlattice spots, and correspond to a 3% lattice expan-
sion, a = 3.26 Å, closer to the structure predicted for K0.75MoS2 
by Andersen et al. (a = 3.36 Å).[35]

The observed coexistence of different lattice constants and 
polytypes within an apparently single crystalline region of a 
flake suggests significant variations in the intercalant content. 
Earlier work has suggested that in the KnMoS2 crystal the 2H 
phase exists when n < 0.4 (c < 11.8 at% K), 1T phase for 0.4 < n < 1  
(11.8 at% < c < 25.0 at% K) and the 1T′ phase for n > 1 (c > 25.0 
at%),[11,21] although in the latter case the excess K is reported to 
cause disintegration of the MoS2 layers.[11] Mapping the K/Mo 
ratio of the examined region for the flake of interest (Figure 1d) 
shows no evidence of a separate region with reduced K content, 
although the K/Mo ratio in the flake varies at the nanoscale 
in the range n < 0.2 to n > 1.4 with a mean of n = 0.68 and a 
standard deviation of 0.33. Given the correlation of composition 
and phase proposed by Andersen et al[11] this suggests that the 
2H and 1T phases are mixed at the nanoscale, consistent with 
our atomic resolution imaging results.

STEM-EDS analysis of the pixel-by-pixel composition for 
twenty-five K-doped MoS2 flake agglomerates revealed that all 
contained significant intercalant variations in the as-synthesised 
condition (Figure 1i). The mean composition was n = 0.77 (stoi-
chiometry K0.77MoS2, 20.4 at% K, data shown in SI Figure S1, 
Supporting Information) with a standard deviation of the flake 
means ±0.24 (spanning stoichiometry of ∼K0.5MoS2 to KMoS2). 
However, it is notable that even this large standard deviation 
is smaller than the average variability, ±0.55, seen within each 

flake (see SI Section S5 for a discussion of efforts made to 
minimise measurement errors). No systematic differences were 
observed spatially within the flakes suggesting the morphology 
is not limiting interlayer K diffusion. Most of the SAED data 
for intercalated flakes revealed a similar ordering to that shown 
in Figure  1b. We also saw a flake with an unusually low K 
content (n  = 0.27) which revealed a superlattice arrangement 
not previously reported for this material (SI Figure S9a, Sup-
porting Information). We assign this to a ×a a2 3  superstruc-
ture arrangement (SI Figure S9b–g), similar to the intermediate 
intercalation phase previously reported for Na0.25MoS2

[27,36] but 
which has not to our knowledge previously been reported for K 
intercalation in MoS2.

From the analysis above it is clear that a severe limitation 
of comparing TEM selected area electron diffraction data with 
STEM-EDS elemental mapping is that the spatial resolution of 
the SAED is >100 nm while STEM-EDS can resolve elemental 
differences at <1  nm spatial resolution.[37–40] The 4D-STEM[41] 
approach is superior to SAED in that it allows investigation of 
the spatial distribution of structural ordering at the nanoscale. 
A converged electron beam is used to acquire electron diffrac-
tion patterns for every image pixel (Figure 2) in a single crystal 
region of a K0.57MoS2 flake (a red square in Figure  2a-c). The 
average diffraction pattern is shown in Figure  2d revealing 
superlattice features identical to the 2a  × 2a superlattice for 
K0.55MoS2 shown in SI Figure S10a (Supporting Information), 
which is assumed to be composed of a regular arrangement of 
interpenetrating 2a  × 4a superlattices. However, applying vir-
tual objective apertures[42,43] at the positions indicated by the 
red, green and blue disks in Figure 2d reveals that the regions 

Adv. Funct. Mater. 2023, 2214390

Figure 2.  4DSTEM results of a K-intercalated MoS2 flake. a) is a HAADF-STEM image (1024 × 1024 pixels) of a K intercalated MoS2 flake and b) is the 
virtual 4DSTEM summed intensity image of the same region (128 × 128 pixels, shown with a false colour temperature scale). The red square selects 
a single crystal area that is shown magnified in the virtual summed intensity image in c) (50×50 pixels). d) shows the summed electron diffraction 
data for the selected area shown in (c) where the superlattice reflections for different scattering orientations are highlighted by red, green, and blue 
virtual objective apertures and the MoS2 host lattice reflections are marked by the orange virtual objective apertures. e) is the composite computed 
DF image showing the ordering in the three superlattice orientations (the spatial distribution of the MoS2 host lattice reflections is shown in Figure 
S12a, Supporting Information). The color scale represents the different superlattice orientations (corresponding diffraction patterns shown in f, h, i). 
(f)–(m) are the average diffraction pattern calculated for the 8 selected regions of interest in (e) (each 5 × 5 pixels). g) illustrates just the host MoS2 
pattern (without K ordering). j–l) display mixtures of two different components. m) shows all three components superimposed within one pattern.
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giving rise to these different 2a × 4a superlattice spots are not 
identical as shown by the false coloured regions in Figure 2e. In 
fact, the 4D-STEM analysis reveals that the 2a × 2a structure is 
formed by the presence of all three 2a × 4a basis superlattices 
with different orientations, having uncorrelated spatial distri-
butions in the basal plane. These 2a × 4a superlattice domains 
have dimensions of 10s nm to 100s nm (the domains are shown 
separately in SI Figure S12a-d, Supporting Information). Single 
pixels composed of multiple colours represent where two or 
three basis superlattices overlap (see SI Figure S14c,d, Sup-
porting Information for examples of individual pixel data). To 
illustrate the variety of electron diffraction patterns that can 
result from this nanoscale structural variability we simulate 
virtual SAED apertures (∼100  nm diameter, 5×5 pixels) for 
eight representative regions (coloured squares in Figure  2e) 
and generate diffraction patterns for these regions as shown 
in Figure 2f-m (further examples in SI Figure S15, Supporting 
Information). All patterns can be simulated by combining the 
three 2a × 4a superlattices and the pristine MoS2 host with dif-
ferent weightings (SI Figure S10e-g, Supporting Information). 
Another example of the uncorrelated spatial distribution of 
superlattice domains in the host lattice is given in SI Figure S13 
(Supporting Information). To our knowledge there is only one 
previous example where nanoscale superlattice domains have 
been identified in NaMoS2, but this study used high-resolu-
tion TEM imaging so understanding of structural variations 
was limited by the challenge of image interpretation.[26] The 
4D-STEM approach used here enables more robust nanoscale 
orientation mapping of larger areas and demonstrates the pres-
ence of lower symmetry nanoscale domains for the whole 
sample, which overlap in the [0001] direction. This new struc-
tural understanding suggests that historical SAED literature, 
proposing regular interpenetrating layers of ordered alkali 
metals, will likely need to be reanalysed with this in mind.

3. Structural and Compositional Changes during 
Deintercalation
To understand how the intercalated KnMoS2 flakes change 
during deintercalation we employ a combination of nanoscale 
elemental analysis (STEM-EDS maps) and electron diffrac-
tion (SAED) to study the materials’ dynamic evolution when 
annealing at different temperatures in the TEM. This in situ 
approach avoids the risk of degradation due to accidental expo-
sure of the intercalated flakes to air. It also allows consistent 
monitoring of changes within the same sample regions in 
real time, which is essential when the material displays such 
nanoscale heterogeneity. Our in situ studies employed fixed 
temperatures of 25, 150, 200, and 300 °C, a range which encom-
passes typical temperatures used in the fabrication of K-doped 
MoS2 devices and their working conditions.[4] Figure 3g shows 
a schematic of the in situ TEM experimental setup, where 
K-doped MoS2 flakes are dispersed on a resistive heating mem-
brane and holes in the membrane allow analysis of fully sus-
pended 2D flakes.
Figure 3a–d shows consecutive in situ SAED patterns 

acquired from a K0.65MoS2 crystal at hourly increments at a 
temperature of 300  °C, where changes in the spot positions 

and intensities are evidence of compositional and structural 
changes that occur during deintercalation. Splitting of the 1120  
spot in Figure  3a reveals both pristine and expanded interca-
lated basal plane regions are present in the starting material as 
discussed previously. The 1120  spot shown in the inset demon-
strates that at t  = 0 the inner (expanded) peak, corresponding 
to the intercalated lattice, has a higher intensity than the peak 
for the pristine 2H-MoS2. After 2 h there is a notable decrease 
in the intensity of the inner (intercalated) spot and of the super-
lattice, and after 3  h neither the inner spot nor the superlat-
tice is visible (insets in Figure  3b–d and Figure  3e,f, also see 
Figure S16, Supporting Information). Electron diffraction alone 
could therefore be interpreted as demonstrating that the struc-
ture is fully deintercalated 2H phase MoS2. However, our EDS 
measurements show that significant K content remains associ-
ated with the flake even when the 2H phase is restored.

This apparent ambiguity is resolved by our combined STEM-
EDS+SAED measurements such as shown in Figure 4. Here 
the diffraction pattern obtained for the as-prepared intercalated 
flake is consistent with the K0.75MoS2 superlattice atomic model 
presented in Figure  1f and the expected composition before 
annealing (n = 0.75, see Figure S11, Supporting Information). 
On heating at 300 °C for 1 h the K content decreases to n = 0.61 
(K0.61MoS2) and new superlattice spots emerge, representing a 
doubling of the lattice period along the [1100] direction (example 
positions are marked by the blue triangles in Figure 4e, g and 
magnified in the inset). Note that these new superlattice posi-
tions cannot be formed by chains of Mo (as in the 1T′, 1T″ or 
1T‴ polytypes)[44], suggesting the superstructure is due to a 
new type of ×a a2 3  ordering of alkali ions. We can propose 
a 4 atomic layer unit cell that reproduces the observed diffrac-
tion pattern (as shown in Figure 4i) and provides a reasonable 
match to the measured elemental composition (K0.625MoS2). 
However, given our 4D-STEM evidence of nanodomains, a 
more likely interpretation is the presence of both ×a a2 3  and 
2a × 4a superlattices within the ≈100 nm regions of the selected 
area aperture. A ratio of 1:3 for ×a a(2 3 ):(2a × 4a) superstruc-
tures reproduces close to the experimental atomic composition 
(K0.625MoS2,). The inclusion of a small proportion of 2H host 
lattice with a lower K content enables a precise compositional 
match (although we cannot rule out that K may be adsorbed 
on the surfaces which could increase the measured K content).

It is interesting that, as the mean K/Mo ratio decreases from 
n = 0.75 to n  = 0.61 (20.0 at% K to 16.9 at%) under heating 
(Figure  4c), the standard deviation in the measurements also 
decreases from 0.32 to 0.16, indicating that K distribution in 
the flake becomes more uniform. Importantly, we do not find 
evidence of preferential loss of K at the edges as suggested by 
some deintercalation models. Rather, annealing-induced dein-
tercalation acts to homogenize the composition of the whole 
crystal as evident from comparing the quantitative compo-
sitional line-scans before and after heating (Figure  4c and 
Figure S20, Supporting Information). Although the interplanar 
distance is not a good estimate of the level of K content in the 
material (see SI section S6), cross sectional HAADF STEM 
imaging during deintercalation as shown in Figure 5 (see  
Figures S23,S24, Supporting Information for processing) sup-
ports the homogenization of the material during annealing 
with the standard deviation of the interlayer spacing reducing 

Adv. Funct. Mater. 2023, 2214390
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from 0.1 to 0.05. Additionally, defects appearing to “heal”, as 
shown in the insets of Figure  5a–d, which is encouraging for 
the potential regeneration of degraded MoS2-based electrodes. 
This demonstration of synchronized elemental and structural 
changes at the micrometer scale, even in the presence of large 
heterogeneity at the nanoscale, gives confidence that the mean 
intercalated starting composition and knowledge of the rate of 
deintercalation can be used to quantitatively predict the compo-
sitional evolution behavior.

To achieve this aim, STEM-EDS analysis was performed for 
5 separate flake agglomerates at each temperature (25, 150, 
200 or 300  °C) for up to 3  h. To ensure accuracy and repro-
ducibility, 1300–1700 individual pixel (spectra) measurements 
were performed for each flake (see Supporting Information 
section 5). To account for the initial variability in intercalated 
K concentration within the flakes before heating, we have 
normalized the atomic ratio of K/Mo to the specific flake’s 
starting composition and use this as a metric for change in 
K concentration (Figure 4k). The K/Mo ratio of a specimen is 
unchanged (<1.5%) over 4 h at room temperature (Figure S21a, 
Supporting Information), in agreement with previous reports 
of successful long-term storage of intercalated 2D materials at 
room temperature under inert gas or vacuum conditions.[21] 
This control data also serves to exclude any possible elec-
tron beam induced deintercalation effects, as the room tem-
perature specimen received the same electron fluence as the 
heated samples.

Fitting the n versus t plots in Figure  4k demonstrates an 
exponential decay in the K content during heating, which can 
be fitted to the following function:

( ) = −N t N e0
kt 	 (1)

where N(t) and N0 represent the concentration at time t and 
time 0 respectively, k is the effective rate constant of K dein-
tercalation in a MoS2 crystal at a specific temperature and can 
be obtained via measuring the slope of each linear regression 
shown in Figure S21e (Supporting Information). This exponen-
tial relationship is indicative of first-order kinetics and fitting 
the data to the Arrhenius equation gives a linear relationship 
between the reaction rate constant, k, and inverse temperature, 
1/T, shown in Figure 4m:

( ) = − × +k
T

ln 2414.76
1

3.03	 (2)

This empirical model allows prediction of the rates of K 
deintercalation in K-doped MoS2 for a given temperature and 
heating time. Understanding this relationship is important for 
applications where sample preparation requires annealing of 
KnMoS2 or where the material is used at elevated temperatures. 
Although the results presented here are applicable to KnMoS2 
in vacuum or inert gas environments, the approach could be 
extended to other intercalated or pillared nanomaterials and 

Adv. Funct. Mater. 2023, 2214390

Figure 3.  Phase transitions in K-doped MoS2 observed by in situ SAED. Selected area electron diffraction patterns of a single K-doped MoS2 flake 
captured a) before and b) after 1 h, c) 2 h, and d) 3 h heating at 300 °C, respectively. Insets in (a–d) show the splitting of the 1120 diffraction spots, 
and how this evolves during heating. The relative peak intensities in the extracted 1120 intensity profiles are further analysed in Figure S16 (Supporting 
Information). The solid and dashed arrows indicate the positions of the extracted intensity profiles shown in e). The orange and blue triangle markers 
indicate the positions of two reciprocal superlattice spots the intensity of which is shown in f). (e) Comparison of the intensity profiles from the in situ 
SAED patterns for two crystallographic directions (marked by the solid and dashed lines in (a–d)). f) Demonstration of the loss of superlattice spot 
intensity, measured from line profiles (e), as a function of heating time. g) Schematic illustration of the K-doped MoS2 flakes on the resistive heating 
E-chip membrane.
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Figure 4.  STEM EDS mapping and TEM characterisation of the K deintercalation process. a, b) K/Mo ratio STEM-EDS elemental maps of a same 
flake acquired before (a) and after 60 min heating at 300 °C b). Mean K concentrations measured for the entire flake are indicated top right. 
c) Comparison of the atomic ratio of K/Mo along magenta lines shown in (a) and (b). Mean values are plotted as the solid red line for before 
annealing and the dashed green line after annealing. d, e) Selected area diffraction patterns of the flakes shown in (a, b) respectively. The insets 
highlight the location of the extra reciprocal superlattice spots that appear in (e), indicated by blue triangles. f, g) Simulated diffraction patterns 
obtained for atomic models with compositions of K0.75MoS2 and K0.625MoS2 respectively (crystal structures are shown in h, i) with further details 
in Figure S11 and S17, Supporting Information). j) Comparison of normalised experimental and simulated intensity across (d, e) electron diffraction 
and (f, g) the simulated patterns. The discrepancy between amplitude of measured and simulated may be due to slightly tilting of the specimen 
and the difference of the thickness. k) Plot of the exponential decay for the normalised K/Mo ratio detected from the K-doped MoS2 flakes at four 
different temperatures (25, 150, 200, and 300 °C). m) Arrhenius plot of the rate constant for K deintercalation against inverse temperature on a 
semi-ln scale.
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more oxidative conditions could be investigated using an in situ 
gas cell and similar methodologies.

4. Conclusion

In summary, the nanoscale structural and compositional vari-
ation of intercalated KnMoS2 flakes was investigated using a 
combined 4D-STEM and in situ elemental analysis approach, 
which we propose is widely applicable to 2D materials that 
undergo complex, dynamic structural and chemical changes. 
The large variations in composition, polytype and interlayer 
spacing seen here at the nanoscale suggest that the structure 
of thin K intercalated MoS2 flakes is poorly described by any 
average unit cell, even where this gives a good match to the 
mean experimental composition and diffraction data (illus-
trated in Figure S25, Supporting Information). The interca-
lated material was predominantly found to consist of 2a × 4a 
superstructure domains with widths of 10–100 nm, coexisting 
with the host 2H lattice. We also identify the ×a a2 3  super-
structure in this system for the first time. During deintercala-
tion we observe the potential for different local superstructure 

formations to emerge, and that these can have 2a  × 2a, 
×a a2 3 , and 2a  × 4a type ordering of the alkali ions. How-

ever, overall deintercalation acts to decrease the variance of 
the local elemental composition and interlayer spacings, sug-
gesting a route to synthesis of more homogeneous intercalated 
materials. In situ measurements of the deintercalation process 
revealed this is determined by first-order kinetics and provides 
an empirical formula for predicting the deintercalation rate for 
the material under specific operating conditions.

5. Experimental Section
K-doped MoS2 powder was prepared via the liquid ammonia method 
where the pristine 2H-MoS2 powder (Aldrich 99%) and K metal (Aldrich 
95%) were sealed in a quartz reactor tube in the inert atmosphere of a 
glovebox (oxygen < 0.5 ppm, moisture < 0.5 ppm). The tube was then 
evacuated to ≈10−5 mbar and placed in a bath of dry ice/ethanol to keep 
it at a low temperature (≈-78 °C). The reactor was filled with high-purity 
ammonia gas (CK Gas 99.98%), which liquefies and dissolves the K 
metal to form a deep blue solution of K in liquid ammonia. The residual 
volume left by liquification of the ammonia gas was filled by high-purity 
Ar gas to prevent the sample from oxidizing. The reactor was kept in dry 

Figure 5.  In situ high-resolution STEM imaging of interlayer structures for K-doped MoS2. a – d) High-resolution HAADF STEM images from the 
edge of single flake over 3 h of heating at 200 °C. Shaded areas represent the positions of large interlayer spacings suggested to consist of nanoscale 
K domains. The insets show enlarged views illustrating the healing of the defective atomic layer structure. e) Measured distribution of interlayer dis-
tances as a function of annealing. Black, green, and blue lines illustrate the mean interlayer spacing in the sample, pristine MoS2,[11,16] and interlayer 
spacing of K intercalated MoS2,[16,51] respectively. f) Plot of the variation of the mean interlayer distance during annealing, with the standard deviation 
in measurements shown by the error bars.
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ice/ethanol bath for 24 h for the required degree of intercalation. Finally, 
ammonia was pumped out of the reactor and K-doped crystals were 
taken out while sealed in a closed container, and stored in the glovebox.

For in situ S/TEM imaging the as-prepared powder was dry-cast 
on the holey carbon coated ceramic resistive heating membrane of a 
Thermal E-chip from Protochips Inc. (Raleigh, NC) and the E-chip was 
mounted onto a double-tilt Protochips Aduro sample holder in the 
glovebox. The holder was then transferred to the TEM sealed in an Ar 
filled box and loaded quickly into the instrument to minimize exposure to 
air (≈a few seconds). SAED was performed in an FEI Tecnai G2 20 TEM 
operated at 200 kV with a 0.21±0.1 µm SAED aperture and an FEI Tecnai 
TF30 FEG-AEM operated at 300 kV with a 0.87±0.1 µm SAED aperture. 
High angle annular dark field (HAADF) STEM imaging was performed 
in an FEI Titan G2 80–200 “ChemiSTEM” operated at 200  kV with a 
21 mrad probe convergence angle, an aberration corrected probe and a 
HAADF inner angle of 64 mrad. STEM-EDS data was acquired using the 
Titan’s Super-X EDS detector system (quad chip with a total collection 
solid angle ≈0.7 srad) and on the TF30 TEM using a SDD X-ray detector 
from Oxford instrument. Hyperspy was used to process all STEM-EDS 
data.[45] To gain accurate compositional analysis for individual flakes 
from the STEM-EDS spectrum images, we employed binary masking, 
local averaging and standardless Cliff Lorimer k-factor quantification 
(see Figure S18, Supporting Information for further details). HAADF 
simulations were performed with the QSTEM package[46] using the 
above experimental parameters with Cs = 0 mm and Cc = 1 mm. Electron 
diffraction patterns were simulated using the multislice method[47] 
implemented with the code developed by Kirkland.[48]

The 4DSTEM datasets were acquired using the MerlinEM direct 
electron detector placed at the bottom of the Talos TEM. Every 4DSTEM 
dataset consists of 16384 single diffraction patterns recorded from a 
region (128 × 128 pixels). The semi-convergence angle (1.52 mrad) of the 
electron probe employed in 4DSTEM acquisition, and the camera length 
of 205  mm was chosen in order to detect clearly separated diffracted 
disks. To optimize the signal-to-noise ratio without introducing 
significant beam damages to the sample, the probe current was ≈56 pA 
and the dwell time 50 ms resulting in a total dose of 2.3 × 105 e−nm−2 
which is in a safe range (determined as < 2.6 × 105e−nm−2 as shown in 
the supporting information) to prevent the sample being degraded by the 
electron beam. The evaluation of the 4DSTEM datasets was performed 
by python packages: Hyperspy,[49] py4DSTEM,[50] and pyxem.[51] More 
detail on the 4DSTEM technique is provided in Supporting Information 
section S3.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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