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Quasi-two-dimensional NaCl crystals
encapsulated between graphene sheets and their
decomposition under an electron beam†
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Arkady V. Krasheninnikov c,d and Ute Kaiser*a

Quasi-two-dimensional (2D) sodium chloride (NaCl) crystals of various lateral sizes between graphene

sheets were manufactured via supersaturation from a saline solution. Aberration-corrected transmission

electron microscopy was used for systematic in situ investigations of the crystals and their decomposition

under an 80 kV electron beam. Counterintuitively, bigger clusters were found to disintegrate faster under

electron irradiation, but in general no correlation between crystal sizes and electron doses at which the

crystals decompose was found. As for the destruction process, an abrupt decomposition of the crystals

was observed, which can be described by a logistic decay function. Density-functional theory molecular

dynamics simulations provide insights into the destruction mechanism, and indicate that even without

account for ionization and electron excitations, free-standing NaCl crystals must quickly disintegrate due

to the ballistic displacement of atoms from their surface and edges during imaging. However, graphene

sheets mitigate damage development by stopping the displaced atoms and enable the immediate recom-

bination of defects at the surface of the crystal. At the same time, once a hole in graphene appears, the

displaced atoms escape, giving rise to the quick destruction of the crystal. Our results provide quantitative

data on the stability of encapsulated quasi 2D NaCl crystals under electron irradiation and allow the con-

clusion that only high-quality graphene is suitable for protecting ionic crystals from beam damage in

electron microscopy studies.

A. Introduction
Graphene is frequently used as a support material in high-
resolution transmission electron microscopy (TEM) due to its
mechanical strength,1 high electrical and thermal
conductivity,2–4 thinness, chemical inertness5,6 and high elec-
tron radiation resistance at electron energies up to 80 keV.7,8

Moreover, encapsulation of materials inside graphene sheets
allows in situ studies of radiation- and environment-sensitive
systems with TEM.8–13 Remarkably, not only solid materials,
e.g., two-dimensional (2D) transition metal

dichalcogenides,14–17 but also liquids can be encapsulated
between graphene sheets and investigated by TEM. The former
systems with a ‘sandwich’ geometry are normally referred to as
vertical heterostructures,17 while the term graphene liquid
cells (GLCs)18 is normally used for the latter.

The behaviour of the encapsulated materials is frequently
governed by the electron beam.19,20 Interactions between the
electron beam and a specimen can be split into two main cat-
egories.21 First, the electron–nucleus interaction in which the
atom is displaced by momentum transfer of the energetic elec-
tron, the so-called knock-on damage mechanism, and second,
the electron–electron interaction described by inelastic scatter-
ing processes in which the valence electrons of the atom are
excited (radiolysis) or even removed (ionization).21–23

Defects can also appear through chemical etching. This can
be caused by reactive species left at the sample surface after its
preparation or present in the TEM column.24 The process can
be facilitated by the electron beam. The residues such as
oxygen molecules can undergo bond scission by ionization
resulting in the formation of radicals, which in turn attack the
sample surface.25,26 Chemical etching is very likely to be the
main mechanism of damage in graphene at beam energies
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below 80 keV.27,28 It was shown that metal and vapor-mediated
etching primarily takes place at defect sites or starts at con-
taminated areas and not on the pristine graphene lattice.29,30

At the same time, the stability and mechanisms of radiation
damage in the materials encapsulated between graphene
sheets are not fully understood yet. In particular, ionic crystals
(such as NaCl) are sensitive to radiation damage,31,32 which
should lead to the formation of chlorine radicals and promote
chemical etching of graphene. It is therefore surprising that
graphene enclosures are stable and the encapsulated ionic
crystals can be imaged by TEM,8,33–35 although they eventually
get destroyed. Thus, it is highly desirable to understand at the
microscopic level what governs the stability of the system
under an electron beam.

Here, we apply spherical aberration (Cs)-corrected high-
resolution (HR) TEM imaging at 80 kV to analyse the degra-
dation process of very thin, quasi 2D NaCl crystals encapsu-
lated between graphene sheets and rationalize the results
through first-principles simulations.

B. Results and discussion
As seen in Fig. 1, cubic quasi 2-dimensional NaCl crystals have
been formed within the GLCs, which is attributed to the super-
saturation of sodium cations and chlorine anions in the
liquid, identical to the previously observed NaCl crystals
between graphene layers.36 We observed NaCl crystals with
thicknesses in the range of 4–8 layers (see the ESI† for thick-

ness estimation). In all our TEM experiments, the projected
size of the crystals did not change at all initially, i.e., the
encapsulated NaCl crystals did not disintegrate immediately
under the electron beam. The typical NaCl crystal shown in
Fig. 1 has a projected size of ∼220 nm2 and the images were
obtained with a dose rate of ∼6.1 × 105 e− nm−2 s−1. Fig. 1(a)
shows the raw HRTEM images illustrating the degradation
process, and in Fig. 1(b) the images are colour coded for better
visualization of different layers. The two encapsulating gra-
phene layers are marked red and blue, respectively, and the
NaCl crystal is coloured green. The same colours are used in
the FFT in Fig. 1(a). When the sample is exposed to the elec-
tron beam, the crystal was stable for 533 s, and then it started
to decompose. We observed that the decomposition was
accompanied by the formation of a hole in one of the protect-
ing graphene layers (encircled white). We note that the visual-
ization of defects in graphene facing the encapsulated system
is difficult with optical filtering methods because of the low
contrast of graphene as compared to that of NaCl crystals, but
they can clearly be identified by naked eye inspection of the
images.

In our experiments the NaCl crystals started to decompose
around a hole in graphene, which allowed to assume that the
encapsulated NaCl crystals are only stable as long as the gra-
phene sheet is undamaged. It is likely that creation of even a
single point defect in graphene is sufficient to induce the
decomposition of the NaCl crystal as the damaged graphene is
more susceptible for further degradation37 and the hole will
grow up due to chemical etching induced by the chlorine rad-

Fig. 1 80 kV Cs-corrected HRTEM image sequence of the degradation process of a graphene-encapsulated NaCl crystal. (a) The raw images over a
total time t of 885 s. The dose rate was about ∼6.1 × 105 e− nm−2 s−1. In the inset of the first panel, the FFT of the crystal and the corresponding
reflections of the two encapsulating graphene layers (red and blue) and the NaCl crystal (green) are shown. (b) The same image sequence as in (a)
but with colour-coding of the two encapsulating graphene layers and the NaCl crystal (we used the colours for the NaCl crystal and the graphene as
marked in the FFT). The white frames show holes in the graphene. They lead to immediate degradation of the close-by NaCl crystal (adapted from
ref. 46).
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icals formed by the interaction of NaCl with the electron beam
and/or a reduced knock-on damage threshold in graphene at
the defect position.38 Impurities, e.g., the three dark particles
seen next to the NaCl crystal, were found to have no influence
on NaCl degradation.

Further experiments on NaCl encapsulation were performed
to make sure that the NaCl degradation is induced by the
appearance of defects in graphene (see Fig. S2 of the ESI† for
additional examples). Another example of such a behaviour is
presented in Fig. 2 for a larger crystal. First, the crystal grows
up to a total accumulated dose of ∼5.8 × 107 e− nm−2 (see the
first two panels of Fig. 2), which is then stable until a total
dose of ∼7.1 × 107 e− nm−2 is reached and decomposes after-
wards. The whole growth and degradation process is shown in
the ESI video,† where the time evolution of the crystal is accel-
erated by a factor of ∼15. For better visualization, the actual
size of the NaCl crystal is marked with a green frame in
Fig. 2(b). The holes formed in graphene are encircled white.
From this observation we can again conclude that the degra-
dation is initiated by defect formation in graphene, similar to
other encapsulated NaCl crystals. In the FFTs of the corres-
ponding images, the graphene reflections are marked red and
green. The main orientation of the NaCl reflections is marked
green.

Further signals from other NaCl crystals appear in the FFT,
see the additional NaCl reflections marked by green dashed
circles. However, the additional reflections vanish, which
could indicate a growth process of the framed NaCl due to a
step-by-step reorientation of the smaller crystals to the bigger
NaCl crystal as the reflections of other orientations in the FFTs
disappear. A similar behaviour of the crystals in liquid cells
was also reported earlier.35 When the NaCl crystal reached its
maximum size, the growth does not necessarily stop, but the
degradation rate is faster than the growth rate.

Again, in Fig. 1 and 2, the NaCl crystal degradation started
in the areas where the graphene sheet was damaged (marked
with white frames in Fig. 1(b) and 2, respectively). Due to the
high stability of graphene against ionization, radiolysis and
knock-on damage up to electron-beam energies of about
85 keV, it is reasonable to assume that defects in graphene
are produced by chemical etching.27,28 It is likely that the
etching process is also caused by the chlorine radicals as
mentioned above, which are produced by the interaction of
the electron beam with the NaCl crystal inside the graphene
enclosure. When a first defect in the pristine graphene lattice
is formed, the size of the defect can grow because the displa-
cement threshold at the edge atoms is lowered and knock-on
damage can take place.37,39 In addition, the etching
process is also further enhanced by defects.29,30 As soon as a
first defect appears in graphene, the NaCl flake quickly
decomposes.

In order to understand the mechanism of flake decompo-
sition under the electron beam, we carried out DFT calcu-
lations aimed at assessing the displacement thresholds of Na
as well as Cl atoms from the NaCl flake, as described at length
below. Sputtering from the (100) basal plane and the edges
was considered. Following previous calculations,7,40,41 the
initial kinetic energy was assigned to the recoil atom and the
evolution of the system was modelled using molecular
dynamics. The thinnest possible NaCl crystals consisting of
two atomic planes were considered, which were metastable
even as a free-standing system due to the extremely low (about
10 meV Å−2) (100) surface energy of NaCl crystals, as also pre-
viously reported.42 Although electronic excitations and charge
accumulation may affect the behaviour of the material under
an electron beam,43 these effects were not considered, as they
must have been mitigated by conducting graphene sheets
encapsulating the NaCl crystals.

Fig. 2 80 kV Cs-corrected HRTEM image sequence of the 2500 nm2-sized NaCl crystal. Up to ∼133 s, the crystal grows. Afterwards the crystal
decomposed. The dose rate was ∼2.5 × 105 e− nm−2 s−1. In the inset, the FFTs are shown which indicate two layers of graphene (red and blue) and
NaCl crystals where the dominant orientation is marked with solid green and other appearing orientations are marked with dashed green circles.
The dominant NaCl crystal is encircled in green. Identified holes in the graphene are marked with white.
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However, the evaluation of the displacement threshold
defined as the minimum kinetic energy the recoil atom should
gain to be sputtered away from the crystal is more complicated
for NaCl than for metallic or semiconducting systems with a
smaller degree of ionicity. Indeed, in contrast to, e.g., gra-
phene, there is almost complete charge transfer from Na to Cl
atoms in the crystal, so that the atoms are sputtered as ions,
not neutral species, which in turn, gives rise to the long-range
interaction between the atom and charged vacancy left in the
crystal, and for the finite supercells, to spurious interaction of
the sputtered atoms with the periodic images of the crystal.

In order to minimize the effects of the spurious long-range
Coulomb interaction on the displacement threshold, the
supercells, that is the vacuum area, must be infinitely large,
which is in practice impossible due to computational limit-
ations. In our DFT calculations, a supercell with a dimension
of L = 30 Å in the transverse direction was chosen. Thus, a
NaCl layer will interact with its image layer separated by 30 Å.
This, in turn, should result in a change in the energy profile of
the sputtered atom, that is the appearance of a maximum in
the energy profile between the two layers at a distance z = L/2.
Fig. 3 shows the emerging periodic Coulomb potential (green
dashed line). The red solid line represents a resulting trajec-
tory corresponding to the displacement threshold energy T0

d,
where the energy at a distance z = L/2 is sufficient to overcome

the periodic Coulomb potential ΔE = VCoulomb(q = q*, z = L/2),
where q* is the charge at the recoil and L is the supercell size
in the z-direction. We found via Bader analysis that about 0.2
electrons remain on the sodium atom during the displacement
process resulting in Na0.8+ (q* = 0.8e with e as the elementary
charge) effectively. If a recoil atom (ion) passes the graphene
sheet, it can pick up/lose some charge, as this process should
be energetically favorable for both positively and negatively
charged ions, since the empty or occupied electronic states in
the ions should be lower/higher than the Fermi level in gra-
phene, so that electron transfer process will be energetically
favorable. The Coulomb interaction will be ‘switched off’, so
that the displacement threshold energy becomes Tn

d = T0
d −

ΔEn, the orange curve. Here ΔEn = VCoulomb(q = q*, z = L/2) −
VCoulomb(q = q*, z = zn) denotes the energy gain caused by the
neutralization at a distance z = zn, here zn describes the dis-
tance at which the neutralization is completed, in our case for
zn = 5 Å (the distance between NaCl and graphene is ∼3.6 Å),
we find ΔEn = 1 eV. The correction of the displacement
threshold energy Tc

d with a non-periodic Coulomb potential
(blue dashed line) can be described as Tc

d = T0
d + ΔEc, with ΔEc

= 2|VCoulomb(q = q*, z = L/2)| = 1.2 eV.
Fig. 4 shows the displacement cross sections calculated

using the McKinley–Feshbach formalism44 for Na+ (left panel)
and Cl− (right panel) with the displacement threshold energies
evaluated under different assumptions (neutralization, no neu-
tralization, and sputtering from the basal plane or edges of
NaCl crystals). Thermal vibrations are accounted for using the

Fig. 3 Schematic of the displacement threshold calculation for a
charged recoil atom. Corrections due to the long range coulombic
interactions (blue dashed line) have to be considered. In the periodic
supercell a periodic Coulomb potential (green dashed line) was applied.
Exemplarily the potential energy trajectory of an actual displacement of
a sodium atom is shown (red solid line). For a symmetrized supercell, the
displacement is completed when the particle crosses the border to the
next image cell, from the BO-MD calculations the threshold T0

d can be
obtained. The correction Tc

d = T0
d + ΔEc to the non-periodic case can be

found as the energy difference at the border ΔEc = 2|VCoulomb(q = q*, z
= L/2)|, where q* is the charge at the recoil (obtained by Bader analysis
of the all-electron charge density) and L is the cell size in the z-direc-
tion. The orange curve shows the situation when the recoil gets neutral-
ized while passing through a hole in the encapsulating graphene sheet,
so that in this case the threshold energy is Tn

d = T0
d − ΔEn with ΔEn = |

VCoulomb(q = q*, z = zn) − VCoulomb(q = q*, z = L/2)|.

Fig. 4 Displacement cross sections for sodium and chlorine atoms
sputtered from bilayer NaCl under electron irradiation. The cross sec-
tions are calculated using the McKinley–Feshbach formula accounting
for thermal vibrations as described by the Debye model (T = 300 K,
TDebye = 322 K). The cross sections from computed displacement
thresholds are shown for the basal plane (solid) and edge (dashed) in
green. The blue curves show a lower boundary for the displacement
cross section, accounting for the increased threshold in the non-peri-
odic situations. When accounting for the neutralization of the recoil by
the passage of holes in graphene, the orange curves apply. Experiments
are carried out at 80 keV, where displacement at the edges should be
enhanced.
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Debye model at a temperature of T = 300 K and a Debye temp-
erature of TDebye = 322 K.45 The solid lines give the cross sec-
tions for the recoil atoms in the basal plane and the dashed
lines for the edges. The results of neutralization of the recoil
after passing graphene are given in orange, with regard to a
periodic Coulomb potential in green, and a non-periodic
Coulomb potential in blue. Based on the determined displace-
ment cross-sections, it becomes evident that, with the used
electron beam energy of 80 keV, knock-on damage on the NaCl
crystal can appear in the basal plane but with a higher rate at
the crystal edges, Fig. 4. Overall, the relatively high displace-
ment rates indicate that free-standing NaCl crystals must
quickly disintegrate under the 80 kV electron beam, emphasiz-
ing the importance of graphene sheets, which ‘stop’ the dis-
placed atoms and make immediate recombination of defects
at the surface of the crystal possible. As can be seen from the
HRTEM images in Fig. 1, crystal edges are also formed during
the decomposition of NaCl as soon as a graphene hole
appears. In this case, the edges are facing the formed hole in
graphene.

Furthermore, ionic crystals are susceptible to the electron
beam via ionization and radiolysis.31 However, as long as the
displaced Na+ and Cl− ions are within the graphene enclosure,
they can recombine again with the NaCl crystal either at their
former position or fill other empty lattice spaces. This behav-
iour leads to the formation and movement of small rectangu-
lar defects within the NaCl structure, which can be observed in
the ESI video.† This displacement and recombination do not
contribute to the growth or degradation rate of the whole
crystal but indicate a high mobility of the Na+ and Cl− ions
within the graphene enclosure induced by ballistic energy
transfer and radiolysis. When a hole in graphene appears, the
migrating Na+ and Cl− ions can leave the encapsulation and
will not necessarily recombine at other positions. Moreover,
the Na+ and Cl− ions can cause further etching at the edges of
the graphene defect and therefore lead to a defect growth as
can be deduced from Fig. 1(b) based on the increasing hole
size in graphene (white frames).

The projected NaCl crystal areas formed inside the GLCs
were measured together with the total accumulated doses were

measured until their disappearance for ten different NaCl crys-
tals (see Fig. 5). For an easier comparison, the experimental
datasets are normalized to the maximum projected area.
Furthermore, each curve reflects a TEM image sequence of the
full crystal lifetime where the projected area of the NaCl was
measured in each image. It is striking that all the curves in
Fig. 5 exhibit a sudden decay after a rather stable behaviour of
the crystal. We notice further that some of the smaller crystals
(85 nm2, 90 nm2, and 105 nm2) have longer lifetime while the
more extended crystals (1200 nm2, 1215 nm2, and 2500 nm2)
start to decompose very rapidly.

The 85 nm2-sized crystal shows the typical decay rate, but
only until ∼20% of the initial size is left. Then, it stabilizes at
a total dose of ∼5 × 108 e− nm−2. It is very likely that this stabi-
lization may occur due to graphene re-encapsulation so that
the remaining NaCl crystal is again fully enclosed. After
further electron beam irradiation, the remaining crystal,
however, decomposes completely.

In general, all crystals show a similar decomposition behav-
iour, except for the most extended crystal (2500 nm2). In the
beginning it grows as can be seen in the slope of the black
curve before it shows the same decomposition behaviour like
all the other crystals.

To quantify the degradation process of the crystals, a logis-
tic decay function f (x) = A/(1 + ek(φ−φcrit)) is used. This function
is determined by three parameters, the maximum value A, the
slope k and the turning point at decay φcrit, which is the criti-
cal dose where 50% of the initial crystal is decomposed. We
normalized the data and A equals to 1. The parameter φcrit

reflects the stability of NaCl crystals. The larger φcrit, the
higher the total accumulated dose φ, which is taken before the
degradation starts. By the slope k, the degradation rate per
electron is determined. As an example, the data points (red)
for the 220 nm2 sized NaCl crystal with a corresponding fit of
the logistic decay model (blue) are shown in the dashed
framed inset of Fig. 6. The fit for the experimental data points
works well up to a total dose of ∼4.5 × 108 e− nm−2. After that
a small deviation between fit and data points occurs, which
can be explained by the remained NaCl crystal at the edges of
the graphene encapsulation.

The green curve in Fig. 6 shows the derivative of the fit. At
the turning point φcrit of the derivative, approximately 50% of
the initial NaCl crystal is destroyed. Based on the turning
point of the derivative, the critical dose is also determined.
The turning point of the derivative represents also the
highest rate of degradation, which is crystal size dependent
(see discussion in the ESI†). All determined values for the
crystals are given in Table S1 of the ESI.† For the crystal with
size 320 nm2, the highest rate of degradation was measured.
This crystal started to decompose at two positions simul-
taneously, which could indicate that the protecting graphene
was damaged at different positions. With the exception of the
320 nm2 crystal, we could not identify any further significant
dependence between the number of defects/holes in the gra-
phene and the induced degradation rates of the other NaCl
crystals.

Fig. 5 The projected area of NaCl crystals over the total accumulated
dose. The crystals are normalized to their projected maximum size. Each
crystal is stable up to a certain dose before it starts to decompose
rapidly. All crystals show similar behaviour during the degradation
process (adapted from ref. 46).
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For better visualization, the different crystals are given in
Fig. 6 with their sizes and the corresponding critical doses φcrit

(red dots). It is striking that the three largest crystals
(1200 nm2, 1215 nm2, and 2500 nm2) survive only a very short
exposure to the electron beam compared to other crystals with
typical sizes ≤220 nm2. We explain this behaviour with a prob-
ability per area for the appearance of a first defect in graphene,
which initiates the decomposition of the whole NaCl crystal
resulting in a shorter lifetime of larger graphene-encapsulated
NaCl crystals.

C. Experimental
Sample preparation

Chemical vapor deposited (CVD) graphene on copper was used
for the preparation of the liquid cells.47 Two TEM gold grids
(Quantifoil R1.2/1.3) were placed, together with a drop of iso-
propyl alcohol (C3H8O), on the surface of the graphene covered
copper. Due to the evaporation of the isopropyl alcohol, the
TEM grids adhere to the surface of the graphene on the copper
substrate. Afterwards, the copper was etched away with a
0.25 M ammonium peroxidisulphate (APS) solution. Thus, the
grids with the graphene remained on the APS solution. In the
next step the grids with the graphene were lifted out with a
sieve and cleaned with pure water. For the NaCl encapsulation,
an approach similar to the preparation of a graphene liquid
cell was used. A drop (∼1 µl) of the 0.01 M–0.05 M NaCl solu-
tion is placed between two TEM grids with transferred CVD
graphene facing each other. During the evaporation of the
water, the grids are coming into contact with and encapsulate
the remaining NaCl solution as well as the investigated NaCl
crystals, which are formed due to supersaturation. Thus, verti-

cal heterostructures consisting of graphene and NaCl are
formed.

Imaging conditions

For the imaging experiments in high-resolution TEM mode, a
third order spherical aberration (Cs) – corrected FEI Titan
80–300 was used. The acceleration voltage was 80 kV and the
experiments were performed with dark atom contrast.
Moreover, the value for the spherical aberration was set to Cs ≈
20 µm and the extraction voltage of the gun was 2000 V. The
images were acquired with dose rates in the order of 106 e
(nm2 s)−1 and a vacuum level of 10–5 Pa. Furthermore, it is
assumed that the specimen and the sample holder are at near-
ambient temperature. The recorded images were post-pro-
cessed with the “orientation mapping” plugin for ImageJ to
include color-coding for visualization of the different
crystals.48

Computational methods

The displacement thresholds were calculated using DFT
Born–Oppenheimer molecular dynamics simulations as
implemented in the VASP code.49 An atom in the simulations
was considered to be displaced when it moved across the
boundary of the supercell in the z-direction (perpendicular to
the bilayer NaCl). The displacement threshold T0

d obtained in
the periodic setup was then corrected for the coulombic inter-
action between images in the supercell approach. The time
step in the MD simulation run was set to 0.2 fs for 1000 steps,
afterwards the time step was increased to 1.0 fs due to the low
velocity of the recoil when approaching the top of the potential
barrier. The simulations were carried out using the PBE–GGA
functional, 5 × 5 × 1 k points sampling and a plane wave cut-
off of 300 eV in a 6 × 6 supercell (corresponding to 36 Na and
36 Cl atoms).

D. Conclusions
In summary, we investigated the stability of thin NaCl crystals
encapsulated between graphene under electron beam
irradiation during TEM imaging and showed that NaCl, which,
is strongly electron-radiation-sensitive when unprotected, is
stable between graphene as long as the graphene sheets are
not damaged. This behaviour was confirmed by DFT calcu-
lations. We found that the formed NaCl crystals decompose
immediately when the first defect in graphene appears.
Regarding the dose-dependent lifetime, we found that large
crystals (≥1200 nm2) decompose earlier and faster than
smaller ones (≤220 nm2). We explained this behaviour with
the probability of defect formation per graphene area under
the electron beam: the larger the encapsulating graphene area,
the higher the probability that a point defect is produced,
which then causes immediate decomposition of the encapsu-
lated NaCl crystal. Our results provide quantitative data on the
stability of encapsulated quasi 2D NaCl crystals and indicate
that only high-quality graphene is suitable for protecting ionic

Fig. 6 Projected crystal size versus critical dose, which is determined to
be the dose where approximately 50% of the crystal is decomposed. The
dashed framed inset shows a data point fit of the 220 nm2 sized NaCl
crystal. The experimental points were fitted with a logistic decay model
(blue). As long as the blue curve remains constant, the graphene encap-
sulation is intact. However, the NaCl crystal gets immediately decom-
posed when a hole in the encapsulating graphene appears. The negative
derivative is shown (green) which was used to obtain the slope of the
highest degradation during the whole process as well as the turning
point, which corresponds to the critical dose.
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crystals from beam damage in electron microscopy studies. We
expect that these new insights on the stability of the materials
between graphene sheets will not only contribute to the better
protection of quasi-2D inorganic solids, but also be relevant to
the protection of liquids and organic molecules, and thus
make future in situ electron microscopy experiments possible
on these systems.
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Image Simulations for Thickness Estimations
In figure S1, Cs-corrected HRTEM image simulations for different thicknesses of NaCl crystals (red 
framed), which are compared to an experimental image (blue frame) are shown. The dose dependent 
image calculations were performed for an acceleration voltage of 80 kV, a focal spread of 4 nm and a 
Cs of 20 µm. Doses in the simulations are considered via a Poisson statistic for each image pixel up to 
a total dose, which corresponds to 6.2∙105 e-/nm2. The sampling was chosen to 0.56 Å/pixel, which is 
similar to the experimental image. Different simulated thicknesses of the NaCl crystals are labeled with 
X-layered NaCl in figure S1, where X stands for the number of atomic layers. A line scan is drawn in all 
images for comparability and shown below. Due to poor sampling and noise, a clear estimation of 
crystal thicknesses is not possible. But by comparing the simulated images and the experimental 
images, we assume that our crystal thicknesses are in the range of approximately 4-8 layers because 
the atom columns can be clearly identified in the simulated images, similar to the experimental image. 
Furthermore, the intensities for the 4-8 layered NaCl (cf. line scans in Fig. S1) are in the range of the 
experimental image. The gray bar is given as a guide for comparing the different plots and delimits the 
minimum and maximum range of the experimental image. The 10-layered NaCl exhibit consistently 
higher intensities compared to the experimental image. As the NaCl crystals in the experiments are 
thin but not one atomic layer, we denote them as quasi-2-dimensional NaCl.

Figure S1: Comparison of Cs-corrected HRTEM image simulations (red framed) with an experimental 
image (blue framed) for estimating the NaCl crystal thicknesses. The experimental image has a 
sampling of 0.56 Å/pixel and was acquired with a dose of ~6.2∙105 e-/nm2, therefore the image 
simulations were performed with similar conditions. Furthermore, different number of layers (2, 4, 6, 
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8, 10) were simulated. A line scan was drawn in all images and a gray bar is given additionally as a guide 
for comparing the different plots, which delimits the minimum and maximum range of the 
experimental image. However, the poor sampling combined with noise makes it difficult to give a clear 
estimation for the crystal thickness but from the images we assume that the NaCl crystals in our 
experiments have thicknesses in the range of approximately 4-8 layers.

Identified Defects in Graphene During the NaCl Crystal Decomposition

In Fig. S2 (a) – (d), four different examples of identified defects in graphene during NaCl crystal 
decomposition are shown. For better visibility, all images in Fig. S2 are magnified and the contrast is 
slightly increased. The first panel of each example (a) – (d) show the NaCl crystal before the 
decomposition starts.  In the second panel, the same area as in the first panel is shown but with a 
decomposing NaCl crystal so that the encapsulating graphene is visible and the defects can be 
identified, which induce the NaCl decomposition. The identified defects in graphene are additionally 
marked with a white frame in the third panel.

Figure S2: Four graphene encapsulated NaCl crystals are shown in (a) – (d). First and second panels 
show the NaCl crystals before and after decomposition started. In the second panels, defects in 
graphene can be identified, which induce the NaCl decomposition. For easier identification, the defects 
in graphene are marked with white frames in the third panels.
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Determined Values for NaCl Crystal Decomposition

In table S1, the experimental results for the analyzed NaCl crystals are listed. In terms of color, the 
smaller crystals are more greenish than the bigger crystals. Values in the brackets give the confidence 
interval via error propagation, which we estimated with 10% error for the measured projected area 
and 1% for the total accumulated dose.  The highest rate of degradation k as well as the critical dose 

 are determined via the negative derivation of the logistic decay function (cf. Fig. 6 in the main 𝜑𝑐𝑟𝑖𝑡
manuscript). 

Table S1: Projected crystal sizes with the corresponding rate of highest degradation and total 
accumulated dose up to the turning point where approximately 50% of the crystal is decomposed. For 
better visualization, the crystal size, degradation rates and accumulated doses are color coded. The 
lower the values, the more greenish it is highlighted. It can be seen that the highest degradation rate 
but also the total accumulated dose is increasing with increasing crystal size. The values in the brackets 
give the confidence interval (adapted from [1]).

Projected crystal 
size [nm2]

Highest rate of de-
gradation k [nm2/e-]

Critical dose   𝜑𝑐𝑟𝑖𝑡

[e-/nm2]
85 0.48(5)∙10-8 5.46(6)∙108

90 1.18(5) ∙10-8 10.4(1) ∙108

105 1.50(3) ∙10-8 20.1(2)∙108

160 1.2(1) ∙10-8 2.31(3) ∙108

180 1.8(2) ∙10-8 1.40(2) ∙108

220 1.08(9) ∙10-8 4.10(5) ∙108

320 3.1(3) ∙10-8 0.822(9) ∙108

1200 2.7(3) ∙10-8 1.15(2) ∙108

1215 2.6(3) ∙10-8 1.29(2) ∙108

2500 2.3(2) ∙10-8 1.05(1) ∙108

For a better visualization of the differences, crystal size, degradation rates and critical doses are given 
with a color gradient. The colors are going from green to white with increasing values. From table S1, 
a trend between increasing crystal size and larger degradation rate is visible. This is explained by the 
increasing size of holes within the NaCl crystals, which results in increasing length of crystal edges 
exposed to the electron beam as shown in figure S2. This in turn leads again to a faster growing of the 
NaCl hole due to increased electron-beam damage at the edges via electron-beam-induced Coulombic 
ejection or sputtering. The acceleration of the decomposition continues until a maximum in the edge 
length lmax has been reached (see Fig. S2 (c)), which is determined by the lateral size as well as the 
shape of the encapsulated NaCl crystal. All observed NaCl crystals exhibit a round shape limited by the 
graphene enclosure. Therefore, the NaCl crystal in figure S2 was chosen to have also a round shape, 
which is additionally marked in green. Large crystals can have longer maximum edge lengths lmax, which 
face a defect in the graphene than the small crystals. Therefore, at the edges of large crystals, more 
Na+ and Cl- ions can be displaced by the electron-beam, resulting in an increased decomposition rate 
(corresponds to the highest rate of degradation k in table S1). It can be concluded that the creation of 
additional holes in graphene can lead to a higher degradation rate as it is the case for the 320 nm2 
crystal.
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Figure S3: Structure simulation of a graphene encapsulated NaCl crystal (additionally marked with solid 
green line). Graphene is shown as the grey hexagonal lattice and NaCl is indicated by the cubic 
structure with Na in green and Cl in violet. For a better illustration, the upper layer of graphene has 
been hidden. The main reactions for the decomposition process of the NaCl crystal appear at the 
edges, which face towards the hole in graphene. (a) shows an undamaged graphene encapsulation of 
a NaCl crystal. As there is no hole in the graphene yet, the length of the edges, facing towards a hole 
is ltot,(a)=0. In (b) a hole in graphene appeared (marked with a red circle) and the sum of the edges, 
facing towards the hole, become ltot,(b) = ∑ li > 0 with i=1, 2, 3, 4. The edge length increases, which results 
in an accelerated decomposition, until a maximum lmax = ltot,(c) is reached (c). Afterwards, the edge 
length is decreasing, because the NaCl crystal is destroyed to such an extent that the hole in graphene 
is only partly surrounded by NaCl crystal edges. This results in an edge length of ltot,(d) < ltot,(c) with a 
decelerating decomposition.

Description of the Supplementary Video
This image sequence shows the growth and decomposition of a graphene encapsulated NaCl crystal 
with a resulting area of 2500 nm². During the growing process, small rectangular areas can be seen, 
which are defects/holes inside the NaCl crystal. As long as the NaCl is encapsulated by undamaged 
graphene, these holes are moving, which is due to detachments of single Na+ and Cl- ions, which 
migrate through the defect/hole and recombine at other position. When a defect in graphene appears, 
the NaCl crystal starts to decompose completely. The video is accelerated by a factor of ~15.
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