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ABSTRACT: Single-distilled water encapsulated in graphene pockets has been studied by aberration-corrected
high-resolution transmission electron microscopy and
electron energy loss spectroscopy at an acceleration voltage
of 80 kV. Inside the graphene pockets, crystallization and in
situ crystal growth are reported and identiﬁed as the
insoluble AII phase of CaSO4 (anhydrite) in a quasi-twodimensional system. Its formation condition is discussed
with respect to the possible temperature and van der Waals
pressure between the graphene sheets.
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with a blister test. For single-layer graphene, an adhesion
energy of 45 meV/Å2 was reported, and for two to ﬁve layers,
the energy was 31 meV/Å2.12
As one of the ﬁrst applications, graphene liquid cells were
used to investigate colloidal platinum nanocrystal growth with
high-resolution TEM (HRTEM) for visualization of coalescence and structural reshaping.13 The growth of Pt−Pd
nanoparticles inside graphene oxide liquid cells was also
studied by TEM, and it was found that the growth as a
function of time follows a power law, which in turn agrees with
the Lifshitz−Slyozov−Wagner mechanism when the growing
process is limited by surface reactions.14 Other investigations
are directed to CuSO4 and Ca(OH)4 in water encapsulated in
graphene pockets, which are converted to CuO and CaO,
respectively, due to pressure and ionization eﬀects.10
In order to understand the behavior of the liquid itself in
conﬁnement, molecular dynamics simulations on the behavior
of water between graphene layers have been performed. It was
shown that water becomes anisotropic depending on the
distance between the graphene sheets.3 Furthermore, it was
reported that water is solid-like at graphene distances lower
than 7 Å and arranges in a hexagonal structure because of the
conﬁnement within the graphite walls, and that it becomes
liquid-like and does not show any clear order for distances
around 20 Å.3 Further publications are concerned with the

iquid cells allow the study of samples in a liquid
environment in a transmission electron microscope
(TEM),1 as they serve as an enclosed system that
isolates the liquids from the high-vacuum environment in the
TEM of typically around 10−5 Pa and should add only low
contrast to the recorded image.2 Most experiments of liquid
cells in TEM report the in situ observation of various processes
in a liquid environment, such as growth of nanoparticles or
electrochemical reactions or study of biological samples.1−3
One of the challenges is to make liquid cells thin enough and
ensure electron transparency and to undercut the mean free
path of the electrons in the sample, thus enabling TEM
investigations at high resolution. This applies to the cell
window material as well as to the liquid itself. Other challenges
include overcoming the image blur due to inelastic scattered
electrons in combination with chromatic aberrations and due to
electron beam−liquid interactions.2 Recent developments allow
the construction of nanostructured liquid cells with electron
transparent windows made of thin SiN membranes fabricated
on silicon microchips,4,5 thin carbon ﬁlms,6,7 as well as from
single-layer graphene.8
If a liquid is encapsulated between two single layers of
graphene, van der Waals attraction forces can form and push
the encapsulated material into narrow and closed graphene
pockets, which in fact can be regarded as liquid cells.9,10 Typical
bonding energies arising from van der Waals forces between the
layers are in the range of 13−21 meV/Å2, which were
calculated for diﬀerent layered materials including transition
metal dichalcogenides, graphite, and boron nitride.11 Moreover,
the adhesion of graphene layers was also experimentally studied
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and potassium cations (cf. Table 1). For light elements with an
atomic number smaller 13, TXRF detection is diﬃcult or not

dynamics of nanobubbles conﬁned in graphene pockets and the
gas transport between the nanobubbles.15 They observed
Ostwald ripening, coalescence of the bubbles, and determined
the internal pressure of the nanobubbles to be in the range
from 140 to 400 MPa depending on the bubble size.15 Despite
the reported research eﬀorts with graphene liquid cells, a basic
understanding of the liquid dynamics, interfacial behavior,
pressure environment, beam−liquid interactions, and heat
transport is still lacking.
Modern transmission electron microscopes allow imaging
with single atom resolution even at lower acceleration voltages
ranging from 80 down to 20 kV,16−18 enabling the study of
materials with knock-on damage thresholds far below 80 kV.
Other damage mechanisms include radiolysis, heating, charging,
and chemical etching.19,20 It has been shown that encapsulating
beam-sensitive samples between graphene helps to reduce
radiation damage up to 3 orders of magnitude.21−23 The high
resistance of graphene against radiation damage is predominantly due to its high mechanical strength and high electrical
and thermal conductivity.24−26 Due to these properties, and its
high stability when using primary electron energies of 80 keV
and below in the TEM,27 graphene is a promising material for
encapsulation of liquids3,13−15 and radiation-sensitive materials.21−23
In this paper, we report on the crystallization of CaSO4 from
an aqueous solution, namely, single-distilled water, encapsulated in graphene. CaSO4 shows a complex phase diagram, and
depending on pressure and temperature, diﬀerent phases exist.
Possible CaSO4 phases include the hydrous gypsum (CaSO4·
2H2O), the hemihydrate (CaSO4·0.5H2O), and the anhydrite
phase (CaSO4).28−31 Moreover, the anhydrite exists in several
phases, such as the AIII phase (γ-CaSO4) with a hexagonal
structure, the orthorhombic AII phase, and the monoclinic,
high-pressure AI phase.28,29 The transition of gypsum to γCaSO4 takes place at temperatures around 42−60 °C at 105
Pa.28,29 Depending on the water vapor pressure, the
dehydration of hemihydrate to the soluble γ-CaSO4 and its
transformation into the insoluble AII phase occurs at
temperatures between 100 and 150 °C.29 At around 105 Pa
and above 1100 °C, the AII phase can transform into the AI
phase.30 Furthermore, two triple points for the calcium sulfate
minerals were found: At 235 MPa and 80 °C, the triple point
between gypsum, hemihydrate, and anhydrite is located, and
the second triple point appears at 2.15 GPa and 250 °C
between hemihydrate, anhydrite AII phase, and the highpressure AI phase (see Figure 5 and the more detailed
discussions below).28

Table 1. Molar Ratios of Detected Elements Compared to
Calcium Set as 1a
element

amount of substances

relative standard deviation (%)

phosphorus
sulfur
chlorine
potassium
calcium
titanium
iron
nickel
copper
zinc

23
1.5
0.83
1.5
1
0.17
0.066
0.11
0.075
0.15

33
128
91
97
83
95
55
39
38

a

Measurements for light elements are imprecise, so that high relative
standard deviations occur like in the case of sulfur (number of replicate
measurements is 6).

even possible. This includes Na as well as N and C that occur in
the form of nitrate or carbonate, respectively.
In Figure 1, we present two subsequent TEM images of the
liquid encapsulated between two graphene layers, taken at an

Figure 1. Images of 80 kV bright-ﬁeld TEM showing water between
two layers of graphene (a) and after 18 s in (b). The graphene
pocket with the water is indicated with the dashed line. In the
images, small bubbles (brighter areas) are surrounded by water
(darker areas). The scale bar corresponds to 20 nm.

accelerating voltage of 80 kV. Because graphene is conductive,
the graphene pocket is thin and not actively heated or cooled,
so we assume room temperature in the TEM around the
sample.20,32 Due to the interaction with the electron beam, the
conﬁned liquid (bubbles, brighter areas) moves within the
graphene pocket. We observed growth and coalescence of the
bubbles, which we interpret via the process known as Ostwald
ripening.15 One important observation is that the encapsulated
solution remains liquid despite the high-vacuum conditions in
the microscope of 10−5 Pa. This is surprising because, at room
temperature, water is liquid in a pressure range of kPa to
MPa.33 Thus, a graphene liquid cell must be characterized as an
enclosed system with its own pressure environment originating
from van der Waals forces between the two graphene sheets.9,10
The van der Waals pressure for liquids between two single
layers of graphene is reported as PvdW ≈ EAE/d.34 A value for
the adhesion energy, EAE, of a monolayer of graphene was
experimentally determined to be 45 meV/Å2,12 and the
distance between two layers of graphene, d, is taken as ∼3.4
Å.24 Then, the van der Waals pressure can increase to PvdW ≈ 2

RESULTS AND DISCUSSION
Total reﬂection X-ray ﬂuorescence spectroscopy (TXRF) was
performed to analyze encapsulated single-distilled water. It
should be mentioned that single distillation of tap water is not
suﬃcient to completely remove highly abundant alkali and
earth alkali cations as well as common anions, such as sulfates,
nitrates, and carbonates. This is reﬂected by a resistivity of the
distilled water of approximately 0.1 to 1 MΩ·cm, whereas highpurity water obtained by multistage puriﬁcation exhibits a
resistivity of 18.2 MΩ·cm. Accordingly, traces of Ca and S were
found in a ratio of 1 to 1.5 in the applied distilled water present
as calcium cations Ca2+ and sulfate anions SO2−
4 at a pH of
approximately 6. Besides these two elements, signals for
phosphorus (P), chlorine (Cl), and potassium (K) were
obtained, which are typically present as phosphates, chlorides,
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Figure 2. Series of 80 kV AC-HRTEM images showing the development of CaSO4 crystals inside a graphene pocket under electron irradiation.
(a) Initial image of CaSO4 with two tilted crystalline [100] orientations. The images (a−c) show a slow growing of the structure with the
higher contrast at a rate of ∼0.70 nm2/s. Fast Fourier transforms (FFTs) were made in the areas within the red frames. In the FFTs, one can
clearly see the two tilted orientations with a tilt angle of about 43°. Image (d) shows that one orientation disappears by reorientation. The
crystal adopts the orientation of the other CaSO4 crystal. In the FFTs of the following images, it can be also seen that only one orientation is
left (e−h). After the crystal orientation is adopted, the growth rate is increased to ∼1.05 nm2/s. The white bar corresponds to 10 nm.

Figure 3. EELS data in the range of 150−650 eV of the CaSO4 crystal. At 165 eV, the L2,3 edge of sulfur; at 284 eV, the K edge of carbon; at
346 eV, the L3 edge; and at 350 eV, the L2 edge of calcium can be seen. The oxygen K peak at 532 eV is also visible. The O−K edge is shown
in more detail in the inset. The black line shows the smoothed data of the recorded oxygen signal (red).

characterized by two peaks at 346 and 350 eV, which
correspond to the L3 and L2 edges, respectively. The prominent
peak at ∼284 eV corresponds to the C−K edge, which occurs
due to the graphene encapsulation of the solution. The O−K
edge is located at 532 eV. In the inset, the O−K edge is shown
in more detail, where the black line reﬂects the smoothed data
of the oxygen peak. Furthermore, no additional peaks from
other elements were found during the measurements on the
crystal. The EELS data from the crystal conﬁrm the existence of
elements found also by TXRF measurements from the water
solution.
With the knowledge of the EELS data and all known Ca, S,
and O compounds, the images presented in Figure 2a−c are
only conformed with an orthorhombic anhydrite crystal in the

GPa. If we consider that water is in the liquid phase at distances
of more than 20 Å,3 the van der Waals pressure exerted by a
graphene pocket is approximately 360 MPa.
In Figure 2, we show an AC-HRTEM image sequence of a
growing crystal from the aqueous solution (single-distilled
water) obtained at 80 kV. In the images (a) - (c) a growth rate
of about 0.7 nm2/s was measured. The growth rate in the
images (e) - (h) increases to ∼1.05 nm2/s. Before we further
discuss the aberration-corrected (AC)-HRTEM data presented
in Figure 2, we performed electron energy loss spectroscopy
(EELS) experiments to identify the chemical nature of the
crystals. As can be seen from the spectrum in Figure 3, calcium
(Ca), sulfur (S), carbon (C), and oxygen (O) signals were
found. The S−L2,3 edge is located at 165 eV, and the Ca edge is
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Figure 4. (a) Simulation of the diﬀraction pattern and HRTEM image of anhydrite CaSO4 in the [100] direction. Experimental recorded 80
kV AC-HRTEM image (b) where the inset shows a magniﬁed area of the CaSO4. The scale bar corresponds to 10 nm. In the FFT (c) taken
from (b), it can be clearly seen that an orthorhombic structure is present which corresponds to CaSO4 in the [100] direction. The two sets of
reﬂections of the graphene layers are marked by the dashed ring (c).

also seen in the disappearing reﬂections in the FFTs in Figure
2d−h.
Lateral crystal sizes of CaSO4 in the AII phase were found to
be on the order of ∼103 nm2. Due to the small thickness of the
graphene pocket, the encapsulated anhydrite was treated as a
quasi-two-dimensional crystal. However, to get a profound
understanding, we performed thickness-dependent [100]
HRTEM image simulation of one (0.7 nm), two (1.4 nm),
and three unit cells (2.1 nm), as seen in Figure 5a. In Figure 5c,
the line scans from the simulations in (a) and the experiment in
(b) are compared. We can see the best agreement with a
thickness of two unit cells. However, ﬂuctuations in contrast of
the single atom columns are clearly seen. Thus, we assume a
crystal thickness between two and three unit cells.
The crystallization of the quasi-two-dimensional anhydrite
phase from the liquid is a surprising result because, in a
standard 3D system, it crystallizes only at high pressures and
high temperatures.28 We are now going to discuss this phase
transformation in light of our nanoscale experiment. We start
with the macroscale p−T diagram of CaSO4.
The crystallization process of bulk anhydrite has been
discussed in the literature.28−30 The CaSO4−H2O systems are
characterized by dehydration reactions in high-pressure ranges
and at temperature ranges of 50−300 °C, which is given in a p−
T phase diagram.28 The triple point between gypsum, basanite,
and anhydrite was found to be at 235 MPa and 80.5 °C.28
Figure 6 displays an overlay of p−T phase diagrams for water
and CaSO4 to give a classical view on the crystallization
conditions; however, we have to be aware that the classical view
on the nanoscale is not necessarily valid. Based on the p−T
phase diagrams, one can estimate the pressure and temperature
within the graphene liquid cell to be in the ranges of ∼100 kPa
to ∼230 MPa and of 100−150 °C, respectively.
Interestingly, ∼230 MPa is in the range of earlier published
values for the pressure in graphene liquid cells.9,15 However, a
temperature of 100−150 °C for the crystallization is not likely
because direct heating due to the electron beam has been
estimated to be minor in very thin materials20 and the eﬃcient
heat dissipation of graphene,25 as mentioned above.
In earlier studies, the eﬀect of temperature for transformations on the nanoscale is not unambiguously detectable.32
Furthermore, it was reported that the melting temperature of
nanoparticles is much lower than that of their bulk counterparts.35,36 This was predicted by theoretical calculations and
conﬁrmed by experimental data showing that the solid−liquid
transition temperature decreases with smaller nanocrystal

[100] projection. As can be seen, the simulated [100]
diﬀraction pattern and [100] HRTEM image of CaSO4 (crystal
thickness of three unit cells (2.1 nm) was taken for the
simulation) in the AII phase in Figure 4a do match the
experimental AC-HRTEM in (b) and the fast Fourier transform
(FFT) in (c) taken from (b) (cf. Table 2, where experimental
Table 2. Comparison between Measured Distances in the
FFT and Simulated Diﬀraction Pattern of Anhydrite CaSO4a
reﬂections

experimental data (nm−1)

simulated data (nm−1)

(210)
(200)
(21̅0)
(02̅0)
(2̅1̅0)
(20̅ 0)
(2̅10)
(020)

3.51(3)
3.21(3)
3.49(3)
2.85(3)
3.51(3)
3.18(3)
3.49(3)
2.88(3)

3.51
3.21
3.51
2.86
3.51
3.21
3.51
2.86

a

The experimental data are in good agreement with the simulated
values. The number in the brackets gives the conﬁdence interval of the
last digits.

data and simulated data for anhydrite are listed; the agreement
between the experimental and the simulated data is always
within the given conﬁdence interval of our measurement).
Moreover, we see in Figure 2 two CaSO4 crystals which are
tilted toward each other and this way hinder each other’s
growth and reduce the growth rate until the thicker area
(higher contrast) reshapes the thinner part. After reshaping,
one orientation disappears (Figure 2d), which could be caused
by the attempt of the system to reduce its surface energy.
Afterward, the growth rate increases by a factor of ∼1.5. In
addition, the crystal grows in a sample area that seems to be
contaminated. This area is slightly thicker than the left parts of
images (a−h), which also explains the appearance of the bright
edge across the images. The origin of the contamination is very
likely hydrocarbons from the preparation of the sample in air or
residues of the encapsulated water.
To summarize, Figure 2 shows that the crystallization of
CaSO4 is slowed down when the two [100] crystals are in
contact (within the red square in Figure 2a−c). Subsequently,
an Ostwald ripening process startsin agreement with the
Lifshitz−Slyozov−Wagner theory, which conciliate the reduction of energy at the boundary. The smaller crystal then
disappears and just one CaSO4 crystal remains, which can be
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Figure 5. (a) [001] HRTEM simulations of anhydrite dependent on the thicknesses [0.7 nm (1 unit cell), 1.4 nm (2 unit cells), 2.1 nm (3 unit
cells)]. (b) Experimental HRTEM image magniﬁed from the red square in the overview image. Line scans in (c) were taken from the dashed
and solid lines in (a) and (b), respectively. The contrast comparison shows good agreement for two unit cell thick crystals (1.4 nm).

Figure 6. Overlay of the phase diagrams for CaSO4 (red)28 and H2O (blue).33 The pressure and temperature range, where the crystallization
in bulk material takes place, is marked with the color gradient. The probability that the temperature is much higher than 370−420 K is low
because of the graphene encapsulation which increases the heat conduction so that a certain amount of the excessive thermal energy can be
disposed.

the range of 24−37 °C, and for 2.1 nm, it is in the range of 50−
74 °C. Thus, the estimation of the reduced temperature for a
2.1 nm thin anhydrite agrees both with our understanding of a
nearly room temperature experiment in a graphene pocket and
with our estimation of the thickness from the comparison of the
contrast between image simulation and experiment (cf. Figure
5).

size.35,36 Here, we are now going to estimate the thicknessdependent change of the transition temperature in thin CaSO4
ﬁlms from a very simple model. We determine the surface-tovolume ratio as a function of the thickness, D, of the nanoﬁlm,
with Tn = T0(1 − 3r/D).37,38 Tn is the transition temperature of
the nanoﬁlm, T0 is the transition temperature of the
corresponding bulk material, and r is the minimal possible
thickness of the material. In Figure 7, Tn is plotted over the
thickness D of the anhydrite ﬁlm. The diﬀerent curves, red and
blue, correspond to transition temperatures T0 in the bulk at
150 and 100 °C, respectively. For a thickness of 1.4 nm, T0 is in

CONCLUSIONS
In conclusion, we reported on the crystallization inside
graphene pockets out of single-distilled water, which contained
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10−5 Pa. It is assumed that the specimen and the sample holder are at
near-ambient temperature.
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