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Radiolytic purification of CaO by electron beams
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Analysis of the electron energy loss spectra of core-level electronic transitions,
O K- and Ca L2,3-edges, combined with composition-sensitive annular dark field
imaging shows that under electron-beam irradiation portlandite can easily be
transformed into calcium oxide. The low-loss region of the energy loss spectra
measured before and after transformation also supports the observations. Two
possible mechanisms of the electron beam-induced modification of the specimen,
radiolysis and knock-on damage, are discussed, and it was found that radiolysis
is likely to be the primary mechanism for this transformation of Ca(OH)2 into
CaO, while some knock-on damage is also expected.

1. Introduction

Despite the presence of extensive experimental and theoretical research on lime
(CaO) [1–3] and portlandite (Ca(OH)2) [4, 5], very little is known about the dynamics
of transition from CaO into Ca(OH)2 or from Ca(OH)2 into CaO. Structurally, CaO
and Ca(OH)2 are quite different: CaO has a cubic sodium chloride crystal structure
with a0¼ 4.810 Å, whereas Ca(OH)2 forms a layered hexagonal cadmium hydroxide
crystal (a0¼ 3.584 Å, c0¼ 4.896 Å) [6]. In both crystals, Ca atoms are bonded to six
neighbouring O atoms. The O atoms, on the other hand, are bonded to six Ca atoms
in CaO and only three Ca and one H atom in Ca(OH)2. This difference in
coordination number for oxygen atoms makes them a favourable target for
spectroscopic measurements aimed to understand structural modifications. In this
paper we present results based on electron energy loss spectroscopy (EELS)
indicating that Ca(OH)2 can be purified back into CaO under electron-beam
irradiation.

The analytical scanning transmission electron microscope (STEM) is an excellent
tool for in situ chemical analysis of the specimens. In STEM the analysis can be
carried out with a wide range of incident electron beam current densities essential
for dose dependent measurements. Electron energy loss spectroscopy coupled with
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the annular dark field imaging capabilities of STEM allows one to measure local
composition of the specimens based on fingerprints of the electronic core-level
transitions [7]. These types of measurements can be done on a scale as small as the
probe size, which can now reach 0.8 Å in aberration corrected microscopes [8]. The
low-loss region of the energy loss spectra (0–50 eV) is also rich with information
about physical properties of the material: surface and bulk plasmons, electronic
interband transitions, etc. [9, 10].

2. Sample preparation and instrumentation

All specimens studied here were made from original 99.995% CaO chunks obtained
from Aldrich Chemical Co. First, small pieces of the CaO were manually crushed in
air into powder. Then the powder was washed in isopropanol and very fine particles
were suspended on a standard TEM copper grid covered with a holey-carbon-film.
After 5–10 minutes of air drying the grid with particles was loaded into the
microscope where ultra-high vacuum is maintained. Whereas these manually ground
particles had a 10 nm to 10 mm size distribution, the ones picked for study in STEM
were 10–40 nm in size and, therefore, transparent to the electron beam. Analytical
electron microscopy studies of the particles were carried out on the Cornell 100 kV
VG HB-501 STEM. This microscope has a field emission gun, a high resolution pole
piece with spherical and chromatic aberration coefficients of Cs¼ 1.3mm and
Cc� 1.5mm, and is designed to achieve a 2 Å circular probe with 10–12mrad
incident beam convergent angle (objective angle). The STEM is also equipped with
a composition sensitive annular dark field (ADF) detector with 54mrad inner
and 330mrad outer collection angles and an electron spectrometer for energy loss
spectroscopy. During data acquisition for EELS analysis, the microscope was
operated with a 20mrad collection aperture (collection angle). The energy resolution
of the spectrometer is 0.5–0.7 eV with an energy drift of <0.03 eVmin�1 over the
energy range of 0–2 keV [11].

Powder x-ray diffraction (PXRD) data were collected on a Scintag 2000 theta-
theta diffractometer using Cu-K� radiation (�1¼ 1.54051 Å, �2¼ 1.54433 Å). Scans
from 15 to 70� 2� at a speed of 0.6 s per step and step size of 0.02� were sufficient for
this purpose. Quantitative phase analyses of the PXRD data were performed using
the program Fullprof [12].

3. Results

For understanding modifications of the sample that take place under electron-beam
irradiation, knowledge of the composition of the initial particles loaded into the
microscope is essential. X-ray diffractometry measurements, therefore, were
conducted on three different powders. The powders were prepared from as-received
CaO chunks by different treatments: (i) manually ground using an agate mortar and
pestle, (ii) ball-milled with agate balls in an agate vial, and finally, (iii) manually
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ground and isopropanol washed. All three powders were prepared in air. The results
of the PXRD scans are presented in figure 1. As was expected, CaO powders exposed
to the air absorb water and transform into Ca(OH)2. The results of phase analysis
indicate that for manually ground powder the percentage of the Ca(OH)2 is 13%
(all the percentages in the paper are at.%), whereas for fine ball-milled powder it is
42%. Not surprisingly, the smaller the particles are, the more surface area is exposed
to air, and consequently a higher percentage of the Ca(OH)2 is in the powder.
It should be noted here that the amount of the CaO transformed into Ca(OH)2 in
air is also a function of time and for sufficiently long times all CaO will transform
into Ca(OH)2 and eventually into CaCO3. The measurements conducted on powder
(iii) show that after washing in isopropanol practically all CaO is transformed into
Ca(OH)2 (see figure 1c). This is likely due to a reaction of the CaO with a small
amount of water present in the isopropanol. A small percentage of CaCO3 also
observed in the measurement is a result of further reactions of Ca(OH)2 with CO2

present in the air. The results of the PXRD measurements indicate that the majority
(90%) of the particles loaded in the STEM (corresponding to the case (iii)) are
Ca(OH)2 demonstrating the importance of detailed characterization of air sensitive
specimens prior to any microscopy study. However, since the particles loaded in
STEM were exposed only 5–10 minutes to air after the isopropanol wash, less than
9% of calcium carbonate is expected to be present.

The STEM measurements on these specimens revealed two critical observations.
First, with an incident beam current of 15 pA, the specimens experience rapid

Figure 1. Rietveld refinements of the PXRD patterns for (a) CaO ground with an agate
mortar and pestle, (b) CaO ball-milled for five minutes and (c) CaO powder from (a) washed
in isopropanol. The powder in (c) was scanned with a speed of 6 s per step for better S/N ratio.
Here the circles represent the measured data and the lines are the calculated patterns. Tick
marks indicate the positions of the Bragg reflections for each phase. The difference
curves between the measured data and theoretical fits are also presented at the bottom of
each panel. Each pattern is labelled with the weight percent of CaO, Ca(OH)2 and CaCO3

present in the sample.
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modification within a few seconds, and second, after modification the new substance
remains unaffected by the beam. An electron beam dose of 20C cm�2 was sufficient
to completely modify 4� 104 nm3 portlandite into something new, which, as we
will see later, is pure CaO. ADF images of the specimen recorded before and after
transformation, after exposing it to a 30C cm�2 electron dose, are presented in
figure 2. Changes of surface morphology and size reduction are characteristic
features that occur with transformation.

For determination of the composition of the substance at every stage of
transformation, EELS analysis was carried out. Spectra of oxygen K- and calcium
L2,3-edges were recorded before, during and after transformation. The results, after
background subtraction using the standard f(E )¼AE�r fit [10], are presented in
figure 3. In these measurements the beam current density was reduced to 0.4A cm�2,
to allow monitoring the transformation without causing significant changes during
acquisition of a single spectrum (3 s acquisition was used for recording each EELS
spectrum). As can be seen from figure 3a the dominating peak of the O K-edge
at 539.7 eV in Ca(OH)2 decreases significantly with electron-beam irradiation, while
the peak at 534.0 eV, characteristic of CaO, becomes more and more pronounced.
The spectrum of the O K-edge recorded after completion of the transformation
displays all the details of the characteristic O K-edge in CaO [13, 14]. These suggest
that transformation of the specimen under electron-beam irradiation is actually
CaO purification. We should note here that due to a higher energy resolution of
the Cornell STEM more details of the O K-edge fine structure were revealed in these
measurements than those reported in literature [13, 14].

Earlier studies of CaO show that multiple scattering (MS) [15] is an excellent
method for calculating and identifying the features in the fine structure of some
core-edges observed by X-ray absorption [16, 17]. In many ways EELS and X-ray
absorption spectroscopy (XAS) are similar. In both cases, in the inelastic
scattering event (in one case with an incident energetic electron, and in other
with an incident photon) one of the electrons in the core state of an atom in the

Figure 2. ADF images of the specimen recorded before and after electron-beam-irradiation.
An electron dose of 30C cm�2 was used for this transformation.

2910 K. A. Mkhoyan et al.



specimen is transferred into the empty states of the band structure of the solid.
In the small scattering angle approximation the matrix elements of EELS and
XAS are very similar (see, for example, Egerton [10] or section 4.1 of Stöhr [18]),
suggesting that the MS calculation can also be used to understand details of the
fine structure in the core-level EELS. The MS calculation of the O K-edge in
the CaO was conducted using the FDMNES code of Joly [19]. The results of
these calculations, where a muffin-tin approximation for the crystal potential and
a Green’s function formalism for multiple scattering were used, are presented
in figure 3a. In these calculations a 10% overlap between the spheres of the
muffin-tin potential was applied and acceptable convergence was reached with
the inclusion of 93 neighbouring atoms. Good agreement between the MS
calculation and EELS data confirms the presence of all the peaks resolved in our
measurement.

EELS measurements of the Ca L2,3-edge, presented in figure 3b, also show
detectable modifications in fine structure with electron-beam-irradiation. Two
bumps at around 347 and 351 eV in Ca(OH)2 after transformation become well
defined peaks at 347.1 and 350.5 eV correspondingly. Since the environments of
the Ca atoms are similar in CaO and Ca(OH)2, little difference was expected in
Ca L2,3-edge spectra of the two compounds. It should be noted here that no shift
in energy was observed between the peaks of Ca L2,3-edge before and after
transformation. Comparison of the Ca L2,3-edge recorded after modification with

Figure 3. EELS data recorded before, during and after transformation. (a) Core-loss spectra
of the O K-edge. (b) Spectra of the Ca L2,3-edge. In both graphs (a, b) the spectra labelled
‘Reference’ are the spectra of the final and stable substance recorded with a better S/N ratio.
Curve labelled ‘MS calculation’ in (a) is a simulated spectrum of the O K-edge in CaO
calculated using the multiple scattering method.
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corresponding data from CaO reported by Saldatov et al. [17] and Himpsel et al. [20]

confirms that the final substance created in the STEM with electron beam irradiation

is indeed CaO.
The low-loss regions of the EELS spectra were also recorded before and after

transformation. The results are presented in figure 4. A shift in bulk plasmon

energy from 15.2 eV for Ca(OH)2 to 14.0 eV and the conversion of the two peaks A

and A0 into a single peak at 10.0 eV are the major modifications. No visible

changes were observed in the 30–50 eV energy range, where the dominating feature

is the core-loss spectra of the Ca M2,3-edge [10, 21]. In the reports by Protheroe

et al. [22] and Waltenburg and Moller [23] the low-loss EELS spectra for CaO are

presented and origins of the major peaks are discussed. The spectrum of the low-

loss EELS recorded here after transformation is in excellent agreement in general

shape and position of the peaks presented in those reports. The positions of the

major peaks in Ca(OH)2 and CaO are listed in table 1. Due to slight differences in

the location of the peaks in the earlier studies [22, 23], a comparison of our

measurement with the two former results is also made in the same table. It appears

that the results of this work are in better agreement those of Waltenburg and

Moller [23].
As was mentioned earlier the second critical observation was the stability of the

CaO formed after electron-beam-irradiation. To confirm those initial observations,

several spectra of the O K- and Ca L2,3-edges were recorded again, but now with 10 s

exposure times. In these measurements the electron beam current density was

increased by 100 to enhance the possible effects. The results, presented in figure 5,

show no visible changes in fine structure of either the O K- or the Ca L2,3-edge

even after extensive electron-beam irradiation.

Figure 4. Low-loss region of EELS. The spectra were recorded before and after transfor-
mation. All resolvable peaks are labelled A to F and their positions are presented in table 1.
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4. Discussion

EELS measurements of the O K- and Ca L2,3-edges as well as low-loss spectra clearly

show that Ca(OH)2 can be easily transformed into CaO by electron-beam

irradiation. The reaction

CaðOHÞ2ðsÞ ! CaOðsÞ þH2OðgÞ ð1Þ

Table 1. Position of the peaks in the low-loss region of EELS and comparison with data
reported by Waltenburg and Moller [23] and Protheroe et al. [22]. For the identification

of the peaks labelled A–F see figure 4.

Energy loss (eV)

This work
[23] [22]

Peak Ca(OH)2 CaO CaO CaO

A 8.3 10.0 10.0 9.15� 0.05
A0 12.2 – – –
B 15.2 14.0 14.2 13.1� 0.1
C 18.7 18.0 18.5 17.3� 0.1
D – 20.1 – 20.3� 0.1
E 28.4 28.1 28.5 27.4� 0.1
F 36.2 36.2 36.4 35.0� 0.2

Figure 5. EELS spectra of O K- and Ca L2,3-edges recorded from the CaO with
progressively increasing exposure times. In these measurements the beam current density
was increased by 100.
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should be thermodynamically favourable when the Gibbs free energy change for the
reaction �G is less than or equal to zero:

�G ¼ �G0 þ kBT lnPw � 0: ð2Þ

Here �G0 is the free energy of the reaction at standard conditions (T¼ 298K,
Pw¼ 1 atm), kB is the Boltzmann constant, T is the absolute temperature and Pw

is the water vapour pressure (in atm). From standard tables of free energies of
formation [24], �G0

¼ 65.8 kJmol�1. Equation (2) is strictly true only for T¼ 298K
and a small correction must be made to account for variation in temperature.
Thus, we must consider the heating of the sample due to electron-beam irradiation.
In transmission electron microscopes, significant temperature rise, including the
melting of particles due to heating under electron-beam irradiation, has been
reported previously [25–27].

The temperature increase in the exposure area can be estimated using the
Bethe expression for mean energy loss per unit path of the incident electron [27, 28].
Using the small-area illumination approximation, where the dimensions of the
irradiated area are considered to be much smaller than dimensions of the specimen
(r0�R), the temperature rise in the irradiated area can be described as [27]:

�T ¼
j�

2e�

e4NAZ

4�"20AE0�2
ln

E0�
2

2J

� �� �
r20 ln

R

r0

� �
ð3Þ

where j is the irradiation current density, �, � and Z are the density, thermal
conductivity and average atomic number of the specimen, E0 is the energy of incident
electrons and J� 13.5Z is the mean ionization energy. Under the conditions
of experiments conducted in this study (parameters for Ca(OH)2 and CaO can be
found in Lide [24]), according to equation (3), the temperature in the irradiated
area can not increase more than a few degrees (<2�C). Thus to a good
approximation we can assume the temperature of the sample is constant, and
equation (2) holds.

The magnitude of the partial water vapour pressure that is necessary for reaction
(1) to take place was estimated using equation (2). After substituting the values for
the free energies [24] and temperature it can be shown that a pressure less than
3� 10�9 Torr is needed for the reaction (1) to be thermodynamically favourable
in the chamber of the microscope. The partial pressure for the water vapour in the
column of the microscope, measured using a VG Anavac residual gas analyzer
mounted on a port on the specimen chamber, was recorded to be �6� 10�9 Torr
(with total pressure of �2� 10�8 Torr). We should note that at the same time the
pressure of specimen chamber, when measured by the standard ion-gauge mounted
in the pumping line, was 5� 10�10 Torr indicating an order of magnitude better
vacuum in the pumping line than in the actual specimen chamber. The pressure
inside the pole-piece of the objective lens, in the area near to the specimen where
pumping is not as efficient as in the column, is expected to be in the region of
10�8 Torr. These measurements suggest that reaction (1) can not occur sponta-
neously and substantial incident electron beam–specimen interaction should be
in play.
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Two primary mechanisms for the alteration of the specimen during TEM
observations due to the interaction of fast incident electrons of the probe with the
atoms of the specimens are knock-on damage and radiolysis [29]. During knock-on
damage an incident energetic electron of the probe in a direct collision transfers
a significant amount of energy to the atoms of the specimen. If the binding of the
atom in the crystal is not strong then this transferred energy can be sufficient to
remove an atom from its site or sputter it from the surface [30, 31]. The maximum
energy that can be transferred to the atom in a collision can be estimated using
the equation [27]

Emax ¼
2E0 E0 þ 2m0c

2
� �
M0c2

ð4Þ

where M0 is the mass of the atom. In table 2, the maximum energies that can be
transferred to Ca, O and H in direct collisions with 100 keV electrons are listed.
In the same table we present also the binding energies of these atoms in Ca(OH)2
and CaO.

The probabilities for surface sputtering and vacancy enhanced displacement,
which are the dominating processes for knock-on damage, can be described using
Mott cross-sections [32–35]. Since the cross-sections for surface sputtering and
vacancy enhanced displacement are similar, in table 2 we listed only the values
for surface sputtering energies and corresponding Mott cross-sections for all atoms
in Ca(OH)2 and CaO. Calculations for the reduction of the number of atoms, based
on knock-on damage theory developed by Medlin and Howitt [36] and successfully
applied to wurtzite InN [31], suggest that for Ca(OH)2 irradiated by 100 keV
electrons with dose of 20C cm�2 no damage should be expected. It cannot be
expected in CaO as well, where the probability of oxygen sputtering is even lower.
However, for transformation of the Ca(OH)2 into CaO it is essential to have
desorption of the oxygen and hydrogen.

Radiolysis provides atomic displacements in the solid by converting excitonic
energies, which are generated after incident probe electron-atomic electron
interactions, into momentum by forming a Frankel pair [29]. For radiolysis to
take place with any efficiency, two critical requirements should be met: the energy
stored in excitons should be at least as large as the energy necessary for atomic

Table 2. List of maximum energies, Emax, that can be transferred to Ca, O and H atoms
in collision with 100 keV electrons, binding energies (BE), surface sputtering energies (SSE)
and Mott cross-sections (M-CS) for each type of atom in Ca(OH)2 and CaO. The numbers

for BE were deduced from values in the literature [37–39]. (All energies are in eV).

Ca O H

Emax 6.0 15.0 239.5
BE (per O-X bond) Ca(OH)2 1.9 – 4.9

CaO 1.8 – –
SSE Ca(OH)2 5.7–9.5 5.7 4.9

CaO 9.0 9.0 –
M-CS (in barns) Ca(OH)2 – 168.0 89.8

CaO – 64.2 –
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displacement and relaxation time for excitons should be long enough that
mechanical relaxation of the atoms can lead to bonding instabilities. As a result,
radiolysis is primarily observed in insulating solids including ice and CaCO3 [29].
The presence of hydrogen in Ca(OH)2 provides critical pathways for localization
of the exciton as well as weakens the binding energy for oxygen atoms (see table 2).
As in alkali halides with hydrogen impurities [29], hydrogen atoms in Ca(OH)2 can
be relocated from their sites by ionization and stimulate radiolysis. In CaO, on the
other hand, like in MgO, extremely large displacement energies for Ca and O atoms
in the crystal (�50 eV) (compare to energies stored in excitons (�25 eV)) make
radiolysis unlikely [40].

5. Conclusion

In conclusion, based on EELS analysis of the core-level electronic transition,
O K- and Ca L2,3-edges, and low-loss EELS it was shown that using electron-beam
irradiation portlandite can be easily transformed into calcium oxide. Detailed
examination of the possible effects of two mechanisms of the electron beam induced
modification of the specimen, radiolysis and knock-on damage, suggests that
modification of the Ca(OH)2 into CaO is primarily governed by radiolysis while
some knock-on damage is also expected. It was also observed that, unlike Ca(OH)2,
CaO is stable under electron beam irradiation. Analysis shows that since knock-on
damage is the only possible source for modification of CaO, it is essential to have
electron beam doses at least of the order of 20–30 kC cm�2 to achieve noticeable
alterations in the structure.
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