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ABSTRACT: Metal oxide nanoparticles exhibit outstanding catalytic
properties, believed to be related to the presence of oxygen vacancies
at the particle’s surface. However, little quantitative information is
known about concentrations of point defects inside and at surfaces of
these nanoparticles, due to the challenges in achieving an atomically
resolved experimental access. By employing off-axis electron
holography, we demonstrate, using MgO nanoparticles as an example,
a methodology that discriminates between mobile charge induced by
electron beam irradiation and immobile charge associated with deep
traps induced by point defects as well as distinguishes between bulk
and surface point defects. Counting the immobile charge provides a
quantification of the concentration of F2+ centers induced by oxygen
vacancies at the MgO nanocube surfaces.
KEYWORDS: MgO nanoparticles, off-axis electron holography, F-centers, point defect quantification
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Point defects on metal oxide surfaces are mostly deep level
centers, with energy levels deep in the band gap, trapping
charge carriers and thereby giving rise to surface charge.10,16
Therefore, an alternative way to quantify the concentration of
point defects is to probe their charge. However, probing the
charge at the surface of a nanoparticle is a rather delicate task.
On the other hand, off-axis electron holography in the TEM
can probe the electrostatic potential and thereby the charge of
individual nanoparticles and identify the spatial location of the
charge.17,18 Thus far, such charge observed by TEM on metal
oxide nanoparticles (and other insulating materials) is
attributed to electron beam charging18 and thus is anticipated
to be extrinsic.
Here we demonstrate a methodology to distinguish mobile
charge induced by electron beam irradiation and charge
trapped in deep levels associated with defects and furthermore
discriminate between charged bulk and surface defects. This
allows us to extract the intrinsic concentration of surface point
defects on individual nanoparticles using off-axis electron
holography.

etal oxide nanoparticles have developed rapidly into
materials of choice for a wide field of technologies,
spanning from medical to catalytic applications.1−4 For
example, MgO nanoparticles exhibit antibacterial properties,5
which are believed to originate from oxygen vacancies at the
nanoparticle surfaces.6 MgO nanoparticles also promote a wide
variety of catalytic reactions, e.g., allowing a reduction of
pollutants,7−9 as well as splitting or decomposition of
molecules.10,11 The catalytic activity is also supposed to be
mediated by surface point defects.12,13 Hence, quantification of
point defect densities at surfaces of metal oxide nanoparticles is
vital for understanding the physical and chemical processes at
nanoparticle surfaces and for improving current and future
applications.
In principle, defects on insulating metal oxide nanoparticle
surfaces could be imaged directly by scanning probe
microscopy, although extremely challenging due to the small
particle size, or probed indirectly through electron paramagnetic resonance spectroscopy (with limitations in distinguishing bulk from surface defects).10 Transmission electron
microscopy (TEM) has been shown to be able to image
individual impurities in a matrix material through the
difference in Z contrast14 and to probe the local bulk oxygen
vacancy concentration in perovskites.15 The former approach,
however, does not work for small Z differences expected for
intrinsic defects at surfaces, and the latter lacks sensitivity for
surfaces. Hence, a different access to surface point defects of
nanoparticles is needed.
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We illustrate the methodology using MgO nanocubes
prepared by burning Mg pellets in air and collecting the
combustion smoke with a lacey carbon grid. Individual
nanocubes were picked up from the grid using a W needle
in a Nanofactory scanning tunneling microscopy−TEM
holder. These cubes were then characterized by off-axis
electron holography in an image-aberration-corrected FEI
Titan G2 60-300 microscope19 equipped with an electron
biprism and operated at 300 kV in the Lorentz mode. Electron
holograms of nanocubes with corresponding reference holograms in the adjacent vacuum were acquired using a 4K × 4K
Gatan K2 direct electron detector using an exposure time of
6 s. The spatial variation of the electron phase φ(x, y) induced
by the electric field of the nanocubes is then reconstructed
using Holoworks (Gatan). For every MgO nanocube
investigated, the reconstructed phase images, acquired at
different dose rates, were then aligned to ensure that the phase
profiles were extracted always at the same spatial position.
The electron phase is given in the absence of magnetic fields
and dynamical diffraction by17,20

Figure 1. (a) Phase map of a MgO nanocube with a size of 260 nm
acquired at a dose rate of 4.1 e Å−2 s−1 and (b) corresponding phase
contours with a contour spacing of 2π/8. The electron beam direction
is close to the ⟨110⟩ zone axis. (c, d) Comparison between (c)
measured and (d) simulated phase maps of the nanocube, revealing
an excellent agreement. The simulation was computed by numerical
integration of the electrostatic potential using eq 1, assuming a
uniform surface charge density of 3 × 1010 e/cm2.

+

(x , y) = CE
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(VQ (x , y , z) + VMIP(x , y , z)) dz
(1)

where z is the incident electron beam direction and CE an
interaction constant with a value of 6.53 × 106 rad/(V·m) for
300 kV electrons. VQ and VMIP are the electrostatic potential
induced by the charge and the mean inner potential (MIP) of
the MgO nanocube, respectively.
Theoretical phase maps and respective line profiles of MgO
nanocubes were calculated based on a numerical integration of
the electrostatic potential of a uniformly charged cubic shell.21
Furthermore, a constant MIP of 13.01 V and a relative
permittivity of 9.5 were assumed for MgO.22,23 For keeping
overall charge neutrality, an oppositely charged cube was set in
a distance of 5 μm, i.e., sufficiently far away that the potential
in the field of view is not affected.
Figure 1a shows a typical unwrapped phase map of a MgO
nanocube acquired by off-axis electron holography at a dose
rate of 4.1 e/(Å2s). The nanocube is attached to a nanosized W
needle on the upper left side. A ⟨110⟩ direction of nanocube is
oriented almost parallel to the beam direction, yielding a
rectangular projected shape, whose edge is shown in greenishblue color. Within this rectangle, the phase change is much
larger than outside in the vacuum. This indicates that the
contribution of the MIP inside the MgO cube to the phase
integral is significantly larger as compared to the contribution
of the electrostatic potential (cf. eq 1). Since we focus on the
charge-induced electrostatic potential of the MgO nanocube,
we turn to the phase in the vacuum region around the
nanocube, where no inner potential exists. The projected phase
contours (isophase lines) with spacing of 2π/8 rad, shown in
Figure 1b, illustrate the stray field distribution around the
nanocube in the vacuum. The phase shift decreases monotonically in the radial direction. The decay is further quantitatively
visualized in Figure 2 using an exemplary phase profile (gray
symbols) acquired along the direction of the arrow in Figure
1a, i.e., the direction where the profile is furthest away from the
W tip and nearly parallel to the biprism filament (for the
choice of direction of the profile see section 2 in Supporting
Information). The shape of the phase decay indicates the
presence of an electric field attributed to a positively charged
MgO nanocube.

Figure 2. Example of an experimentally measured phase profile (gray
symbols) extracted along the [001] direction shown by the arrow in
Figure 1a compared to phase profiles obtained from a phase
simulation (solid lines) of a nanocube with dimensions of 260 ×
260 × 270 nm3 with different uniform positive surface charge
densities (shown in steps of 0.2 × 1010 e/cm2). The dashed red line
corresponds to an alternative fit of the experimental phase profile
using eq 2 based on a centrosymmetric Coulomb potential. Inset:
Minimized sum of squared deviations between the experimental phase
values and the simulations vs surface charge density σs, revealing the
best agreement for σs = 3.03 × 1010 e/cm2.

In order to corroborate this finding, the measured phase
map is compared to a simulated phase map of a nanocube with
a uniform positive surface charge density of 3 × 1010 e/cm2
(below it is shown that no bulk charge is present inside the
nanocube). The simulation reproduces the shape and phase
shifts within the projected nanocube area very well (compare
6937
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Figure 1c,d). In addition, good agreement is also found in the
vacuum: Figure 2 compares the measured phase profile with
simulated ones for different surface charge densities (colored
curves). The best agreement is found for a surface charge
density of 3.03 × 1010 e/cm2 (based on minimization of sum of
squared deviations; see inset of Figure 2).
Next, we estimate the effect of the nonsphericity of the
nanocube on the potential. The aim is to assess if the total
charge of the cube can be determined with sufficient accuracy
by fitting the phase decay on the basis of the centrosymmetric
Coulomb potential only. Inserting the Coulomb potential of a
point charge q (and a compensating charge positioned in
infinity to ensure charge neutrality and convergence) in eq 1
and integrating along the beam direction z yields for the phase
profile24
(x ) =

CE ·

q
4

ln(x/x0)2 +
0

0
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illustrates examples of measured phase profiles (colored
curves) for three different dose rates (increasing and
decreasing dose rates; see numbers at left end for the
acquisition order). The phase profiles were obtained again in
the vacuum region in the [001] direction as indicated by the
arrow in the sketch shown in the lower left corner of the graph.
The best fits using eq 2 are shown by gray smooth curves. The
slope of the phase profiles is found to increase with the dose
rate, indicating that the total charge of the cube is increasing
with the dose rate (see analogy in Figure 2). Furthermore, if
the dose rate is lowered again, the slope decreases. In fact, the
phase profiles measured at the same dose rate are very similar
and independent of the dose rate history (compare phase
profiles 1 and 5 or 2 and 4 in Figure 3, respectively). This is
corroborated by the inset of Figure 3 displaying the total
charge (extracted from the gray fits using eq 2) vs dose rate.
The data reveal (i) a full reversibility (compare red and blue
symbols, corresponding to the extracted charge during
increasing and decreasing dose rate, respectively) and (ii) a
linear dependence on the dose rate but with a large offset of q0
= (96+35
−5(sys) ± 3.245(stat)) e, obtained using a linear fit (see
section 2 in the Supporting Information for handling of errors
and fitting procedures). This suggests that two different
charging mechanisms are present: One is dose rate dependent
and reversible, whereas the other one is dose rate independent
and nonreversible.
Next, we address the spatial location of the charge within the
MgO nanocubes. For this purpose, the charge of various MgO
nanocubes with different sizes was investigated as described
above. Figure 4 shows the dose-rate independent charge q0
obtained by extrapolation to zero electron beam dose rate
(filled blue symbols) as a function of the cube size. In addition,
the charge probed at an unreported dose rate of a prior work18
is shown as open symbols for comparison. The data reveal a
strong increase of the charge with the nanocube size.

(2)

where x is the distance to the point charge, x0 the distance unit,
and φ0 the phase background and offset. The red dashed line
in Figure 2 reveals an excellent description of the measured
phase decay over very large distances. The obtained charge is q
= (119 ± 10) e, equivalent to a surface charge density of (2.86
± 0.24) × 1010 e/cm2. This agrees within the error margin with
the charge density obtained from the simulation. Hence, the
nonsphericity can be neglected. Therefore, for the sake of
practicability, from now on we analyze the total charge (bulk
and surface) by fitting of the centrosymmetric eq 2 to the
phase decay in the vacuum, keeping in mind that the deviation
of the determined total charge is only in the range of 6%.
This analysis is now applied to phase decay in the vacuum
acquired at different electron beam dose rates. Figure 3

Figure 3. Phase profiles (colored curves) as a function of the distance
from the 260 nm sized cube along the [001] direction acquired at
various electron beam dose rates as indicated. Gray solid lines are fits
using eq 2. The numbers at left end of the curves indicate the
acquisition order. The upper right inset displays the surface charge
derived from the phase profiles as a function of the dose rate and a
linear fit as solid black line. Red (blue) symbols show the charge
values obtained during increasing (decreasing) dose rate. The charge
exhibits a reversible linear relationship vs dose rate, with a large offset
(intercept with zero electron beam dose rate) of q0 = (96+35
−5(sys) ±
3.245(stat)) e.

Figure 4. Charge vs size of the MgO nanocubes. The solid symbols
represent the extrapolated charge corresponding to zero electron
beam dose rate (see inset in Figure 3). The error bars of the
individual data points reflect the nonsphericity of the vacuum
potential (see text for details). The open symbols, derived from the
data given in ref 18 and probed at an unreported electron dose rate,
are for comparison only. The solid red line is the best fit to our
experimental data at zero electron beam dose rate. The parabolic term
dominates, suggesting that the charge is mostly localized on the
surfaces of the nanocubes.
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Charge could be present in the bulk and on the surfaces of
the nanocube. The q0 is then given for an ideal cube with edge
length a by q0 = 6a2σs + a3σv, where σs and σv are the surface
and bulk charge densities, respectively. The best fit of the filled
blue diamonds in Figure 4 (red line) yields a surface charge
10
2
density of σs = (6.7+0.9
−1.3(sys) ± 2.9(stat)) × 10 e/cm and a bulk
+16.6
charge density of σv = (−3.40(sys) ± 51.3(stat)) × 1014 e/cm3.
Considering the error bars and the deduced magnitudes of
surface/bulk charge densities, one can conclude that the charge
is located on the surfaces of the MgO nanocubes only and the
bulk charge is below the detection limit (see also section 2 in
Supporting Information for significance of fit model). This
result is also corroborated by a prior electron holography study
of very small cubes.18
At this stage, we would like to add a brief discussion of the
precision of the presented charge measurements here by offaxis electron holography. The shape of the isophase lines in
Figure 1b reveals that the electrostatic potential in the vacuum
is not fully centrosymmetric. On the one hand, the W needle
alters the potential locally in its vicinity. Therefore, we focus on
the phase profiles furthest away from the needle. On the other
hand, the reference beam, used for interference with the part of
the beam passing through the sample, is also affected by the
extended tail of the Coulomb potential surrounding the MgO
nanocube.
This effect cannot be compensated by the subtraction of a
so-called reference hologram, which maps the background
phase distribution of the microscope itself, since it is
experimentally acquired without the presence of sample/tip
and thus without charge. Therefore, objects with widely
extending stray fields lead to an asymmetry in the phase map
primarily perpendicular to the direction of the biprism filament
used for interference.24,25 In Figure 1b, the biprism filament is
roughly parallel to the [001] direction. In view of this situation,
we estimate the upper and lower limits of the charge by
analyzing phase profiles extracted perpendicular to the biprism
filament in both directions (for further details see section 2 in
Supporting Information). The thereby obtained charge values
were used as systematic errors and as upper and lower error
bars in Figures 3 and 4.
We now address the origin of the MgO nanocubes’ surface
charge. For this, we recall that we have observed both a
reversible (dose rate dependent) charge and nonreversible
(zero dose rate) charge. The reversible charging points to the
presence of mobile charge carriers (i.e., holes in this case).
Thus, a steady state is observed, which is governed by the
electron beam induced hole generation (by secondary electron
emission) and hole dissipation toward the metallic tip. In
contrast, the nonreversible charging points to the presence of
completely immobile positive charge carriers, despite contact
to the metallic tip. Hence, these immobile charge carriers must
be connected to deep traps associated with structural features,
which are immobile at room temperature, such as intrinsic
defects or adatoms.
During combustion of the Mg pellets, the freshly formed
MgO nanocubes are in contact with air, i.e., primarily O2, N2,
H2O, and CO. In addition, one could conceive that
hydrocarbons, e.g., CH4 and C2H6, are present on the surfaces
of the sample holder and migrate to the MgO. However, these
molecules and gases have very low adsorption energies on
MgO below 0.5 eV 26,27 and hence desorb well below room
temperature in vacuum.28,29 Furthermore, we cleaned all
materials of the sample holder before inserting the grid with
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the MgO nanocubes (see section 1 in Supporting Information
for experimental procedures used to ensure best cleanliness).
Hence, the surface can be considered to be free of adsorbates,
and thus only intrinsic defects with deep traps can be
responsible for the nonreversible charging.
Cathodoluminescence measurements of MgO nanocubes
obtained by combustion of Mg in dry air (as used here) reveal
only F center related bands but no other defect or adsorbate
bands.30 Hence, among the many different types of possible
intrinsic point defects, the oxygen vacancy related F centers are
considered to be the dominant defect for the growth
conditions used here. Other intrinsic point defects like the
Mg vacancy or more complex divacancies require additional
gases like H2 and O2 as well as irradiation during or after
combustion.30,31
Furthermore, with a formation energy being lower at the
surface than in bulk32 as well as with a diffusion constant and
an activation energy of 3.63 × 1010 μm2 s−1 and 3.08 eV,33
respectively, oxygen vacancies in MgO are able to diffuse from
the bulk toward the surface during combustion.34 Therefore,
the oxygen vacancies are primarily located at the surfaces of the
MgO nanocubes, in agreement with the dominant location of
the positive charge at the surfaces.
At this stage, we turn to the origin of the charging of
intrinsic defects. Directly after formation of the MgO
nanocubes by combustion, the nanocubes were found to be
positively and negatively charged with equal fraction.35 In
contrast, all nanocubes investigated here and previously18 by
TEM exhibit only positive charge. This can be rationalized by
considering that the electron beam induces secondary electron
emission, leaving holes behind. These holes get trapped at the
defect sites10 and are immobilized. This process takes place
until all defects are positively charged. Note that due to the
insulating properties of MgO, there are not enough free
electrons in the conduction band to refill the deep trap states
in the band gap. In the case of oxygen vacancies on MgO(001)
surfaces, two electrons can be ultimately removed from the
electron states of the neutral vacancy located 2−3 eV above the
valence band maximum,10 yielding a so-called F2+ center.
After all F-centers have been positively charged, i.e., all
defect states in the band gap are unoccupied, the further
generated holes can diffuse freely in the valence band (band
structure like in semiconductors36), since no hole traps are left.
Thereby the holes can reach the MgO−W tip contact. This
interface consists of a W−WOx−MgO junction, where the
WOx layer is approximately 2 nm thick and acts as a tunneling
barrier for the holes. Based on W, WO3, and MgO band gap,
Fermi level positions,36−38 and work functions, one can
anticipate the transmission coefficient and the resulting tunnel
current to be in the same order as the secondary electron
emission current. Hence, an equilibrium between beaminduced hole generation and an outflow of holes through the
W-tip is reached.
Note that in principle, the electron beam itself can create F2+
centers as well, by ejecting oxygen atoms. However, at the used
electron beam energy of 300 keV and dose rate of 4.1 e/(Å2 s)
(i.e., beam current densitiy of 66 A/m2), this effect is
negligible, and thus most oxygen vacancies must be present
before electron irradiation in the TEM, because of higher
voltages (with low current densities) or 4 orders of magnitude
higher current densities (with lower voltages) needed to
achieve structural damage as reported previously.39−42 We
rather anticipate that the oxygen surface vacancies are formed
6939
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by desorption under the high temperature conditions present
during combustion of Mg. Thus, although the defects are
intrinsically present before TEM investigation, electron
irradiation is responsible for the charging of the intrinsically
present oxygen surface vacancies. This corresponds hence to
the nonreversible charging observed experimentally above.
On this basis, the experimentally measured surface charge
10
averaged for all nanocubes of (6.7+0.9
−1.3(sys) ± 2.9(stat)) × 10 e/
cm2 yields a F2+ center density at the surface of (3.35+0.45
−0.65(sys) ±
1.45(stat)) × 1010 cm−2 detected by off-axis electron holography.
Note that independent of the dominating defect type, the
measurement of immobile charge carriers in deep traps provides
a direct access to the defect concentration (divided by the
charge state).
In summary, we have measured the intrinsic concentration
of surface point defects on MgO nanocubes, formed by dry
combustion of Mg, using off-axis electron holography to
10
(3.35+0.45
cm−2. The quantification of
−0.65(sys) ± 1.45(stat)) × 10
point defects is based on the distinction of mobile charge
carriers, induced by electron beam irradiation, from immobile
charge carriers associated with deep traps induced by oxygen
surface vacancies as well as the ability to distinguish between
surface and bulk charge. The ability of counting point defects
through charge measurements can be anticipated to open the
path toward the quantification of reaction sites for a wide range
of metal oxide nanoparticles.
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