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Abstract

Gamma-alumina (y-Al20O3), like other low-Z oxides, is readily damaged when exposed to an
electron beam. This typically results in the formation of a characteristic pre-edge peak in the
oxygen-K edge of electron energy-loss spectra (EELS) acquired during or after the damage
process. This artifact can mask the presence of intrinsic O-K edge fine structure that would
reveal chemical properties of the material; therefore, its suppression is key. In this work, we
systematically investigate the conditions that give rise to the damage-induced O-K pre-edge peak
and show that it can be effectively suppressed by performing EELS experiments at cryogenic
(cryo) temperatures. Prolonged exposure of y-Al>O3 to a focused electron beam results in a hole
bored through the sample; this was used as a reproducible beam damage condition. O-K edge

EELS spectra were collected from a single-crystal y-Al,O3 sample both during and after focused



electron beam hole drilling, and at room and cryo temperatures, using a monochromated
scanning transmission electron microscope (STEM). The characteristic 531 eV pre-edge peak
visible in the room temperature EELS spectra was completely suppressed in the cryo-EELS
spectra, even in the presence of a visible drilled hole. We then correlated these experimental
observations with multiple-scattering EELS simulations to determine the likely atomistic origin
of the damage-induced O-K pre-edge peak. The findings indicate that the pre-edge peak is
caused primarily by the presence of surface O dimer (O-O) bonds formed during beam damage,
and that operating at cryo temperature suppresses the formation of surface O-O bonds, thus
preventing formation of the O-K pre-edge peak. Additionally, Al-L»3 edge EELS spectra

revealed Al loss primarily from tetrahedral sites during hole drilling.
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1. Introduction

Gamma-alumina (y-Al>O3), one of several polymorphs of alumina, is an important industrial
material that has been heavily studied due to its current and potential applications in catalysis [1,
2]. Among other tools, electron energy-loss spectroscopy (EELS) has been extensively used to
study its chemical and electronic properties [3-5]. EELS uniquely provides chemical information
at a spatial resolution beyond that of any other technique, rendering it ideal for studying features
such as nanoscale surfaces and interfaces that are fundamentally important for catalysis.
However y-Al>O3, like many other Al-containing materials, is highly susceptible to beam
damage by the electron probe [6]. Beam damage occurs in inorganic materials primarily by
radiolysis, knock-on damage (sputtering), and electrostatic charging mechanisms [7-10]. These
mechanisms can potentially alter the structure and chemistry of the material locally [9], which in
turn can create artifacts in the EELS spectra that complicate or mislead data interpretation [11].
The presence of damage-induced artifacts has been noted to obscure other intrinsic EELS
features of oxides, thus hindering analysis [5, 12]. For example, a beam damage-induced artifact

was found to conceal the Ti-O bonding related pre-edge feature in A1, TiOs [5].

It has so far been difficult to collect high-quality EELS data on such a beam-sensitive material as
v-AlO3 without introducing artifacts. Previous EELS studies of Al,O; [13] and K>O-SiO; glass
[14] encountered difficulty acquiring O-K edge spectra with high signal-to-noise (SNR) but
minimal beam damage. Ordinarily, spectrum acquisition time or electron dose could be reduced
to minimize the beam damage; however, this also has the unintended consequence of reducing
the amount of signal collected and reducing spectrum quality, which limits accurate analysis of

fine spectral features. Cryo-STEM—scanning transmission electron microscope (STEM)



experiments performed using specialized holders or microscopes that keep the sample at
cryogenic temperature—is seeing growing use to suppress beam damage in sensitive materials
such as biological samples [15-18] and, to a lesser degree, some inorganic samples [19-23]. For
example, beam damage suppression has been demonstrated in some oxides using cryo-EELS [19,

24].

The oxygen-K edge EELS of beam-sensitive oxides including y-Al>Os is affected by electron
beam damage in a well-recognized way, often through formation of a pre-edge peak. A pre-edge
peak observed ~9 eV below the main O-K edge peak in magnesium aluminate (MgAl>O4) spinel
was attributed to the formation of free Oz by beam damage [14, 25]. Similarly, an O-K pre-edge
peak at 531 eV was also seen in EELS spectra acquired from beam-damaged a-alumina [5] and
attributed to Oz gas bubbling under the focused electron beam. While the damage-induced pre-
edge peak appears to occur at 531 eV, other pre-edge peaks closer to the edge onset of the O-K
edge peak have differing sources. One such pre-edge peak has been associated with

undercoordinated or dangling O atoms [26].

Although these previous studies point to the likely origin of the damage-induced pre-edge peak
in beam-sensitive oxides, the exact source in y-Al2O3 has not been explored. EELS simulations
are useful to interpret spatially localized energy loss near-edge fine structure (ELNES) features
[27], as is the case with the damage-induced O-K pre-edge peak. The use of ab initio ELNES
calculations to interpret EELS spectra has been suggested as the next step in fully understanding

the chemistry implicit in EELS [5]. One of the most well-used approaches to theoretical ELNES



simulation is the multiple scattering (MS) approach [28]. The MS approach is ideal for an
aperiodic model such as would be expected in a disordered structure modified by beam damage.
Accurate correlation of experiment and theory also requires that the material being examined and
the simulation model are as identical as possible. The quality of commercially available y-Al>O3,
however, has made it difficult to directly correlate experimental results to simulations
reproducibly. This is because commercial y-Al>Os is polycrystalline and often contains many
different surface orientations and impurities (and potentially even amorphous material) [29-31],
rendering it nonideal for direct comparison with simulations that have well-defined crystal
structures and are free of impurities. The ideal sample for this study—a pure, well-defined,
single-crystalline alumina with known surface orientations—is not normally produced

commercially [32, 33].

In this work, the potential of cryo-EELS to suppress electron beam damage in y-AlO3 is
investigated. Single-crystal y-Al2O3 grown via thermal oxidation of single-crystal NiAl (110)
[34] and both room-temperature and cryo-temperature monochromated STEM-EELS were used
to systematically study the mitigation of beam damage-induced artifacts in the O-K edge ELNES
of y-AlbOs. Al-L,3 edge EELS was also acquired to more fully understand the beam damage
process in y-Al20Os3. Subsequent correlative analysis of the experimental data with multiple
scattering EELS simulations was employed to determine the likely atomistic source of the O-K
pre-edge peak seen in beam damaged y-Al,Os. This work builds upon the understanding of beam
damage in beam-sensitive inorganic materials and proposes a method to suppress it, thereby

enabling high resolution EELS studies to be performed.



2. Methods

2.1. Sample Preparation

Well-defined single-crystal (111) y-Al,O3 was prepared by controlled thermal oxidation of NiAl
(110) after the manner described by Zhang et al. [34] The surface of the NiAl was polished down
to a grit of 0.05 um and then cleaned with deionized water followed by gentle Ar plasma
treatment. The NiAl was then oxidized at 850°C for 2 hours under 0.1 L/min of flowing dry air.
Pt nanoparticles were deposited on the y-Al,O3 surface and can be seen in some of the images
but play no role in the reported work. Cross-sectional TEM samples were prepared using an FEI
Scios dual-beam focused ion beam (FIB) operated at 30 kV, with final thinning at 5 kV and

polishing at 2 kV.
2.2. Sample Characterization

Monochromated EELS data were acquired on an FEI Titan3™ G2 60-300 S/TEM operated at
300 kV in parallel EELS mode, with collection and convergence angles of 18 and 10 mrad
respectively. A Gatan Cryo-Holder cooled using liquid nitrogen to a working temperature of -
186°C was used for the cryo experiments. EELS spectra were collected either as time series
during the hole drilling, or as spectrum images after the hole drilling. EELS time series at cryo
temperature were collected with an exposure time of 1s, while all other spectra were acquired
with exposure times of 0.5 s. O-K edge EELS absolute edge onsets were calibrated using the
position of the zero-loss peak (ZLP). Energy resolution calculated from the full-width half-

maximum (FWHM) of the ZLP was about 0.3 eV in all acquired spectra.



2.3. Computational Details

EELS spectra simulations were carried out using FEFF9 [35, 36], an ab initio real-space multiple
scattering (MS) code. Self-consistent field (SCF) potentials were calculated with a 6 A cluster
while full multiple scattering (FMS) was employed with an 8 A cluster. The final state rule
approximation was used to treat core-hole effects. Due to uncertainty in the calculated Fermi
level caused by the muffin-tin potentials in FEFF, the absolute energy of simulated edges must
be aligned to the experiment. Calculated O-K edge EELS spectra were aligned with the
experimental EELS using “bulk” O atoms away from the surface of the model. The calculated
spectrum for the bulk O atom was shifted to align the main O-K edge peak with the same peak in
the experiment at ~541 eV. The FEFF calculated EELS spectra for the O-O dimer atoms were
then shifted by the same value. The DFT calculations were carried out using the Vienna Ab
Initio Simulation Package (VASP) [37, 38] in conjunction with Perdew-Burke-Ernzerhof (PBE)
[39] exchange-correlation functional and Tkatchenko-Scheffler [40, 41] van der Waals

corrections. Other computational parameters are described in the SI.

The y-Al2O3 models containing surface O-O dimers were derived from the spinel-based models
developed by Acikgoz et al [42]. Each model was the result of removing hydrogen from a
different surface site before optimizing the structure. The bulk y-Al.O3 model described by

Digne et al. [43] was used to generate the drilled hole model.



3. Results
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Figure 1. (a) Dark-field STEM image showing y-Al>O3 sample. The position where the focused
electron beam was used to drill a hole is marked with an x and labeled. (b) Time-resolved O-K
edge EELS spectra acquired at room temperature during e-beam hole drilling. The characteristic
e-beam damage-associated pre-edge peak at 531 eV as marked with the dotted line and labeled.
The pre-edge peak intensity gradually increases and subsequently decreases with time.

A dark-field scanning transmission electron microscope (STEM) image of the cross-sectional
sample is shown in Figure 1a. Pt nanoparticles can be seen on the surface, but these are not
relevant for the present study. The TEM cross-section is covered by a carbon layer deposited
during the FIB lift-out process. A hole has been drilled in the y-Al>O3 at the position marked

with an “x” using the focused electron beam at room temperature (RT). During the hole drilling,



an O-K edge EELS time series was acquired and is shown in Figure 1b. The characteristic O-K
edge peak is seen, with a pre-edge peak also manifesting at the marked and labeled 531 eV
position. The pre-edge peak intensity increases, reaches a maximum intensity, and then decreases

with time during the hole drilling.
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Figure 2. (a) Dark-field STEM image showing y-Al,O3 sample after hole drilling at room
temperature. An EELS spectrum image, marked by the box, was acquired around the hole edge.
(b) Close-up of spectrum image showing individual pixels, each containing an EELS spectrum.
The rough edge of the drilled hole is marked with the dotted line and labeled. The O-K edge
EELS spectra in the pixels within each colored box were summed and displayed in (c). The O-K
edge EELS spectra in (c) show the characteristic e-beam damage-associated pre-edge peak. The
relative intensity of the pre-edge peak was calculated for each summed spectrum.

After the RT hole drilling, an EELS spectrum image was acquired also at RT from the region
around the hole edge. A dark-field STEM image of the cross-sectional sample with a drilled hole
in the y-Al2O; is shown in Figure 2a, with the area of spectrum image acquisition marked with
the box and labeled. The close-up of the EELS spectrum image is shown in Figure 2b. Each pixel
contains an EELS spectrum corresponding to that position. The edge of the hole is marked using
the dotted line. The EELS spectra from the pixels in each box were summed and are plotted in

Figure 2c. The pre-edge peak at the same 531 eV energy as seen in Figure 1 is also present. The



ratio of the intensity of the pre-edge peak in each summed spectrum relative to the main peak
(A/B) is shown. The intensity of the pre-edge peak is higher in the summed spectrum from rows
3-4, which corresponds mostly to the edge of the hole, as shown by the calculated intensity ratio.
The intensity of the summed spectrum from rows 5-6 is second highest; this area of the spectrum
image encompasses a small section of the hole edge. The summed spectrum from rows 1-2 (that

do not overlap with the hole) shows lowest intensity pre-edge peak.
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Figure 3. (a) Dark-field STEM image showing y-Al>O3; sample. The position where the focused
electron beam was used to drill a hole is marked with an x and labeled. (b) Time-resolved O-K
edge EELS spectra acquired at liquid nitrogen temperature during e-beam hole drilling. The
position of the characteristic e-beam damage-associated pre-edge peak at 531 eV is marked with
the dotted line and labeled, but no pre-edge peak was seen at cryo temperature.
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The hole drilling experiment was repeated in a new area of the cross-sectional sample, this time
at cryo temperature (CT). The dark-field STEM image showing the drilled hole marked with an
“x” in the y-Al2Os is shown in Figure 3a. An O-K edge EELS time series was also acquired
during the hole drilling and is displayed in Figure 3b. No pre-edge peak was observed at any

point during the CT hole drilling.

(@) (c)
Drilled i S
~Hole-/ g Rows 1-2
=
Spe,ga.trum c Rows 3-4
- Image =
e Spectrum
Image
530 540 550 560 570

Energy Loss (eV)

Figure 4. (a) Dark-field STEM image showing y-Al,O3 sample after hole drilling at cryo
temperature. An EELS spectrum image, marked by the box, was acquired around the hole edge.
(b) Close-up of spectrum image showing individual pixels, each containing an EELS spectrum.
The rough edge of the drilled hole is marked with the dotted line and labeled. The O-K edge
EELS spectra in the pixels within each colored box were summed and displayed in (c). No pre-
edge peak is seen in the O-K edge EELS spectra, confirming e-beam damage suppression during
cryo temperature acquisition.

Mirroring the RT experiments, an EELS spectrum image was acquired after the CT hole drilling
from the region around the hole edge. A dark-field STEM image of the drilled hole with the area
of spectrum image acquisition marked with a box is shown in Figure 4a. The close-up of the
spectrum image, with the edge of the hole marked, is shown in Figure 4b. The summed spectra
from the enclosed pixels in the boxes in Figure 4b are shown in Figure 4c. No pre-edge peak was
seen in the O-K edge EELS spectra around the edge of the CT drilled hole. The beam damage

EELS experiments are summarized in Table 1.
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Table 1. Summary of EELS experiments evaluating effects of beam damage on O-K edge EELS

spectra at different temperatures.

Hole drilling O-K edge EELS observations | 200kV, RT 200kV, -186°C
Hole formation with growing pre-edge peak Yes No
Hole formation with no pre-edge peak No Yes
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Figure 5. Hole drilling rates at room temperature and at cryo temperature determined by the
normalized intensity of the annular dark field (ADF) detector signal during hole drilling. The
exponential decay time constant at cryo temperature is longer than at room temperature,
indicating a slower drilling rate at cryo temperature.

The rates of hole drilling during the beam damage experiments at RT and CT were estimated

using the normalized intensity picked up by the annular dark field (ADF) detector during focused

e-beam hole drilling and plotted in Figure 5. The hole drilling rates fit well to an exponential
decay behavior (with R?>0.97); faster at the start of the hole drilling and continuously

decreasing with time. The exponential decay time constants are 53.9 s at CT and 24.7 s at RT.
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Figure 6. Time-resolved Al-L> 3 edge EELS spectra acquired at (a) room temperature and at (b)
liquid nitrogen temperature during e-beam hole drilling. The position of the increased pre-edge
intensity at 77 eV is marked with the dotted line and labeled.

Additional hole drilling experiments were performed, with the Al-L> 3 edge EELS acquired
during the beam damage. The time-resolved Al-L 3 edge EELS acquired during hole drilling at
RT and at CT are shown in Figure 6. The progression of the spectrum shapes is consistent
between the RT and CT spectra, with the split peak at 79 eV transforming into a single
asymmetrical peak during the course of hole drilling. At CT, a small pre-peak appears at about

77 eV during the beam damage experiment.
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Figure 7. (a,b) Partially hydroxylated y-Al2O3 (111) surface slab models with O atoms in the
surface O dimers labeled O1 and O2 in (a) and O4 and OS5 in (b). Bulk O atoms used for
comparison are labeled O3 in (a) and O6 in (b). (c,d) Simulated O-K edge EELS spectra from the
labeled O atoms in the models compared to the experimental O-K edge with beam damage-
induced pre-edge peak. Simulated O-K EELS from O1-O2 (c) show the match of the peak
positions with the beam damage-induced pre-edge peak. Likewise, simulated O-K EELS spectra
from O4-05 also show the match of the peak positions with the pre-edge peak.

Partially hydroxylated y-Al2O; (111) surface slab models containing a surface O dimer were
used to perform EELS simulations to explain the origin of the O-K edge EELS pre-edge peak.
The first surface model is shown in Figure 7a, with the O atoms of the O dimer labeled O1 and
02. A bulk O atom labeled O3 was used for comparison. The simulated O-K edge ELNES from

01-03 are plotted in Figure 7c and compared to the experimental O-K edge EELS acquired from

14



the edge of the RT drilled hole. The positions of the peaks from the simulated O-K edge ELNES
of the dimer O atoms align with that of the pre-edge peak seen in the experiment, while the
simulated EELS from O3 aligns with the normal EELS O-K edge spectrum. ELNES simulations
were performed on a second y-Al>O3 (111) surface model containing a surface O dimer to
confirm the results from the first model. The model is shown in Figure 7b, with the O atoms of
the O-O dimer labeled O4 and OS5, and a bulk O atom that was used for comparison labeled O6.
The simulated O-K edge ELNES from the O atoms labeled O4-0O6 are plotted in Figure 7d
compared to the experimental O-K edge EELS. The peak positions from the simulated O-K edge

ELNES of the dimer O atoms again align with the experimentally observed pre-edge peak.

4. Discussion

All EELS data were collected within the y-Al>O3 only, sufficiently far away that the Pt could
have no effect on the data. The O-K edge EELS time series data displayed in Figure 1b shows
that the intensity of the O-K pre-edge peak associated with beam damage changes during the
hole drilling. At the beginning of the focused beam experiment, the pre-edge peak is barely
visible, since the damage has only just begun and is still minimal. 15 seconds later, the pre-edge
peak intensity has increased to almost its maximum, highlighting the rapid damage that occurs in
such a beam-sensitive material at RT. By 44 seconds, the pre-edge peak appears to be at its
maximum intensity, almost at the level of the main O-K edge peak, which has itself begun to
decrease in intensity due to loss of material at the point of the focused e-beam consistent with
hole drilling. By 59 seconds, the intensity of the pre-edge peak has begun to diminish. The
transient nature of the beam damage associated pre-edge peak has been observed in previous

EELS experiments in other oxides [14, 26] and is consistent with the formation of O-related
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phenomena that then escape the sample environment such as O, gas or bubbles, as has been

proposed for complex oxides [5, 14].

The summed spectra from regions around the edge of the drilled hole shown in Figure 2c all
show the pre-edge peak caused by beam damage. However, the spectrum from rows 3-4, which
contains mostly the area around the hole perimeter, shows the highest pre-edge peak intensity as
confirmed by the intensity ratio. It is important to note that the spectra in each pixel in Figure 2b
were collected with a 0.5 s acquisition time, during which the liberation of O2 gas would not be
expected to generate as intense a pre-peak—particularly considering the pre-peak has a similar
intensity to that in Figure 1b after 15 s of continuous exposure. This suggests that a significant
contribution to the O-K pre-edge peak is an O-related structure that is more abundant on the

perimeter of the surfaces formed by the beam damage, in addition to the liberation of free O2 gas.

Additional support for the presence of damage-induced surface O species can be found in
existing literature. EFTEM was used to show that the damage-induced pre-edge peak signal
around a hole drilled in amorphous alumina was localized to the hole edge [44]. Prior study of
ionization damage by Cazaux has suggested that radiolysis damage occurs on the sample surface
first and progresses toward the bulk since electrons associated with surface atoms are less
strongly bound [45]. These previous studies support the explanation that O species causing the
pre-edge peak are found primarily on the beam-damaged surfaces. The transient nature of the
pre-edge peak in Figure 1b can therefore be explained thusly; with the pre-peak intensity

correlated to the perimeter of the drilled hole, the pre-peak intensity increases as the size of the
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hole increases, eventually reaching a maximum and diminishing thereafter as the O» species on

the surface are removed by the electron beam, perhaps as O» gas or bubbles.

It is important to consider the potential effect of scattering delocalization on the spatial resolution
of the EELS spectrum images. Under the single scattering assumption, the delocalization due to
inelastic scattering which is relevant for core-loss EELS was calculated using the formula

provided by Egerton [46]:

(dso)? ~ (0.442/62*)" + (0.521/8)?
where dso 1s the diameter containing 50% of the inelastically scattered electrons, 0 = E/2Eo with
E being the core-loss energy and Eo the primary beam energy, and f is the EELS collection
angle. The calculation gives an inelastic scattering delocalization diameter of 0.18 nm for the O-
K edge, which is significantly smaller than the pixel size, and 0.77 nm for the Al-L,3 edge,
which is approximately equal to the pixel size. Based on these calculations, it is safe to conclude

that delocalization does not significantly affect our EELS analyses.

The spectrum image in Figure 2b also shows that the damage is not only in the area directly
impinged upon by the beam, but also radiates outward from the point of the focused beam. The
STEM image shows reduced intensity just outside the hole perimeter relative to the pristine y-
Al>O3, indicating material loss. Summed spectra from rows 1-2 which do not include the drilled
hole still show the pre-edge peak caused by beam damage, albeit at a lower intensity. This
indicates that significant radiation damage that modifies the structure of the material can occur in
the vicinity of the electron beam just outside the volume of material being directly probed by the

beam. While all the main damage mechanisms can have long-range effects, radiolysis is
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expected to be the primary long-range mechanism since secondary electrons released by the
initial beam interaction carry much of the transferred energy to then interact with further atoms

in the sample [7, 47].

Figure 3 depicts a similar hole drilling experiment as the previously discussed, but at CT. The
CT experiment proceeded in the same way as the RT experiment; after about 60 seconds of
focusing the electron beam at a point, a hole was drilled in the y-Al,Os. In this case however,
there was no pre-edge peak seen in the O-K edge EELS time series acquired during the hole
formation. The spectrum image acquired around the hole edge in Figure 4 also confirms the lack
of an O-K pre-edge peak. This finding confirms that CT suppressed the formation of the surface

feature that produces the pre-edge peak.

Since no pre-edge peak is seen at CT despite visible hole drilling, it is proposed that the source
of the pre-edge peak is primarily a consequence of radiolytic processes, as has been previously
suggested [6, 48]. Interestingly, the beam damage induced O-K pre-edge peak in a similar oxide
was shown to have a dose-rate dependent threshold [26]. Here however, the dose rate is the same
for both the RT experiment where the pre-edge peak is seen and the cryo experiment where no
pre-edge peak is seen, suggesting an independent temperature effect in addition to the dose-rate
effect. Operating at CT appears to suppress radiolytic beam damage as expected [7], while both
knock-on damage and electrostatic charging which would be dose-dependent [8, 44] still occurs.
This would explain why a hole is still drilled by the beam at CT, confirming the observations of

Humphreys et al [44, 49].
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A comparison of the first and last spectra of the O-K edge time series from both the RT (Figure
1) and CT (Figure 3) experiments (shown plotted together in Figure S1) shows no significant
difference, suggesting no major difference in O coordination once pre-peak inducing O species
have been formed and removed in the RT experiments. This also suggests Al must be
simultaneously removed at a similar rate during beam damage, otherwise changes in O
coordination would be expected. A slight increase in the intensity of the main peak at the edge
onset in the CT spectra can be observed. This could be due to the increased presence of 3-
coordinated O, as seen in EELS simulations reported by Ching et al [4]. However, it is difficult

to compare the fine structure due to the decreased signal-to-noise in the later time series spectra.

The comparison of the early O-K edge spectra from the hole drilling time series between the RT
experiment and CT experiments (shown plotted together in Figure S2) shows a slight difference
of the fine structure in the main peak at 541 eV. The shape of the O-K edge acquired at CT (as
shown with best signal-to-noise in Figure 4) closely resembles previously reported O-K edge
EELS from y-Al,03 [50], suggesting the change is in the RT O-K edge. Small variations in fine
structure can be seen at different timepoints in the RT O-K EELS time series, but the CT O-K
edge EELS shape remains fairly consistent during the time series acquisition. Similar damage-
induced fine structure fluctuations have been observed in damaged a-Al2Os [5], suggesting small
continuous changes in O coordination during hole drilling. That this damage is apparent in the
first collected EELS spectrum highlights the difficulty of acquiring damage-free EELS spectra at

RT from y-Al>Os.
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The hole drilling rates calculated from Figure 5 show exponential decay behavior; highest at the
start of hole drilling and continuously decreasing with time. Hole drilling occurs more rapidly
during pre-edge peak formation in the RT experiment as a result. Hole drilling also occurred
faster at RT than at CT, as confirmed by the decay time constants. The entire exponential decay
fit equations can be found in the Supporting Information. This is consistent with the reduction of
beam damage by operating at CT that was observed in the EELS time series. Since radiolysis
appears to be associated with the pre-edge peak formation, the suppression of radiolysis by
operating at CT may correlate with the reduction of the hole drilling rate in the early stages of the
CT hole drilling experiment. Interestingly, radiolysis is expected to be a more significant damage
mechanism than knock-on for insulating materials [7, 51]. Since the damage rate is still
significant even at CT, electrostatic charging may be a principal damage mechanism in y-Al2O3,

as has been proposed for some other oxides [10].

To gain deeper insight into the beam damage mechanisms occurring in y-Al03, additional hole
drilling experiments were conducted at both RT and CT, with Al-L,3 edge EELS time series
acquired during the experiments and shown in Figure 6. At RT, the main observation is a gradual
decay of the shoulder on the main peak at 79 eV with time. This peak has been assigned to the
tetrahedral Al sites [4, 5] in y-Al2O3, suggesting Al atoms on tetrahedral sites are preferentially
removed, similarly to the beam damage observations in MgAl>O4 [52]. However, complete
decay of the tetrahedral Al peak only occurs after long-time exposure to the beam (>3 minutes).
At CT, the Al-L> 3 edge changes in a consistent manner to the RT experiment, however there is
an increase in pre-edge intensity seen more prominently in the CT experiment. The spectra

containing the increased pre-edge intensity are strikingly similar to the Al-L23 EELS of
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amorphous AlO3 and of AloGe>O7 [5], which contains 5-coordinated Al atoms only. This
suggests the presence of 5-coordinated Al and possibly other Al coordination types besides 4 and
6 in the beam damaged area. An explanation for this is that with knock-on and electrostatic
charging being the main damage mechanisms, undercoordinated Al atoms that have lost O
neighbors due to these damage mechanisms do not form new bonds before being sputtered away,
and the increased number of 5-coordinated Al atoms can be detected. The increased pre-edge
intensity is not observed at RT, where the undercoordinated Al atoms are able to form new bonds

and the structure is able to rearrange during damage.

Multiple scattering EELS simulations were used to investigate the O-related surface feature
formed during beam damage that produces the O-K pre-edge peak seen in the RT EELS
experiments. Previous reports on other oxide materials suggested that the source of the pre-edge
peak is the presence of O-O bonds [6, 14, 26]. A prior theoretical study of the (111) surface of y-
Al>0Os3 indicated some possible scenarios resulting in surface O-O bond formation, one such
model finding that surface O-O dimers were formed after partial dehydration of a hydroxylated
(111) y-AL,Os3 surface and subsequent relaxation [42]. Additionally, the cubic spinel-based
model, the cubic model with Al atoms in spinel sites only, has been demonstrated to be the most
accurate bulk model for y-Al2O3 [53]. Thus, we use the partially hydroxylated spinel-based (111)
surface model from the work by Acikgoz et al [42] for the subsequent EELS simulations. It is
important to note that while the surface of the model is (111), the electron beam direction in the

EELS simulations is the [110] direction of the model, to match the experimental setup.
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The (110) and (111) surfaces of y-AlbO3 are expected to be at least partially hydroxylated at RT
[54]. Surface hydrogen removal or dehydration could potentially occur during electron beam
irradiation and damage, through a form of electron-stimulated desorption [55]. Additionally, Al
has a 4 times lower displacement energy (Eq) than O in the alumina framework [56], and it can
be expected that Al atoms will be more rapidly displaced by knock-on during electron beam
damage than O atoms. Electrostatic charging could also induce the migration of O anions into the
irradiated area and the simultaneous migration of cations away [57]. These phenomena would
have the effect of accumulating excess O atoms in the beam damaged area that would then
potentially form peroxy O-O bonds more readily. Beam damage has also been observed to cause
atomic restructuring in the probed material [58, 59] that could potentially in this case result in O-
O bond formation. Further work however is required to determine the exact mechanism of O-O
formation due to beam damage and is not further explored here. Instead, we focus on whether the

presence of surface O-O dimers does in fact reproduce the O-K pre-edge peak.

The multiple scattering approach to simulating EELS spectra calculates the ELNES from a single
absorbing atom at a time. Hence, the O-K ELNES from the O atoms in the O dimer (O1 and O2)
in Figure 7a were simulated individually. The simulated ELNES shown in Figure 7¢ from both O
dimer atoms consist of a sharp peak at the same position as the pre-edge peak from experiment.
The simulated ELNES from a bulk O is plotted to check that the bulk O atoms indeed match the
experimental peak position, thus confirming the results of the surface O dimer atom simulated O-
K ELNES. For comparison, a model of the beam damage was created by simply removing atoms
to form a hole from a bulk alumina model, similar to a model of the damage at CT without

radiolysis damage. The O-K edge EELS was then simulated from the surface O atoms after
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relaxing the atomic positions to the equilibrium structure (Figure S3). These simulations did not
produce the pre-edge peak seen in the RT experiments. Based on these results, the presence of
strong O-O bonds formed on the surface of the beam damaged y-Al>Os3 is proposed to be the
likely source of the O-K pre-edge peak.

The O-O bond origin of the pre-edge peak was further confirmed by ELNES simulations from a
second O dimer-containing surface model (Figure 7b,d). The simulated ELNES from the O
dimer atoms show the edge onset at ~531 eV matching the experimentally observed pre-edge
peak. However, these simulated ELNES also show additional fine structure after the sharp edge
onset whereas those from the first surface model only show a sharp peak at ~531 eV (Figure 7c¢).
This difference is likely because the O dimer atoms in Figure 7b are slightly below the surface
and the O2 atom is bonded to two other Al atoms in addition to the O1 atom. This was confirmed
by a third set of ELNES simulations from an O dimer-containing surface model (Figure S4).
Both O atoms of the dimer in that model are bonded to two other Al atoms. Consequently, the
simulated ELNES from the O-O dimer atoms in Figure S4 consisted of the sharp edge onset at
~531 eV and additional fine structure. We found that for the sharp peak to be produced at 531
eV, the O-O dimer atom should be bonded to only one other Al atom and should not be partially

surrounded by other atoms.

In this work, we have shown that the use of cryo temperatures suppresses the formation of O
dimers during the beam damage process, thereby suppressing the O-K pre-edge peak. Operating
at cryogenic temperature appears to slow down the structure modification processes associated
with radiolysis [9], which appear to contribute to the formation of surface O-O bonds. Knock-on

damage, sputtering, and electrostatic charging however appear largely unaffected by temperature

23



reduction. Despite showing that surface O-O species produce the pre-edge peak, the contribution
of Oy gas released by the electron beam on the formation of the pre-edge peak cannot be
completely ruled out. This is because the simulated O-K edge ELNES of the O dimer atoms

appears similar to the O-K edge EELS reported for O> gas [12].
5. Conclusions

Through systematic EELS experiments at room and cryo temperatures, cryo-EELS experiments
on y-Al2O3 have been shown to be effective in reducing electron beam damage and suppressing
the formation of EELS artifacts in the O-K edge resulting from structural modification primarily
by radiolysis damage. This approach may be effective for other beam-sensitive inorganic
materials such as other alumina phases and aluminum-containing compounds. The source of the
beam damage associated O-K pre-edge peak has been proposed to be due to surface O-O dimers
on the altered surfaces in the beam damaged area. EELS simulations have provided support for
this hypothesis. Additionally, Al-L> 3 EELS experiments have shown that Al atoms are
preferentially removed from tetrahedral Al sites during beam damage in y-ALOs.

This work shows that specific artifacts in EELS spectra can be suppressed in a straightforward
and repeatable way using a cryo-EELS that may be applicable to other materials with similar
beam sensitivity problems. As a result, high quality can be collected while retaining sufficient

SNR.
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