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ABSTRACT: Metal—organic frameworks (MOFs) are gaining more prom-
inence as low-dielectric materials for applications in electronic devices and
sensors using top—down electron-beam patterning. Using a combination of
electron diffraction and electron energy-loss spectroscopy (EELS) in a
transmission electron microscope, the details of structural modification of
ZIF-L MOF under electron-beam irradiation were identified. It was found that
the modification of ZIF-L under the electron beam happens in two distinct
stages. In addition to the collapse of the original ZIF-L porous framework and
loss of crystallinity occurring at the initial low-dose stage, it was observed that
the disordered ZIF-L then undergoes a second stage of changes, where the
molecular structure of the linker starts to breakdown. Further, it was observed
that the degradation of the linker molecules in the second stage of the ZIF-L modification has a considerable impact on its dielectric
function, shifting energies of the electronic transitions.

B INTRODUCTION In this work, an in-depth study of the transition of a ZIF
MOF from an ordered crystalline state to a disordered
“amorphous” state under continuous electron-beam irradiation
is carried out using dose-controlled transmission electron
microscopy (TEM) combined with electron energy-loss
spectroscopy (EELS). To identify the internal structural
changes occurring in the linker molecules, additional measure-
] R - ments were conducted on the free-standing linker molecules. A
MQFS is zeolitic imidazole frameworks (ZIFS,)’ where combination of bright-field (BF) TEM and high-angle annular
.typllcally Zn metal atoms are tetra}}edrally' 'CoordmatEd to dark-field scanning transmission electron microscopy
¥m1daz$)le r;lolecule.s .resembhng th.e Sl—O—Sl linkages present (HAADF-STEM) imaging, electron diffraction, and EELS is
in zeolites.” In addltlongf(l)lcrystalhne ZIFs, it has been shown employed to reveal the morphological, structural, and
that amorphous ZIFs, which can be madlez from thelig electronic structure changes in the MOF as a function of the
crystalline frameworks through ball milling,  heating, irradiating electron dose. Together, these techniques provide

Metal—organic frameworks' (MOFs) are an emerging class of
synthesized materials with considerable promise owing to the
flexibility in the choice of metal atoms and organic linkers. The
porous structure of MOFs makes them very attractive materials
for applications in gas storage,”’ gas separations,” and
catalysis.” One of the most commonly studied subgroups of

.. 14 . . 15 16
pressurizing, electrlcalléi_lsigharge, and X-ray” and elec- new insight into the distinct stages of structural modification of
tron-beam irradiations, can also be very attractive the crystalline ZIF MOF.
materials for optical devices and sensors due to their low-
dielectric constants.”’™"’ B RESULTS AND DISCUSSIONS

For large-scale device applications of amorphous and
crystalline ZIFs, high-precision patterning is essential. It has
been demonstrated that patterning of amorphous and
crystalline ZIFs is achievable by an electron or X-ray
beam.'”"” However, to improve the control of electron-
beam patterning of ZIFs, an in-depth study of the structural
and chemical changes under electron-beam irradiation is
needed. While there are numerous reports in the literature
discussing electron-beam-induced structural changes in in-
organic crystalline materials through distinct and clearly
identifiable radiolitic and knock-on mechanisms,>**° the
reports on MOFs are very limited.”*™>°

For this study, a ZIF MOF known as ZIF-L was selected. In
this framework, Zn metal atoms are linked by 2-methyl-
imidazole (2-mIm) molecules, as shown in Figure la. ZIF-L
arranges into an orthorhombic lattice with lattice constants of
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Figure 1. Structure and morphology of the ZIF-L MOF. (a) Model of the two Zn atoms linked together with a 2-mIm molecule, which is the
building block for ZIF-L MOF. (b) Unit cell of ZIF-L viewed along the a-direction with the large central pore highlighted in yellow. (c) Low-
magnification HAADF-STEM image of ZIF-L particles showing leaf-like morphology. The scale bar is 2 ym. (d) BF-TEM image showing bend
contours in a single ZIF-L particle. The scale bar is 1 ym. (e) Wiener-filtered and cross-correlated high-resolution TEM image of the ZIF-L
showing the alternating arrangement of the pores, along with the simulated TEM image. The atomic model is overlaid to highlight the pore
arrangement. The scale bar is 1 nm.
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Figure 2. Dose-dependent electron diffraction of ZIF-L MOF. (a) BF-TEM images of ZIF-L MOF before and after exposure to the 50 e/A*
electron beam showing loss of diffraction contrast. The scale bar is S00 nm. (b) HAADF-STEM images of the ZIF-L MOF particle before and after
exposure to the 50 e/A? electron beam. The scale bar is 1 ym. (c) Electron diffraction from ZIF-L along the [100] zone axis. Left panel shows all
higher-order reflections present at a very low dose. Panels on the right are diffraction pattern quadrants obtained at doses of 25 and 50 e/A% The
scale bar is 1 nm™". The dose rate for these diffraction experiments was 0.1 e/A%. (d) Radially averaged and background-subtracted diffraction
intensities as a function of accumulated dose. Here, the data are vertically shifted for clarity. (e) Integrated intensities of the 002, 020, and 022
diffraction spots, highlighted in (d), showing exponential decay with critical doses of D, = 14 ¢/A% D g, = 18 /A% and D, g, = 16 e/A%. (f)
Lattice parameters of ZIF-L as a function of accumulated electron dose relative to initial lattice parameters (b, = 17.11 A and ¢, = 19.97 A)
determined from 020 and 002 diffraction spot positions.

ag = 24.12 A, by = 17.06 A, and ¢, = 19.74 A and has large strong diffraction contrast in BF-TEM images visible as bend
central pores of dimensions of 9.4 A x 7.0 A x 5.3 A*' (Figure contours (Figure 1d). When deposited on the holey-carbon

1b). This ZIF-L MSOIF can be synthesized as large uniform flat TEM grid, they typically land flat on the carbon support of the
sheet-like particles,”” a few pm in length and 100—300 nm in

thickness'”'® with high purity (also see, SI, Figure S1). Figure
1c shows a low-magnification HAADF-STEM image of several

grid with the [100] zone axis along the incident beam direction
and, therefore, allowing direct visualization of the pores in

ZIF-L particles showing uniform, leaf-like morphology with a high-resolution (HR) TEM images (Figure le). The

longer dimension corresponding to the b-axis and the shorter alternating arrangement of the pores along the c-direction,
dimension corresponding to the c-axis. The particles exhibit a which is specific to the ZIF-L structure, is readily detectable.
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Figure 3. Core-loss EELS from ZIF-L and 2-mIm as a function of dose. (a, b) HAADF-STEM image of ZIF-L and free-standing 2-mIm. The EELS
acquisition region over the hole is indicated with the orange boxes. The scale bar is S00 nm. Models of the Zn—(2-mIm) linkage with the two
pyrrole-type N atoms and free-standing 2-mIm molecule with the two chemically different N atoms (N for pyrrole-type and N, for pyridine-type)
are shown on the right. Color codes of the atoms are the same as Figure 1. (c, d) Set of C K-edge spectra from ZIF-L and free-standing 2-mIm for
different doses. The identifiable peaks are labeled as ¢, ¢,, c;, and c,. Difference spectra between initial and final C K-edges are shown in the panel
below. (e, f) Set of N K-edge spectra from ZIF-L and free-standing 2-mIm for different doses. The identifiable peaks are labeled as nj, n,, n3, and n,.
Difference spectra between initial and final N K-edges are shown in the panel below. (g, h) Change in C and N K-edges for ZIF-L and free-standing
2-mIm as a function of dose evaluated from linear-regression coefficients: I(E) = alD(E) + pIO(E), using the initial and final spectra. The solid and
dashed vertical lines mark the half points. The dose rate for these EELS measurements was 0.2 e/A%. Color code for plots: green (low dose) to red

(high dose).

First, changes in the structure and morphology of ZIF-L
particles were monitored using BF-TEM and HAADF-STEM
imaging. The bend contours visible in individual ZIF-L
particles gradually fade away and completely disappear at an
accumulated dose of S0 e/A* (Figure 2a) pointing to the loss
of crystallinity. At this stage, while there are no obvious visible
changes in the particle morphology in HAADE-STEM images
(Figure 2b), a few % particle shrinkage along both lateral
directions is detectable (see the SI, Figure S2) consistent with
an earlier prediction of pore collapse.”

To understand the structural changes occurring at these low
electron doses, diffraction analysis was performed. Diffraction
patterns from the ZIF-L crystal, oriented along the [100] zone
axis, were recorded at different electron doses (Figure 2c). A
pronounced loss of intensity in the diffraction spots can be
observed even at a dose of 25 /A% To quantify the changes in
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the electron diffraction patterns, the radially averaged
intensities are obtained and evaluated (Figure 2d). A complete
loss of the strongest 020 spot intensity occurs at an
accumulated dose of 100 e/A? which indicates that the
crystallinity of the structure disappears at doses much greater
than that indicated by the BF-TEM image analysis. The drop
of individual {002} diffraction spot intensities as a function of
the dose can be described by an exponential decay, I =
Iyexp{—D/D_}, with critical doses of D .y, = 14 e/A* and
D, o0, = 18 ¢/A> (Figure 2e). A similar analysis performed on
diffraction patterns obtained with a 300 keV electron beam
resulted in slightly higher critical doses, ~26 e/A* (see the SI,
Figure S3), indicating that the degradation of the ZIF-L crystal
structure could be radiolitic in nature. It should be noted that
the decay of diffraction spot intensity depends on the total
accumulated electron dose and is relatively insensitive to the

https://doi.org/10.1021/acs.chemmater.1c01332
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dose rate in the range investigated (0.06—0.29 e/A’s) (see the
SI, Figure S3).

In addition to the decrease in spot intensities, shifts in peak
positions are also observed for 002, 020, and 022 diffraction
spots. The analysis of the shifts for the 020 and 002 spots at an
accumulated dose of 50 e/A? indicates about a 2.5% decrease
in the lattice parameter b and a 5% decrease for the lattice
parameter ¢ (Figure 2f) consistent with the 3 and 6% particle
shrinkage along the b- and c-directions, respectively, observed
in HAADF-STEM images (see the SI, Figure S2). While
changes along the a-direction (beam direction) could not be
obtained, a 10% shrinkage along the a-direction for ZIF-L
upon electron-beam irradiation was observed by AFM."® These
results point to a continuous rearrangement of the atomic
bonds within the framework and a gradual collapse of the
pores. It should be noted that a decrease in lattice parameters
and a reduction of the unit cell volume were also observed in
X-ray-irradiated ZIF MOFs."°

The analysis of radially averaged diffraction intensities also
shows the appearance of broad amorphous-like peaks with the
decay of diffraction spot intensities (Figure 2d and SI, Figure
S3). The first amorphous-like peak appears at a d-spacing of
1.6 nm™ (or 6.2 A in real space), which matches well to those
observed in the pair distribution functions (PDFs) of
amorphous ZIFs."” Considering that the distance between
two neighboring Zn atoms in the ZIF-L framework is d; = 6.1
A it can be argued that the linker molecules likely determine
the first nearest-neighbor distance between metal atoms in
disordered ZIF analogous to atomic bond lengths in
amorphous inorganic materials. Thus, based on the observa-
tions discussed so far, it can be concluded that at this initial
stage, when the electron doses are <100 e/AZ the pores
collapse resulting in the formation of an amorphous-like
disordered ZIF phase, which retains the short-range order of
the parent ZIF-L crystal.

To understand the changes in the local chemistry in the
disordered ZIF-L after exceeding doses of 100 e/A2 EELS
analysis was performed. Changes in C and N K-edges, which
are sensitive to the local bonding environment of the atoms,
were evaluated. As before, the data were collected for the 200
keV electron beam by scanning the probe over a region of the
sample that was over the hole on the TEM grid (Figure 3a).
Electron irradiation doses reaching up to 10*> e/A® were used in
these measurements. For comparison, EELS data were also
obtained from free-standing 2-mIm molecules under the same
exposure conditions (Figure 3b).

As can be seen from the models in Figure 3, when the 2-
mIm molecule is free standing and not part of the MOF, it has
two N atoms that are bonded differently: one is a pyrrole-type
(N,) with N bonded to a H atom and its two electrons are part
of the 7™ system contributing to the aromaticity of the ring;
the second is a pyridine-type (N,) with no bonding to H and
its electrons mostly localized in sp? orbitals. However, in ZIF-L
MOF, both N atoms (N; and N,) of the bridging 2-mIm are
linked to the tetrahedrally coordinated Zn metal atoms and
have a similar chemical bonding environment, resembling the
pyrrole-type N. Unlike N atoms, C atoms in both the free-
standing and in linker 2-mIm molecules have very similar
bonding environment.

The core-level C K-edge EELS spectra were recorded from
both ZIF-L particles and free-standing 2-mIm molecules for
doses reaching 800 e/A* (Figure 3c,d, also see the SI, Figures
S4 and S5). At low doses (<100 e/A?), they show a negligible
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change in the fine structure, indicating a minimum change in
the chemical environment (see the SI, Figure S4). The
characteristic energies of three distinct features of the C K-
edge, labeled as ¢}, ¢,, and ¢;, corresponding to excitation of
electrons from the 1s — 17* and 1s — 1o* states (there are
two types of C o-bonds in 2-mIm: C—C and C—N) are
summarized in Table 1. As the dose increases, the intensity of

Table 1. Summary of Peaks in the Core-Levels EELS of C
and N K-Edge Fine Structures for 2-mIm and ZIF-L Alon§
With Those in Imidazole Obtained from Gas-Phase EELS®

2-mIm ZIF-L imidazole transition

carbon (< 286.9 286.9 286.7 1s —» 1z*

[y 292.5 292.6 292.2 1s = lo*

[ 299.0 299.2 298 1s —» lo*

¢, 2846 284.9
nitrogen n,  402.5(N;) 4028 3999 (N,) Is — lz*

4023 (N,)

n, 408 4083 4068 Is - 1o* (C-N,)

n, 415 4149 415 1s - 1o* (C-N,)

n, 401.8

the peak ¢, (7* transition) and the sharpness of the peaks c,
and c; (o™ transitions) decrease (visualized with the difference
spectra). These changes indicate that some of the double
bonds in the aromatic ring along with reported single bonds in
the sp*-bonded bridging methyl group in 2-mIm are break-
ing.>*** An increase in intensity at energies lower than the 7*
peak, labeled as the “shoulder” c,, is observed in both cases. A
likely source for the appearance of this shoulder at 284.6 eV is
the opening of the aromatic ring (with very minor
contributions from C contamination (see the SI, Figure
S6)). Polymerization and formation of some carbon dangling
bonds cannot be excluded.’®*” The difference between
changes in C K-edge fine structure in ZIF-L and free-standing
2-mIm is the amount of the 7* peak position shift: from 287.1
to 286.7 eV in ZIF-L, and negligible in free-standing 2-mIm
molecules.

Core-level EELS spectra of N K-edge from both ZIF-L and
2-mIm were also measured as a function of irradiation dose
(Figure 3e,f, also see the SI, Figures S4 and SS). Three main
features in N K-edge, labeled as n), n,, and n;, correspond to
the excitation of core electrons from the 1s — 7z* and 1s — ¢*
states for N with details summarized in Table 1. It should be
noted that in free-standing 2-mIm molecules, only a single n;
peak at 402.5 eV is observed, which corresponds to the 1s —
m* transitions, whereas two peaks have been reported for
imidazole structures (see Table 1). This is attributed to the
presence of H-bonding in the solid 2-mIm, making the
environment of N, identical to N, ****? In ZIF-L, as the dose
increases, the 7* peak intensity (n;) decreases and a peak at
401.8 eV (n,) starts to develop and increase in intensity. This
suggests considerable internal structural modifications of the 2-
mlm linkers arising from the formation of new C=N bonds
due to fragmentation of the aromatic ring or possible
polymerization of the 2-mIm molecules.*****" In free-standing
2-mIm molecules, where N—Zn bonds are absent, only a
decrease in the N 7™ peak intensity is observed for the same
irradiation doses (Figure 3f).

To quantify changes in the C and N K-edge as a function of
dose, each spectrum in the set was fitted to a linear
superposition of the “initial” and “final” spectra recorded

https://doi.org/10.1021/acs.chemmater.1c01332
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Figure 4. Schematic of changes in ZIF-L at different accumulated electron doses. Crystalline ZIF-L is shown on the far left when viewed along the
a-direction with the central pores highlighted in yellow. The dotted-line box represents the unit cell of the crystal. Degradation stages: (I)
amorphous-like ZIF-L is formed through the collapse of the porous framework at lower electron doses (<100 e/A?) with Zn—(2-mIm) bonds still
intact; (II) continuous breakdown of the organic 2-mIm linkers at higher electron doses (>100 e/A*) while maintaining Zn—N bridging bonds.
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Figure S. Low-loss EELS and dielectric function of ZIF-L as a function of dose. (a) Low-loss EELS spectra from ZIF-L at three different electron-
beam irradiation doses: 50, 900, and 1800 e/A2 The spectra are normalized to the zero-loss peak (ZLP). (b) Real, &,(E), and imaginary, &,(E),
parts of the complex dielectric function, ¢(E) = &(E) + i¢,(E), obtained from low-loss EELS spectra shown in panel (a) using Kramers—Kronig
analysis. Here, refractive index n = 1.4 was used.””** The lower-energy region of the dielectric function showing a,, a,, and a, prominent features in
£,(E) and b, and b, in &,(E) (inset). The shifts in peak positions are indicated by the arrows. (c) Shift of the peak P; as a function of accumulated
dose. Dashed vertical lines mark doses of 50, 900, and 1800 e/A% The dose rate for these EELS measurements was 1 e/A%.

from the sample using linear regression: I(E) = alY(E) +
PIO(E). The results are shown in Figure 3g,h for ZIF-L and 2-
mlm, respectively. For ZIF-L, the critical dose at which half of
the transformation is reached was D, /, = 200 e/A? whereas for
free-standing 2-mIm molecules, they were D, /, = 280 e/A? and
D), = 180 e/A? for C K-edge and N K-edge, respectively.
Additionally, when the integrated intensities of C and N K-
edges were evaluated, it was observed that while in both
materials the total carbon signal showed a minor reduction,
which could result from the loss of the bridging methyl groups
of the 2-mIm linker, the nitrogen signal is systematically
decreasing in free-standing 2-mIm molecules (see the SI,
Figure S7).

These observations indicate that the binding of nitrogen to
Zn atoms of the ZIF-L is more stable under electron
irradiation. Due to the presence of H, radiolitic modification
of the 2-mIm can result in breaking the sp>-bonded bridging
methyl group and ring opening of the imidazole mole-
cules.?>>>*%*2% When 2-mIm is present by itself, N atoms
in the system can be lost as NH; molecules but when bonded
to Zn in the ZIF framework, it prevents the removal of N
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atoms from the structure. Additional measurements of the Zn
EELS L, ;-edge as a function of dose showed no visible changes
(see the SI, Figure S8), further reinforcing this conclusion.
The results discussed above suggest that interactions
between the incident beam electrons and ZIF-L MOF are
radiolytic-type in nature. To test this further, two new sets of
experiments were conducted. In the first set, all of the
conditions of the STEM experiment were kept the same, but
time (or dose) gaps were introduced into the beam exposure of
the sample (see the SI, Figure S9). The results showed that the
modifications in ZIF-L due to electron-beam irradiation with
and without exposure gaps are very similar, indicating the
absence of long beam-sample interaction relaxation times. In
the second set, ZIF-L samples were first irradiated by a S keV
electron beam in a scanning electron microscope (SEM) with
different electron doses and then changes in C and N K-edges
were evaluated (see the SI, Figure S10). The results showed
that on factoring in a 40X difference in the electron-beam
energy, the effects of irradiation with S keV SEM or 200 keV
STEM beam are identical, further supporting the radiolitic-
type beam-ZIF-L interaction.** It should be noted that these 5
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keV SEM electron-beam exposure exPeriments are similar to
those used in patterning applications.’ '~ "

Observations of (1) changes in C and N K-edge fine
structures and no mass loss in disordered ZIF-L and (2)
changes in C K-edge and the removal of N atoms in the free-
standing 2-mIm molecules under higher electron doses point
to the presence of the second stage of structural modifications
in ZIF-L. These two stages of the ZIF-L degradation under
electron irradiation are schematically illustrated in Figure 4.
Electron-beam patterning techniques generally utilize the
solubility of either the amorphous or crystalline domains
patterned in different solvents such as water and pyridine,
respectively.lg’19 Hence, at stage I, after transformation of ZIF-
L MOF from crystalline to a disordered structure at lower
doses of 100 e/A? the shrinking of the porous structure in the
irradiated areas can act as a barrier to solvent penetration,
providing enhanced stability against dissolution. This enables
patterning of the amorphous MOF phases. Similarly, a
complete degradation of the linker structure at Stage II
could result in the generation of byproducts, which are more
susceptible to dissolution enabling patterning of crystalline
MOFs. Thus, the above findings could be used to tailor
patterning even further by adjusting the electron dose
depending on the incident electron-beam energy.

Further, low-loss EELS was also measured at the same doses
as core-level EELS to evaluate the effect of the structural
degradation of ZIF-L MOF on the dielectric function, ¢(E),
since it dictates the optical properties of the material. Figure Sa
shows low-loss spectra for ZIF-L at three accumulated doses:
50, 900, and 1800 e/A?, representing the stages of degradation
discussed above. Three prominent spectral features in the low-
loss EELS, labeled as P, to P3;, do modify as the dose increases.

The direct connection between low-loss EELS with Im{—1/
€(E)} and Kramers—Kronig relation allows determination of
the real and imaginary parts of the complex dielectric function
of the material:*> &,(E) = Re{e(E)} and &,(E) = Im{e(E)}.
The real and imaginary parts of the complex dielectric function
of ZIF-L deduced from low-loss spectra are presented in Figure
Sb. Two peaks seen in &, (E) at lower energy (b, and b,)
correspond to the peaks P; (6.2 eV) and P, (7.5 eV) seen in
the EELS spectra (Figure Sa). These are the lower-energy
interband excitations between the 7 — #* orbitals in 2-mIm
molecules. The broader dominant peak at about 22.5 eV is a
combination of collective oscillations as well as higher-energy
interband transitions ((z, 6) — (7%, ¢*) excitations).**"
When the material goes from stage I to stage II with
continuous electron irradiation, a decrease in the intensity of
b, and b, is observed, which is a consequence of bonds
breaking within 2-mIm. Additionally, the resonances corre-
sponding to the following electronic transitions gradually shift:
a in &, (E) lowers its energy and b, and b; in &,(E) increase it.
Particularly noteworthy is the drop in the intensity of peak P
and its shift from 21.4 to 22.8 eV (Figure Sc). These changes
in dielectrics function are consistent with the gradual
degradation of 2-mIm linkers in stage II (also see SI, Figure
S11).

B CONCLUSIONS

Two distinct stages of structural and chemical changes were
identified in ZIF-L MOF when exposed to electron-beam
irradiation using a combination of imaging, electron diffraction,
and EELS in the TEM. At relatively lower electron doses of
<100 e/A?, the formation of an amorphous-like disordered
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ZIF-L phase is detected, which was determined from
diffraction pattern analysis and was consistent with previous
observations. At this stage, ZIF-L with collapsed pores retains
the chemistry of the parent ZIF, which was confirmed from the
core-level EELS analysis. At doses above 100 e/AZ, disordered
ZIF-L goes through a second stage of the electron-beam-
induced modifications when the internal structure of 2-mIm
linker molecules starts to break down. The breaking of the
bonds within the organic linker was identified from core-loss
EELS C and N K-edge analysis. The low-loss EELS analysis
shows that with continuous electron-beam exposure not only
2-mIm linker molecules in disorder ZIF-L continue to break
down, but the dielectric function of the material continues to
change, shifting the energies for optical transitions important
for device applications.

B METHODS

Synthesis of ZIF-L and TEM Sample Preparation. ZIF-L was
synthesized based on the following procedure:>" Zinc nitrate
hexahydrate (0.59 g Sigma-Aldrich, 98%) and 130 g of 2-
methylimidazole (2-mIm) (Sigma-Aldrich, 99%) were separately
dissolved in 40 mL of deionized water. The zinc nitrate solution
was then added to the 2-mIm solution drop-wise under stirring. The
reaction mixture was stirred at room temperature for 4 h. The formed
ZIF-L crystals were collected by centrifugation at 1.5 X 10* rpm for 25
min and washed twice with deionized water (10* rpm, 15 min). The
final product was dispersed in deionized water for the TEM sample
preparation. The TEM samples were prepared by drop-casting the
ZIF-L suspension on holey-carbon grids (Cu-300HN, Pacific Grid-
Tech) and allowed to air dry. For the preparation of free-standing 2-
mIm molecules, 2-mIm crystals were suspended in deionized water
and sonicated for 2 min. The sample was drop-casted onto the holey-
carbon grid and allowed to air dry. All of the TEM samples were
stored under a high vacuum (107° torr) after drying, prior to inserting
them into the TEM and, therefore, minimizing their exposure to
ambient conditions.

SEM Imaging and Electron-Beam Exposures. Samples for
SEM electron-beam exposure were prepared by attaching a TEM grid
to an SEM stub using the carbon tape. Electron-beam exposure for
different accumulated doses at 5 keV was conducted on an FEI Helios
Nanolab G4 dual-beam Focused Ion Beam microscope. Square areas,
3 ym X 3 um in size, were irradiated with the SEM probe at a probe
current of 6—25 pA using 0.5—1 ps/pixel dwell time, and the scan
times were adjusted to obtain the desirable accumulated dose.

TEM Imaging, Electron diffraction, and EELS Measure-
ments. HR-TEM imaging and electron diffraction experiments at 300
keV were conducted on an FEI Technai G, F30 (S)TEM microscope
equipped with a TWIN pole piece and Schottky field emission gun.
This microscope is equipped with Gatan 4 k X 4 k Ultrascan CCD
and Gatan K2 Summit cameras. Selected area electron diffraction
patterns were collected sequentially with an integration time of 2—4
s/frame (2048 px X 2048 px). HR-TEM images were acquired using
the K2 camera operated in the counting mode with a dose rate of 0.25
e/A% (20 frames (3710 px X 3838 px) with 0.5 s/frame exposure).
HR-TEM image simulation was performed using the TEMSIM code,
which is based on the Multislice method.**

HAADEF-STEM imaging, EELS, and electron diffraction measure-
ments at 200 keV were performed on an aberration-corrected FEI
Titan 60-300 (S)TEM, which is equipped with a CEOS DCOR probe
corrector, monochromator, super-X energy-dispersive X-ray spec-
trometer, and Gatan Enfinium ER EELS spectrometer. HAADEF-
STEM images were acquired with a probe convergence angle of 25.5
mrad and the detector inner and outer angles of 55 and 200 mrad,
respectively. STEM-EELS measurements were performed using a
probe current of 10 pA and a convergence angle of 25.5 mrad with a
collection angle of 28 mrad. Spectra were collected by scanning the
beam over the regions of interest on the sample, suspended over
vacuum, with a dwell time of 1 us/pixel. Spectra were collected
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sequentially every 10—20 s in the Dual EELS mode for energy
alignment of the core-loss spectra. Energy dispersions of 0.01, 0.025,
and 0.05 eV/channel were used for low-loss, and 0.1 and 0.25 eV/
channel for core-loss EELS acquisitions. The full-width at half-maxima
(FWHM) of the ZLP was 0.6 or 0.8 eV.

Electron Diffraction and EELS Data Analysis. The radially
averaged electron diffraction data were fitted to a combination of a
power law (for the background) and Gaussian (for the individual
diffracted spots and broad peaks) functions of the following form

n
I(x) = ax® + Z cie_(’c_x"")z/za‘2 +d
i=1
where a and b are parameters of the power-law fit for the background,
¢; and x are intensity and position of the diffraction spot “i” with SD
of 6, n is the number of spots present, and d is a constant for the dark
current of the detector. The fitting parameters were optimized using a
nonlinear least-squares solver in MATLAB.

All core-loss EELS spectra were aligned used the ZLP of the dual
EELS acquisition. For C K-edge, the background was subtracted using
the 265—280 eV energy window in Digital Micrograph. Spectra
collected from multiple particles under the identical dose-rate
conditions were summed to improve the signal-to-noise ratio of the
EELS data sets. Low-loss EELS spectra were all aligned to the ZLP
and normalized to the ZLP maxima. To determine the position of the
peak P, a fourth-order polynomial function was fitted to the spectra
in the 15—35 eV energy window and the peak maxima were
determined by obtaining the roots of the derivative of the fitted
function. For complex dielectric function determination from low-loss
EELS, Fourier-log deconvolution was first applied to obtain the single
scattering distribution. Then, Kramers—Kronig analysis49 was
performed using MATLAB.
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