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We have investigated the effects of high-energy
electron irradiation on the oxidation of copper nanoparticles in
environmental scanning transmission electron microscopy
(ESTEM). The hemispherically shaped particles were oxidized in
3 mbar of O, in a temperature range 100—200 °C. The evolution
of the particles was recorded with sub-nanometer spatial resolution
in situ in ESTEM. The oxidation encompasses the formation of
outer and inner oxide shells on the nanoparticles, arising from the
concurrent diffusion of copper and oxygen out of and into the
nanoparticles, respectively. Our results reveal that the electron
beam actively influences the reaction and overall accelerates the
oxidation of the nanoparticles when compared to particles oxidized
without exposure to the electron beam. However, the extent of this
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electron beam-assisted acceleration of oxidation diminishes at higher temperatures. Moreover, we observe that while oxidation
through the outward diffusion of Cu® cations is enhanced, the electron beam appears to hinder oxidation through the inward
diffusion of O®~ anions. Our results suggest that the impact of the high-energy electrons in ESTEM oxidation of Cu nanoparticles is
mostly related to kinetic energy transfer, charging, and ionization of the gas environment, and the beam can both enhance and

suppress reaction rates.

environmental transmission electron microscopy, oxidation, Cu nanoparticles, scanning transmission electron microscopy,

electron beam-induced effects

Environmental (scanning) transmission electron microscopy
(E(S)TEM) has enabled sub-nanometer resolution imaging in
gaseous environments and has thus provided a very useful tool
to study gas—solid reactions.' > ETEM, in particular, has been
applied in catalysis and provided fundamental insights into
chemical reactions.’™® Nonetheless, this technique requires
high energy electrons to interact with the sample, and this may
alter the sample and its properties. The electron beam-induced
phenomena depend largely on the material under study but
typically include sample heating, defect formation, phase
transformation, charging, and ionization of the surrounding
gases. Electron beam-induced changes in the local temperature
are not trivial to quantify, and different approaches have been
attempted to measure heat generation due to electron beam
irradiation.””"> Sample charging, due to the ejection of
secondary, core, and Augur electrons, is another effect, which
cannot be neglected in in situ E(S)TEM studies of electrodes,
electrocatalysts, and catalytic redox reactions.'”'* In these
cases, the electron beam-induced potential can be in the order
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of the redox potential of the desired reaction'® and thus needs
to be carefully addressed. Electron beam-induced atomic
displacement, known as the knock-on damage, causes the
formation of interstitials and vacancies inside the sample'® and
can lead to structural changes such as nanoparticle
reorientation,'’ re-crystallization,ls_20 enhancement of diffu-
sional process,””*” and mechanical deformations.”® For
instance, electron beam-induced local regions of dislocations
in the Al-4Cu interface have been shown to enhance plastic
deformation.”* In the case of metallic nanoparticle oxidation, it
is reported that electron beam irradiation accelerates oxidation
and inner void formation (nano Kirkendall (NK) effect).””**
The NK effect in metallic nanoparticles is caused by the higher
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diffusion rate of metal ions through the oxide shell than inward
diffusion of oxygen ions.”® It has been speculated that the
electron beam will enhance this effect through the creation of
vacancies, which will consequently increase the diffusion of
interstitials and atoms.”> Another issue specific to ESTEM/
ETEM studies is the interaction of the electron beam with the
gas, leading to the ionization of the gas molecules through
interaction with the high-energy incident electrons or even the
back-scattered electrons emitted from the sample."”’

Interestingly, the electron beam is not always a source of
damage, and it has also been utilized as a tool for the
fabrication of nanomaterials or triggering a chemical reaction.
For example, electrons with an energy of 80—200 keV have
been a%)plied to etch multiwalled carbon nanotubes in
oxygen.”” Another example is the use of focused electrons to
reduce oxide nanotubes in specific regions, leading to the
extraction and encapsulation of metal nanoparticles inside the
nanotubes.”” Additionally, electron beam-induced fragmenta-
tion and deposition have been widely used to prepare metallic
nanoparticles, believed to be instigated by beam-induced
heating and <:harging.30_32 It can be concluded that the more
we understand about the influence of high energy electrons on
the sample in TEM, the more control we can exert over it
either as a beneficial tool in nano-manipulation and engineer-
ing or in minimizing its undesirable effects. Characterizing the
influence of the electron beam in in situ studies such as
E(S)TEM is particularly critical to separate its role from that of
the applied stimuli in the investigation. Many such in situ
studies involve the oxidation or reduction of metallic
nanoparticles. In this regard, the oxidation of Cu nanoparticles
is of interest due to its wide application in catalysis,’>**
electronic devices,* photonics,36 and nanomedicine,”” and
consequently, several accounts of in situ oxidation of Cu
nanoparticles in E(S)TEM have been reported.”***’

Many reports suggest that electron beam irradiation affects
the oxidation of solid materials. In some cases, the high energy
electrons have been shown to enhance oxidation of metallic
nanop;1rticles,22’40’41 while in others, it is believed to reduce or
prevent it, e.g., as a result of cross-linking and formation of a
carbon layer.”” Wang et al. suggested that beam-induced oxide
layer growth in Fe nanoparticles is not due to particle heating
or charging, but it is because of defect-mediated atomic
displacements. Here, we have studied the oxidation of Cu
nanoparticles in ESTEM at temperatures 100—200 °C. Using
annular dark-field STEM (ADF STEM), we have recorded the
morphological evolution of the particles during oxidation in
real time and compared the oxidation rate of the particles with
and without exposure to the electron beam. The results reveal
that overall, electron beam exposure in ESTEM accelerates the
oxidation of Cu nanoparticles. However, we observe that the
electron beam counteractively enhances oxidation as a result of
the outward diffusion of metallic ions and suppresses oxidation
due to the inward diffusion of oxygen ions. The results
demonstrate the important role that knock-on damage,
charging, and ionization play in E(S)TEM investigations.

Polycrystalline Cu nanodiscs with an average diameter of ~85
nm were fabricated by hole-mask colloidal lithography on
DENSsolutions TEM heating chips. Prior to the experiments,
the samples were annealed in 3 mbar of H, at 400 °C for 1 h in
the ETEM, resulting in their transformation into hemispherical
Cu particles with fewer grains and an average diameter of 70 +

7 nm (based on measurements from 20 particles). The samples
were then oxidized in 3 mbar of O, at temperatures 100, 125,
150, 175, and 200 °C. In each case, several particles were
imaged continuously in situ by annular dark-field scanning
TEM (ADF STEM) as oxidation progressed, with Figure 1
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Figure 1. Initial and final ADF STEM images of Cu particles oxidized
in 3 mbar of O, and at different temperatures while imaged in
ESTEM.
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Table 1. Experimental Parameters

temperature (°C) 100 125

frame size (pixel) 1024 X 1024 1024 X 1024
pixel dwell time (us) 2 2

frame time (s) 2.6 2.6

pixel size (pm) 608 608

dose (e”/nm™2) 1000 1000

total number of frames 1984 1063

a

150 175 200

1024 X 1024 1024 X 1024 1024 X 1024
2 2 2

2.6 2.6 2.6

608 608 608

1000 1000 1000

308 157 66

Il Substrate Metal Oxide

Void

Figure 2. (a) Selected frames (approx. every 100 frames) from the ADF STEM image series of a Cu particle undergoing oxidation at 100 °C and

(b) the corresponding segmented images.

showing the ADF STEM images of the particles at the start
and end time of the oxidation at each temperature. The
magnification of the images, number of pixels per frame, probe
dwell time per pixel, probe size and total current in the probe,
and other microscope parameters (see Table 1) were kept
unchanged between the experiments at different temperatures.
At the end of each experiment, the O, flow to the ETEM was
stopped, the remaining O, in the column was purged out and
the samples were cooled down to room temperature. Once
under high vacuum, the sample was moved to locate other
particles on the same chip that had experienced the same
oxidation conditions but had not been exposed to the electron
beam during the reaction. In each case, ADF STEM images of
5—10 of these particles were recorded.

As described elsewhere,* oxidation of Cu particles under
similar conditions involves chemical reactions at the phase
boundaries, leading to the generation of Cu’ cations and O*~
anions, and the transport of these ions through an existing
oxide layer for further reaction between the reactants and
additional oxide formation. As Cu* cations and O~ anions are
produced at two separate phase boundaries (inner and outer
interfaces of the oxide layer, respectively) and diffuse through
the oxide layer in opposite directions, two separate oxide shells
can be identified, an outer oxide shell growing outward from
the original surface of the Cu nanoparticle and an inner oxide
shell growing inward (see Section Sl in the Supporting
Information (SI)). Moreover, Kirkendall void formation during

the oxidation of Cu nanoparticles due to the faster diffusion of
Cu" cations relative to O~ anions is widely observed.**™*® We
have previously reported the following sequence for the
oxidation of Cu nanoparticles: oxide island nucleation, their
growth and formation of continuous oxide shells, and
Kirkendall void nucleation and expansion until the particles
are fully oxidized and transformed into hollow particles with
double oxide shells’ (see SI Section S1). This process is
captured in the ADF STEM images, and while the contrast
there is strongly related to the atomic number/thickness of the
imaged species, contrast due to diffraction effects is also
present in the images and is non-negligible. Therefore,
segmenting the images based simply on intensity thresholding
could not be applied to quantify the amount of metallic Cu lost
and the oxide formed as a function of time during each
reaction. Instead, the images were segmented based on the
trends describing the evolution of each voxel in the time-series
(with x and y dimensions in space and z dimension in time) as
well as the spatial location of each of the substrate, oxide, and
void, relative to the metallic core of the particles (see SI Videos
V_100C — V_200C). A detailed description of the applied
procedure can be found in Section S2 of the SI. Figure 2 shows
the selected images of a particle oxidized at 100 °C and their
corresponding segmented images.

To compare the oxidation rate at different temperatures,
particles with similar sizes were selected, as shown in Figure 3a,
and their images were segmented to obtain changes in the
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Figure 3. (a) ADF STEM images of single Cu particles with similar sizes oxidized in 3 mbar of O, and under electron beam irradiation at different
temperatures prior to oxidation and at the end of the reaction. (b) Volume fraction of the metallic Cu core lost during oxidation, §, as a function of
time for each of the particles in (a) determined from the segmented image series of the particles. The experimentally determined values (*) are
fitted with the JMAK model (solid lines), and the extracted rate constants, k, are used to obtain the activation energy of the reaction from the
Arrhenius plot shown in (c).
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Figure 4. (a) ADF STEM images of particles not imaged during oxidation (beam-off) at the end of the reaction and (b) ADF STEM images of
particles imaged during the reaction (beam-on) at the time when the same volume fraction, §, of the metal has been oxidized as in (a). (c, d)
Zoomed in images of the highlighted features in (a) and (b) showing the inner and outer oxide layers of the particles. The dotted lines show the
boundary between the two oxide layers. (e) Apparent temperature difference between the beam-on and beam-off particles calculated according to
the description provided in SI Section S4. (f) Ratio of the thickness of the inner and outer oxide shells (¢, and t,,, respectively) for the beam-on
and beam-off particles at different temperatures.
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metal and oxide volumes during oxidation (see SI Sections S2
and S3 for more details). The plot of the fractional volume of
the metal core lost during oxidation, J, as a function of time is
presented in Figure 3b. We have previously shown that the
fractional volume of Cu particles oxidized under similar
conditions can be modeled with a Johnson—Mehl—Avrami—
Kolmogorov (JMAK) kinetic model” of the form § = 1 — exp (
— (kt)"), and the results presented in Figure 3b confirm this.
The temperature-dependent rate constant, k, follows the

Arrhenius equation, k = koexp<;—ET“>, where k; is the pre-
B

exponential factor, E, is the activation energy, and kg is the
Boltzmann constant. Plotting our experimentally determined
Ln(k) values versus the inverse of the nominal temperature
shown in Figure 3c gives an apparent activation energy of E, =
0.5 eV (48.6 kJmol™'). While this is within the range of
previously reported values,**” it is based on measurements
from particles exposed to energetic electrons during oxidation,
which is likely to have influenced the reaction kinetics.

To examine the influence of continual exposure to the
electron beam during oxidation, Cu particles imaged during
the reaction (beam-on) were compared with particles of
similar sizes present on the same chip that had not been
exposed to the electron beam (beam-off). Close-up images of
beam-off particles recorded at the end of the reaction at the
different temperatures are presented in Figure 4a. The volume
fraction of the particles oxidized, 6, in each case is noted on the
images, and as reference, images of beam-on particles at times
when they had experienced the same oxidation fractions are
shown in Figure 4b. Comparing the beam-on and beam-off
particles in Figure 4a,b reveals that the electron beam had
undoubtedly accelerated the reaction as the beam-on particles
at all temperatures had reached equal 6 values at an earlier time
during the reaction relative to their corresponding beam-off
particles. The extent of this acceleration, however, appears to
have a temperature dependence, with larger differences
observed between the times at which beam-off and beam-on
particles reach equal oxidation fractions at lower temperatures
(see Figure 4ab), indicating the greater influence of the
electrons on reaction rates at lower temperatures. Quantifying
this electron beam-induced increase in reaction rate in terms of
an apparent rise in temperature, AT, ;..y We obtain values
ranging from 30 to 6 °C for the nominal temperatures 100—
200 °C, as plotted in Figure 4e (details can be found in SI
Section S4). This confirms that the influence of the electron
beam on the reaction is more pronounced at lower
temperatures. Besides impacting the reaction rate, exposure
to the electron beam appears to have also influenced the
morphology of the particles. Figure 4c shows the close-up
images of the oxide layers formed on beam-off and beam-on
particles at equal oxidation fractions. Consistently, the outer
oxide layers on the beam-on particles appear smoother at these
earlier stages of oxidation compared to beam-off particles,
where the oxide layer does not appear to have formed a
continuous layer yet. We speculate that this could be related to
an increased number of nucleation sites for the oxide on the
surface of the particles irradiated with the electron beam
during oxidation. Additionally, on closer inspection, the
contrast in the images suggests the presence of a more
pronounced inner oxide shell in beam-oft particles. This is seen
more clearly after the formation of the nano Kirkendall void
(see Figure 4d). Measuring the ratio between the inner and
outer oxide shell thicknesses at different temperatures

demonstrates a clear trend for the formation of thinner inner
oxide layers in beam-on particles, as presented in Figure 4f.
The outer and inner oxide shells of the nanoparticles are the
respective consequences of the transport of Cu* cations and
O?~ anions through the oxide. Thus, our observation of decline
in the inner oxide shell thickness of the particles indicates a
decline in the inward diffusion rate of O>~ anions through the
oxide as a result of exposure to the electron beam.

To test the influence of the electron dose on these
observations, we repeated the ESTEM oxidation of Cu
particles at 200 °C using half the pixel dwell-time and thus
half the electron dose previously applied. Changes in the
volume fraction of the particle oxidized while imaged in
ESTEM as a function of time alongside that for the particle
oxidized under the same conditions but higher electron dose
rates (cf. Figure 3) are shown in Figure S. The results clearly
indicate that the observed reaction kinetics have an electron
dose dependence.

a
time = Os

time = 243s a

b time = O0s time = 143s time = 172s time = 220s

Volume fraction, & ©

Time (min)

Figure S. Oxidation of Cu nanoparticles while exposed to a lower
electron beam dose, with (a) showing the initial (0 s time) and final
(243 s time) images of the particles in the recorded series. (b)
Selected images of one of the particles at different times during
oxidation. (c) Comparison between the time evolution of the metal
volume fraction lost, 5, during oxidation under electron beam dose D,
= 1000 e”/nm” applied in the results presented in Figures 2—4 and D,
= 500 e”/nm? applied in (a) and (b) here.

Based on our observations, we can conclude that the
electron beam clearly influences the oxidation of Cu
nanoparticles. While it overall accelerates the reaction, this
appears to be primarily related to the increase in the growth
rate of the outer oxide shell of the particles. Conversely, we
observe that electron beam exposure decelerates the growth
rate of the inner oxide shell. Moreover, we find that the beam
plays a more significant role at lower temperatures as well as at
higher electron doses. As described by Hauffe,* the key steps
in solid-state oxidation of metals are as follows: (i) reactions at
the phase boundaries, converting the metal into cations plus
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electrons (at the oxide—metal interface) and converting O,
molecules into anions after chemisorption and electron
exchange (at the oxide—gas interface); (ii) diffusion of the
produced ions and electrons through the existing oxide layer,
necessary for subsequent reaction between the reactants and
further oxide formation; and (jii) space-charge effects in case
of very thin oxide layers and at lower temperatures. It is
therefore appropriate to consider possible mechanisms through
which electron beam exposure can influence these steps.
First, we examine sample heating by the electrons as the
possible mechanism behind the observed enhanced oxidation
of the particles. There are several approaches to calculate
electron beam-induced heating.lz’m"m’49 Here, we consider the
model developed by Liu and Risbud,*” which is intended for
nanoparticles and assumes thermal loss only through the
particles (ignoring the substrate). In this case, the temperature
increase is calculated using the following equation:
3JQ 4ate]
2

AT = —~=R? ln(l +
8ec ap

(1)

where ] is the current density, e is the electron charge, R is the
particle radius, c, is the specific heat of the material, p is the
mass density, @ is the thermal diffusivity, and Q is the total
energy loss of the electron going through the material. Using
eq 1, we calculate 2 °C heating of the sample when fully
metallic and 9 °C when fully oxidized under the experimental
conditions applied in Figures 1—4 (see SI Section S5 for
details). As eq 1 does not consider heat dissipation through the
substrate, it is likely to overestimate beam-induced heatinig.
Applying the alternative model developed by Egerton et al., ©
which includes both thermal absorption and dissipation, we
calculate negligible temperature increases below 107> °C by
the electron beam under the same conditions (see SI Section
SS for details). Regardless of the model applied, the theoretical
heating of the sample by the electron beam under the ESTEM
conditions applied here is generally lower than the beam-
induced effects observed, and thus, heating cannot be the main
mechanism behind them. Furthermore, an electron beam-
induced temperature increase cannot explain the impedance of
O’” diffusion and the formation of thinner inner oxide layers
nor the non-uniform influence of the electrons on the reaction
rate at different temperatures (cf. Figure 4). It is, therefore, apt
to conclude that an alternative mechanism must be behind the
phenomena observed here.

As described by Sundarajan et al,,”” the primary electrons in
TEM are typically sufficiently energetic to locally dislodge and
eject atoms from their crystal sites through transfer of kinetic
energy (often referred to as knock-on damage). Considering
elastic scattering of the primary electrons deflected by the
electrostatic field of stationary nuclei in the sample, the
maximum energy transfer from the incident beam to the target
atom is calculated by'°

Eoue = 2Eo(Ey + 2myc®)/(Mc?) )

where E; is the incident beam energy, m; is the rest mass of an
electron, and M is the nucleus mass. If this transferred energy
from the incident beam exceeds an atomic displacement
energy, the atom can get ejected from its site. Using eq 2, we
obtain E,,, = 13.4 eV for Cu irradiated with 300 keV electrons.
This value is below the bulk displacement energy of Cu atoms
(19 eV for (100) crystal plane). Albeit, since the atomic nuclei
in the sample are not in fact stationary, the provision of this

additional kinetic energy from the primary electron beam can
enable already vibrating atoms to escape and become mobile>’
(see SI Section 6). More crucial to the reaction, however, is the
displacement and ionization of Cu at the oxide phase boundary
and its diffusion through the oxide layer, as described above in
steps (i) and (ii). Given the rough morphology and the
polycrystalline nature of the oxide layer, we expect the
displacement energy of Cu at the interface to be lower than
the bulk value and E,,, in this case to be above the threshold
to displace and mobilize Cu at the metal—oxide interface.
Interestingly, previous studies have identified the extraction of
Cu from the lattice to be the rate limiting step in its
oxidation,”" supporting the significant role that electron beam
knock-on damage to Cu can have on enhancing its oxidation
rate. In contrast, we do not expect kinetic energy transfer from
the electron beam to have the same favorable impact on the
generation rate and transport of O’ anions as the source is in
gas form. Diffusivity in the solid state is defined as the number
of atomic jumps per second and is calculated according to™

D= l/1ZzCVuDexp(— A_Gm)

6 RT (3)
where A is the jump distance, z is the number of nearest
neighbors, C, is the probability that a given neighbor is vacant,
vp is the Debye frequency, AG,, is the free energy maximum
(per mole) along the diffusion path, R is the universal gas
constant, and T is the temperature. Kinetic energy transfer
from the electron beam and knock-on damage affect
parameters such as C, and AG,, in eq 3, resulting in enhanced
diffusivity. As diffusivity is a thermally activated process,
increasing the temperature will also increase the diffusion rate.
Accordingly, beyond a certain temperature, thermal diffusion
of ions surpasses and dominates over the effect of kinetic
energy transfer from the electron beam. This leads to smaller
differences between the oxidation extent of beam-on and
beam-off particles at higher temperatures, as observed here (cf.
Figure 4a,e).

While kinetic energy transfer from the electron beam
accounts for the increased oxidation rate of the particles and
its more pronounced influence at lower temperatures, it does
not fully explain the suppressed growth rate of the inner oxide
shell of the particles. We now consider electron beam-induced
charging and ionization of the sample. A consequence of the
interaction between the electron beam and the sample is the
inelastic electron—electron collisions, giving rise to a fraction of
electrons that are kicked out of atomic shells or bands, in the
form of secondary or Auger electrons. This has been shown to
lead to positive charge accumulation on solid specimens in
TEM and the build-up of an electric potential of up to a few
volts.'>***? Similarly, the interaction of the electron beam with
the gas in ETEM gives rise to the ionization of gas molecules,
and N,* ions have been shown to be the most common
product in a N, environment.”” Secondary electron (SE)
emission is the main source of electron beam-induced
charging. Since SEs can only escape from the top surface of
specimens, this leads to positive charge accumulation on the
surface of our hemispherical nanoparticles and the formation
of an outward radial electric field from their surface (see SI
Section S7). In the case of the O, gas, SE emission produces
positively charged ions, with O," likely to be the most common
product. The generated O," ions are, however, repelled by the
positively charged surface of the nanoparticles, with the overall
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consequence of a lower diffusion rate of O*~ anions through
the oxide and a slower growth of the inner oxide shell. Based
on our results, SE emission and charge accumulation on the
surface of the particles do not have the same adverse effect on
the diffusion rate of Cu” cations, implying that the effect of
kinetic energy transfer to Cu’ cations supersedes that of the
induced electric field. The extents to which both kinetic energy
transfer and charging effects influence the reaction rate
naturally depend on the irradiation dose in ESTEM, with
our results indicating lower dose imaging at higher temper-
atures to provide preferred conditions for minimizing the
electron beam effects in ESTEM oxidation of Cu.

In conclusion, we have studied the effect of electron beam
irradiation in ESTEM oxidation of Cu nanoparticles at
temperatures 100—200 °C. We find that the electron beam
actively influences the reaction and overall accelerates the
oxidation of Cu nanoparticles. This acceleration is primarily
due to the enhanced diffusion of Cu® cations, which migrate
outward and form an oxide shell on the outer surface of the
particles at an increased rate. In contrast, the electron beam
suppresses the inward diffusion of O~ anions, leading to the
slower growth rate of an oxide shell below the surface of the
nanoparticles. Moreover, we find that these electron beam-
induced effects are significant to a larger extent at lower
temperatures, and their influence wanes with increasing
temperature as well as with reducing the electron dose. Our
results suggest that the role of the electron beam in ESTEM
oxidation of nanoparticles is mostly related to (1) kinetic
energy transfer from the energetic electrons to the particles,
giving rise to knock-on damage and increased generation rate
and mobility of Cu* and (2) ionization due to inelastic events
such as secondary electron emission, leading to positive charge
build-up on the surface of the particles and ionization of the O,
molecules into O," and thus inhibiting the diffusion of oxygen
into the particles. Under moderate electron beam dose rates,
the influence of the electron beam on the reaction at 200 °C
was largely reduced, implying that at higher temperatures, close
to unperturbed insights into reactions at the sub-nanometer
scale can be obtained in ESTEM with careful electron beam
dose management.

The Cu nanoparticles were nanofabricated on Wildfire chips from
DENSsolutions by hole-mask colloidal lithography.** The following
procedure was applied for the fabrication:

1. Spin coating a thin layer of poly(methyl methacrylate), PMMA
A4, resist in Anisole (MicroChem Corporation) at 1500 rpm
for 60 s followed by S min heat treatment on a hotplate at 170
°C.

2. §'s O, plasma treatment (50 W, 10 sccm) to make the PMMA
surface hydrophilic.

3. Applying a drop of poly(diallyldimethylammonium chloride)
polyelectrolyte (Sigma Aldrich) diluted in water to 0.2 wt % to
the surface followed by 40 s of incubation.

4. Drop coating the surface of the TEM chip with aqueous
sulfonthiate latex polystyrene bead suspension with approx-
imate particle sizes of 100 nm and a subsequent 3 min
incubation.

S. Deposition of 15 nm of Cr at the rate of 1 A/s (Lesker PVD
225) followed by gentle wiping of the substrates with a wet

tissue to remove the polystyrene beads and exposing the holes
in the Cr mask without breaking the TEM membrane.

6. S min application of O, plasma (50 W, 10 sccm) to etch the
PMMA layer through the holes in the Cr mask down to the
substrate.

7. Deposition of 20 nm of Cu at the rate of 1 A/s followed by
mask lift-off in acetone for approximately 24 h.

In situ STEM imaging was performed using an 80—300 kV FEI Titan
Environmental TEM equipped with a field emission gun. The ETEM
instrument was operated at 300 kV in annular dark-field STEM mode
with an electron probe convergence semi-angle of 10 mrad, detector
inner-collection angle of 35 mrad, and probe size of approximately 0.2
nm. A probe current of 30 pA, calibrated using a Faraday cup setup,
was used in the experiments, and the STEM electron dose was

It
calculated according to the equation D = A—P, where I is the beam
P

current, t, is the pixel dwell time of the images, and A, is the pixel
area. The Cu nanoparticles were fabricated directly on DENSsolu-
tions Wildfire chips to enable controlled heating of the samples inside
the TEM. First, the Cu nanoparticles were thermally annealed inside
the ETEM but without exposure to the electron beam at 400 °C and
in 3 mbar of H, atmosphere for 1 h. This was to remove hydrocarbons
and to recrystallize the particles. Following annealing, STEM images
of the particles were recorded continuously while exposed to 3 mbar
O, until the particles were mostly oxidized. At the end, the flow of O,
was stopped, the microscope was set to high vacuum conditions, and
STEM images of nanoparticles that had not been exposed to the
electron beam were recorded. The experiment was conducted at
temperatures 100, 125, 150, 175, and 200 °C.

The frame-to-frame spatial drift in the recorded STEM image series
was corrected initially by maximizing the cross-correlation coefficient
between successive frames. This was carried out on the full frames
containing multiple particles using the DigitalMicrograph software.
The remaining spatial drift in the images was corrected on cropped
frames containing individual particles using the center of mass
method. First, binary thresholding was applied followed by erosion
operation. After that, the center of mass of the group of pixels
belonging to the whole particle was determined using connected
component analysis. The center of mass served as the point around
which each image was cropped. For the analysis, particles with similar
sizes at different temperatures were selected. In each case, the images
were segmented into four different categories (namely, substrate,
metal, oxide, and void) using the purpose written Matlab script
“SpaceTimeAnalysis.m” that compares the profile of each voxel in the
image stacks to those from sampled regions in the images, as
described in SI Section S2. Subsequently, the total number of pixels
belonging to each segmented category in the images was counted and
converted to area. In the case of the remaining metal in each frame,
the calculated area was converted to volume using the method
described in SI Section S3, assuming that the particles have close to
hemispherical shapes, and the fraction of the metal volume lost (due
to oxide formation) relative to the initial phase of the particle was
calculated for each frame accordingly.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnanoscienceau.3c00018.

Composition analysis of particles; details of image
segmentation; details of metal volume calculation;
details of converting the beam effect to temperature
increase; electron beam-induced heating; electron beam-
induced knock-on damage; electron beam-induced
charging (PDF)
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Recorded ADF STEM image series of the particles
during oxidation alongside the segmented images for
each frame at 100, 125, 150, 175, and 200 °C (ZIP)
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