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nanoparticles during controlled oxidation by
STEM-EELS spectral imaging+t
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Copper nanoparticles (NPs) can be coupled with cuprous oxide, combining photoelectrocatalytic pro-
perties with a broad-range optical absorption. In the present study, we aimed to correlate changes in
morphology, electronic structure and plasmonic properties of Cu NPs at different stages of oxidation. We
demonstrated the ability to monitor the oxidation of NPs at the nanometric level using STEM-EELS spec-
tral maps, which were analyzed with machine learning algorithms. The oxidation process was explored by
exposing Cu NPs to air plasma, revealing systematic changes in their morphology and composition. Initial
plasma exposure created a Cu,O shell, while prolonged exposure resulted in hollow structures with a
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CuO shell. This study identified procedures to obtain a material with Cu,O surface stoichiometry and
absorption extended into the near-infrared range. Moreover, this study introduced a novel application of
machine learning clustering techniques to analyze the morphological and chemical evolution of a nano-
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1. Introduction

Research in the field of photocatalytic materials for the direct
conversion of solar energy into chemical energy has become
extremely relevant and urgently needed. Plasmonic metal
nanoparticles (NPs) possess unique optical properties that
make them appealing candidates for photocatalytic
applications."™ The optical properties of plasmonic NPs arise
from their characteristic response, known as localized surface
plasmon resonance (LSPR), which is the collective resonant
excitation of charges. This phenomenon causes intense spec-
tral absorption and scattering, as well as strong electromag-
netic near-field enhancements at the resonant frequency.”?
The LSPR energy position, along with the intensity and line-
width of the LSPR-related absorption band, primarily depends
on the NP material. However, it has also been demonstrated
that these properties are influenced by the size, shape and
density of the NPs and their dielectric environment.*” The
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ability of plasmonic NPs to concentrate electromagnetic fields,
scatter radiation, or convert electromagnetic energy into heat,
coupled with the ability to tune their optical properties, makes
them promising candidates in the field of photocatalysis.>
However, due to the extremely short lifetime of LSPRs, plasmo-
nic NPs are often combined with semiconductors to which
they can transfer charge and/or energy, thereby enhancing the
rate of selected photochemical reactions. Metal NPs such as
Cu, Au and Ag NPs are particularly attractive for photocatalytic
applications because they support plasmon resonances that
are tunable in the ultraviolet-visible-near infrared (UV-vis—
NIR) region.>®° Ag and Au are the most popular materials for
plasmonic photocatalysis, but their high costs hinder potential
large-scale applications.'®'" Cu offers a viable alternative to
noble metal NPs, as it is an abundant and low-cost element
that is also easy to prepare in the form of a nanomaterial."
Due to its promising properties, nanocatalysts based on Cu
can be applied in nanotechnology, electrocatalysis, and photo-
catalysis.'> The main limitation of Cu NPs is their stability, as
they can be oxidized upon exposure to air or water.'> However,
the use of Cu-based nanomaterials in electrocatalysis and
photocatalysis has seen consistent advancements over the past
few decades.®'®'>'* Moreover, copper oxides also exhibit
attractive photocatalytic properties, thanks to their bandgaps
in the visible range (~2.2 eV for Cu,O and ~1.7 eV for
Cu0),"*" as well as their abundance and non-toxicity."®
Furthermore, both CuO and Cu,O have a suitable bandgap for

This journal is © The Royal Society of Chemistry 2025
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the hydrogen evolution reaction,® and Cu,O also permits the
oxygen evolution reaction,'* which is the rate limiting reaction
in solar photoelectrocatalytic water splitting. The combination
of plasmonic NPs with semiconductors has already been
demonstrated to  improve the  performance  of
photocatalysts;'”*° and it has already been shown that the for-
mation of heterostructures composed of Cu NPs and copper-
based oxides is a promising pathway to obtain efficient
materials for solar-light photocatalysis.>***

Interestingly, the controlled surface oxidation of Cu NPs
can lead to the formation of a surface oxide shell that may sim-
ultaneously extend the photon absorption range, enhance the
photocatalytic properties, and protect the metal core from
further oxidation.>>>* The importance of Cu-based nano-
structures and core@shell NPs is demonstrated by the vast lit-
erature on their growth, including both chemical and physical
synthesis techniques. Over the decades, numerous investi-
gations have been conducted to grow NPs with varying dimen-
sions in diverse environments, and to characterize and tune
the dependence of their optical response and morphology on
these factors and on the NPs oxidation.>>>°

Transmission electron microscopy (TEM) is a suitable tech-
nique to understand the oxidation processes at the nano-
scale.®® Scanning transmission electron microscopy (STEM)
coupled with electron energy-loss spectroscopy (EELS) is able
to clearly reveal the local oxidation state in transition metal
NPs.?'® The valence state of Cu can be determined in the
core and shell regions of NPs, by quantifying the Cu and O
concentration from their spectra, and by inspecting the spec-
tral features in the ionization edge fine structures (energy-loss
near-edge structure, or ELNES). Metallic Cu is characterized by
a two step-like onset in its L,; ionization edge, while Cu(1) and
Cu(2) are indicated by the presence of peaks with increasing
intensities at the onset (the so-called white-lines, in analogy
with X-ray absorption) due to the Cu d-bands being progress-
ively emptied by electronic transfer to oxygen atoms in the
oxides.***> The advantage of STEM-EELS is the possibility to
investigate these features with a spatial resolution below the
nanometer scale, and to provide oxidation maps on individual
NPs. Moreover, the crystal ordering requirements of the
phases as in electron diffraction are not required.*® In recent
years, these kind of spectral mapping analyses have become
more common, due to the added technical advancements in
signal de-noising and spectral decomposition from machine
learning (ML) algorithms,*”*® which nowadays can be run
even on standard PCs. Even though the oxidation behavior of
copper has been largely studied in the literature,**?™** sys-
tematic correlation of the morphological, electronic, and
optical properties at the different oxidation stages has, to the
best of our knowledge, not been investigated in detail yet.

In this work, we present a study of the evolution of a film of
Cu NPs induced by exposure to air plasma. In particular, we
link the observed changes of the morphology and local stoi-
chiometry with the modification of the optical and plasmonic
properties. Furthermore, we also demonstrate the possibility
to reduce the oxidized NPs, exploring the reversibility of the
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oxidation process. This work presents an innovative appli-
cation of machine learning data clustering to assess the mor-
phological and chemical evolution of a nanostructured
sample. The approach makes use of principal component ana-
lysis (PCA) to extract the statistically most significant com-
ponents from the 3D spectra, with ML clustering performed in
the featured space of the PCA components.** This permits
visualizing and comparing the results of different ML methods
with the synthetic data, and selecting the most efficient to use
for interpretation of the experimental data.

2. Experimental

The samples investigated in the present work were grown in an
ultrahigh vacuum (UHV) apparatus (P ~ 10™*° mbar), which
included two connected UHV chambers:*> a preparation
chamber, equipped with evaporators and gas lines for reactive
molecular beam epitaxy (MBE) growth and a quartz microba-
lance to measure the evaporation rate, and a second chamber
in which X-ray photoemission spectroscopy (XPS) and Auger
emission spectroscopy (AES) analyses were performed. Cu was
evaporated from a Knudsen cell on the substrate kept at room
temperature (RT), and the Cu atoms self-assembled on the
substrate forming Cu NPs.'® The nominal thickness of each
sample was 2 nm, where the nominal amount refers to the
equivalent thickness of a uniform Cu layer fully covering the
substrate. The samples were grown either on UV-grade fused
silica substrates for the optical absorbance measurements or
on Si;N, TEM membranes of 15 nm thickness for the TEM
measurements. The Si,N, thin substrates were chosen for
TEM, STEM, and EELS measurements because of their high
thermal stability, unlike common metallic TEM grids such as
Ni, Cu, or Mo, in which metallic diffusion is typically found
with the formation of large metallic or alloy particles after
UHV annealing at high temperature.*”*® The quartz substrates
were cleaned by a 5 min bath in acetone at 423 K and by two
subsequent ultrasonic baths in acetone and in isopropanol at
353 K for 3 min each, while the TEM grids were cleaned for
4 min to remove carbon contamination in a SmartPlasma
system operated at 32 W (at the kHz frequency) using air as the
gas mixture and 0.1 mbar pressure. After the deposition, the
Cu NPs were annealed at 773 K at an oxygen partial pressure
Po, of 1077 mbar. After the deposition, the Cu NPs were
exposed to the same air plasma for different times, namely 30,
90, and 120 s, while keeping the sample at RT during the pro-
cesses. The use of reactive plasma - thanks to the high concen-
tration of atomic oxygen*® - allowed enhancing the rate of oxi-
dation of some materials.>*>* After the plasma treatment,
each sample was annealed for 30 min in UHV at 773 K. After
each step (growth, plasma treatment, UHV annealing), each
sample was investigated by AES using Al K, photons from a
double-anode X-ray source. Three reference samples of Cu(0),
Cu(1), and Cu(2) were also prepared for comparison. The refer-
ence films were thicker than the samples investigated in the
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present work (6 nm each), and were grown and post-treated as
described by the following:

« Cu(0): UHV deposition at RT, post-annealing in UHV at
773 K for 30 min.

+ Cu(1): Deposition at RT and P,, = 3 x 10~° mbar in three
steps of 30 min each, annealing the film after each step for
20 min at 573 K. After the deposition, the film was annealed in
air in a quartz tube furnace at 423 K in a mixture of 50% N,
and 50% O, flux for 30 min. Afterwards, the film was annealed
in UHV for 30 min at 573 K.

+ Cu(2): Deposition at RT and P,, = 3 x 10~° mbar in three
steps as described for Cu(1). The film was then annealed in
the quartz tube furnace at 623 K in a mixture of 50% N, and
50% O, for 120 min.

In order to investigate the chemical composition of the
samples, the Cu L,3M45M,5 emission lines were acquired, using
a hemispherical electron analyzer with a pass energy of 30 eV at
normal emission. In order to extract the chemical composition
of each sample, the Cu L,3M,45M,5 emission lines after each step
were fitted using the reference spectra in Fig. 1a, obtained from
the reference samples described above. The first one shows a
dominant peak at 918.6 eV, while the peak position was at 916.8
eV for Cu,O and at 917.7 eV for CuO, which were consistent
with the values reported in the literature.>

The optical absorptance of the samples after each step was
obtained by ultraviolet-visible (UV-Vis) spectrophotometry. The
setup was composed of a xenon lamp, which provided white non-
polarized light, an ORIEL-MS257 monochromator, a polarizer,
and a silicon photodetector. The sample was mounted with the
surface normal forming a 22° angle with the impinging photon
beam. The absorptance (4) of the sample was evaluated asA =1 —
(T + R), where T and R are the transmittance and the reflectance,
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Fig. 1 (a) Cu LpzsM4sMys spectra of Cu(0), Cu(l), and Cu(2), acquired
from reference samples. For a better comparison, the area under each
curve is normalized to 1, and the spectra are shifted equidistantly along
the vertical axis; (b) extracted near-edge structures (ELNES) of the Cu
L,z edge.
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i.e., the fraction of transmitted and reflected light, acquired with
s-polarized radiation.

To compare the experimental results with the theoretical
expectations, we simulated the optical responses of the NPs by
using the MNPBEM toolbox, developed by Hohenester and co-
workers® based on the boundary element method (BEM)
approach.®® The extinction coefficient of the NPs was calculated
assuming the NPs to be metallic and surrounded by a medium
characterized by an optical index of 1.575, in between those of
quartz (substrate) and air (superstrate), as suggested in ref. 43.
The bulk dielectric functions used in the simulations were
taken from ref. 56 for Cu and from ref. 57 for Cu,O, while the
dielectric function of quartz was calculated from the Sellmeier
equation®® using the coefficient of fused SiO, at RT.*’ In the
simulations, the NPs were approximated as ellipsoids, while the
light was assumed to be linearly polarized and at normal inci-
dence. Possible interactions between the NPs were neglected.

The morphological modifications induced by the plasma
treatment were systematically investigated using transmission
electron microscopy (TEM) imaging, scanning transmission
electron microscopy in the dark field mode (ADF-STEM), and
electron energy-loss spectroscopy (EELS) with a ThermoFisher
Talos FS200 equipped with a Schottky gun at 200 kV and a
Gatan Enfinium EELS spectrometer. EELS was performed in the
STEM mode, with an analytical probe of ~0.5 nm. The spectral
images (SI) were acquired from representative NPs after every
step under the very same acquisition conditions, meaning the
same spot size, same convergence aperture (semi-angle
10.5 mrad), and same collection angle of the EELS spectrometer
(semi-angle 17.4 mrad) for reliable comparison of the results.
The spectra were acquired with 0.5 eV dispersion, allowing sim-
ultaneous acquisition of the O K edge at ~532 eV and the Cu Ly
edge at ~931 eV. Core-shell maps of the NPs were obtained
from clustering algorithms from machine learning (ML cluster-
ing), and implemented with Python custom scripts and the
library sklearn. To assign the Cu oxidation state, the extracted
spectra after classification were compared with the near-edge
structure (ELNES) of the Cu-L,; edge acquired on the three refer-
ence samples, shown in Fig. 1b.

Simulated data machine learning clustering

Before analyzing the experimental samples using EELS
mapping, we tested the effectiveness of machine learning clus-
tering algorithms with the synthetic data. In this way, the
expected results (the labels of the classes) are known (ground
true), and the various methods of ML clustering can be com-
pared. These can be classified as unsupervised if the labeling
of the data is unknown. This is the typical case in experiments
in which we do not know which points in the particles have to
be assigned to one of the 3 classes (core, shell, or the sub-
strate). The most well-known unsupervised methods are
K-means (KM), Gaussian mixture model (GMM), and agglom-
erative clustering (AGC). KM is the workhorse of the clustering
methods, and simply relies on iteratively assigning a point to
the one of the expected classes from which the point has the
lowest distance (with respect to the mean center of the class).

This journal is © The Royal Society of Chemistry 2025
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GMM assumes that the probability distributions of the points
in the classes are normally distributed (i.e., Gaussian). AGC
starts by assuming that each point represents a separate class,
and hierarchically merges the points in pairs until a threshold
(or the expected number of classes, 3 in our case) is reached.
Supervised methods, instead, rely on prior knowledge of the
labeling for a subset of the data, from which a model can be
learned and applied to the whole dataset, with expected better
results. Unfortunately, this is rarely the case in experiments,
unless part of the same data was analyzed with a different
(and much trusted) technique. The most notable of the super-
vised methods is support vector machine (SVM), which aims to
find hyperplanes separating the classes in the data and can be
considered as a pioneer of deep learning methods, making use
of dimensional augmentation and kernels. For a better under-
standing of the different algorithms, we refer the reader to the
book by Brunton and Kutz.** The test synthetic data were built
considering a NP with a Cu core of 10 nm and a CuO shell of
1.5 nm, on top of a 10 nm substrate made of amorphous
carbon of approx. 10 nm thickness.

We considered carbon for simplicity, with its K edge at 284
eV, before the O and Cu edges, not far from the K edge of N at
400 eV found in Si,N,. We generated the 3D EELS dataset con-
sidering a convergence angle of 10.5 mrad, a collection angle
of 17.4 mrad, a current in the beam of 40 pA, and noise corres-
ponding to a DQE of 0.5 from the CCD detector. An example of
such a 3D EELS dataset is shown in Fig. 2. Fig. 2(a) shows the
dataset integrated in the energy coordinate, while Fig. 2(b)
reports the average EEL spectrum and the spectrum from the
central point in the particle. Fig. 2(c) compares the resulting

substrate
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Fig. 2 Results of ML clustering with the synthetic data from a core—
shell Cu/CuO NP. (a) Simulated EELS dataset (2D view after integration
in the energy channels). 1 pixel is 0.5 nm. (b) Comparison between the
average spectrum from the whole dataset and the spectrum taken from
the center of the NP. The O K and Cu L edges are indicated. The edge at
~300 eV is from the (carbon) substrate. (c) Comparison of the resulting
labelling from K-means (KM), Gaussian mixture models (GMM), and
agglomerative lustering (AGC). The RMSE values are reported within the
parentheses. For comparison, the supervised SVM has an RMSE of 0.01.
(d) Featured 2D space of the first two PCA components. The points are
colored according to the expected true labels.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

labelling from the different unsupervised methods, calculated
as the root mean squared error (RMSE) with respect to the
ground truth (or true labels). All the ML clustering processes
were run in the space of the first 10 PCA components, to be
sure to account for >95% of the variance in the data, instead of
using the full 2048 points in the EEL spectra, resulting in a
very fast computation (few seconds on a desktop PC). Fig. 2(d)
presents the simulated dataset in the 2D featured space of the
first two PCA components (it is not possible to easily show the
10 dimensional space used in the clustering process). By com-
paring the errors with respect to the true labels (RMSE), the
AGC was found to be the most precise with the synthetic data
(0.03, or 99% accuracy), followed by KM (0.22, 96%), and
finally GMM (0.35, 93%), which seemed to suffer from noisy
data, resulting in a slightly thicker shell. For comparison, the
state-of-art SVM gave an RMSE close to zero, meaning that
almost all the points were correctly classified (100% accuracy).
Overall, all the unsupervised methods correctly identified the
three classes with an accuracy >90%. This is promising for the
analysis of experimental data with a similar signal to noise
ratio (about 8.2 dB from the average spectrum and E > 500 eV).

3. Results and discussion
Comparison of the as-grown and annealed samples

Before the plasma treatments, the Cu NPs were annealed for
30 min at 773 K in an oxygen partial pressure P, of 10" mbar.
To understand the effects of this treatment on the NPs, they
were studied in terms of their morphology via TEM imaging,
chemical composition via AES, and optical properties via UV-
Vis spectrophotometry. The results were compared with the pro-
perties of NPs measured directly after their growth.

The TEM images of the sample before and after the anneal-
ing are shown in Fig. 3a and c, respectively. Fig. 3b and d show
the diameter distribution of the as-grown and the post-

4 10 12 14 16 18 20 22
Diameter (nm)

10 15
Diameter (nm)

Fig. 3 (a) and (c) TEM images and (b) and (d) diameter distributions of
as-grown and post-annealed Cu NPs, respectively.
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annealed samples, fitted using a log-normal distribution (red
curve in the images). The as-grown NPs had an average dia-
meter of 9 + 3 nm, while the post-annealed NPs were character-
ized by a higher average diameter of 13 + 4 nm, a slightly
higher density and a more regular shape. The coverage was
around 49% in Fig. 3b and 42% in Fig. 3a. The average height
of the NPs was estimated by dividing the nominal thickness of
the Cu layer (2 nm) by the coverage extracted from the TEM
images, obtaining % = 4.1 nm for the as-grown and / = 4.8 nm
for the post-annealed NPs.

Fig. 4a presents the AE spectra, which were more sensitive
to the oxidation state of Cu compared to XPS,>*®® before and
after the annealing. The two curves were very similar to each
other, with a main peak at 918.6 eV typical of metallic
copper.®® The concentration of copper oxides was negligible in
both cases, compatible with the oxygen partial pressure that
was too low to oxidize the NPs.®°

Fig. 4b shows the optical absorptance spectra of the as-
grown and the post-annealed samples in yellow and in blue,
respectively. In both cases, the optical absorptance showed a
dominant absorbance band in the visible range, ascribed to
the excitation of the LSPR in the Cu NPs.*” The difference in
broadness and in peak position of the two curves was ascribed
to the different morphologies of the two samples. In particu-
lar, the as-grown NPs were smaller, denser (i.e., closer to each
other), and characterized by an irregular shape. The effect of
the annealing was to enlarge and separate the NPs, which also
became more regularly shaped. Fig. 4c shows the numerical
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Fig. 4 (a) AES Cu L,3M45My45 spectra of the as-grown (yellow) and post-
annealed (blue) samples (b) experimental optical absorptance of the NPs
directly after growth and after annealing. (c) Simulated extinction cross-
sections obtained by using the diameter distribution shown in Fig. 3b
and d for the as-grown and post-annealed NPs. (d) Simulated extinction
cross-section considering one single spheroidal NP (yellow curve) and
two interacting NPs (green dashed curve), with diameters equal to the
average diameter of the as-grown NPs.

4136 | Nanoscale, 2025,17, 4132-4141

View Article Online

Nanoscale

simulations obtained with the MNPBEM toolbox,** using the
diameter distributions shown in Fig. 3b and d. Coherently
with the experimental curves in Fig. 4b, the extinction cross-
section was narrower and blue-shifted when simulated with
the distribution characteristic of the post-annealed NPs. The
differences between the simulated extinction cross-section and
the measured optical absorbance could be ascribed to the
approximations made in the model, especially to the fact that
the interparticle interactions were neglected. This represents a
strong assumption, being that the NPs were relatively large
and very close to each other, and the main role of the simu-
lation shown in Fig. 4c was to justify the differences between
the annealed and the as-grown NPs, and not to accurately
reproduce the experimental results. Indeed, as shown in
Fig. 4d, the simulated extinction cross-sections of a single iso-
lated NP and two interacting NPs differed both in shape and
peak position. The simulations were performed assuming the
NPs to be ellipsoidal, with a diameter equal to the average one
of the as-grown NPs (9 nm). The yellow curve shows the extinc-
tion cross-section of a single, isolated NP while the green
dashed curve is the simulated extinction cross-section for two
interacting NPs separated by 2 nm. The main effects of this
interaction was an increase in the extinction cross-section and
a red-shift of the absorptance peak.

Effects of plasma oxidation

To induce a controlled progressive oxidation of the surface of
the NPs, we exposed the sample to plasma for increasing times
and followed the modifications in the morphology and local
stoichiometry by STEM imaging combined with EELS. For
each exposure time, Fig. 5 reports in the left panel the STEM
image, while the inset shows the results obtained by AGC clus-
tering on a SI map of an individual NP, and the right panel
shows the average EEL spectrum for each component identi-
fied. Before any plasma treatment, after the annealing in UHV-
compatible oxygen pressures (Fig. 5a), the image could be
described using only two components. The first one corre-
sponded to metallic Cu (blue) and it represented the NPs,
while the second one was ascribed to the substrate (gray). The
same result was obtained by increasing the number of com-
ponents in the clustering. After 30 s of plasma treatment
(Fig. 5b), three components were needed to describe the SI.
Two of them arose from different regions in NPs: a core with a
metallic Cu character (blue), with a diameter of ~15.5 nm, and
a shell, of ~3 nm thickness, containing primarily Cu,O
(violet). The third component (gray) was again due to the con-
tribution from the substrate. The assignment was based on
the shape of the EEEL spectrum (right panel): in the Cu L
edge, the white-lines intensity increased in the shell region, as
expected in Cu,O, while the O K signal was hardly visible, due
to the high background signal from the substrate. However,
the quantification by using the Hartree-Slater cross-sections
matched well with the Cu,O composition in the shell. Also, in
the core region, the intensity of the O K edge-related signal
was very low but non-negligible, possibly due to the presence
of the shell on the top and bottom of the NPs. The oxides

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 ADF-STEM images (left) and corresponding EEL spectra (right) of
the Cu NPs. The left insets show the results after data clustering (AGC)
from a single NP, and the right insets show the corresponding Cu L,z
ELNES. (a) Before any plasma treatment: only a metallic Cu component
(blue) and the substrate contribution (gray) were detected. (b) After 30 s
of plasma exposure, a metallic core Cu(0) (blue), an oxide Cu(l) shell
(violet), and the substrate (gray) were detected. (c) After 90 s of plasma
exposure, a metallic core Cu(0) (blue), a thicker oxide Cu(l) shell (violet),
and the substrate (gray) were detected. (d) After 120 s of plasma
exposure, only 2 components were detected: fully oxidized Cu(1)/Cu(2)
NP (pink), and the substrate (gray).

formed shells with a rather irregular shape, which in some
cases extended over the substrate connecting two or more NPs.
After 90 s of plasma treatment (Fig. 5c), two components were
needed to describe the NPs, in addition to the contribution
from the substrate. The lateral size of the Cu(0) cores
decreased by ~60%, while the thickness of the surrounding
Cu,0 increased, and the morphology of the sample changed:
the NPs appeared to be partially agglomerated, and some of
them were starting to show the formation of internal voids,
ascribed to the nanoscale Kirkendall effect®' (see the white
arrows in the STEM image in Fig. 5c). This effect has been
observed in some metallic nanostructures, and it has been
reported to be due to an unbalanced diffusion of O and Cu
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ions in the oxide, causing the conversion of the metallic NP
into a hollow oxide shell.*****? Some oxygen was visible in the
core region, due to the thicker shell (star in the right panel of
Fig. 5¢). After 120 s of plasma exposure (Fig. 5d), the majority
of the NPs were completely oxidized, and their composition
was a mixture of CuO and Cu,O, as could be noticed by the
significantly higher white line intensity in the EEL spectrum
in the right panel. In the STEM image, the formation of
internal voids due to the nano-Kirkendall effect was evident
for the majority of the NPs. The hollow structures had a higher
overall dimension than the initial NPs in Fig. 5a (~20 nm in
Fig. 5d and ~13 nm in Fig. 5a), compatible with the presence
of internal voids with an average diameter of ~6 nm. From
these observations, it could be noted that the average diameter
of the internal voids was smaller with respect to the initial dia-
meter of the NPs.

If only Cu transport through the oxide layer were to be con-
sidered, the diameter of the vacancy would be expected to be
the same as the initial diameter of the NP. However, according
to ref. 39 and 63, both the inward diffusion of oxygen ions and
the inward relaxation of the outer oxide shell must be taken
into account, contributing to such a difference. Comparing the
TEM images in Fig. 5a-d, it could be noted that with increas-
ing the exposure time to air plasma, the hole size increased
and the outward growth of the shell proceeded, consistent
with what was observed and reported in ref. 63.

The results of the AGC clustering on the NPs were com-
pared with the chemical composition of the sample surface
obtained by the AES data, shown in Fig. 6a. Due to the surface
sensitivity of the techniques, the spectra were only sensitive to
the chemical composition of the outer shells after the
different plasma treatments. In particular, the AES spectra,
sensitive to the chemical state of the samples,® were fitted
using the spectra acquired on reference samples of Cu(0), Cu
(1), and Cu(2), shown in Fig. 1a. The results of the fitting pro-
cedure are shown as solid lines in Fig. 6a and summarized in
Table 1. The black triangles correspond to the Auger spectrum
acquired for the sample post-annealed at UHV-compatible
oxygen pressure, before any plasma treatment and the corres-
ponding fitting (solid line). The spectrum shows the typical
shape of Cu(0), with the main peak at 918.6 eV. The concen-
tration of Cu(1) increased to ~80%, after 30 s of plasma
exposure (red triangles), while a small fraction of Cu(0) was
still present on the sample surface, and no Cu(2) was formed
yet. After 90 s of plasma exposure (yellow triangles), no more
Cu(0) was detected with AES, compatible with the thicker
oxide shell formed (Fig. 5c), while a small fraction of the
sample surface had started to be oxidized to Cu(2). Finally,
after 120 s (blue triangles), the AES spectrum could be fitted
by a mixture of Cu(2) and Cu(1). These results are in good
agreement with the components individuated via the AGC
clustering presented in Fig. 5.

Fig. 6b reports the UV-Vis optical absorptance spectra of
the sample after the first annealing in oxygen and after each
plasma treatment. Many previous works have used optical
absorptance as a signature of the metallic nature of Cu
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Fig. 6 (a) Cu Ly3sM45Mys spectra of the sample after different plasma
exposure times (triangles) and the results of the fitting procedure (solid
lines). (b) Optical absorptance of the Cu NPs after different time
exposures to plasma. (c) Simulated extinction cross-section of the
metallic Cu NPs with a diameter distribution extracted from Fig. 5a and
for Cu@Cu,O NPs, with a diameter distribution extracted from Fig. 5b
and considering an average shell thickness of 2 nm.

Table 1 Concentration of Cu(0), Cu(l), and Cu(2) in the different
samples reported in Fig. 6a

Duration of plasma exposure (s)  Cu(0) (%) Cu(1) (%)

0s 100 0 0
30s 14 85 1
90 s 2 82 16
120 s 0 53 47

NPs,”>” showing that the lower the Cu(0) concentration, the
less intense was the LSPR-related absorptance peak. Moreover,
for metallic Cu cores below certain dimensions, the LSPR-
related absorptance could not be observed.”>>® As already
mentioned, the optical absorptance of the sample before any
exposure to plasma was compatible with the absorptance spec-
trum of metallic Cu NPs, with the absorptance band peak at
680 nm compatible with LSPR excitation. When the sample
was exposed to plasma for 30 s, the LSPR peak broadened,
with a decrease in intensity and shift toward slightly higher
wavelength (maximum at 715 nm). This behavior was consist-
ent with the formation of a thin cuprous oxide shell around
the metallic NP,°* as also confirmed by the numerical simu-
lations shown in Fig. 6c. The optical absorptance of the
sample after 90 s of plasma exposure is shown as the yellow
line in Fig. 6b, where it could be seen that the absorptance
band related to LSPR in the metallic NPs was much less
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intense than in the previous samples, and only a weak absorp-
tance band could be identified around 700 nm. The peak at
~340 nm was ascribed to interband transitions in the oxide.*®
The optical absorptance was consistent with the fact that after
90 s of exposure to plasma, only a small concentration of Cu(0)
species was detected in the EELS spectrum (Fig. 5c). Finally,
after 2 min of exposure to plasma, when the NPs had comple-
tely changed their shape and all of them were completely oxi-
dized, the LSPR-related absorptance was zero and only the
peak ascribed to interband transitions in the oxide were
observed, with a peak around 350 nm.

Effects of UHV annealing

After 90 s of exposure to air plasma, the sample was annealed
for 30 min in UHV conditions at 773 K. Fig. 7a shows a large-
scale STEM image of the sample after the UHV annealing. A
low density of large Cu NPs (white dots in the image) could be
identified on the sample surface. The highlighted boxes in
Fig. 7a of different regions of the sample are shown as
zoomed-in images in Fig. 7b and c. The STEM-EELS analysis
revealed a large metallic Cu core and a thin Cu,O shell sur-
rounding the NP. The copper core of the NP had a diameter of
~150 nm and an irregular shape, while accurate estimation of
the thickness of the surrounding shell was limited by the pixel
size used to acquire the map, ~5 nm, which only gave an
upper limit of the shell size. Due to the large size of the core

Fig. 7 (a) Large STEM image of the sample after 90 s of plasma treat-
ment + 30 min of UHV annealing at 773 K; (b) STEM image of the region
highlighted in yellow in panel a containing a large NP with a metallic
core. Inset: result of the PCA analysis on the NP: a shell of Cu,O shell
(violet) surrounds the metallic cores (blue), lying on a substrate mainly
formed by Cu,O NPs (violet) with small metallic cores (blue); (c) enlarge-
ment of the region surrounded by the blue box in (a); (d) STEM image of
an NP after 90 s of plasma treatment + 30 min of UHV annealing at
773 K + 120 s of plasma treatment, inset: result of the PCA analysis on
the NP: the Cu,O shell (violet) became thicker, the core (blue) remained
metallic, and the underlying film (pink) was composed of a mixture of
Cu,0 and CuO.

This journal is © The Royal Society of Chemistry 2025
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(producing a diffraction contrast by being crystalline), the clus-
tering algorithms could not extract both the core and shell
regions when only a few classes were considered. Indeed,
several classes result from the different orientations of the
domains in the core. For this reason, in this case, principal
component analysis (PCA) was used, and the different com-
ponents forming the core were summed after inspection (same
spectral features but different amplitudes, due to the different
orientations of the domains). The result of the PCA analysis on
a portion of the film is shown in the inset in Fig. 7b. The com-
position of the film on which the large NPs formed is shown
in Fig. 7c, which appears very similar to that shown in Fig. 5c,
suggesting that the majority of the sample did not show a
changed morphology. From the results of the PCA analysis, it
is possible to conclude that also the composition was very
close: the film was mainly composed by Cu,O (in violet), with
small metallic cores (blue). The formation of such large core-
shell NPs could be ascribed to the annealing under reducing
UHV conditions. The Cu atoms diffused through the oxide
shell faster than O atoms, resulting in a net outward flow of
Cu ions that diffused on the sample surface and agglomerated,
forming relatively large metallic NPs.°® After the UHV anneal-
ing, the NPs were again exposed to plasma treatment for
2 min. The effects of these treatments on the morphology and
on the composition of the NPs are shown in Fig. 7d. Even
though the duration of the exposure to plasma was the same
as for the sample shown in Fig. 5d, the final result was signifi-
cantly different. In this case, the core of the NP remained
metallic, and the effect of the plasma treatment on the large
NPs was to thicken the Cu,O shell around the metallic core to
~10 nm.

On the other hand, the small NPs were predominantly oxi-
dized to a mixture of CuO and Cu,O (Fig. 7d, inset), similar to
Fig. 5d. This strong difference in behavior under plasma treat-
ment was ascribed to the different sizes of NPs after UHV
annealing. Indeed, as previously observed,*"** the initial NP
size is a critical parameter for the evolution of metal and oxide
molar volumes, and for the time required for the oxidation of
NPs.

The optical absorptance and AES spectra were acquired
after the UHV annealing and after the subsequent 120 s of
plasma treatment and are shown in Fig. 8. The LSPR-related
absorption partially recovered after the annealing, with a peak
appearing at ~670 nm. The peak was decreased in intensity
and red-shifted after the exposure to plasma, consistent with
the thickening of the oxide shell around the particle. The low
intensity of the plasmonic resonance compared to the inten-
sity of the interband transition-related absorptance could be
justified by the low concentration of the NPs after the UHV
annealing (Fig. 7a). The fitting of the AES spectra, shown in
Fig. 8b, confirmed the observations derived from the PCA ana-
lysis shown in the insets of Fig. 7b and d. After the UHV
annealing (cyan triangles), the sample surface was composed
of 80% Cu(1) and 20% Cu(2), while after the subsequent 120 s
of plasma exposure (orange triangles), the sample presented a
dominant Cu(2) component (65%).
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Fig. 8 (a) Optical absorptance spectra of the sample after 90 s of

plasma exposure (black line), after UHV annealing (blue line), and after a
second exposure of 120 s to plasma (orange line); (b) Cu LysM45My s
spectra of the sample after UHV annealing (cyan triangles) and 120 s of
subsequent plasma annealing (orange triangles) fitted with the reference
spectra in Fig. 1.

The UHV annealing procedure was repeated also for the
sample exposed to 120 s of plasma exposure. However, in this
case, the complete absence of Cu(0) left in the sample pre-
vented the formation of large and dispersed Cu NPs and the
plasmonic resonance was not recovered (Fig. S17).

4. Conclusions

The present work shows that it is possible to follow the oxi-
dation of Cu NPs in nanometric detail by STEM-EELS spectral
maps analyzed using machine learning-based algorithms, here
using the oxidation of Cu NPs as a case study. The results
obtained by STEM-EELS were shown to be compatible with the
space averaged results from electron spectroscopy techniques
and with the optical response of the system. In particular, we
systematically investigated the morphology and composition
evolution of thin Cu NPs films as a function of exposure to air
plasma, correlating the observed modifications with the
observed changes in plasmonic properties. After the growth
and a first annealing in oxygen under UHV-compatible con-
ditions, the NPs were found to be completely metallic and had
a regular shape. A short exposure to air plasma (30 s) induced
the formation of a thin Cu,O shell surrounding the NPs, while
the dimensions of the NPs and the substrate coverage
remained essentially unmodified. When the NPs were exposed
to plasma for longer times (90 s), the NPs change both their
composition and morphology; whereby the metallic core
shrank, while the oxide shell was thickened. Also, some of the
NPs started to exhibit the internal voids typical of the nano-
Kirkendall effect, surrounded by a Cu,O shell. The morphology
also changed; whereby the oxide expanded over the substrate
and partially interconnected the NPs. Finally, after 120 s of
plasma treatment, the majority of NPs presented a hollow
structure, with a CuO shell. The STEM-EELS maps, in good
agreement with the surface chemical composition, measured
by electron spectroscopy, could explain the optical absorptance
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spectra measured at the different steps. After 30 s of plasma
treatment, the LSPR was red-shifted, compatible with the
results of the numerical simulations for a system composed by
core@shell Cu@Cu,O NPs. After 90 s, only a weak plasmonic
band was present, and this completely disappeared when the
NPs were treated for 120 s with plasma, consistent with the
observed progressive decrease in size of the metallic core.

When the sample treated for 90 s in plasma was annealed in
UHYV, the Cu(0) ions tended to diffuse and agglomerate, forming
large Cu NPs (diameter ~150 nm) surrounded by a thin Cu,O
shell of ~5 nm. When these large nanostructures were exposed to
plasma treatment for 120 s, the metallic Cu core remained almost
unchanged, and the only effect of the treatment was to slightly
increase the thickness of the Cu,O shell around the NPs.
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