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Degradation of Cu nanowires in a low-reactive plasma
environment
Diego S. R. Coradini 1,4✉, Matheus A. Tunes 1,4✉, Thomas M. Kremmer1, Claudio G. Schön2, Peter J. Uggowitzer 1,3 and
Stefan Pogatscher 1

The quest for miniaturisation of electronic devices is one of the backbones of industry 4.0 and nanomaterials are an envisaged solution
capable of addressing these complex technological challenges. When subjected to synthesis and processing, nanomaterials must be
able to hold pristine its initial designed properties, but occasionally, this may trigger degradation mechanisms that can impair their
application by either destroying their initial morphology or deteriorating of mechanical and electrical properties. Degradation of
nanomaterials under processing conditions using plasmas, ion implantation and high temperatures is up to date largely sub-notified in
the literature. The degradation of single-crystal Cu nanowires when exposed to a plasma environment with residual active O is herein
investigated and reported. It is shown that single-crystal Cu nanowires may degrade even in low-reactive plasma conditions by means
of a vapour–solid–solid nucleation and growth mechanism.
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INTRODUCTION
The advent of nanoscaled materials such as nanoparticles (NPs),
nanotubes (NTs) and nanowires (NWs) has been subjected to
intense research studies in the recent years given their reported
electrical, mechanical and optical properties which differ from
bulk materials mainly due to the large surface-to-volume ratio
(SVR)1,2. This set of properties explains the wide range of
suggested applications that nanomaterials face nowadays in
several areas of industry and science such as biomedical and
electronics industries3–6.
A recent application of nanomaterials involves miniaturisation

of electronic circuits and devices which has potential to
revolutionise the electronics industry7–12, not only by extending
the validity of Moore’s law, but exceeding the scientific vision
beyond it13–15. In this context, the search for reliable synthesis
and processing routes for nanomaterials remains a significant
challenge for academia and technology companies: for example,
the ion-beam-induced processing doping of semiconductor
nanowires was shown to severely degrade them via mechanisms
known as ion-induced bending16,17. Additional studies exploring
degradation effects (from distinct and/or multiple sources
operating synergistically) in nanomaterials are still largely
required.
Despite the ongoing research and industrial interest on the

semiconductor branch, metallic nanomaterials are also focusing
the attention of the scientific community due to the recently
reported superior properties when compared with their metallic
bulk form18. Among the wide variety of metallic nanomaterials
under investigation, Cu is commonly used in the microelectronics
industry due to its suitable cost–benefit and appropriate
mechanical and electrical properties19. As an example, in its oxide
form, it has been discovered that Cu can be used as a one-
dimensional nanostructure with envisaged applications in solar
cells, gas and humidity sensors, high-temperature conductors and
field emitter miniaturised transistors3,20,21. Many of these

applications are related with its narrow band gap that varies from
1.2 to 2.1 eV (both CuO and Cu2O are p-type semiconductors) at
room temperature3,20,21.
Nevertheless, the applicability of metallic nanomaterials like

Cu NWs in nanocircuitry may be impaired when the thermo-
dynamic stability of its (metallurgical) phase upon exposure to
degradation environments is considered2. The use of Cu can be
limited by its susceptibility to oxidation at low temperatures22,
resulting in the formation of a partial self-passivation layer as
opposed to Al which reacts with O creating a more uniform and
continuous self-passivation layer19,22,23. In addition, as observed
in thin films, the reaction with monoatomic O and/or O2-rich
environments may induce the formation of oxides like CuO and
Cu2O which can degrade the initial electrical and mechanical
properties of pure Cu22.
An important requirement of microelectronics is the appro-

priate cleaning of materials and devices before and after their
processing. The presence of carbonaceous impurities may destroy
the component or reduce its initial designed functionality.
A method frequently used by industry to carry out such cleaning
is via the use of plasma which can remove superficial impurities by
means of physical processes such as ablation, bombardment,
physi- and/or chemisorption19,24–26. Besides cleaning the surface
of a material, plasma has been also used in inorganic nanos-
tructure fabrication27–29. The latter fact is due to the distinct
physicochemical properties of plasma such as the presence of
several ionised chemical species that have a high reactivity with
some metallic surfaces3,6,29–32. For application in electron micro-
scopy, for example, plasma cleaning devices are designed to
neither induce heat nor sputtering of samples, but to remove the
outermost layers of surface contamination (in a form of
carbonaceous impurities and/or C–H-based weakly bonded
contaminants)33. Notwithstanding, the presence of active species
in a plasma environment can also lead to undesired degradation
effects in nanomaterials, but to the best of our knowledge, there is
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a current lack of reports regarding the effects of reactive plasma
exposure in Cu NWs.
Although the low- or high-reactive plasma degradation of NWs

is largely sub-notified in the literature, several authors reported
degradation effects of plasma on metallic thin films. Gibson et al.7

observed the effects of a simulated plasma environment (similarly
to that found in low earth orbit) on a Cu thin films by analysing
interaction of monoatomic O with their surfaces. In the study, the
authors observed that the Cu thin films (Cu2O) had a higher
reactivity with monoatomic O than with molecular O (i.e. O2), even
in low-pressure conditions (0.0013 mbar)7. This was similarly
investigated by Kennedy and Friesen9 whose concluded that the
growth of Cu films via sputtering processes can be affected by the
O partial pressure and that the presence of a low-content
O atmosphere can lead to adsorption, which upon segregation
at the surface may initiate oxide layer growth.
The effects of plasma exposure in nanomaterials has been

recently reviewed by Ostrikov et al.30 who also were pioneers to
investigate the degradation effects of a high-reactive (O-rich)
plasma environment on metallic substrates in promoting nuclea-
tion and growth of different types of metal oxide NWs. In this
context, two distinct physicochemical mechanisms were identi-
fied: the solid–liquid–solid (SLS) and vapour–solid–solid (VSS)30

mechanisms. SLS mechanism is observed for metallic substrates
with low melting point and it consists on the melting of a
nanoregion caused by the reaction of the metal with the
monatomic O present in the plasma. VSS mechanism is observed
for metals with higher melting point, such as Fe for example. The
melting of a nanoregion may also occur in the VSS, but the direct
adsorption of a gas-phase into the molten-metal nanoregion (or
activated nanoregion) and the higher temperatures involved with
these processes can catalyse recrystallisation and growth of an
oxide solid phase at the liquid–solid interface30.
In the present study, the effects of low-reactive plasma

exposure on Cu NWs will be reported. The NWs were characterised
within a scanning/transmission electron microscope (S/TEM)
before and after the plasma exposure. The low-reactive plasma
is mainly composed of Ar ions with residual gases—such as O
which was not intentionally added—and the initial objective was
to clean the Cu NWs before electron microscopy. However, the
exposure to such plasma environment revealed an unexpected
degradation of the Cu NWs, which was the main motivation for

the investigations that will be reported in this study. The
characterisation of this degradation effect was carried out by
the detailed use of electron-microscopy techniques such as high-
angle annular dark field (HAADF), energy-dispersive X-ray (EDX)
spectroscopy mapping and also via conventional TEM techniques
such as selected-area electron diffraction (SAED).

RESULTS
Morphology of the pristine Cu NWs
The pre-plasma exposure electron-microscopy characterisation of
the Cu NWs is shown in Fig. 1. This Cu NWs condition is herein
referred as pristine. SAED pattern and bright-field TEM (BFTEM)
analysis, shown in Fig. 1b, c, respectively, revealed that the Cu
NWs are initially single-crystalline and nanoroughness (known as
“hillocks” in the literature30) is noticeable on the surface of the Cu
NWs. The superficial inhomogeneities observed on the Cu NWs in
BFTEM were also previously reported as partial passivation
layer23,24. Insets in Fig. 1d–f show micrographs from the STEM
analysis including HAADF, Cu and O EDX mapping measurements,
respectively.

Morphology of Cu NWs after exposure to a low-reactive plasma
Typical morphologies of the Cu NWs after exposure to the low-
reactive plasma environment as a function of time are shown in
Fig. 2. The set of STEM micrographs, EDX maps and the SAED
pattern presented in Fig. 2a shows the electron-microscopy
characterisation of a typical Cu NW after 10 min of plasma
exposure while the set of micrographs in Fig. 2b shows two Cu
NWs after 25 min of exposure.
From the analysis presented in Fig. 2, two major experimental

observations can be pointed out so far: (i) the Cu NWs—initially
single-crystals—have altered their crystal structure as per expo-
sure to the low-reactive plasma and (ii) the modification of their
crystal structure is followed by the formation of small rounded-
shape nuclei as can be observed in detail with brighter contrast in
the HAADF micrographs. These nuclei will be hereafter referred to
either nanoclusters (NCs) or nuclei. It is important to emphasise
that such low-reactive plasma effect was not observed to occur on
the different metallic substrates (TEM lamellae) used in this work;
therefore, this phenomenon was restricted to the Cu NWs.

Analysis of pristine and plasma-exposed Cu NWs
With the EDX analysis, an elemental quantification of both Cu and
O as a function of the low-reactive plasma exposure time was
carried out. Figure 3 shows a plot where the atomic concentration
of O was observed to increase with the plasma exposure time and
a trend towards the expected composition of Cu2O was detected.
The pristine Cu NW has a passivation layer circumvolving its core
as shown in the overlapped O and Cu maps in Fig. 3. By measuring
the radius difference between O and the Cu in the pristine
condition, the value was estimated to be 14.1 ± 1.3 nm. The
overlapped O and Cu maps for the 10 and 25min plasma-exposed
Cu NWs also show the association of O both with the formed NCs
and the degraded NW core.

Formation of rounded-shape NCs
The formation of rounded-shape NCs from the Cu NWs can be
better assessed when looking at the surface of the metallic
substrates after the plasma exposure. Figure 4a shows a Cu NWs
above a pure Al substrate after 10min of low-reactive plasma
exposure. NCs are observed both at the surfaces of the NWs and
as-deposited on the pure Al substrate. The latter case occurs when
the nuclei are formed at the surface of the Cu NWs and then
deposits onto the substrate during plasma exposure. Figure 4b
shows an NCs size distribution estimated using the Cu EDX map

Fig. 1 Pre-plasma exposure electron-microscopy characterisation
of a Cu NWs. a BFTEM micrograph of a Cu NW along a zone axis
including b the SAED pattern confirming the single-crystallinity of
the NWs. The BFTEM micrograph in c shows inhomogeneities often
observed in the surface of the Cu NWs. The STEM analysis in d–f
show the Cu NWs viewed with the HAADF detector and the Cu and
O elemental maps, respectively.
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Fig. 3 Analytical characterisation of the Cu NWs plasma exposure degradation. The elemental composition of the Cu NWs before and after
exposure to the low-reactive plasma is shown in plot a. The overlapped O and Cu elemental maps are shown for b pristine, c 10 and d 25min
plasma-exposed Cu NWs. As the O content was observed to increase as a function of the plasma exposure time, a trend towards the expected
Cu2O composition was noted.

Fig. 2 Analytical electron-microscopy characterisation of the Cu NWs. After a 10 and b 25min of low-reactive plasma exposure with their
respective SAED patterns. Upon exposure to a low-reactive plasma, the initial single-crystal Cu NWs are observed to degrade to randomly
oriented NCs as indicated by the SAED polycrystalline patterns in a and b.
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presented in Fig. 4d: the histogram of NCs radii resembles a
bi-modal distribution.
The O map from the area shown as a red dashed-square in

Fig. 4a revealed no significant enrichment of this element around
the formed NCs. The absence of O-enrichment is also noticeable in
the EDX maps presented in Fig. 2a, b.

SAED pattern indexing
SAED pattern indexing was carried out with the electron-
diffraction pattern recorded from a Cu NWs after 25 min of low-
reactive plasma exposure as shown in the plot in Fig. 5. This SAED
pattern resembles to a polycrystalline material which is consistent
with the formation of NCs. Crystallographic reference data from
both Cu and Cu oxide phases (CuO and Cu2O only) were used34–36.
The indexing was performed by measuring the radii of the
Debye–Scherrer rings with respect to the transmitted beam. In
order to improve the accuracy in measuring the rings radii (with
an estimated error of 5%), the customised ImageJ script “radial
profile extended” was used and the detected diffraction peaks
were overlapped with the SAED pattern in Fig. 5.
These measured radii correspond to the reciprocal interplanar

spacing of the potential phases present in the material system
after plasma exposure. Table 1 shows experimental and crystal-
lographic database reference values. In some cases, an over-
lapping between the experimental and reference interplanar
spacing data from multiple phases was noticeable. By this, the
following criterium was used to perform the SAED pattern
indexing: (i) numerical value matching; prioritisation of planes
with (ii) lower indexes and (iii) higher diffraction intensities. Using
this criterium, both Cu and Cu2O phase were indexed with higher
probability of occurrence than the CuO phase.

DISCUSSION
Comparing the STEM micrographs in Figs 1d and 2a, b, it is
possible to conclude that a significant morphological change of
the Cu NWs has occurred as a result of low-reactive plasma
exposure. Such changes are that the initial single-crystal Cu NWs

became polycrystalline upon plasma exposure and this degrada-
tion effect manifests as a function of the low-reactive plasma
exposure time: the higher the exposure time, the more
nanocrystals are formed, leading to a complete degradation of
the Cu NWs core. Remarkably, using the HAADF detector, it was
possible to confirm that the formation of such NCs is driven by a
phenomenon occurring at the surface of the Cu NWs. This is
reflected by the experimental detection of NCs formation at the
surface of a Cu NW after 10min of low-reactive plasma exposure
as shown in the HAADF micrograph in Fig. 2a.
It is worth emphasising that although the plasma degradation of

metallic thin films and nanomaterials have been already reported
under high-reactive plasma exposure30,37, the results herein
reported and the detailed characterisation presented clearly indicate
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Fig. 4 Formation of rounded-shape nanoclusters. Electron-microscopy characterisation of the Cu-rich nanoclusters formed after 10min of
low-reactive plasma exposure: a BFTEM micrograph a Cu NWs above the pure Al substrate where some NCs are observed deposited onto it,
and b NCs size distribution from the NCs present in the red dashed-square area. The EDX maps of O and Cu are shown in c and d, respectively,
and they correspond to the red dashed-square area in a.

Fig. 5 Crystallographic identification of possible Cu oxide phases.
a SAED pattern indexing using a typical electron-diffraction pattern
from a Cu NW after 25min of low-reactive plasma exposure. The
diffraction peaks overlapping the SAED pattern were obtained with
radial profile extended analysis within the ImageJ software. The
crystallographic models for b Cu, c CuO and d Cu2O were generated
based on crystallographic database data available in the literature34–36.
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that severe degradation can occur—in the case of single-crystal
Cu NWs—even in low-reactive plasma environments.
The degradation of the single-crystal Cu NWs can be empirically

interpreted via the electron-beam-induced contrast mechanisms
of the HAADF micrographs38–40 obtained during the characterisa-
tion before and after low-reactive plasma exposure. When imaged
with the HAADF detector and along a specific zone axis, the initial
single-crystal structure of the Cu NWs is of a complete uniform
bright contrast as can be noted in Fig. 1d. But after 10 min of low-
reactive plasma exposure—the micrograph in Fig. 2a—the HAADF
contrast is strongly changed when compared with the pristine Cu
NW in Fig. 1d: this contrast alteration is due to the presence of the
randomly oriented NCs at the surface of the plasma-exposed Cu
NW. Due to a combination of the HAADF signals emerging from
both NCs and NW, at the surface of the latter, the NCs are of
brighter contrast. By this, both shape and size of NCs are revealed.
These superficial NCs were further characterised in Fig. 4 where

it was observed that they can form at the surface of the Cu NW
and then deposit onto a substrate directly beneath the Cu NW. By
using the EDX signal from Cu, the sizes of such NCs were
estimated to have a bi-modal distribution which has been already
associated with characteristic nucleation and growth mechanisms
described in the literature12,41.
The hypothesis of surficial degradation triggered by the low-

reactive plasma exposure was investigated in-depth via SAED
pattern indexing. The EDX measurements presented in Figs 1e, f,
2a, b as well as the overlapped O and Cu maps in Fig. 3 suggest
the presence of O at the NW before and after plasma exposure. As
mentioned in the results section, the presence of O before plasma
exposure is probably associated with a partial passivation layer at
the Cu NW surface as metals (at low temperatures) do not dissolve
O atoms in solid solution. Using the Cu and O maps, this
passivation layer was estimated to have a thickness of around
14.1 ± 1.3 nm. The presence of O within the NW–NCs system
persists after low-reactive plasma exposure, which motivated the
use of the Cu, CuO and Cu2O crystallographic data to index the
polycrystalline rings in Fig. 5. Giving the limits of detection, the
presence of either CuO or Cu2O cannot be ruled out by the SAED
indexing analysis, but this creates an apparent contradiction with
the facts that neither O does not show a significant enrichment
around the NCs in the EDX maps of the Fig. 2a, b nor the
estimated atomic composition after plasma exposure matches
with the CuO or Cu2O oxide phases, although a trend has been
detected towards the elemental composition of the latter.
The formation of Cu-rich oxide NCs after low-reactive plasma

exposure can be better understood by analysing the reported

thermodynamic data on the Cu–O system and its phase
diagrams42–45. It is established that at the nanoscale46,47,
conventional thermodynamics does not necessarily correlate
nanomaterials with bulk materials48,49 due to the large surface-
to-volume ratio and the prevalence of surface tension effects50;
however, these Cu–O phase diagrams are herein used for
shedding light on the discussion of the obtained results.
In the Cu–O phase diagrams reported in the literature, for the

regime of very low O partial pressures, the formation of oxide
phases such as Cu2O is already thermodynamic favoured.
Naturally, upon a reduction of such O partial pressure after
purging and plasma generation, the oxide phases can form in
non-stoichiometric conditions (i.e. metal rich) given the favourable
thermodynamic conditions43,51. It is worth of emphasising that in
the plasma chamber, the pressure before Ar gas purging was
measured to be around 0.2 and 0.3 mbar after purge. Although no
O was intentionally added into the chamber, it is reasonable to
assume some O will be present as impurity in the chamber in low
O partial pressure, which allows oxide formation off the ideal
stoichiometry. In summary, the exposure to a low-reactive plasma
induce the formation of small non-stoichiometric NCs of Cu-rich
oxide phases, but a reasonable physical mechanism for explaining
this phenomenon is still required.
A first hypothesis to shed light on the degradation mechanism

observed to occur in pristine Cu NWs is the possibility of Ar ion
bombardment within the plasma chamber. The plasma chamber
in our work is not equipped with a device to intentionally
accelerate Ar ions in a limited set of directions (i.e. it does not
generate an Ar ion beam). Under the conditions herein studied,
the literature reports that the kinetic energy of Ar ions within a
plasma under a pressure of approximately 0.3 mbar is of around
5 eV52; however, the sputtering yield of Cu by Ar ions in this
energy range is close to zero53–55. To confirm this, additional
experiments of Ar ion bombardment of pristine Cu NWs were
performed in this work and are shown in the Supplementary
Information file: the results of these experiments demonstrate that
Ar ion bombardment itself is not capable of explaining the
observed Cu NWs degradation when exposed to a low-reactive
plasma.
The mechanism of Cu NW degradation under low-reactive

plasma exposure can be better understood using existing models
that were recently studied and reviewed by Ostrikov et al.30

regarding the synthesis of metal oxide NWs under exposure to a
high-reactive plasma. It has been reported that when an elemental
metallic substrate is subjected to a high-reactive plasma (i.e. O-rich
plasma), its surface undergoes localised molten nano-regions
which can promote the heterogeneous nucleation and growth of
metal oxide NWs upon adsorption of O atoms. These nucleation
and growth mechanisms—known as SLS and VSS—were already
discussed in the introduction.
In contrast to the SLS, the VSS mechanism is responsible for

surface degradation of metals with a high melting point, as here
for Cu NWs. This model can be adapted to the results reported in
this present work on the exposure of single-crystal Cu NWs to a
low-reactive plasma. The diagram pictured in Fig. 6 further
elaborates this core idea.
In Fig. 6a, the surface of a Cu NW is represented with roughness

(or “hillocks”) at the nanoscale, in contact with Argon atoms, along
with a residual content of O atoms, thus setting up a low-reactive
plasma. The BFTEM micrograph presented in Fig. 6a shows that
such nanoroughness is recurrent feature observed in the Cu NWs
investigated in this study.
A hypothetical process to explain the low-reactive plasma

induced degradation of Cu NWs is exhibited in the scheme
presented in Fig. 6b. The presence of monoatomic O atoms within
the plasma suggests that a recombination reaction between two
O atoms at a hillock site on the Cu NW’s surface is possible and
likely to occur. Such O recombination reaction is highly

Table 1. Crystallographic indexing data for the low-reactive plasma
degraded Cu NW (exposure time 25min).

Experimental data Crystallographic database values

Peak Index d [Å] Error Cu35 CuO34 Cu2O
36

d [Å] and reflection planes

R1 2.43 0.12 – – 2.464 (1 1 1)a

R2 2.05 0.10 2.087 (1 1 1)a – 2.134 (0 0 2)

R3 1.76 0.09 1.808 (0 0 2)a 1.797 (1 1 2) 1.743 (1 1 2)

R4 1.48 0.07 – 1.515 (1 1–3) 1.509 (0 2 2)a

R5 1.25 0.06 – 1.261 (2 2−2)a 1.232 (2 2 2)

R6 1.07 0.05 1.090 (1 1 3)a 1.079 (1 3 1) 1.067 (0 0 4)

R7 0.89 0.04 0.904 (0 0 4) 0.899 (2 2 4) 0.871 (2 2 4)a

R8 0.79 0.04 0.808 (0 2 4)a 0.798 (4 0 4) 0.793 (2 3 4)

Note: The crystallographic database values marked with a are satisfying the
indexing criterium adopted in this work.
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exothermic30; thus, the energy generated can be absorbed at a
hillock site and it is sufficient to raise the temperature in a
nanoregion. Due to the rapidly increase in the local temperature,
monoatomic O chemisorption can occur, which leads to an
incorporation of O in the Cu nano-melted region. It should be
noted that nanomaterials have a lower melting point than their
counterparts56–58 and that low-energy Ar ion collisions (on
average ≈5 eV52 for the plasma conditions in this thesis) are able
to promote Cu surface diffusion59. Both characteristics may
facilitate the proposed degradation process. Upon O adsorption,
non-stoichiometric Cu oxide nuclei are allowed to form upon
cooling. These are the nuclei which are observed as NCs in the
HAADF micrographs at the surface of the Cu NWs after plasma
exposure. Because of their short-term melting and phase
transformation, the compatibility of the nuclei with the NW is
greatly reduced, so that they can fall off and the described process
takes place repeatedly on the Cu NW surface.
A major distinction between the degradation model herein

proposed and the metal oxide nucleation and growth model
proposed by Ostrikov et al.30 must be made. In the latter, after
nuclei formation and given the high O content in the plasma (i.e.
more recombination reactions implying in a higher temperature),
a complete metal oxide NW is allowed to grow upon O adsorption.
In the former case, given the lower O content, only nuclei are
formed, and its crystallised phase is Cu-rich and O-poor.
As experimentally demonstrated in this work, the continuous

formation of non-stoichiometric Cu oxide NCs upon exposure of
single-crystal Cu NWs to a low-reactive plasma leads to a complete
degradation of the NWs core via the destruction of the initial
single-crystal structure and characteristic morphology. In contrast
to previous works, the present research shows such degradation is
able to occur in plasma environments with a low content of O.
A model based on the VSS mechanism has been proposed to

explain the observed degradation results. This model assumes
that the surface of the initial Cu NWs has nanoroughness
(confirmed by electron-microscopy characterisation) which are
preferential sites where monoatomic O recombination exothermic
reactions are allowed to take place, releasing enough energy to
induce local melting of a nanoregion, favouring the formation of
such non-stoichiometric Cu oxide NCs upon O consumption via
chemisorption.

Although the phenomenon herein observed to occur is referred
as degradation of Cu NWs, the results show that this may be an
alternative approach for the synthesis of Cu oxide NCs when
compared with the existing magnetron-sputtering methods.
Further research is needed to understand the mechanism of

non-stoichiometric Cu oxide formation at low pressures as well as
more accurate techniques to detect low content of O in the
nanometre-sized nuclei. The question whether only metallic Cu
NWs are subjected to such observed low-reactive plasma
degradation needs further clarification.

METHODS
The experimental methodology used to characterise the degradation
effects of low-reactive plasma exposure on single-crystal Cu NWs will be
detailed and described in this section.

Sample preparation
Single-crystal Cu NWs in a form of powder was received from Sigma Aldrich.
The total mass of Cu NWs was 250mg and the batch number is MKCL4542.
The preparation of a liquid solution was necessary to disperse the NWs. The
solution used in this work was made with 8mg of Cu NWs for 6.8 g of
isopropanol. Ultrasonic mixing was used for 30min before the TEM sample
preparation in order to unclutter the Cu NWs in solution. This type of sample
preparation for nanomaterials has been described elsewhere60,61.
After ultrasonic mixing, the Cu NWs in solution were pipetted directly

onto metallic substrates and left to dry in air. These metallic substrates
consisted of 3 mm electro-polished TEM disks. For the experiments
reported in this work, different metallic substrates were used, and the
results reported here were reproduced using three different substrates (Sn,
Al and steel AISI347).

Low-reactive plasma exposure experiments
Plasma exposure was carried out using the plasma cleaning device model
FEMTO with a 2.8 L chamber from Diener. The generator was operating at
60% of maximum power which corresponds to 100W. The frequency of
the generator was 40 kHz. The chamber was pumped (pre-purge) to a
pressure of 0.2 mbar. At this condition, as a matter of comparison, a quick
calculation considering the air as an ideal gas and 1 L of volume (for
simplification) shows that at this pressure level, the O2 concentration is
around 414 ppm. Then Ar gas was purged until the pressure stabilised at
0.3 mbar. The used Ar gas was 99.999% pure; therefore, the generated

Monoatomic O
recombination

O2 formation + heat

Nano-melted or
activated region

mCu + nORecombination

Monoatomic O
Chemisorption

Cu NW

(a)
Cu NW + Ar plasma with residual O

(b)
The VSS mechanism

CumOn
Formation

NucleiNuclei

O Ar

10 nm 20 nm

Nuclei

Nanoroughness
“Hillocks”

Cu NW Cu NW

Fig. 6 Proposed sequence for the observed Cu NWs degradation in a low-reactive plasma. An adaptation of the VSS mechanism as a
hypothesis to explain the surface-driven degradation of single-crystal Cu NWs. The scheme in a shows an initial stage where the plasma is
generated and co-exist with the Cu NW; the BFTEM micrograph shows that the Cu NWs used in this work always present nanoroughness at
their surfaces. The schemes in b show the subsequent stages of monoatomic O recombination, O adsorption and nuclei formation; the
micrograph shows that these nuclei are detected using the HAADF detector.
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plasma is herein defined as low-reactive plasma, i.e., a low-content of
reactive species may be present, but not intentionally added, due to the
vacuum conditions. It is worth emphasising that a pressure level of
0.3 mbar corresponds to the category of medium vacuum, often referred in
the literature as not high enough to mitigate the influence of active
species such as O62. Therefore, given the residual concentration of
monoatomic active species such as O, the term “low-reactive plasma” has
been adopted throughout this work. For the experiments reported in this
work, plasma exposure was carried out in function of two time lengths: 10
and 25min.

Electron-microscopy characterisation
For these experiments, a ThermoFisher ScientificTM Talos F200X G2 electron
microscope was used. The TEM operated a field-emission gun at 200 kV and
it is equipped with Super-X EDX detectors. Before plasma exposure, a TEM
pre-characterisation was carried out in the pristine Cu NWs onto metallic
3mm disks. The edges of the 3mm disks were used as landmarks to pinpoint
specific Cu NWs. After plasma exposure, some Cu NWs were not found in
their landmarked areas, most likely because they were washed away during
plasma exposure. The pre and post plasma exposure TEM characterisation—
under identical conditions—consisted of BFTEM, HAADF and STEM-EDX
mapping. SAED patterns using a 660mm camera length were also recorded
to monitor the crystallinity of the NWs. The EDX maps presented in this work
were processed in the ThermoFisher Velox software (version 2.9) and
represent the net intensities of Cu and O. Elemental quantification was
carried out within Velox using the Schreiber-Wims ionisation cross-section
model and a multi-polynomial (parabolic) fit function for the EDX spectra.
The radius of each quantified NW was measured a priori and this value was
used for absorption correction purposes along with a density of 9.0 g cm−3.
As the standardless error for elemental composition is around 20% of the
value (from the manufacturer63), a set of three different areas were measured
for all the quantified NWs reported in this work in order to confirm the
estimated compositions within a standard deviation ≤5%.
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