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The electrochemical behaviour of copper oxide nanoparticles is investigated at both the single
particle and at the ensemble level in neutral aqueous solutions through the electrode-particle
collision method and cyclic voltammetry, respectively. The influence of ClI- and NO3™ anions
on the electrochemical processes occurring at the nanoparticles is further evaluated. The
electroactivity of CuO nanoparticles is found to differ between the two types of experiments.
At the single particle scale, the reduction of the CuO nanoparticles proceeds to a higher extent

in presence of chloride ion than of nitrate ion containing solutions. However, at the multi-
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particle scale the CuO reduction proceeds to the same extent regardless of the type of anions
present in solution. The implications for assessing realistically the environmental fate and
therefore the toxicity of metal-based nanoparticles in general, and copper-based nanoparticles

in particular, are discussed.

1. Introduction

Many industrial sectors embrace nowadays the use of a variety of nanoparticles (NPs),
ranging from metal, metal oxide to organic based NPs, leading to an increase of their global
production and consumption over the last years!!!. The functionalities of the engineered metal-
based nanoparticles depend strongly on the redox state of their metallic constituents. This is
especially relevant for copper-based NPs which are used in many chemical and
physicochemical processes such as catalysis!?!, electrocatalysis’®! and sensors!*l. Moreover,
copper-based nanoparticles are employed in numerous industrial applications ranging from
plants protection!® to antifouling!*°!, as well as in many biological applications as antimicrobial
agents'® and biosensors!”!. Because of their wide range of applications, copper-based
nanoparticles are thought to be discharged into the environment through industrial effluents and
waters, therefore coming in contact with living organisms!®!. In order to understand the fate of
the nanoparticles dispersed in the environment and hence to assess the toxicity of metal-based

(101 it is of crucial importance to study their

NPs in general® and copper-based NPs in particular
redox chemistry and the consequent species transformation!'!l. In fact, it is already known that
CuO nanoparticles can cause the generation of intracellular reactive oxygen species (ROS) such
as hydrogen peroxide, together with free hydroxyl and superoxide radicals!'?!3]. When
produced in excess, ROS species are responsible for enhancing the oxidative stress inside the
cells and therefore can lead to their death!'?]. Whilst it is debated in the literature that the

presence of defect sites on the surface of CuO nanocrystals might promote the formation of

such reactive oxygen species !'¥], evidence has been found proving that the redox activity of the

2
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CuO nanoparticles has a critical role in determining the extent of the cell’s oxidative stress['?!.

This is explained on the basis that when a living cell changes its redox conditions, electroactive
CuO nanoparticles in contact with it can undergo various degradation reactions leading to a
local increase of the concentration of reactive Cu species!!> . In presence of hydrogen
peroxide, Cu(Il) cations can initiate the formation of superoxide radical anions, and Cu(l)
cations can cause the formation of hydroxyl radicals through a Fenton-like reaction!'%> 'l This
enhanced ROS formation leads to a great oxidative damage of the cellular components, such as
protein, lipids and nucleic acids, and eventually to cell death!'*!¥) Additionally, it has been
shown that CuO nanoparticles can be toxic not only to cells but also to more complex organisms.
CuO nanoparticles can be accumulated in the tissues of estuarine and marine organisms, such

51 mussels like Mytilus galloprovincialis!®],

as the amphipod Leptocheirus plumulosus!
Mytilus edeli’” and in sea urchin'®l, causing an inhibition of their enzymatic activity,
embryonic development, defence mechanisms, and when present at high concentration, death
of the organism.

To date, the nanoparticles redox activity is conventionally evaluated through cyclic

6[3’ 10a, 19],[20]. In

voltammetry of films of nanoparticles immobilized onto the electrodes surfac
this way, it is possible to assess the governing electron transfer processes together with the
chemical species involved, in terms of elemental composition and oxidation state!?!). The
nanoparticles immobilisation onto the electrodes surface is often obtained either through
lamination!??! or drop cast®*!, which results for both cases in multilayer deposits of particles.
Whilst this is the purpose of the lamination process, the opposite is true for the drop cast method
whose aim is to distribute a small amount of particles as a single or a few monolayers. However,
during the evaporation step in the drop cast procedure particles clogging forming coffee ring-
like structures!®* is usually observed. Because of the multilayer deposits onto the electrode

surface, any precise quantification of the particle properties through the analysis of the cyclic

voltammograms requires detailed knowledge of the intra particles contact resistance and how
3
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this modifies the electron transfer processes, especially for the case of poorly conductive
nanoparticles. Moreover, it is worth noticing that the electrochemical analysis of a particle
ensemble does not reflect necessarily the behaviour of the material at the single particle level
and this can lead to deceptive conclusions on the fate of the nanoparticles dispersed in the
environment and, as a consequence, on estimating their toxicity.

In contrast, the electrode-particle collision method, often referred to as “nanoimpacts”,
does not necessitate a priori information about the nature of the infra-particle contact resistance,
and it allows the investigation of the electrochemical behaviour of the nanoparticles as single
entities. This method consists in dispersing nanoparticles in solution which may, by virtue of
their Brownian motion, stochastically collide against a polarised microelectrode surface,
producing spikes in the background current recorded at the microelectrode!®!.  The
measurement of the Faradaic current deriving from the particles collisions allows a rapid and
stochastic detection of a large number of individual particles. The magnitude of the charge,
duration and frequency of a numerically relevant number of single impact events, leads to the
direct information of the reaction occurring at the nanoscale!>”). The electrode-particle collision
technique has been applied to several fields from electrocatalysis®®! to energy storage and

(271 and it was proven to be effective in facilitating the study of the reactivity of

conversion
individual particles.

In this study, the electrochemical behaviour of copper oxide nanoparticles was analysed
in neutral solutions containing different salts. At first the more commonly used cyclic
voltammetry was employed to study the material at the ensemble level. The results were then

compared to the behaviour of the material at the single particle level, whose conditions

approach more closely the ones of the nanoparticles when they are dispersed in the environment.

2. Results and Discussion
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2.1. CuO nanoparticles characterisation

The BET measurement showed that CuO nanoparticles had an 83.6 m?/g specific surface
area, which corresponds to an average of 11.4 nm primary particle size. The XRD measurement
of the fine powder showed that the material was very crystalline, with clear XRD patterns
assigned to CuO. Similarly, the TEM overview showed 10 nm crystallite sizes for CuO with

spherical morphology (Figure 1).
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Figure 1: (a) Low-resolution and (b) magnified high resolution TEM image; (c) selected area
electron diffraction patterns and (d) XRD patterns of CuO nanoparticles. All the
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characterization results and the imaging showed that the primary particles are highly
crystalline and c.a. 10-12 nm in size.

2.2. CuO nanoparticles ensemble behaviour

The voltammetric behaviour of the copper oxide nanoparticles as an ensemble was
studied by modifying the surface of a glassy carbon electrode through drop-casting 4.5 pg of
pure copper oxide nanoparticles from a solution containing 1 g/L. of CuO NPs dispersed in
water by sonication with a sonic horn, as described within the experimental section. In order to
estimate the influence of some anionic species most commonly found in water streams on the
redox processes occurring at the nanoparticles, the cyclic voltammetries were performed in
different electrolytes containing KNO3 and KCI. From the SEM images of the same amount of
CuO nanoparticles drop-casted onto a glassy carbon plate and dried under a nitrogen flow
(Figure S2), it was possible to estimate the particle size distribution (Figure S2c¢) and
consequently the average NPs diameter, which was found to be 195 + 88 nm considering the
mean, or 182 + 88 nm considering the median of the distribution. Such big particles are most
likely formed by the aggregation of many primary crystallites with c.a. 10 nm diameter as
observed through TEM analysis (Figure 1). In fact, the particles that are synthesised through
flame spray pyrolysis are characterised by a highly porous nature, with a void fraction generally

around 90%!28!.
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It is worth noticing that considering the average particle diameter and 4.5 pg of CuO NPs
drop-casted onto a glassy carbon electrode having a radius of 1.5 mm, less than one monolayer
(i.e c.a. 0.75 monolayer) of CuO nanoparticles are deposited onto the electrode surface.
Nevertheless, Figure Sla shows a significant clustering which is likely due to the particle
aggregation/agglomeration upon drying.

The voltammetric response of the CuO NPs modified glassy carbon electrode is shown in
Figure 2. Starting from the open circuit potential, the electrode was swept cathodically in order
to reduce the copper oxide nanoparticles. Considering the reductive charge recorded in the two
solutions, it appears that in presence of chloride ions the CuO nanoparticles present on the
electrode surface undergo a one-electron reduction, whilst in presence of nitrate ions the
reduction of the CuO nanoparticles appears to be a two-electron process. The NO3;™ and CI°
anions, in fact, are expected to influence the redox processes of copper, promoting a direct two-
electron transfer reduction from Cu(Il) to Cu(0) in the case of nitrates solutions, and one-

(291 1t is worth noticing

electron transfer reduction from Cu(Il) to Cu(I)-Cl species, respectivley'
that in presence of nitrates there is a pronounced oxidative peak which is ascribed to the
stripping of Cu(0) formed during the direct two electron reduction, whilst in presence of

chlorides the oxidative peak is much smaller, suggesting the formation of soluble Cu(I)-Cl

species.
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Figure 2: Cyclic voltammograms of a CuO NPs modified glassy carbon electrode in solutions
containing KC1 0.1 M (red) and KNO;3 0.1 M (blue) at a scan rate of 25 mV s™!,

In both cases the measured reductive peak charge, c.a. -6 uC in KNO;3 and c.a. -3 uC in
KCl, suggests that only less than 0.1% of the CuO nanoparticles present on the electrode surface
are reduced (considering a two-electron and one electron reduction in KNO; and KCI
containing electrolyte, respectively) leading to the conclusion that CuO nanoparticles have a
similar reactivity in both media. The low amount of CuO nanoparticles reacting may be due to
a high intra-particle resistance arising from the particle clusters formed upon drying, because
of the relatively poor electronic conductivity of copper oxide. For this reason, it is likely that
only the surface CuO nanoparticles which are in electrical contact with the glassy carbon
electrode take part in the reaction.

From the analysis of the cyclic voltammetries recorded at different scan rates (Figures S2,
S3, S4, S5), the reduction and oxidation processes occurring at the CuO nanoparticles appeared

diffusive in nature in both electrolytic solutions. Considering the small amount of reacting
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particles, it is likely that the limiting diffusion processes involving point defects or ions take
place inside the particle ensemble and not within the liquid phase.

When the cyclic voltammetries are performed in KCI containing solutions, chloride ions
take part in the one electron reduction of the CuO through the formation of Cu-Cl species, as
reported previously!?® 2?1, This is further confirmed from the shift in the cathodic peak
potential when the cyclic voltammograms are recorded in different KCI concentrations, namely
100 mM, 50 mM, 10 mM, 5 mM and 1 mM KCIl (Figure S6a). In order to minimise the ohmic
distortion of the voltammograms, which would affect the peaks position and shape due to a
poor electronic conductivity of the solution, the ionic strength of all the electrolytes was kept
constant at 100 mM through the addition of the appropriate amount of KNO3, which does not
affect the reduction of the CuO NPs in the potential range under investigation. In this way, it
was then possible to estimate the dependency of the peak potential of the Cu(Il) to Cu(l)
reduction on the logarithm of the chloride concentration (Figure 7b), whose slope was found to
be 67 mV/Log [Cl], indicating that the electrode involves the uptake of chloride ions likely
producing a copper-chloride complex.

When extending further cathodically the potential range of the cyclic voltammetry
(Figure S7), a sharp cathodic peak was observed at around -0.9 V vs. SCE. This peak is much
bigger than the one observed at around 0.0 V vs. SCE, which is related to the one electron
reduction to form Cu(I)-Cl species (shown in the inset of Figure S7), and it is therefore ascribed
to a direct reduction from CuO to metallic copper. The higher cathodic charge of this peak (c.a
-5 mC) suggests that around 50 % of the CuO nanoparticles present on the electrode surface
take part in such reaction. The oxidative charge is c.a. ¥4 mC, which means that most of the
metallic copper formed upon reduction remains at the electrode. In this case, a greater portion
of nanoparticle takes part in the reaction Cu(Il) to Cu(0) due to the high cathodic overpotential
that is applied to the electrode, which is far more reductive than the thermodynamic potential

at which metallic copper is formed[#%* 2¢],
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2.3. CuO single nanoparticles behaviour

Subsequent to the ensemble measurements, the electrochemical behaviour of single CuO
nanoparticles was investigated through the electrode-particle collision method: CuO NPs were
suspended in solution and a carbon microelectrode was held at a suitable potential. When 40
pM of CuO nanoparticles were dispersed in solution, clear reductive spikes appeared in the
baseline current during the chronoamperograms (Figure 2). Such spikes are related to the
stochastic arrival of CuO nanoparticles at the microelectrode surface and their subsequent
reduction. Within the frame of this work, the statistical study of the electrode-particles impacts
involved the analysis of more than 4800 spikes, which were recorded in different electrolytic

solutions and at different potentials applied to the carbon microelectrode.

-55

_60_
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Figure 3: Chronoamperogram of a carbon wire microelectrode in a solution containing 100
mM KCIl with (blue line) and without (red line) copper oxide nanoparticle with a concentration
of 40 pM. The carbon wire microelectrode was polarised at -0.7 V vs. SCE.
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Reductive impacts of CuO nanoparticles were observed starting from a potential of -0.3
V vs. SCE in KNO3 100 mM and in different KCI concentrations, namely 5 mM, 100 mM and
1 M. During all the collision experiments recorded in a potential range from -0.3 V to -0.7 V
vs. SCE a carbon microwire electrode was used’!. When the applied potential was -1.2 V vs.
SCE a carbon microdisc electrode with a smaller surface area was instead employed, in order
to reduce the intensity of the background current and therefore the noise level associated to the
measurement.

All the impact experiments were performed within a time frame of no more than 5 minutes
after 40 pM of CuO nanoparticles were homogeneously suspended employing an ultrasonic
probe (see Experimental section). In order to have an estimation of the stability of the CuO
nanoparticles suspended in solutions containing different electrolytes with different
concentrations, UV-vis spectra were recorded over an interval of 30 minutes in all the solutions
employed during the collision experiments. The suspension underwent severe agglomeration
and the nanoparticles precipitated completely after 30 minutes (Figures S8 and S9). The CuO
NPs suspension in 5 mM KCI was the most stable in the time frame of the impact experiment,
whilst for the one in 1 M KCl the agglomeration rate was much faster probably due to the higher
charge screening effect of the electrolyte, which reduces the electrostatic particle-particle
repulsion in solution, and therefore promotes the particle agglomeration.

In all the electrolytic solutions used during the collision experiments, the impact durations
were found to be constant and independent of the potential applied to the microelectrode and
of the electrolyte concentration (Figures S10 and S11).

In KCI containing solutions, the average charge recorded during the impact experiments
was found to increase with increasing overpotential, when the carbon microelectrode was
polarised more cathodically (Figure 3). This effect is not affected by the particles
agglomeration, whose rate is unchanged in solutions having the same electrolyte concentration.

The increase of mean impact charge recorded with increasing the KCI concentration (Figure
11
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3a) is most probably the result of two effects: a higher agglomeration rate at higher electrolyte
concentration (as shown in Figure S8, S9), and the dependence of the one-electron reduction
from CuO to Cu-Cl species on the amount of chloride ions in solution.

If the nanoparticles were fully dense, the theoretical charge for completely reducing an
average CuO nanoparticle with a diameter of c.a. 195 nm (or 182 nm if the median of the
particle size distribution is considered) to Cu(I) species would be c.a. -30 pC (or -24 pC),
considering a one-electron reduction. Therefore, the mean impact charge of -4 pC recorded at -
0.7 V vs. SCE in 5 mM KCIl would lead to an extent of reduction reaction of the CuO
nanoparticles of c.a 10% (or c.a. 15% nm if the median of the particle size distribution is
considered). Since it is most likely that the CuO nanoparticles have a void fraction of c.a. 90%
(see above), such average impact charge would suggest that the particles undergo a near
complete one-electron reduction to a Cu-Cl species in 5 mM KCI. Therefore, when further
increasing the Cl” concentration in solution, it can be assumed that the CuO nanoparticles
undergo a full one-electron reduction reaction as well at this strongly negative potential, and
the higher average impact charge is a direct consequence of the higher agglomeration rate of
the nanoparticles. Hence, it was observed a higher reaction extent at the single particle level
compared to the case of the ensemble, where only less than 0.1 % of the particles took part in

the reaction.

12
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Figure 4: Mean charge of the CuO particles impacts a) recorded in different KCI
concentrations; b) comparison between the mean charge recorded in KCI and KNO3 solutions
having the same concentration. CuO particles concentration in solution: 40 pM.

Another difference between the behaviour of the ensemble and the single CuO NPs
concerns the extent of reduction involving the nanoparticles in presence of nitrate and chloride
ions. From the cyclic voltammetry in Figure 2, it was concluded that the NO3™ and the Cl”anions
had an influence on the nature of the reaction occurring at the copper oxide nanoparticles, i.e.

two- and one-electron reduction respectively, without however affecting the extent of the

reactions, i.e. the amount of reacting particles. From the collision experiments performed in

13
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KCl1 and KNOs solutions of the same concentration of 100 mM (Figure 4b), it can be observed
that at -0.7 V vs. SCE the average charge for the one electron reduction of CuO in presence of
chlorides is much higher than the one measured for the two-electron reaction in nitrates.

It is worth noticing that the rate of agglomeration in these two electrolytes can be
considered the same in the time frame in which the collision experiments were performed, as
demonstrated from the absorbance which decreased 7 % in KCI and 6.7 % in KNO3 after 5
minutes (Figure S9c¢). For this reason, it can be concluded that the extent of reduction of the
CuO nanoparticles in presence of nitrate is lower than in presence of chloride ions. Moreover,
no dependency of the applied potential on the mean charge recorded during the collision events
was observed in nitrate containing solutions. This suggests that at the single particle level the
anionic species present in solutions have an effect not only on the nature of the reactions
involved, but also on the extent of the reactions occurring at the nanoparticle, and whereas the
former effect could be observed through the cyclic voltammetry of the particle ensemble, the
latter could not be resolved by the same means.

The distribution of the charge recorded during the collision experiments performed in
chloride containing electrolytes was also analysed. Interestingly, the spikes recorded at -0.6 V
and -0.7 V vs. SCE in presence of a small concentration of chloride (5 mM KCI) (Figure S a,
c) showed a bimodal distribution that was not observed at any other potentials and KCI
concentrations (Figure 5 b, d and Figures S12, S13, S14). To explain such bimodal distribution
of the spike charges in Figure 5 a and 5 c, initially it was postulated that the collision events
having longer duration likely lead to a higher charge, and vice versa. However, the two
populations in Figure 5 a were found to have the same average impact duration of c.a. 20 ms.
Another explanation of the process leading to the bimodal impact charge distribution might be
given considering that a stochastic reaction occurs. When the electrode is polarised at -0.6 V

and -0.7 V vs. SCE, a portion of the colliding particles may follow the one-electron reduction

14
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to form copper-chloride species, whilst for some other particles the reduction may proceed

further because of an initiating nucleation of Cu(0).
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Figure 5: Histograms of the charge recorded during the collision experiments at different
Counts: a) 344, b) 693, c¢) 676, d) 830.

The reaction leading to the direct reduction from CuO to metallic copper starts at around
15

-0.55 V vs. SCE (Figure SI15). As any nucleation reaction, such initial Cu(0) formation process
has a random nature and it does not take place up to a broad extent unless there are the
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conditions which favour the growth process. When the chloride concentration is increased, the
impact charge distribution looks monodispersed, and such initial nucleation process cannot be
resolved anymore. A further evidence of the low extent of this initial copper nucleation reaction
can be found in the cyclic voltammetries recorded at the microelectrode before and after
performing the collision experiments recorded in 5 mM and 100 mM KCl at -0.7 V vs. SCE
(Figure S16a and S16b): none of the voltammograms shows a stripping peak that can be related
to a deposit of metallic copper on the electrode surface.

The hypothesis of such Cu(0) nucleation reaction can also explain, together with a more
rapid agglomeration, the difference of the mean impact charge recorded at -0.7 V vs. SCE, when
the collision experiments were performed in 1 M KCl (Figure 4a). In this case, the mean impact
charge is considerably higher than that measured in lower chloride concentrations. Therefore
the nucleation reaction to Cu(0) is inferred to proceed more extensively at such concentrations,
when the CuO nanoparticles collide against the polarised microelectrode. This is further
confirmed from the cyclic voltammetry recorded at the microelectrode before and after the
impact experiments recorded in 1 M KCl at -0.7 V vs. SCE (Figure S16c), which shows a clear
stripping peak at around 0 V vs. SCE due to the oxidation of the metallic copper deposited onto
the microelectrode during the CuO nanoparticles collisions.

Finally, collision experiments were performed at -1.2 V vs. SCE (Figure 6a) in order to
assess at the single nanoparticle level the direct two-electron reduction from Cu(Il) to Cu(0).
The mean charge recorded from the impact experiments was -64 pC, double with the respect of
the one recorded at -0.7 V vs. SCE of c.a. -30 pC, which suggests that the CuO nanoparticles
reacted completely to form metallic Cu(0) (it is worth noticing that being the experiments
performed in the same electrolyte concentration, the effect of the particle agglomeration can be
excluded in this case). This was further supported by the cyclic voltammetry performed at the
carbon microelectrode before and after the collision experiments (Figure 6b). An oxidative peak

appears at c.a. 0.3 V vs. SCE, indicating that copper was deposited onto the microelectrode
16
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surface upon CuO nanoparticle collisions. Considering all the reductive collisions observed at
-1.2 V vs. SCE, a total charge of c.a. -8x10™® C due to the direct two-electron reduction from
Cu(II) to Cu(0) was recorded. The charge of the oxidative peak observed during the cyclic
voltammetry of the microelectrode after the impact measurement (Figure 6b) was c.a. +7.5x10"
$ C, indicating that almost all the metallic copper formed during the collision experiments
remained at the microelectrode surface.

Also in this case, at the single nanoparticle level the direct two electron reduction of CuO
nanoparticle was found to proceed to a higher extent than for the case of the particles ensembles,
where only c.a. 50% of the particles took part in the same reaction during the cyclic
voltammetry. This further proves the inaccuracy of assessing the electrochemical behaviour of

single NPs only from particles ensemble measurements like cyclic voltammetry.

17
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Figure 6: a) mean charge of the CuO nanoparticles impacts recorded in 100 mM KCI at
different potentials applied to the carbon microelectrode; b) cyclic voltammetry of the
microelectrode in a solution containing 100 mM KCI before (blue line) and after (red line)
performing the collision experiments at -1.2 V vs. SCE.

18



WILEY-VCH

3. Conclusions

Because of their widespread uses, CuO nanoparticles are likely to be discharged in the
environment through industrial effluents and waters, and therefore to come into contact with
living organisms. As a consequence, it is of critical importance to understand the environmental
fate of CuO nanoparticles in order to correctly assess their toxicity, which is related to their
redox activity. In order to do so, the electrochemical analysis of a particle ensemble it is
routinely employed, although it does not necessarily reflect the behaviour of the material at the
single particle level. As a consequence, this can lead to deceptive conclusions on the fate of the
nanoparticles dispersed in the environment and thus on assessing their toxicity.

Here the electroactivity of single CuO nanoparticles was compared to the one at the
ensemble level, and the influence of anionic species commonly found in water streams (namely
CI" and NOg3") was investigated as well.

The electrochemical behaviour of CuO was found to differ between the ensemble level
and the nanoparticle level. As ensembles, less than 0.1 % of the particles reacted regardless of
the anion present in the electrolytic solution, and the processes appeared diffusion limited. At
the nanoscale, the CuO reduction occurred up to a much greater extent in presence of chloride
rather than nitrate ions. This striking difference suggests that in order to assess the
environmental fate of metal-based nanoparticles in general, experiments involving only a
macroscopic ensemble of nanoparticles can lead to deceptive conclusions in terms of the redox
activity of the metal-based nanoparticles, especially in the case of poorly conductive materials.
Whilst voltammograms of layers of such particles can reveal the anion influence on the nature
of the reactions involved, single particle investigations are necessary to determine the anion
effect on redox conversions and the extent of the reactions involving the dispersed particles.

The electrode-particle collision method is an effective way to assess the electroactivity of single
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metal-based nanoparticles and it was demonstrated to give important and complementary
insight to the conventional analysis usually performed on these systems, opening up the
possibility of testing the nanoparticles in conditions that are more realistically close to the ones

when the nanoparticles are dispersed in the environment.
4. Experimental Section

Materials: Flame spray pyrolysis was used for the production of ultrafine powders of pure
CuO nanoparticles. The synthesis was performed using copper naphthenate (Strem Chemicals,
99.9% pure) as metallorganic precursor. The precursor was diluted with xylene (Strem
Chemicals, 99.95% pure) to keep the Cu®" concentration at 0.5 M. The solution was then
delivered to a nozzle tip through a syringe pump at a flow rate of 5 mL/min followed by
atomizing the precursor solution with dispersant O and maintaining a pressure drop of 1.5 bar
at the nozzle. The combustion of the dispersed droplets is initiated by the co-delivery of CH4
and Oz (1.5 L/min, 3.2 L/min) in order to create a premixed flame.

Potassium Chloride and Potassium Nitrate were obtained from Sigma Aldrich UK and used as
received. All solutions were prepared using ultrapure water (Millipore) with a resistivity of 18.2
MWcm at 298 K.

Materials characterisation: For the XRD measurements, the CuO nanoparticles obtained
from flame spray pyrolysis were loaded in a PANalytical X’Pert MPD PRO diffracting unit,
equipped with Ni-filtered Cu-Ka (A=0.154 nm) radiation, %° fixed divergence, primary and
secondary Soller slit with 0.04 rad aperture, circular sample holder with 16 mm diameter, and
X’Celerator detector applying a continuous scan in the range of 20-80° 260 and an integration
step width of 0.0334° 26.

For the primary particle size determination, N> adsorption-desorption measurements were

carried out at 77°K using a Quantachrome NOVA 4000e Autosorb gas sorption system. The
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NPs were placed in a test cell and were allowed to degas for 2 hours at 200°C in flowing
nitrogen. The data were obtained by introducing or removing a known quantity of adsorbing
gas in or out of a sample cell containing the solid adsorbent, maintained at a constant liquid
nitrogen temperature. The primary particle size was derived using the equation dget = 6/(pp-S4),
where dgeT, pp and Sy are defined as the average diameter of a spherical particle, theoretical
density and the measured specific surface areal!l,
A small amount of the powder was dispersed in SmL of ethanol (AR grade, Strem) in an
ultrasonic bath and sonicated for 5 minutes. A drop of this dispersed colloidal solution was drop
cast onto a copper grid coated with carbon film and dried at ambient temperature. The small/
large spots of the sample were scanned for the TEM investigation. High and/or low-resolution
microscopic imaging of the specimens were carried out using FEI Titan 80/300 microscope
equipped with a Cs corrector for the objective lens, a Fischione high angle annular dark field
detector (HAADF), GATAN post-column imaging filter and a cold field emission gun operated
at 300kV as an acceleration voltage.
Scanning electron microscopy (SEM) imaging was performed by JEOL JSM-6500F Scanning
Electron Microscope with an accelerating voltage of 5kV. Sample preparation involved the
dropcast of copper oxide particles on a conductive glassy carbon substrate followed by drying
under a nitrogen atmosphere. The estimation of the average particle diameter was carried out
considering the largest length obtained while trying to draw a circle around each particle. UV-
vis absorption spectra were measured through a Shimidazu 1800 UV spectrophotometer.
For the SEM and UV-vis measurements, the CuO NPs were dispersed following the same
procedure employed to suspend the nanoparticles prior the nanoimpact experiments.
Nanoimpact experiments: Collision experiments and cyclic voltammetry before and after
the nanoimpacts were performed in a three electrode electrochemical cell put inside a double
Faraday cage. An in-house built low noise potentiostat was used with a 100 Hz Bessel-type low

pass filter. The analog-to-digital and digital-to-analog conversion was provided by a USB-6003
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DAQ (National Instruments, Tx, USA). These devices were controlled through a script (Python
2.7) with a graphical user interface and real-time electrochemical data visualization based upon
the packages provided in the Enthought Tool Suite (Enthought, TX, USA). When the system
was used for the collision experiments, the charge passed during an impact event is conserved
although the current-time response may, at short times, be distorted!>>). Pt foil and saturated
calomel electrodes (SCE) were used as the reference and counter electrodes, and cylindrical
microwires electrodes fabricated in-house were used as working electrodes. Briefly, a carbon
fibre with a diameter of 7 um (Goodfellow Cambridge Ltd.) was connected to a conducting
metal wire using silver epoxy (RS Components Ltd.) conductive adhesive. The wires were
treated at 60 °C in an oven for 30 minutes and then inserted in a plastic pipette tip such that
only the carbon fibre was exposed. The plastic tip was sealed together with the carbon
fibre/metal wire through a cyanoacrylate adhesive in order to prevent any electrical leakage.
All the electrodes were dried overnight at room temperature. The carbon fibre protruding from
the sealed plastic tip was finally cut down with a scalpel to a length of approximately 1 mm.
Details on such electrodes preparation procedure and their characterisation can be found in
refl*%, For the collision experiments performed at -1.2 V vs. SCE a carbon microdisc electrode
with a 33 'm diameter (ASL, Japan) was used, in order to reduce the background current and
consequently the noise during the measurements.
In order to homogeneously suspend the copper oxide nanoparticles a VCX400 sonic horn
(Sonics and Materials, USA) with a maximal power of 400 W was used with a 3 mm titanium
alloy probe. Small volumes (2 mL) of solutions containing the copper oxide nanoparticles were
sonicated at 20% of the power amplitude with a pulse mode (3 seconds ON and 3 seconds OFF).
All the sonication steps were performed within a NaCl-water ice bath at approximately -10 °C
in order to effectively disperse the heat produced through the sonication steps.

Cyclic voltammetry experiments: All cyclic voltammetry was performed in a three

electrode electrochemical cell using an Autolab III potentiostat (Methrom Autolab B.V., The
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Netherlands). For each experiment 4.5 uL of a 1 g/LL CuO suspension was drop cast onto a
glassy carbon electrode with a diameter of 3 mm (ALS, Japan) and let it dry under a nitrogen
flow. The protocol used for the suspension of the CuO nanoparticles was the same as the one
described above in the nanoimpact experiments paragraph. Pt foil (Goodfellow, UK) was
employed as a counter electrode and a saturated calomel electrode (SCE, +0.241 V vs. SHE)
(ALS, Japan) was used as a reference electrode. Prior to each experiment, all the solutions were
vigorously purged with nitrogen in order to reduce the amount of oxygen dissolved.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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