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Formation of Self-Assembled Nanowires from Copper Nanoparticles
Synthesized by the Electro-Explosion of Wires Technique—Study of
the Time-Dependent Structural and Functional Evolution
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ABSTRACT: We report here the formation of Cu nanowires
(CuNWs) from Cu nanoparticles (CuNPs) by a self-assembly
process. The CuNPs were synthesized by the electro-explosion of
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the synthesis. Structural evolution in terms of aggregation or Cusheet @
nanowire formation in the samples was observed when the CuNPs -
were kept for a month after synthesis in a glass vial without the RS

application of any external driving force. The emergence of tangled
CuNWs was noticed at the bottom of the vials only when no
agitation or aeration was allowed. The nanowires were charac-
terized using transmission electron microscopy (TEM) and X-ray
diffraction (XRD). Thermal oxidation of the nanowire samples implied that they could convert into rod-shaped structures. Loss of
functionality was also observed in the hemoglobin precipitation study conducted to compare the activity of freshly prepared CuNPs
and CuNWs. From the above observations, we conclude that the CulNP, after synthesis, possesses a huge amount of energy, and
attainment of equilibrium occurs through either aggregation (clustering) or ordered self-assembly, depending on the conditions

applied.

I. INTRODUCTION

The electro-explosion of wire (EEW) technique is associated
with the synthesis of monodispersed and highly pure
nanoparticles by exploding thin, conductive metal wires. In
this process, a high current density pulse (supplied by a
capacitor) is carried across a thin conductive metal wire (such
as copper), which results in the heating and vaporizing of the
wire material. It has been observed that the condensation
(rapid cooling) of the vapor results in the formation of
nanoparticles from the metal wire in use.' ™ This technique is
associated with processes such as the generation of arcs, shock
waves, sudden implementation of a huge amount of energy,
etc. Although the relation between the injected energy and its
effect on the final product formation is still under
investigation,*?”4 it is considered that such extreme non-
equilibrium conditions will generate unusual properties in
the nanoparticles that are produced by this technique.” It is
observed that the nanoparticles can easily be passivated by
embedding gas in the setup chamber’ or by adding the coating
agent in the solution medium.””® Thus, the nanoparticles
synthesized by this technique provide an enormous oppor-
tunity to study a broad spectrum of different phenomena. In
the presented work, we report the formation of Cu nanowires
(CuNWs) from the Cu nanoparticles (CuNPs) synthesized
using the EEW technique in the presence of Milli-Q (MQ)
water as a medium. The MQ water had no stabilizing agents,
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such as surfactants or surface-functionalizing agents. Therefore,
the particles synthesized were bare and had no surface
coatings. In our earlier work, we found that these particles
could readily combine with molecules such as poly(ethylene
glycol) (PEG) or proteins during the first few days from the
day of synthesis. They did not require any external agent or
surface chemistry for binding.8 However, this activity of
combining other molecules slowed with time, which could be
due to the relaxation behavior of the nanoparticles and the
formation of oxides (oxygen taken from air or water). In some
cases, when the CuNPs were kept for months in the medium
without agitation or aeration, the interaction between the
moieties led to the formation of self-assembled nanowires (at
the glass bottom), whereas in others where agitation and
aeration took place, the particles only clustered without
forming any ordered structure. Both higher-ordered and
disordered structures generated through self-assembly were
structurally and functionally characterized. Transmission
electron microscopy (TEM) and X-ray diffraction (XRD)
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Figure 1. Relaxation behavior of the CuNPs synthesized and suspended in MQ water for a month. Immediately after the synthesis, the collected
Day 0 particles appear black in color. The black color changes to green and then to brown within a month. TEM images and XRD patterns of the
CuNPs withdrawn on three different days (DO, black; D1S, green; and D30, brown) are also displayed here.

were performed to view the structures more closely with the
preferred orientation. However, electrochemistry, catalytic
activity, and hemoglobin precipitation studies were conducted
to characterize the structures functionally. A loss in functional
activity was found for both ordered and disordered structures
in comparison to freshly prepared CuNPs.

We know that self-assembly is a process where the
organization of individual components takes place to form
higher-ordered structures,”'® and attainment of equilibrium is
governed by the thermodynamically controlled processes of
free energy minimization (driven by the weaker intermolecular
forces between the self-assembled components). The particles
synthesized by EEW technique had abundant physical and
chemical processes going on during synthesis, which involved a
high amount of energy storage and transfer.'! Therefore, when
the CuNPs after synthesis were kept for a month, transfer of
energy fluxes within the moieties happened and energy
minimization occurred, which could be the driving force for
the nanowire formation.

Il. MATERIALS AND METHODS

Il.I. Materials. The copper nanoparticles were synthesized
using a Cu (99.9%) plate and wire (0.50 mm diameter and 100
cm length) as electrodes. The DC voltage power supply was
from Billionix. Milli-Q water was used (refiltered using a 0.2-
um syringe filter). Methylene blue, sodium borohydride
(NaBH,), and potassium ferricyanide (K;FeCNy/K,FeCN)
were purchased from Sigma-Aldrich. Potassium chloride (KCI)
was from SRL company. Phosphate-buffered saline (PBS; pH
7.4) was prepared from salts (NaCl, KCl, KH,PO,, K,HPO,)
from SRL company. Indium tin oxide (ITO) and the reference
electrode Ag/AgCl were purchased from BASi.
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ILIl. Preparation and Incubation of CuNPs by EEW.
CuNPs were synthesized in the presence of ultrapure Milli-Q
(MQ) water (as a medium), as detailed in our previous
publication.® The preparation was carried out with a Cu wire of
100 cm length together with a Cu plate immersed in the
medium (100 mL of MQ water), as shown in Figure 1. The
wire was driven through a wire guide and exploded on the Cu
plate. An instantaneous current of S0A was applied at a voltage
of 35 V to obtain the desired CuNP. The entire experiment
was conducted inside a glass vessel; a representative image is
displayed in Figure SI.

Before particle synthesis, the MQ water was filtered by a 0.2
um syringe filter to remove any probable contaminants present
in the medium. After preparation, the particles were left
undisturbed in laboratory conditions for 60 min to allow the
precipitation of larger particles, if any. Following separation,
smaller particles in the supernatant were transferred to a fresh
storage vial and used for further experiments. The collected
copper nanoparticles were aliquoted at different checkpoints as
and when required for detailed structural and functional
analyses.

ILIIl. TEM and XRD Measurements. Different copper
nanostructures synthesized during the study were characterized
by transmission electron microscopy (TEM, JEOL 2100F,
Japan) and X-ray diffraction (XRD; PANalytical 2550-PC X-
ray diffractometer). For XRD, a fixed volume of aliquot was
withdrawn (20 L) from the parent vials of different solutions,
such as Day 0 black, Day 15 green, and Day 30 brown CuNWs,
and drop cast on glass slides (regular) separately. The action of
withdrawing 20 pL of the parent sample was repeated five
times to attain a measurable thin film for XRD character-
ization. For TEM analysis, the sample aliquot was diluted with
a 3X amount of MQ water to minimize any aggregation due to
high particle density. The final solution was gently mixed, and

https://doi.org/10.1021/acsomega.3c04675
ACS Omega 2023, 8, 46481—-46489


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04675/suppl_file/ao3c04675_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04675?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04675?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04675?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04675?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

20 puL of aliquot was drop cast onto a carbon-coated TEM grid
for analysis, following air drying.

ILIV. Dye Reduction Assay. The catalytic activity of
CuNPs was determined by a modified protocol of the dye
reduction assay technique'” using methylene blue (MB) as a
substrate and sodium borohydride (NaBH,) as a reducing
agent. The assay was performed at room temperature
(approximately 25 °C). First, 1 mL of CuNP (from 0.134
mg/mL stock) to obtain a final working concentration of 0.027
mg/mL was mixed with various amounts of MQ water (4990,
4987.5, 4985, and 4980 uL, respectively) to adjust the total
volume to 5 mL, after the addition of MB and NaBH,. In the
respective solutions, 10 yL of S mM MB from the stock was
added and mixed so that the final concentration of MB in the
working solution became 10 uM. Then, various freshly
prepared concentrations of sodium borohydride (amounts: 0,
2.5, 5, and 10 pL, respectively, from the 10 mM stock) were
added into the solution, and the final concentration became 0,
S, 10, and 20 uM respectively. The addition of sodium
borohydride shortens the reaction time.'®> Hence, in our case,
the dye reduction took place immediately after the addition of
sodium borohydride within 1—5 min. The spectral changes
were recorded using a Parkin-Elmer spectrometer over the
duration of 60 min in the presence of 10 M methylene blue
and 20 uM sodium borohydride, with 0.027 mg/mL CuNPs as
the final concentration. In the other case, spectral changes were
recorded by the consecutive addition of 2 L of CuNPs from
the 0.134 mg/mL stock using the same concentration of
methylene blue (10 4uM) and sodium borohydride (20 uM).

ILV. Cyclic Voltammetry Study. A 75 W 50/60 Hz,
PGSTAT204, electrochemical workstation made in the
Netherlands was used to characterize the CuNPs synthesized
by the EEW technique. It contains a conventional three-
electrode system with NOVA 1.11 software. Indium tin oxide
(ITO) with S mm x S mm dimension and 10—15 € resistivity
was used as the working electrode. As a reference electrode,
Ag/Ag purchased from BASi was used, whereas a platinum
sheet of 5 mm X S mm dimension was used as the counter
electrode. The K;FeCN4/K,FeCNy (0.3M) solution was used
as the redox solution with 0.01 M KClI and 0.1 M PBS (pH =
7) as the supporting electrolyte and the main solution,
respectively, for easy transport of electrons.

ILVI. Studying the Interaction of Hemoglobin. For the
hemoglobin (Hb) precipitation study, a modified protocol of
Ref'* was used. 1 mL of the 0.3 mg/mL Hb stock solution was
mixed with 0.5 mL of the 0.134 mg/mL CuNP stock. The final
concentrations of Hb and CuNPs in the solution (1.5 mL)
were 0.2 and 0.045 mg/mL, respectively. The interaction was
monitored for an hour. Images were obtained immediately
after the addition of CuNPs to the hemoglobin solution (time
0 denoted as T = 0) and after an hour (time 1 h denoted as T
= 1 h) of reaction. A control Hb solution was prepared for
reference.

For recording spectral dynamics, the concentrations of both
Hb and Cu were lowered (according to an earlier study by our
group'®) to maintain the Lambert—Beer Law and avoid Cu-
induced precipitation so that the spectral dynamics of Hb
could be monitored without any hindrance. For this study, 3
mL of the solution was prepared with final concentrations of
Hb and CuNPs of 2.15 and 45 pug/mL, respectively. The
spectra were recorded at 0, 2, 5, and 10 min, respectively,
immediately after mixing.

lll. RESULTS

lil.I. Changes in Physical Characteristics. Attainment of
equilibrium or relaxation is observed through changes in the
physical behavior in a system. A change in the size, shape, etc,,
is generally observed after a change in the environment, which
indicates a relaxation behavior. Interestingly, we noticed
changes in the physical properties of the CuNPs prepared by
the EEW technique when kept for a month under “aerated or
agitated” conditions in the same medium (shown in Figure 1).
Immediately after the explosion, the synthesized CuNPs
appeared black or blackish green in color (denoted as Day 0
black CuNP). To follow the relaxation behavior in detail, we
collected the black CuNP (immediately after synthesis) in a S0
mL Falcon tube, aerated and agitated it, and then monitored
the changes. The black particles transformed into green within
the next 15 days (Day 15 green) and then became completely
brown within a month (Day 30 brown). To determine the
alterations more closely, TEM was performed. It was found
that the freshly prepared particles, in the range of $—20 nm,”
are widely spread and start to rearrange themselves during the
green phase. However, these particles aggregate (clusters) in
the brown phase in such a way that it becomes difficult to find
the individual particles. Water-induced stabilization was
observed previously in the case of zinc sulfide (ZnS), prepared
by the electro-explosion method and when kept in that
medium (water). The authors observed structural evolution in
terms of aggregation in the sample with the color changing
from black to white. It took 20 days to observe these changes.
They also found variation in the stoichiometry of ZnS
nanoparticles when the time-lapse X-ray photoelectron spec-
troscopy (XPS) was measured.'®'” Hence, it is evident that
medium (water)-induced relaxation is a common phenomenon
for the nanoparticles synthesized by the EEW technique.

lILIl. Changes in Crystalline Properties. The CuNPs
withdrawn from different phases (Day 0 black, Day 15 green,
and Day 30 brown, respectively) were then subjected to XRD
measurement for further analysis. Figure 1 also displays the
XRD patterns of the three different phases of CuNPs. For
black phase particles, the characteristic 20 peaks appearing
around 35.4, 38.6, 43.3, 49.2, 50.4, and 74.1° are attributed to
(002) of CuO, (111) of CuO, (111) of Cu, (202) of CuO,
(200) of Cu, and (220) of Cu, respectively. The characteristic
peaks appearing around 36.4, 42.3, 43.2, 50.4, 61.4, and 74.1°
in the green phase are indexed to (111) of Cu,O, (200) of
Cu,0, (111) of Cu, (200) of Cu, (220) of Cu,0, and (220) of
Cu, respectively. The XRD peaks located around 32.7, 35.4,
38.6, and 43.2° for brown phase particles are attributed to the
(110) of CuO, (002) of CuO, (111) of CuO, and (111) of Cu,
respectively.'*">* The black phase is dominated by the
presence of Cu (111), reflecting the preferred orientation
together with the various crystalline variants of CuO and Cu.
However, in the green phase, various crystalline forms of Cu,O
are observed, but the same crystalline variants of CuO revert in
the brown phase. Although all three phases contain Cu (111),
the only noted observation is the reduction in the peak
intensity of Cu (111) with time, which revealed that the
highest number of atoms possessing the highest number of
electrons in the unit cell decreases as a result of the relaxation
behavior.

lILII. Electrochemistry of the CuNPs. CuNPs from
different days (Day 0 black, Day 1S green, and Day 30 brown)
were characterized electrochemically by cyclic voltammetry.
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Figure 2. (A) Plot of the peak current (oxidation peak) vs concentration, extracted from the cyclic voltammetry study of the CuNPs withdrawn
from Day 0 black, Day 1S green, and Day 30 brown, respectively. It is shown together with their linear fit plot on the right. (B) Catalytic activity of
CuNPs in the presence of methylene blue and sodium borohydride. The image on the left shows solution mixtures of methylene blue and CuNPs
after the addition of various amounts of freshly prepared sodium borohydride (20, 10, and S uM, respectively), and the image on the right
represents the comparative catalytic activity of the Day 0 black (Cu 18/1) and Day 30 brown (Cu 26/9). The control (a solution of methylene
blue) is shown at the extreme left in both images.

Cu(OH), (021)
| Cu,0 (111)

= ® cuoin) CMD
& - SR 4331
= 32.17 36.04
‘Z
=
S Cu (200)
£ u
50.44 Cu (220)

-
74.12

20 30 40 50 60 70 80
2 Theta (0)

Figure 3. TEM images of the spontaneously formed Cu nanowires (CuNWs) and XRD pattern of the CuNWs.
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Figure 4. (A) TEM image of CuNPs from Day 0 black after thermal oxidation; (B) TEM image of CuNPs from Day 15 green after thermal
oxidation; (C) TEM image of the CuNWs after thermal oxidation; and (D) XRD patterns of Day 0 black and Day 15 green CuNPs after thermal

oxidation are presented as the red and black graphs, respectively.

The experiment was performed to find out the differences in
the oxidation and reduction potentials of the CuNPs kept for
different days to determine the changes in their electro-
chemical properties. Different concentrations of particles from
Day 0 black, Day 15 green, and Day 30 brown were aliquoted,
and the oxidation peak current was recorded with increasing
concentration. The variation in the peak current against the
concentration is illustrated in Figure 2A. A difference in the
behavior of the oxidation peak current is observed with
increasing concentrations of the same-day particles. Because of
the screening effect (reaction between CuNPs and the
medium), the current at the electrode decreases with
increasing concentration of the CuNPs (of the same day);
hence, we observe a decrease in the current.® However, when
we consider Day 15 green and Day 30 brown CuNPs, a
difference in the slopes (Table S1) was recorded (Figure 2A),
which revealed that with an increase in the number of days,
this screening effect is reduced, and an increase in the current
at the electrode materializes. Thus, the above phenomenon
explains that there is not only a physical change happening
within the CuNPs with time, but their behavior also differs
electronically.

lILIV. Study of the Catalytic Activity of the CuNPs.
The catalytic activity of the CuNPs synthesized by the EEW
technique was determined by the degradation of a cationic dye,
methylene blue (MB). Copper nanoparticles were tested for
their catalytic activity using MB as the substrate and sodium
borohydrate (NaBH,) as the reducing agent. MB has two
characteristic peaks in its absorption spectrum. The primary
absorption peak for MB is observed at 664 nm, and a
secondary peak is observed at 292 nm.'” It was noticed that in
the presence of various concentrations of sodium borohydride
(0, 5, 10, and 20 M) and methylene blue, the CuNPs from
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Day 0 black decolorize the entire solution within 1—5 min
(Figure 2B, left image). This colorless form of methylene blue
is known as leuco-methylene blue (LMB), which is a reduced
form of MB. LMB exhibits a characteristic absorption peak at
256 nm.”® The spectral representation of the time kinetics and
concentration-dependent events is shown in Figure S2. To test
the catalytic properties of freshly synthesized CuNPs (Day 0
black) and CuNPs from Day 30 brown, the redox reaction of
MB was exploited in the presence of sodium borohydride. The
observation is depicted in Figure 2B (right image). In the
figure, the black CuNPs (Cu 18/1) were able to decolorize the
dye MB to the colorless form LMB, but the brown phase
CuNPs (Cu 26/9) were unable to decolorize it fully, and the
kinetics was also found to be slower than that of Day 0 CuNPs.

lILV. Formation of Cu Nanowires (CuNWs) from
CuNPs Prepared by the Electro-Explosion Technique.
We also observed an unusual behavior of the CuNPs
synthesized by the EEW technique when kept for a month
in a glass vessel without any “agitation and aeration”. These
CuNPs arranged themselves into tangled wires at the bottom
of the vessel on a glass support through self-assembly.

TEM and HRTEM images of the CuNW5s formed from the
CuNPs are shown in Figure 3. When the black CulNPs,
immediately after synthesis, were collected in water as the
medium (in a S0 mL glass bottle) for a month, without any
agitation and aeration, the formation of wires was noted. After
characterization through TEM, it was found that the length of
the wires was in millimeters, but their width varied from 3.3 to
20 nm (Figure S3). The interplanar spacing of 0.204 nm
corresponding to the (111) plane of the FCC copper confirms
the presence of the metal (revealed by HRTEM).*® Addition-
ally, affirming our observations from XRD, the grown
nanowires show a growth preference in the (110) plane.
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Figure S. (A) (I, II) CuNP-dependent precipitation study of hemoglobin (Hb), where T = 0 and T = 1 h represent Hb mixed with CuNPs at time
0 and after time 1 h, respectively. The Hb solution as a control is also shown in both I and II. (B, C) UV—vis spectra of hemoglobin after the
addition of CuNP DO black and CuNWs, respectively. (D) Dynamics of the Soret band (415 nm) from (B) and (C) are plotted and represented at

0,2, S, and 10 min. The 415 nm OD of only hemoglobin (control) as a starting point is shown (C, in the x-axis) in the graph.

Notably, HRTEM is also marked by the presence of prominent
twinning boundaries running throughout the length of the
nanowires. The twin could arise due to the directional plane
shift during the synthesis; however, the d spacing in either
direction is estimated to be of the same value, which is 0.20
nm, indicating the polycrystalline nature of the grown
nanowires. Multi-twinned seed nanostructures are rather
common to form and can grow larger in size; however,
beyond a critical size, they tend to grow one-dimensionally in a
parallel axis to overcome strain, explaining the growth
mechanism of the CuNW sample.”” Polycrystallinity can be
introduced or retarded by using different surfactants, polymers,
or reaction conditions. In the reported method, as no
chemicals are used, room temperature can be ascribed to be
a possible driver of polycrystal seeds due to the retarded
thermodynamic diffusion at low temperatures.”® In summary,
retarded thermodynamic diffusion forms multi-twinning seed
nanostructures that grow in size up to a threshold value,
drifting to adopt 1D growth to attain thermodynamic stability
and the energy requirements of a stable system.

Representative XRD patterns for the above nanowire sample
are also shown in Figure 3. The recorded peaks in the
spectrum at 43.31, 50.44, and 74.12° index well to the typical
(111), (200), and (220) reflections of the face-centered cubic
Cu structure (JCPDS 85-1326). Of the three planes, (111)
with the highest intensity is indicative of the preferred
orientation of the grown structures. Inevitability, the formation
of copper oxide on the copper nanostructure surface results in
additional reflections at 23.76, 31.77, and 36.17°. The peaks, in
order, represent the (021) plane of Cu(OH), and (111) of
CuO and Cu,0.>”*° The presence of the surface copper oxide
layer is consequential to the reaction of copper with oxygen in
the air within the vessel and the dissolved oxygen in the
solvent.
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lILVI. Characterization of CuNPs and CuNWs after
Thermal Oxidation. The CuNPs from the DO black, D15
green, and CuNW solutions were thermally oxidized to
determine the effects on their chemical composition and
integrity.”' The solutions were kept at 60 °C in airy conditions
to let the solutions dry. After drying, the vials were taken out
from the oven and analyzed. All three samples turned brown
after oxidation. The TEM images of the samples are displayed
in Figure 4A—C. Particle aggregation with the formation of
rod-shaped structures is observed in CuNPs from DO black.
Similar observations are made with D15 green samples, but
compared to DO black samples, a higher number of rod-shaped
structures is noted. In the case of CuNWs, it is observed that
the lengthy wires are broken into small pieces of rods.

The Bragg reflection of thermally oxidized CuNPs from DO
black is recorded at 31.8° ((110) of CuO), 35.46° ((002) of
CuO, cubic symmetry phase), 38.794° ((111)/(200) of CuO),
48.793° ((2, 0, —2) of CuO), and 66.184° ((311) of CuO),
whereas for CuNPs from D15 green, the Bragg reflection is
recorded at 35.46° ((002) of CuO cubic symmetry), 38.6°
((111) of Cu0O), and 66.2° ((311) of CuO).

lIL.VIl. Comparative Study of the Interaction between
Hemoglobin and CuNPs or CuNWSs, Respectively. We
observed the precipitation of the blood protein hemoglobin
(Hb) by CuNPs prepared by the EEW technique, as displayed
in Figure SA. The figure represents two cases, I and IL I shows
a mixture of Hb and CuNPs at time 0 (T = 0) and after an
hour (T = 1 h). However, II represents only the Hb solution
used throughout as the control. The Hb solution in (I) starts
to precipitate as soon as CuNPs are added to the sample, and
within an hour, a clear solution appears as a result of Hb—
CuNP assembly at the bottom. A dynamic light scattering
(DLS) study by our group earlier showed that CuNPs
prepared by this technique increase the size of the Hb by
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the formation of clusters, leading to aggregation followed by
precipitation. 14

In the current study, we compared the strength of
interaction of Hb with CuNP Day 0 black and CuNWs by
measuring the heme spectra of Hb using UV—vis spectroscopy
(illustrated in Figure SB,C). Earlier, we monitored character-
istic spectral shifts of Hb at the Soret region (408—420 nm) in
the presence of various ligands,'” indicating differences in the
stress response of ligands. Additionally, a noticeable decrease
in the Soret band intensity or complete removal of the heme
group was noted as a result of secondary structure
transitions.** Thus, to compare the interaction strengths of
these two forms of Cu (particles and wires), we decided to
compare the periodic dynamics of Hb spectra in the Soret
region. The heme spectra recorded at T = 0, 2, 5, and 10 min
depict the time intervals at which the spectra were obtained.
This shows that the Soret band traverses to the lower
wavelength with a loss in intensity in the case of both particles
and wires, but the interaction is much stronger in CuNPs than
in CuNWs as the former aggressively changes the spectral
dynamics (OD @ 415 nm decreases from the very beginning),
leading to heme release and protein aggregation (revealed by
the increase in the absorption of the baseline in the red region,
625—750 nm)** and also seen in the image in Figure SA. In
addition, the peaks at 540 and 570 nm, representing the
oxygen-bound form of Hb,** completely disappeared, whereas
they were found to be still present in the case of the latter
(CuNWs) even after 10 min, indicating that the oxygen
molecules were not completely removed from the heme iron
due to the mild interaction of CuNWs. Figure 5D shows the
above incidence (intensity @ 415 nm vs time plot) in the
normalized graphical form. The control Hb spectra are not
shown in parts (B) and (C) for clarity, but they are shown in
(D) as the starting point (C) in the X-axis to present the
differences in the trajectories.

IV. DISCUSSION

Electro-explosion of wire (EEW) is a physical and environ-
mentally friendly technique. It is currently being investigated to
synthesize nanoparticles with less contamination because the
nanoparticles are formed by exploding a pure metal wire. Many
parameters control the process of synthesis, such as the wire
dimension, medium, current density, type of metal, etc. As a
huge amount of energy is also associated with the synthesis, we
noticed some interesting phenomena in the nanoparticles. In
our work, when CuNPs produced by the EEW technique were
stored in the medium (water) for a month, two kinds of
phenomena took place: first, the emergence of higher-
disordered structures, such as aggregates or clusters, and
second, nanowire formation. This structural organization (self-
assembly) happened independently; the only difference was
that in the former, the system was disturbed by aeration and/
or agitation, whereas in the latter, the system was not
disturbed. It is reported that factors such as mass transport,
reversibility, environment, and interplay of intermolecular
forces (such as Vander Waals and Coulomb interactions)
influence the self-assembly process.”> As the CuNPs
synthesized by the EEW technique did not require any
external driving force and were dependent only on the physical
and/or chemical interactions to form the nanowires, the
intermolecular forces acting on the CuNPs should have
balanced the resultant forces and helped in the self-assembly
process to form nanowires. A balance between the attractive

and repulsive forces within the moieties (components) is
important. If the components strongly stick together (which
happens when the attractive force is stronger), there remains
no provision for the formation of an ordered structure, and
aggregation is observed (e.g., Day 30 brown phase). On the
other hand, if the components can adjust their positions by
bond breaking and formation (when forces act differentially),
an ordered structure (e.g., CuNWs) is anticipated.36 Thus, we
observed the formation of both a disordered structure
(clusters) and an ordered structure (CuNWs) depending on
the conditions.

We also noticed that the bare metallic CuNPs synthesized
by the EEW technique, after some time, tend to aggregate and
precipitate, which might have happened as a consequence of
collisions due to Brownian motion, gravity, or differential
settling.”” Several strategies such as evaporation, interface
assembly, printing, patterning, and pressure-driven assembly
mechanisms are well-known to control the environment
externally in order to obtain higher-ordered structures such
as nanowires.””” Crowding-induced self-assembly influenced
by Brownian motion and or gravity (applicable when the
components grow in size) is also another strategy, which is not
a very common process to grow nanowires. However,
considering the time scale (>1 month) of the nanowire
formation in our case, there is a high possibility of this
mechanism to prevail.*>*'

For static self-assembly (which happens in our system as
there is no external driving force), energy minimization also
drives the formation of the self-assembled structure.*” As the
CuNPs discussed here are the result of enforcement of a high
amount of energy, they should possess a tendency to stabilize
themselves by energy minimization that might facilitate the
self-assembly process.

In summary, our research provided experimental evidence
that not all equilibrium state attainments generate ordered
molecular structures. Although a loss of functionality (catalytic,
electrochemical activity, or interaction with protein) in both
cases (ordered or aggregated) was noticed, to decipher the
exact process of formation of this higher-ordered structure,
especially nanowires, a close monitoring of the association
between the moieties is required. Studying the process of static
or directed self-assembly is currently important for fabricating
3D structures or devices. Cu maintains its excellent price-to-
performance ratio while offering similar electrical, thermal, and
mechanical properties as compared to silver (Ag) and gold
(Au) and is the most widely used metal in various industries,
especially electronics.” On the other hand, CuNW-based
flexible transparent electrodes (FTEs) play a crucial role in a
range of optoelectrical devices from solar cells, touch screens,
and organic light-emitting diodes [OLEDs]*** to wearable
electronics and bendable sensors.*® The low sheet resistance,
easy tensile bending, and superior electrical conductivity of the
nanowires have helped in the fabrication of low-cost and high-
performance flexible electronic devices.” It was demonstrated
that achieving ultralong CuNWs with a high aspect ratio is
crucial for obtaining FTEs with exceptional performance.*”
The presence of mixed particles and surface oxidation in
CuNWs can significantly degrade both transmittance and
conductivity.*” Therefore, the production of highly purified
CuNWs needs a more controlled environment and attention.
However, the synthesis of these CuNWs often involves a
tedious process and necessitates the use of external forces or
additional compounds to initiate wire synthesis. In contrast,
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our work delves deeper into the fundamental self-assembly
mechanism. These spontaneous self-assembly processes can be
more cost-effective than traditional manufacturing methods,
especially for producing large quantities of nanoscale materials.
Besides, it eliminates the use of additional compounds in
manufacturing and can become a more effective synthesis
method.

In our study, we primarily focused on the formation of
CuNWs from CuNPs by a self-assembly process because not
only is understanding the resulting properties of the nanowires
important for the above reasons, but investigating the
mechanism of the process might also provide insights into
the fundamental principles of nanoscale self-organization,
which will eventually contribute in different fields of nano-
technology such as nanomaterials and nanoelectronics** and
open up a new direction for utilizing nanoparticles prepared by
the top—down method of the exploding wire technique for the
fabrication of higher-ordered structures by the bottom—up
approach.
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