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1. Introduction

For recent decades, nanotechnology has been presented as an interdisciplinary research field for the
synthesis and fabrication of new materials with nanometer-size structures and useful properties,
attracting the interest of many scientists in the world [1], [2]. Nanomaterials are materials consisting of
at least one dimension in the range of 1 nm to 100 nm [1], [3]. When the size of the material is reduced
to the nanometer scale, the higher surface area will significantly increase the physical and chemical
properties of the material, which leads to pronounced size and surface effects and changes in quantum
and plasmon effects [2], [4], [5]. Due to this increase, nanomaterials have potential applications to help
produce commercial products with optimized mass, size, function, and performance, such as foldable
screen smartphones, catalyst layers in fuel cells for electric vehicles, supercapacitors with extremely fast
charge and discharge capabilities, and medical applications such as nanorobots that help detect and mark
disease-causing molecules in the human body; transport and distribute drugs to cancer cells; biosensors
that detect disease-causing viruses, toxic gas sensors in the environment, and pesticide residue detection
in agricultural products [6]-[13].

Those prominent characteristics have led to extensive investigations of nanomaterials, such as
inorganic materials, organic materials and organic-inorganic hybrid materials [14]. The controlled
design and synthesis of metal nanomaterials with specific size, morphology, composition and structure
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have become an important research direction among inorganic materials, because these materials
combine the characteristic properties of the metals and the effects that appear only at the nanometer
scale [14], [15]. Metal nanoparticles typically have a larger specific surface area and higher surface
energy than bulk metal materials, which leads to stronger interactions with light and electrons [16], [17].
Metallic nanomaterials including gold (Au), silver (Ag), copper (Cu) and platinum (Pt) have been
extensively investigated for applications in medicine, electronics, catalysis, biosensors, environmental
remediation and energy conversion [18]-[25].

Copper nanoparticles are one of the metallic nanomaterials that have a lot of potential for applications
due to the balance between efficiency and cost of manufacture. Copper is one of the most abundant
metals in the Earth's crust. The average copper content in the continental crust is about 27 ppm, in the
oceanic crust it is 78 ppm, and in the soil it is about 39 ppm. It is inexpensive with rich raw materials.
Copper is also a metal with high electrical conductivity and very high thermal conductivity of about 399
W/m. K [26]. The copper nanoparticles prepared at the nanometer scale not only retain the inherent
properties of metallic copper but also show many excellent properties due to the effect of particle size
and large surface area. Particularly, copper nanoparticles are able to absorb light through the
phenomenon of localized surface plasmon resonance (LSPR), to generate characteristic optical
properties [27]. In addition, this material exhibits high catalytic activity, good antibacterial properties
and excellent electrical conductivity, which provides a basis for broad applications in the preparation of
conductive inks, electrodes, sensors, catalytic materials, batteries and functional coatings. Due to these
advantages, copper nanoparticles are becoming one of the most active researched and developing
materials in the domain of modern materials science [28]-[33].

Despite having many advantages, there are many challenges in the fabrication of copper
nanoparticles. During the synthesis and storage process, copper nanoparticles are very easy to
agglomerate and oxidize when exposed to oxygen and moisture in the air [34]. This oxidation process
could lead to the formation of Cu;O or CuO phases on the surface of the particles, changing the crystal
structure, phase composition, optical properties, electrical conductivity, and catalytic activity of the
material [34], [35]. Also, the synthesis conditions such as the type of precursor, reducing agent,
stabilizer, temperature, pH, reaction time and synthesis environment have strong influence on the size,
shape, crystallinity and particle size distribution [35]-[37]. Therefore, a control of these parameters is
important for the synthesis of high quality and stable copper nanoparticles.

At present, copper nanoparticles can be synthesized by different methods such as thermal reduction,
ultrasonic reduction, chemical reduction, thermal decomposition, laser ablation, electron beam
irradiation, polyol, etc [38]-[40]. Each method has its pros and cons in terms of reaction conditions,
control over morphology, particle size, purity and manufacturing costs. Among them, the chemical
reduction method is one of the most popular methods due to its simple implementation process, no need
for overly complex equipment, the ability to synthesize at relatively low temperatures, and the ease of
adjusting reaction parameters to control the size and morphology of the nanoparticles. However, the
structural and property characteristics of copper nanoparticles should be investigated as an indispensable
requirement for the full assessment of the material quality after the synthesis. The material’s crystal
structure, phase composition, morphology, particle size and optical properties are determined by
common techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM) and
ultraviolet-visible absorption spectroscopy (UV-Vis). These characterization methods allow us to
elucidate the relationship between the synthesis conditions and the structure and properties of copper
nanoparticles, and provide a basis for guiding appropriate applications.

Considering the problems discussed above, the present work was carried out to synthesize copper
nanomaterials using suitable methods as well as to study the structural, morphological and optical
properties of the materials after the synthesis. The samples of copper nano were analyzed by appropriate
characterization techniques for evaluation of their crystal structure, phase composition, size, particle
shape and optical properties, which enabled us to clarify the influence of the synthesis conditions on the
characteristics of the material. The research results not only provide the scientific basis for the synthesis
and quality control of copper nanoparticles, but also provide a good reference for the development and
application of materials in electronics, catalysis, sensor, energy, environmental treatment and
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antibacterial materials. Against a background of increasing demand for high-performance, cost-effective
and environmentally friendly functional materials, research and investigation of copper nanoparticles
remain a scientifically and practically significant direction. Unlike most previous studies, which used a
capping agent from the beginning of the reaction [41]-[43], this work introduced PVP only after the
main reduction stage, while varying the amount of NaBH4 at a fixed amount of copper precursor. This
approach allows the combined effect of reduction kinetics and unprotected early-stage growth on the
phase composition (Cu versus Cu,0) and on the formation of rod-like structures to be assessed using a
simple, low-cost, one-pot procedure in air.

2. Materials and Methods
2.1. Chemicals

The following chemicals are used in the chemical reduction synthesis of copper nanoparticles:
CuCl2.2H,0, NaBH,, Polyvinyl pyrrolidone (PVP), ethanol 99.7%. All syntheses were carried out in
air, without an inert atmosphere. The detailed synthesis steps are as follows:

2.2. Synthesis of copper nanostructures

Step 1: Stock solutions were prepared separately in ethanol under magnetic stirring. Specifically,
0.0486 g of CuCl,.2H,O was dissolved in ethanol to obtain a Cu®*" precursor solution with a
concentration of approximately 19 mM. The NaBH. solution was freshly prepared immediately before
use, while the PVP solution was prepared separately at a concentration of 37.5-38.5 mM. To maintain
the desired NaBH4*" molar ratios of 1.70, 1.75, 1.80, and 1.85 for samples M1-M4, respectively, the
NaBHy, concentrations were individually adjusted for each sample.

Step 2: 5 mL of the CuCl,-2H,0 solution and X mL of the NaBH, solution (X =0.2, 0.4, 0.6 and 0.8
mL for M1-M4, Table 1) were added to the reaction vessel, and the mixture was stirred with a magnetic
stir bar at and 60°C.

Step 3: After 1 h 30 min of reaction, 5 mL of the PVP solution was added to the reaction vessel, and
stirring was continued. PVP was intentionally added after the main reduction step so that the nucleation
and initial growth of Cu proceeded without a capping agent. Control experiments with PVP present from
the beginning of the reaction were not performed in this study.

Step 4: The product was cooled for 30 minutes, and then wash by centrifugation at 3000 rpm (10
minutes, twice times) to obtain the final colloidal solution product.

Table 1. Amount of NaBH, used for each sample.

Sample Volume of NaBHj4 solution (mL)
M1 0.2
M2 0.4
M3 0.6
M4 0.8

2.3. Characterization

The phase composition of the samples was characterized using a D2 PHASER X-ray diffractometer
(Bruker, Germany) with Cu Ka radiation (A = 1.5406 A). The diffraction patterns were recorded over a
20 range of 35°-60°, with a step size of 0.02°. The samples were prepared by drop-casting the colloidal
suspension onto glass slides, followed by drying to form thin films.

The surface morphology and particle size of the samples were investigated using a field-emission
scanning electron microscope (FE-SEM, Hitachi S-4800) operated at an accelerating voltage of 10 kV.
For SEM analysis, the copper colloidal suspension was drop-cast onto carbon adhesive tape and dried
to form a thin deposit. The particle and nanostructure dimensions, as well as the particle counts, were
analyzed using ImagelJ software.
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The optical properties of the copper colloidal suspensions were measured using a JASCO V-730
UV-Vis spectrophotometer. Before measurement, the colloidal suspension was diluted with ethanol at
a volume ratio of 1:10 (colloidal suspension). The diluted samples were transferred into a quartz cuvette
with an optical path length of 10 mm (10 X 10 mm). Pure ethanol was used as the reference for baseline
correction.

The average crystallite size was estimated using the Debye—Scherrer equation:

D= K4 1
~ PBcosh M

where D is the average crystallite size (nm), K is the Scherrer shape factor (typically taken as 0.9), 4 is
the X-ray wavelength (0.15406 nm for Cu Ka radiation), f is the full width at half maximum (FWHM)
of'the diffraction peak corrected for instrumental broadening (in radians), and 8 is the Bragg diffraction angle.

To account for instrumental broadening, the observed FWHM pfs was corrected using the
instrumental FWHM finse determined from a standard reference material measured under identical
instrumental conditions. For diffraction peaks exhibiting Gaussian profiles, the corrected peak
broadening S was calculated as:

B= (B =i @

The corrected FWHM was subsequently converted from degrees to radians before being substituted
into the Scherrer equation. The instrumental broadening was evaluated as a function of the diffraction
angle 20 to ensure appropriate correction for each diffraction peak.

The calculated crystallite size represents the average dimension of coherently diffracting crystalline
domains rather than the physical particle size.

3. Results and Discussion

3.1. Phase composition of the products
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Figure 1. XRD patterns of the samples change according to the concentration of the reducing agent
(M1, M2, M3, and M4).

Table 2. Derived parameters of the (111) diffraction peak of Cu (M1, M2) and Cu;0 (M3, M4). Crystallite sizes
were estimated using the Scherrer equation (K = 0.9, A = 1.5406 A) without correction for instrumental broadening.

Sample (hk) 20 (°) FWHM (°) Grain size (nm) Lattice spacing d (&)
M1 a11n 43.406 0.613 13.942 2.083
M2 arn 43.489 0.432 19.896 2.079
M3 atrn 36.419 2.439 3.425 2.464
M4 atrn 36.571 0.146 57.284 2.455
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The X-ray diffraction (XRD) patterns of the copper nano samples prepared at different concentrations
of the reducing agent NaBH4 (M1-M4) are shown in Figure 1 and crystallographic parameters in Table 2.
The characteristic diffraction peaks appear at about 20 = 43.3° for the (111) crystal plane of Cu with
face-centered cubic (FCC) structure which is in accordance with the JCPDS standard card 04-0836. In
the spectra of M1 and M2, only the characteristic peaks of metallic Cu are present and no other impurity
peaks are observed. The low intensity and broadening of the peaks indicate nanosized crystallites with
limited crystallinity. Diffraction peaks at about 20 = 36.4° are observed for M3 and M4. These peaks
are assigned to the (111) plane of cubic cuprite Cu>O (JCPDS 34-1354). Thus, the XRD results show
that the phase composition of the material can be adjusted by changing the concentration of the reducing
agent NaBHs. M1 and M2 show the formation of metallic Cu, while Cu,O is the dominant crystalline
phase in M3 and M4. The peak intensity is still weak and broad, indicating that the formed Cu
nanoparticles have low crystallinity, which is consistent with the reduction mechanism of low
concentration of NaBH4: the reduction rate of Cu?>" — Cu® is slow, and the nucleation process is slow
and uneven, so the crystal growth is incomplete.

The XRD patterns show that, as the amount of NaBH4 increases (samples M3 and M4), new
diffraction peaks appear at 20 = 36.4°. The formation of this oxide phase can be reasonably explained
based on the experiment procedure. For high concentration of reducing agent, the rate of the reduction
reaction is increased significantly, which results in a higher density of instant crystal nuclei formation
(burst nucleation) that leads to a smaller particle size and a larger specific surface area. Significantly,
PVP, which acts as a protective/stabilizing agent on the particle surface, is added only in step 3, i.e.,
after 1 hour and 30 minutes of the main reduction reaction. In the nucleation and initial particle growth
stage (step 2), the surface of Cu particles is not yet coated by PVP, leading to the oxidation of smaller
particles (in M3, M4) on the surface by dissolved oxygen in the solution or during the
centrifugation/washing process (step 4), resulting in the formation of a Cu,O layer. In M1, M2 the
reduction rate is slower so the particles are larger, with a lower surface area/concentration ratio leading
to lower sensitivity to oxidation and thus the metallic Cu phase is preserved. Note that the Scherrer
crystallite size corresponds to the size of the coherently diffracting domains and not the geometrical
dimensions of the particles or rods observed by SEM. Therefore, the very small crystallite size of M3
(~3.4 nm), although the rods are up to ~1.3 um long (Figure 2), implies that these rods are
polycrystalline, meaning they are made up of many small, poorly coherent Cu,O domains, which is
consistent with the oriented attachment of unprotected primary particles prior to the addition of PVP.
Conversely, the considerably narrower Cu,O (111) peak of M4 (FWHM = 0.146°) indicates much larger
coherent domains, which can be attributed to recrystallization and coarsening of the aggregated near-
spherical particles at the highest NaBH4 amount. However, this width is close to the instrumental
broadening, which was not taken into account, and the value of ~57 nm should be treated only as a rough
estimate from below.

Therefore, the XRD results suggest that the concentration of NaBH4 not only affects the crystallinity
but also determines the phase composition of the final product, through the nucleation kinetic
mechanism and the surface oxidation sensitivity of the particles related with the timing of adding the
protective agent PVP into the reaction system.

3.2. Surface morphology of the products

The phase composition data obtained from XRD were complemented with the structural morphology
study of the copper nano samples using SEM images (Figure 2) to elucidate the morphological
modifications in relation to the concentration of the reducing agent NaBHa.

At the lowest reducing agent concentration (M1), the particles exhibit irregular shapes and tend to
aggregate into small clusters, although the boundaries of some individual particles remain recognizable.
The particle size distribution appears relatively broad, indicating limited morphological uniformity.
These observations are consistent with the XRD results, suggesting that the slow and non-uniform
nucleation process at low reducing agent concentrations may contribute to low crystallinity and low
morphological uniformity.
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Figure 2. SEM images of the samples with different concentrations of the reducing agent (M1, M2, M3 and M4).

With the increase of the reducing agent concentration (M2), the spherical-like nanoparticles become
dominant, but some rod-like ones (average length = 330 nm, average diameter ~ 30 nm) begin to appear
intermittently, showing that the increased reduction rate has partially promoted the anisotropic growth
of some particles into rod shapes, besides the isotropic growth mechanism forming spherical particles.
The trend of developing nanorods can be seen clearly in sample M3. The observed nanorods are sharper
and the length and diameter of the rods has increased significantly when compared to M2. The largest
rod has a length of 1.3 um and a diameter of 107 nm and the other rods have lengths over 700 nm and
diameters over 50 nm. The phenomenon of uneven particles and agglomeration is still present. The XRD
results (CuxO appears in M3) suggest that, at this amount of NaBH., faster surface oxidation of the Cu
particles may have favored anisotropic growth along preferred crystal planes, leading to rod-like Cu,O
structures. The dimensions reported in this section are representative values measured on typical SEM
fields rather than statistically determined size or aspect-ratio distributions.

For the highest reduction concentration (M4), however, this trend is not observed: The sample shows
only nearly spherical particles with uneven sizes and a strong tendency to agglomerate, with almost no
Cu or Cu0 nanowires seen. The disappearance of the rod structure at the highest reduction
concentration can be understood in terms of the extremely fast reduction/oxidation rate leading to
simultaneous burst nucleation with a very high density so that the time and space for the anisotropic
growth of the crystals are limited; thus the particles are prone to isotropic growth (spherical form) and
aggregation instead of long rods.

Thus, the SEM results suggest that the NaBH4 concentration controls both phase composition (Cu
— Cu0, XRD) and mechanism of particle morphology development - from agglomeration of small
non-uniform particles (M1) to coexistence of spherical and nanorods particles (M2, M3 - maximum rod
size achieved at M3) and then return to agglomerated spherical form in case of too high concentration
of reducer (M4).
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3.3. Optical properties of the products

The XRD pattern was observed to determine the phase composition. The SEM images were observed
to investigate the surface morphology. The UV-Vis spectrum was used to further confirm the successful
synthesis of copper nanoparticles with the presence of surface plasmon resonance peaks that are in
agreement with the XRD pattern and SEM images provided.
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Figure 3. UV-Vis spectra of the samples depending on the reducing agent concentration (M1, M2, M3, and M4)
at wavelengths 250-800nm.

Figure 3 shows the UV—Vis absorption spectra of samples M1, M2, M3 and M4 investigated in the
wavelength range of 250-800 nm for evaluation of the optical properties and electronic transitions of
copper. The result indicates that all the samples exhibit strong absorption in the ultraviolet region and
gradually decrease when transferred to the visible region. However, the absorption intensity between
the samples shows a significant difference, reflecting changes in the electronic structure and the
interaction capability with light of each sample.

The absorption intensity of all the samples decreases sharply in the wavelength range of about 400-
555 nm and reaches a minimum around 555—560 nm, which corresponds to the transition region between
the ultraviolet absorption (interband electronic transition) and the visible region. The absorption
spectrum increases again after this, reaching a maximum in the range of 630-670 nm, due to the
phenomenon of LSPR characteristic of copper nanoparticles, which is analyzed in detail in Figure 4.
Among the samples surveyed, the maximum absorption intensity at the plasmon peak region was
observed in M3 and the minimum intensity was observed over the majority of the spectrum in M1, which
reflects the differences in the density and morphology of the nanoparticles/nanorods formed at each
reducing agent concentration and is consistent with the SEM results presented above.
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Figure 4. UV-Vis spectra of samples as a function of reducing agent concentration (M1, M2, M3 and M4)
at 500-800nm.

The UV-Vis absorption spectra of the samples show a common minimum at around 555-560 nm
(consistent with the observation in Figure 3) in the wavelength range of 500-800 nm (Figure 4), followed
by an increase and the formation of a characteristic absorption band due to the localized surface plasmon
resonance (LSPR) phenomenon of free electrons on the surface of copper nanoparticles and nanorods.
The LSPR peaks for M1 and M2 are found in the shorter wavelength region (around 630-640 nm), but
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M3 and M4 show a strong red-shift with peaks at around 665-670 nm (M3) and 650-660 nm (M4),
respectively. A plasmon band is observed in all the four samples indicating the existence of metallic Cu
in the entire series including M3 and M4 which are mainly characterized by CuzO in the XRD results.
Such co-existence is consistent with a metal Cu core covered by a CuzO layer in the outside, where the
Cu core is responsible for the LSPR signal and the oxide layer with higher refractive index causes the
redshift of the resonance. Nevertheless, without TEM/HRTEM, XPS and SAED data, the core—shell
configuration is still a plausible hypothesis rather than a confirmed structure. We cannot exclude the
possibility of a physical mixture of Cu and Cu,O particles or partial oxidation of metallic Cu. It is
essential to highlight that the interband absorption of CuzO (band gap ~2.1-2.2 eV) predominantly takes
place below approximately 590 nm. While it may influence absorption in the shorter-wavelength
spectrum, it is unlikely to explain the 630-670 nm range. As for the intensity, it is necessary to
distinguish by spectral regions: in the resonance peak region (650-700 nm), M3 achieves the highest
absorption intensity (~1.17-1.18), higher than M4 (~1.16) and M1, M2 (~1.14-1.15), consistent with
SEM results that M3 has the most developed nanorod density. However, this trend is reversed in the
longer wavelength range (750-800 nm), where M4 shows the highest absorption intensity (~1.10), M3
the fastest decrease and M2 the lowest (~1.02). This means that despite the highest peak of M3, the
absorption range is relatively narrow while M4 has a wider and “flatter” absorption range toward longer
wavelengths. The redshift and broadening of the absorption band with increasing reducing agent
concentration (from M1/M2 to M3/M4) may be attributed to three contributing factors: (i) the formation
of a CuO shell around the Cu core, which modifies the local dielectric environment at the particle
surface [44]; (ii) variations in particle/rod size and morphology across the samples, as observed by SEM
[45], [46]; and (iii) the relatively broad and non-uniform particle size distribution, which can contribute
to LSPR band broadening rather than the formation of a narrow, sharp peak [47].

Systematic information on phase composition, morphology, particle size and optical properties of
the copper nanomaterial will be obtained depending on the chosen analytical techniques. By the results
of the analysis we can get a clear idea of the process of formation of the material and simultaneously
assess the relationship of the conditions of synthesis with the structural characteristics and properties of
copper nanoparticles. This provides an important basis for discussing possible applications of the
material. This study has several limitations. The coexistence of Cu and Cu,O was inferred from XRD
and UV—Vis data without TEM, XPS or SAED confirmation; the effect of delayed PVP addition was
not verified by control experiments: particle and rod sizes were taken from representative SEM images
without statistical analysis. The colloidal stability and functional properties of the products were not
evaluated. These aspects will be addressed in future work.

4. Conclusions

In this work, copper nanomaterials were successfully synthesized by a chemical reduction method in
the presence of different concentrations of the reducing agent NaBHj4 to study the effect of synthesis
conditions on the structure and properties of the materials. The copper nanoparticles obtained were
characterized after synthesis using XRD, SEM and UV-Vis techniques to determine the phase
composition, surface morphology and optical properties.

XRD data show that the product is mainly composed of Cu metal phase at low concentrations of the
reducing agent. With the increase of NaBH4 concentration, the sample begins to show the presence of
Cuy0 phase. This demonstrates that the synthesis conditions directly affect the formation and oxidation
process of the material. The SEM results indicate a significant change in morphology with the reducing
agent concentration. In the samples M2 and M3 the spherical particles and the rod-like structures are
observed simultaneously. The nanorods are most developed in M3. However, when the reducing agent
concentration is increased to sample M4, the rod-like structure almost disappears and near spherical
particles with uneven size and strong agglomeration are observed instead. Thus, the concentration of
NaBH4 not only influences the phase composition but also governs the nucleation mechanism and the
morphology development of the material.

The UV-Vis spectrum results recorded the appearance of the localized surface plasmon resonance
band characteristic of copper nanoparticles in all samples, confirming the formation of the metallic Cu
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phase after the synthesis process. At the same time, the shift of the absorption peak toward the long
wavelength and the change of the absorption intensity with the increase of the reducing agent
concentration indicate the change of the size, morphology and surface state of the nanoparticles, which
is in line with the results obtained from XRD and SEM analysis. The coexistence of the Cu LSPR band
and the Cu,O diffraction peaks suggests a Cu core covered by a Cu,O surface layer, although direct
structural confirmation is still required. The research has indicated that the phase composition,
morphology and optical properties of copper nanoparticles are largely dependent on the concentration
of reducing agent NaBH,. The obtained results provide a basis for the selection of appropriate fabrication
conditions to guide the application of copper nanoparticles and contribute to clarifying the relationship
between the synthesis conditions and the material characteristics.
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