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Abstract: Nanotechnology is used in a wide range of fields, including medicine, cosmetics, and new
material development, and is one of the most popular technologies in the field of flexible electronic
products. For the present work, the chemical reduction method with environmentally friendly
reducing agents was used to synthesize copper nanoparticles (CuNPs) with good dispersibility. The
CuNPs were characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD), and
ultraviolet–visible spectrophotometry (UV–vis). After the CuNPs were formed, the solvent, polymers,
and additives were added to form copper ink. Finally, the prepared copper inks were applied to
flexible polyethylene terephthalate (PET) substrate under low sintering temperature and the effects
of sintering time and different concentrations of sintering agent on resistivity were investigated. The
results show that the copper nanoparticles synthesized by secondary reduction were smaller, more
uniform, and better dispersed than those formed by primary reduction. Ethylene glycol has reducing
effects under high temperatures; therefore, the CuNPs formed using the mixed solvent were small
and well dispersed. The copper ink was applied on the PET substrate, treated with a formic acid
aqueous solution, and sintered at 130 ◦C for 60 min, and its resistivity was about 1.67 × 10−3 Ω cm.
The proposed synthesizing method is expected to have potential applications in the flexible electronic
products field.

Keywords: copper nanoparticles; chemical reduction; copper ink; flexible conductive sheets

1. Introduction

Flexible electronics have become increasingly small, thin, and lightweight, and have
been incorporated into circuit boards, monitors, wearable devices, and electronic appli-
ances [1,2]. Liquid metallic ink is directly printed onto flexible substrate, increasing the
efficiency of manufacturing; in turn, the demand for nanometallic ink has increased [3,4].
Metallic nanoparticles have a larger ratio of surface area to volume than block materials do;
therefore, compared with conventional materials, nanoparticles have many unique physical
and chemical properties, as well as lower melting points, and can therefore be processed at
relatively low temperatures [5]. Nanosynthesis methods can be divided into physical and
chemical reduction methods [6–8]. Physical reduction methods are top-down, involving the
use of grinding or laser cutting to miniaturize large metallic particles. Chemical reduction
methods are bottom-up, involving oxidation reduction reactions that handle the precursor

Nanomaterials 2022, 12, 360. https://doi.org/10.3390/nano12030360 https://www.mdpi.com/journal/nanomaterials

https://doi.org/10.3390/nano12030360
https://doi.org/10.3390/nano12030360
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0003-4884-6446
https://orcid.org/0000-0002-4388-9802
https://doi.org/10.3390/nano12030360
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano12030360?type=check_update&version=1


Nanomaterials 2022, 12, 360 2 of 16

in the form of an atomic ion with a reducing agent in a suitable solvent [9,10]. The created
metallic nanoparticles have various particle size distributions and stability levels based on
conditions such as the reducing agent concentration, reduction potential, temperature, pH
value, and stabilizer [11–13]. Chemical reduction methods are most commonly used for
synthesizing various types of nanoparticles because they do not require special equipment
and are relatively easy to conduct [14–17].

Typically, metallic nanoparticles are formed over three stages, the first of which is
prenucleation. At this stage, because of changes in temperature or concentration, the metal
cations in the metal salt are reduced to metal atoms that are randomly arranged and move
freely while in the solution. The second stage is nucleation, in which the metal atoms in the
solution continue to collide with one another, clustering to form nuclei. The final stage is
growth, in which more solids are gradually deposited on the surface of the nucleus until the
nucleus grows to a critical size, thereby forming a nanoparticle [5,18–20]. However, most
of the chemicals employed in metallic nanoparticle preparation are toxic, and improper
treatment of these chemicals could lead to environmental pollution. Therefore, the prepa-
ration of environmentally friendly, low-temperature-sintering metallic nanoparticles has
become a research trend [21–24]. In past research [18,25,26], reports clearly demonstrated
that ascorbic acid is a popular reducing agent. It is a natural and mild reducing agent with
antioxidant properties and is widely used as a food preservative. It presents no biological
hazards and its impact on the environment is minimal. However, ascorbic acid, with rather
weak reducibility, requires a longer reduction time.

Silver, copper, and gold are the three most frequently studied metals for nanopar-
ticles [10,11,24,27]. Silver and gold are costly. Copper, cheaper than silver and with
equivalent conductivity, has received much attention. When nanonizing copper, its sur-
face activation energy increases, causing it to display unique properties, including a low
melting point, robust magnetism and light absorption, and material firmness [28–30]. Nan-
onized copper is used in conductive ink, catalysts, electronic products, antibacterial agents,
nanoinjection molding, and humectants [14,31–36]. Therefore, the preparation of stable
and antioxidant CuNPs is often the focus of research and development [37]. Unfortunately,
copper (during synthesis) and CuNPs are easily oxidized, and when used in conductive
ink, eliminating the oxidized layer on the surface of the CuNPs requires high sintering tem-
peratures. Furthermore, studies on the preparation of CuNPs have often employed strong
reducing agents, such as sodium borohydride or hydrazine, to create smaller particles or
to reduce the reduction time [33]. However, these types of reducing agents are typically
highly toxic, resulting in environmental pollution. However, weaker reducing agents have
larger metal particles and require longer reduction times [38,39].

Applying CuNPs in conductive ink production requires a sintering step. The purpose
of sintering is to melt the CuNPs into dense blocks through heat or pressure to achieve
conductivity [25,35,40]. However, although this is known as low-temperature sintering,
it typically involves temperatures as high as 160 ◦C. Conventional sintering processes
typically involve high temperatures, which are energy-intensive and produce thermal
stress that warps the flexible substrate; consequently, high-temperature sintering cannot
be used on flexible substrates. Studies on the low-temperature sintering of CuNPs are
limited [33,35]. Although CuNPs are protected by a blocking agent layer, over time, and
depending on the type of blocking agent, they will still oxidize slowly, resulting in a very
thin patina on the outside of the nanoparticles. Because CuNPs oxidize easily, especially
under high temperature, sintering must be performed in an inert environment; studies on
low-temperature sintering and the application of CuNPs to flexible substrates are also rela-
tively limited. Therefore, in the current study, chemical reduction methods involving more
environmentally friendly chemical agents (ascorbic acid) were used to prepare CuNPs and
explore the effects of reaction temperature and reaction time on their preparation. The ma-
terials were analyzed using transmission electron microscopy (TEM), X-ray diffraction
(XRD), and ultraviolet–visible spectrophotometry (UV–vis). The CuNPs were then formed
into conductive ink and applied to a flexible polyethylene terephthalate (PET) substrate
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to investigate the effects of sintering time and sintering agent concentration on resistivity.
The novelty and innovation of this study is the preparation of CuNPs with low toxicity and
effective resistance to oxidation for the production of high-performance conductive ink
that can be used on flexible substrates in low-temperature sintering environments.

2. Materials and Methods
2.1. Materials

Absolute ethanol (C2H5OH, purity ≥ 99.8%), copper (II) sulfate pentahydrate
(CuSO4·5H2O, purity ≥ 98.0%), ascorbic acid (C6H8O6, purity ≥ 99.7%), and ammonia hy-
droxide (NH3·H2O, 35%) were purchased from Fisher Chemical (Pittsburgh, PA, USA) and
used without further purification. Polyvinylpyrrolidone (PVP, purity ≥ 99.0%), ethylene
glycol (C2H4(OH)2, purity ≥ 99.5%), formic acid (CH2O2, purity ≥ 95.0%), and sodium
perchlorate (NaClO4, purity ≥ 99.0%) were obtained from Acros Organics (Geel, Belgium).
Commercial wetting agent (type 2230) was used in this study, supplied by Marvel Chemical
Co. (Taipei, Taiwan). PET ((C10H8O4)n) was purchased from Hsin Yun Co. (Taipei, Taiwan).
All chemicals were analytical grade and used as received.

2.2. Preparing the CuNPs

This study involved the reduction and synthesis of CuNPs using ascorbic acid and
one-factor testing with various variables to investigate the effects of each factor on their
growth. The reduction methods were divided into primary and secondary [41]. The
concentration of the reducing agent was expressed as the molar ratio of reducing agent to
precursor copper sulfate. The control factors of the experiment were the reduction method,
the reaction temperature, and the reduction time. Primary reduction involved preparing
30 mL of 0.02 M copper sulfate (CuSO4) aqueous solution and 30 mL of ethylene glycol
containing 0.5 g of polyvinylpyrrolidone (PVP-EG) in cleaned and dried containers; the
CuSO4 aqueous solution was placed in an induction mixer (350 rpm), and 35% ammonia
(3–10 mL) was used to adjust the pH. The PVP-EG was then poured into the CuSO4
solution, and after the temperature was increased to 55 ◦C, various molar ratios (ascorbic
acid/copper sulfate ((AA)/(CuSO4)) = 5, 10, 15, and 20) of ascorbic acid were added to the
mixture. Finally, the mixture was maintained at a constant temperature (55 and 80 ◦C) for
reaction. For secondary reduction, after the primary reduction was completed, a solution of
ascorbic acid was added, and the solution was then maintained at a constant temperature
(65, 70, 75, 80, 85, and 90 ◦C) for reaction. The preparation schematic diagram of CuNP is
shown in Figure 1.
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2.3. Flexible Substrate Pretreatment and Preparation of Cu Conductive Ink

First, the PET substrate was cut into 2 × 2 cm2 pieces that were placed in a beaker,
which was then filled with a mixture of deionized water, ammonia, and sodium perchlo-
rate. After being subjected to ultrasonic vibrations for 20 min, the chemically processed
PET substrate was washed with ethanol and then dried. The CuNP solution underwent
centrifugation at high speed, which formed sediments which were then washed several
times with deionized water and collected through a glass funnel filter. The centrifugation
speed was 13,000 rpm, for 10 min each time. After the CuNPs were formed, the CuNPs
were combined with a solvent, a polymer matrix (2%), and a humectant (1%) before being
subjected to ultrasonic vibration for 30 min to form copper ink, which was then used to
coat the chemically processed PET substrates. After the substrate was coated with the
copper ink, the ink was dried at a low temperature to ensure its adherence to the PET
surface. It was then sintered at 130 ◦C for different durations (30, 60, and 90 min). Various
concentrations (30, 50, 70, and 90% vol) of formic acid were then sprayed on the surface as
a sintering aid, and thickness and electrical resistance were measured using an optical film
thickness meter and a four-point probe. All the experiments were carried out in triplicate
to confirm data reproducibility of the experimental results.

2.4. Characteristics of Nanoparticles and Electrical Properties of Conductive Ink Material

In this study, the CuNP solution samples without any rinsing were directly analyzed
by UV–vis (Gensys 10 Series, Thermo Scientific, Waltham, MA, USA). The morphological
properties of the CuNPs were studied using an H-7100 TEM (Hitachi, Tokyo, Japan).
Measurement of the Cu conductive ink viscosity was carried out using a DV3T viscometer
(Brookfield Engineering Laboratories, Middleboro, MA, USA). XRD (Empyrean, Malvern
Panalytical, Malvern, UK) was used to further characterize the CuNPs. The surface tension
of Cu conductive ink was assessed using a Model 100SB device (Sindatek Instruments,
New Taipei, Taiwan). Fourier-transform infrared (FTIR) spectroscopy (FT/IR-6000, Jasco
International Co., Tokyo, Japan) was used to confirm the functional groups change of PET
before and after surface modification, and atomic force microscopy (AFM; XE-100, Park
Scientific Instruments, Sunnyvale, CA, USA) was used to measure the surface roughness.
Finally, the electrical resistivity of the patterns was measured using a Surfcorder ET3000
microfigure measuring instrument (Kosaka Laboratory, Tokyo, Japan) and a Keithley 2000-
EM4P four-point probe analyzer (Tektronix, Beaverton, OR, USA).

3. Results and Discussion
3.1. Synthesis of Cu Nanoparticles
3.1.1. Comparison of Reduction Methods

A reducing agent is a substance that loses electrons during the oxidation reduction
reaction, providing electrons to the reduced substance [29,35]. The reducing agent is one of
the most important factors influencing the growth and aggregation of CuNPs. It can be con-
trolled not only by which agent is selected and its concentration, but also by the method of
dosage addition or secondary reduction of the chemical reduction process [5,42,43]. In the
current study, the effects of the reducing agent concentration were explored by adjusting the
molar ratio of the agent to that of the precursor copper sulfate ((AA)/(CuSO4)). The results
of preparing CuNPs through primary reduction when (AA)/(CuSO4) = 15 and pH = 10.5
are presented in Figure 2a, showing that the particles differed greatly in size distribution
and exhibited rod-like and uneven shapes. The particle size distribution is presented in
Figure 2b. When (AA)/(CuSO4) = 15 and pH = 11 (Figure 3a), only a few particles were
quadrilateral, whereas several were large and exhibited serious aggregation and incon-
sistent shapes. When (AA)/(CuSO4) = 15 and pH = 11.5 (Figure 3b), most particles were
round, oval, or nearly round. In our past research [42], the result indicated that appropri-
ately increasing the concentration of the reducing agent can result in smaller, more uniform
particles. In the current study, primary reduction ((AA)/(CuSO4) = 20 and pH = 10.5;
Figure 4a) resulted in numerous large, rod-shaped nanoparticles. Figure 4b presents the
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results of CuNPs when pH = 11 and the reducing agent ratio was the same. Despite the
more favorable crystallization effect, the proportion of larger particles was higher.
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The results demonstrate that the pH and reducing agent concentration are the key
factors affecting the growth of CuNPs; however, the effects of primary reduction were
found to be unsatisfactory. Specifically, when (AA)/(CuSO4) = 15 and pH = 10.5, the
particle sizes were not uniform, and increasing the pH or reducing agent concentration
resulted in flaws such as particle aggregation and larger particles. Secondary reduction was
also used to prepare CuNPs, with the second reaction occurring under the same molar ratio
as that of (AA)/(CuSO4). When the molar ratio was 10, the resulting CuNPs were larger
and exhibited a degree of fusing. When the (AA)/(CuSO4) molar ratio was 15, the CuNPs
were smaller, round, and more dispersed (Figure 5). Therefore, this molar ratio was fixed in
subsequent experiments. Preparation by secondary reduction resulted in smaller and more
evenly dispersed CuNPs, possibly because the excessive amount of ascorbic acid present
during secondary reduction acts as a stabilizer. Furthermore, the dehydroascorbic acid that
formed after ascorbic acid oxidation contained hydrogen bonds, which can prevent the
aggregation of nanoparticles [44].
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3.1.2. Effect of Reaction Temperature

The reaction temperature is a key factor in the chemical reduction process [45,46]. With
the molar ratio fixed at 15, the effect of reaction temperature (65, 70, 75, 80, 85, and 90 ◦C)
on the growth of the CuNPs was examined. Figure 6 presents the results of preparing
CuNPs by using a secondary reduction method under various temperatures. When the
reaction temperature was 65 ◦C, several nanonuclei were not fully formed, indicating an
insufficient reaction temperature. When the reaction temperature was 75 ◦C, no copper
nanonuclei remained; however, some mild aggregation was observed. When the reaction
temperature was 80 ◦C, the particles were small and well dispersed. When the reaction
temperature exceeded 80 ◦C, the resulting CuNPs were similar in size, but they exhibited
some aggregation. These results are consistent with those of relevant research, because
under high temperatures, ethylene glycol displays reducing effects (polyol reduction); the
OH base in ethylene glycol may react with copper to form a protective layer, reducing
the viscosity and limiting the growth and aggregation of CuNPs [46]. However, when the
temperature is increased, the reaction system interferes with the stabilizers, which leads to
failure to cover the surface of the nanoparticles, resulting in CuNP agglomeration.

Furthermore, when the wavelength position of the strongest peak (Amax) of the
nanoparticles on the UV–vis spectrum becomes shorter, the CuNPs are smaller (blue shift);
when the wavelength position of the strongest peak becomes longer, the CuNPs are larger
(red shift) [47]. The peak value can also be used to determine the relative amount of CuNPs,
according to the Beer–Lambert law [48]. The UV–vis spectrum (Figure 7) also demonstrates
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that for CuNPs formed at 80 ◦C, the wavelength position of the strongest peak was the
shortest; therefore, 80 ◦C was selected as the reaction temperature for subsequent reactions.
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3.1.3. Effects of Reaction Time

Reaction time also affects metallic nanoparticle generation in the chemical reduction
methods [49,50]. To understand the relationship between synthesized CuNPs and reaction
time, UV–vis spectrograms were used to visualize the changes in peak intensity and
the wavelength position of the tallest peak over time. Figure 8a displays the UV–vis
spectrogram for reaction times from 5 min to 1 h. When the reaction time was 5 min, the
highest peak was positioned at a wavelength of 447 nm, indicating that cuprous oxide
(Cu2O) had formed. When the reaction time was 10 min, the peak for copper (550 to 610 nm)
gradually formed, whereas the peak for Cu2O gradually became less evident, indicating
that copper was forming [51]. From 20 to 40 min, the highest peaks were all positioned
at 581 nm, and at 50 min, the wavelength position of the highest peak blue-shifted to
580 nm and remained there until 60 min. This indicates that the particles continued to
become smaller. Furthermore, the wavelength position of the highest peak for ascorbic acid
was at approximately 266 nm, and over time, the preceding peak decreased in intensity,
indicating that the ascorbic acid continued to deplete over time. To confirm when the
ascorbic acid was no longer being depleted, the range of the UV–vis spectrogram was set to
200–900 nm (Figure 8b). In the 60–70 min interval, the wavelength position of the copper
peak was approximately 580 nm and the peak value of the preceding 266 nm position
reached equilibrium. This indicates that the preparation reaction time in the current study
was approximately 1 h.
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Figure 8. (a) UV–vis spectrogram of CuNPs synthesized under different reaction times. (b) UV–vis
spectrogram of ascorbic acid when synthesizing CuNPs under different reaction times.

Figure 9 depicts the color changes in the CuNPs formed under different reaction times.
Over time, the CuNPs appeared yellow, green, brown, and, finally, brown-red. A yellow
color appeared immediately after the addition of ascorbic acid. The small increase in
absorbance of 580 nm (Figure 8b) turned the yellow color to brown-red, indicating the
formation of a nanoclustor of zero valent Cu under the reduction reaction [46]. After
30 min, the color remained brown-red, but based on the results of the UV–vis spectrum
analysis, the reaction time must be 60 min to be considered complete. Figure 10 displays
the changes in shape over time during CuNP reduction. At 5 min, the particles were
aggregated, but cuprous oxide was unset; at 10 min, CuNPs began to form, but they
were surrounded by numerous copper nanonuclei. From then until 40 min, some copper
nanonuclei remained and some small rod-shaped particles and some triangular particles
were present until they disappeared at 60 min. CuNPs of other shapes were speculated to
be the predecessors of round CuNPs, which gained additional sides and became round as
the reaction time increased.
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Figure 10. Changes in shape under reaction times of (a) 5 min, (b) 10 min, (c) 30 min, (d) 40 min, and
(e) 60 min.

XRD analysis was performed on the prepared nanoparticles (Figure 11a). The results
of the analysis revealed three characteristic peaks: 43.3◦, 50.4◦, and 74.08◦. These results are
consistent with those of XRD JCPDS (Joint Committee on Powder Diffraction Standards)
No. 00-004-0836, confirming that they were copper crystal structures [10,14]. To determine
the stability of the CuNP solution, the samples were stored under an ambient atmosphere
for 3 months and then analyzed again for comparison (Figure 11b). The peak values of the
three characteristic peaks remained strong, confirming that samples such as those prepared
in the current study can be stored for at least 3 months.
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3.2. Cu Conductive Sheets
3.2.1. Cu Ink Preparation and Surface Modification of PET Substrate

Conductive ink, as one of the key raw materials in flexible electronics, can determine
the rate, direction, and cost of flexible electronics development. Conductive ink is a
multi-component system (e.g., containing additive, conductive filler, and solvent) [2].
PVP, a water-soluble polymer that is less restricted in its use than polymers that are only
soluble in organic humectants, was used in the polymer matrix. A small amount of PVP
added to water can increase the viscosity of the solution. Furthermore, the high molecular
weight of the polymer also helps the copper ink adhere to the flexible substrate [52]. PVP,
because of its unique lactam structure, has both hydrophilic and lipophilic properties and
can thus form a film with strong binding force on plastic [52,53]. Furthermore, PVP is also
often used as a surface dispersant that prevents ink from precipitating [35,54]. Because
plasma contains both solids and liquids, commercial nanojet humectants were added to
enable the heterogeneous liquid to emulsify and evenly disperse; the copper ink appeared
even after the plasma was left alone for several days. The next day, stratification was
observed in the copper ink without humectant.

PET plastic substrate is smooth. To increase interfacial bonding, the surface must
first be modified [55,56]. In the current study, the surface was modified chemically: the
PET substrate was immersed in an oxidant (sodium perchlorate) and an aqueous solution
of ammonia to oxidize and break the molecular chains on the surface of the PET film,
thereby increasing its surface roughness and introducing polar groups. Figure 12 displays
FTIR images of the PET before and after surface modification. Significant changes in the
absorbance peak were observed after treatment. Based on the stretching vibrations of
the OH group appearing in the 3700–3100−1 range, the absorption peak of the OH polar
group intensified after treatment. This may be because the alkaline aqueous solution of
sodium perchlorate contains sodium hypochlorite, hypochlorous acid, and NaOH. Sodium
hypochlorite can be hydrolyzed into NaOH, and when the PET was treated with NaOH,
the number of OH groups increased [57]. Figure 12b illustrates that after PET treatment,
some of the main absorption peaks weakened, possibly because the PET polymers were
degraded by the alkaline treatment and HOCl oxidation [58].

Furthermore, surface undulations of the samples were detected using AFM, and the
results are presented in Figure 13. The roughness of the modified surface (Ra = 3.728 nm)
was greater than that of the unmodified sample (Ra = 3.018 nm), confirming that the
surface area of the PET film was effectively increased, thereby improving the binding force
between it and the copper ink [59]. The adhesive capacity was tested by dripping 0.1 mL of
copper ink on modified and unmodified PET substrates and spreading it evenly outward.
The results revealed that the copper ink could not evenly adhere to the unmodified PET
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substrate and shrank toward the center (Figure 14). This became more evident over time.
On the modified PET substrate, the copper ink demonstrated satisfactory ductility and the
ability to adhere to the target area.
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3.2.2. Electric Resistivity of Conductive Sheets

Squares of copper ink of the same volume were drawn on each substrate with a pipette,
as depicted in Figure 15a. Next, the samples were placed in a vacuum oven at 80 ◦C for
30 min. Formic acid was then sprayed on them, and they were placed in an oven for
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sintering at 130 ◦C. The resulting samples exhibited a visible metallic sheen, as shown in
Figure 15b.
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Figure 15. (a) PET substrates painted with conductive plasma. (b) Sample after sintering.

Because the oven is not a complete vacuum, an oxidized microlayer formed on the cop-
per surface. Further, because formic acid has decomposition properties that can transform
cupric oxide into copper (II) formate, this salt compound decomposes easily after being
heated, and after decomposition forms into copper [60]. The copper-conductive sheets
sintered at a low temperature of 130 ◦C were treated with formic acid. A thin film analyzer
was used to measure the average thickness of the film formed on the surface of PET, which
was 3.96 µm. Currently, ideal resistivity is approximately 10–4–10–3 Ω·cm; the resistivity
resulting from various sintering times (30, 60, and 90 min) with 50% formic acid and a
sintering temperature of 130 ◦C is presented in Figure 16a. The results indicate that after 30,
60, and 90 min of sintering, resistivity was 1.6 × 10−2, 2.89 × 10−3, and 2.87 × 10−3 Ω·cm,
respectively. Figure 16b presents the results of resistivity after 60 min of sintering at 130 ◦C
and under different concentrations of formic acid. When the concentration of formic acid
was 10%, no resistivity was detected. When the concentration was 30 and 70%, resistivity
was 3.3 × 10−2 and 1.67 × 10−3 Ω·cm, respectively. When the concentration of formic acid
was 90%, resistivity began to increase.
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4. Conclusions 
The current study explored the synthesis of nanoparticles by using primary chemical 

reduction method and secondary chemical reduction method. The results revealed that 
the CuNPs that formed through secondary chemical reduction method were better than 
primary chemical reduction method, as the CuNPs formed through secondary chemical 
reduction method were smaller and uniform. When the reaction temperature of the sec-
ondary reduction was 80 °C, the resulting CuNPs were fully reduced and more dispersed. 
The conditions for synthesizing CuNPs in the current study were a reaction temperature 
of 80 °C, a precursor pH of 11, an (AA)/(CuSO4) molar ratio of 15:1, and a reaction time of 
60 min. Under these conditions, CuNPs with an average particle diameter of 43 nm can be 
synthesized. 

The CuNPs prepared in this study and the conductive copper plastic prepared with 
PVP, water, and humectants were coated onto PET substrates with a pipette and subse-
quently sintered at 130 °C for 60 min with a 70% concentration of formic acid to obtain the 
lowest resistivity (1.67 × 10−3 Ω·cm). Conductive metal nanoparticles are vital in electronic 
and optoelectronic component applications. In addition to being highly conductive, their 
mechanical properties render them suitable for flexible electronics. Conductive metal na-
noparticles are vital in electronic and optoelectronic component applications. In addition 
to being highly conductive, their mechanical properties make them suitable for flexible 
electronics. The CuNPs prepared in the current study are stable and resistant to oxidation 
and therefore have potential for practical applications. 
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4. Conclusions

The current study explored the synthesis of nanoparticles by using primary chemical
reduction method and secondary chemical reduction method. The results revealed that
the CuNPs that formed through secondary chemical reduction method were better than
primary chemical reduction method, as the CuNPs formed through secondary chemical
reduction method were smaller and uniform. When the reaction temperature of the sec-
ondary reduction was 80 ◦C, the resulting CuNPs were fully reduced and more dispersed.
The conditions for synthesizing CuNPs in the current study were a reaction temperature of
80 ◦C, a precursor pH of 11, an (AA)/(CuSO4) molar ratio of 15:1, and a reaction time of
60 min. Under these conditions, CuNPs with an average particle diameter of 43 nm can
be synthesized.

The CuNPs prepared in this study and the conductive copper plastic prepared with
PVP, water, and humectants were coated onto PET substrates with a pipette and subse-
quently sintered at 130 ◦C for 60 min with a 70% concentration of formic acid to obtain the
lowest resistivity (1.67 × 10−3 Ω·cm). Conductive metal nanoparticles are vital in electronic
and optoelectronic component applications. In addition to being highly conductive, their
mechanical properties render them suitable for flexible electronics. Conductive metal
nanoparticles are vital in electronic and optoelectronic component applications. In addition
to being highly conductive, their mechanical properties make them suitable for flexible
electronics. The CuNPs prepared in the current study are stable and resistant to oxidation
and therefore have potential for practical applications.
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