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Optimisation of the green synthesis of Cu/Cu2O particles for maximum 
yield production and reduced oxidation for electronic applications 
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A B S T R A C T   

Taguchi method with an L8 orthogonal array and analysis of variance (ANOVA) were used to evaluate the effect 
of pH, amount of Cynara scolymus L.(artichoke) extract (AE), copper salt concentration (SC) and temperature (T) 
on the optimization of green synthesis of copper microparticles with respect to the maximization of the yield 
production and, for the first time, with respect to the minimization of the oxidation degree of the copper mi
croparticles. Results indicate that pH and AE have greater influence on the Cu/Cu2O microparticles yield. While 
the pH, AE and T have greater influence on the oxidation degree of the Cu/Cu2O microparticles. XRD confirmed 
the minimization of Cu2O phase over Cu/Cu2O mixture, reducing Cu2O from 83% to 31%. Spherical particles of 
324–711 nm were observed and the electrical resistivity of Cu/Cu2O (69/31 wt%) was 1.52 × 10 − 3 Ω.cm.   

1. Introduction 

Copper particles in its metallic and oxidized forms have attracted 
increased attention because they are widely used in various fields based 
on their unique magnetic, electronic, optical, catalytic, antifungal and 
antibacterial properties along with their low cost [1]. They are used in 
conductive inks [2], batteries [3,4], solar cells [5], biosensing [6], gas 
sensing [7], electrochemical sensing [8], catalysis [9,10], water treat
ment [11], bactericidal agent [12], antimicrobial agent [13], antifungal 
agent [14] and anticancer agent [15]. Currently, conductive inks using 
copper nanoparticles are investigated for application in the growing 
printed electronics market, for example, printed circuit boards, light 
emitting devices, radio frequency identification antenas (RFIDs) and 
thin film transistors, due to its high conductivity and lower cost [16]. 
However copper nanoparticles has an inherent tendency to oxidize in 
aqueous synthesis conditions and can reduce its electrical conductivity. 
Thus the prevention of copper oxidation is crucial to prepare conductive 
inks [17]. In the past decade researchers have demonstrated that copper 
particles’ properties are strongly influenced by the shape, size and 
oxidation state of the Cu nanocrystals. This has invigorated an upsurge 
in research on new synthesis routes of copper particles [18]. There are 
different methods of synthesis of copper nanoparticles including: polyol 
process, metal vapour synthesis, laser ablation, micro-emulsion tech
niques, chemical reduction, thermal reduction and in situ chemical 
synthesis [19]. However, these production methods are usually 

expensive, labour-intensive, and are potentially hazardous to the envi
ronment and living organisms [20]. Thus, there is a demand for alter
native processes that guarantee clean, non-toxic, environmentally 
friendly and cost-effective methods to produce copper particles. In 
recent years, it has been demonstrated that many biological systems, 
including plants [21,22] and algae [23], diatoms [24], bacteria [25], 
yeast [26], fungi [27], and human cells [28], emerged as green alter
natives of synthesis of nanoparticles. The green synthesis of particles 
using plants displays important advantages over other biological sys
tems, such as low cost of cultivation, the ability to up production vol
umes and it is simpler, quicker and safer. Following this route, Cu 
particles in its metallic and oxide forms have been synthesized in 
aqueous media by a variety of plant extracts: magnolia leaf [29], Punica 
granatum [30], Hibicus rosasinensis [31], Eclipta prostrata [32], Cap
paris zeylanica [33] and Gloriosa superba L [34] . These plants were 
reported to have biomolecules, including carbohydrates, proteins and 
phenolic compounds, which are used in the reduction and capping of 
copper ions to form nano or microparticles. In spite of the fact that these 
research works used green synthesis for production of copper particles 
with the several advantages such as the environmentally friendliness of 
the process and more biocompatible final products, the optimization of 
process parameters has been less explored, together with the less 
assessment of their electrical properties (as relevant for obtaining 
conductive inks). 

The source of the plant extract (their active biomolecules types and 
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concentration) plays a major role in influencing the shape, size, yield 
and surface properties of nanoparticles [35]. Artichoke (Cynara scolymus 
L.) plant is a rich source of polyphenolic compounds, with cynarin, a 
caffeoylquinic acid derivative, being the most well know compound. 
Other phenolics such as flavones, apigenin and luteolin, and anthocya
nidinscyanidin, peonidin and delphinidin have also been found. It has 
been reported that the phenolic compounds of artichoke extracts are 
responsible for antioxidant activity, the polyphenols being able to 
reduce the abnormally increased levels of reactive oxygen species (ROS) 
that were found in a wide range of disorders, including inflammatory 
bowel disease and cancer [36]. Due to artichoke’s low cost and its 
environmental-friendly nature along with its antioxidant properties, 
artichoke (Cynara scolymus L.) was selected as reducing and capping 
agent to prepare copper particles in our work. In spite of its nutritional 
and pharmaceutical applications, the wastes originated by the industry 
(e.g. canning industry) are high, constituting c.a. 80%–85% of the total 
biomass of the plant [37]. In 2016, the global production of artichoke 
almost reached 1.5 MTon [38]. The potential of Cynara scolymus L. (CS) 
for green synthesis of copper particles is therefore huge. The use of CS 
extract for green synthesis of copper microparticles has not been re
ported yet. Recently Cynara scolymus L. flower extract has been used in 
the synthesis of silver nanoparticles [39]. 

Process optimization by design of experiments, such as the Taguchi 
method, provides a simple and effective approach that minimizes the 
number of experimental tests and resources, which reduces the time and 
the costs of experiments [40]. Compared to the full factorial method, 
instead of testing all possible combinations of the parameters available, 
Taguchi method provides a more simplified way to setup the combina
tion of experimental parameters using orthogonal arrays [41]. Although 
the Taguchi method has been applied to the optimization of green 
synthesis of particles, including the green synthesis of silver particles 
and gold particles using plant extracts [42,43], the green synthesis of 
CuO particles using bacterial approach [44] and the green synthesis of 
silver particles using fungi extracts [45], the purpose of these studies 
was to screen the key parameters for the green synthesis of smaller sized 
particles or to maximize the yield of particles. 

Hence, there is a need to select the key parameters for the green 
synthesis of Cu particles with reduced oxidation degree, in a reliable, 
cost-effective and environmentally friendly process, in order to obtain 
the higher electrical conductivity of the produced Cu particles. So far, no 
work has been reported in literature for the minimization of the oxida
tion state of Cu nanocrystals during their synthesis using Taguchi’s 
experimental design methodology. In the present work, the Taguchi 
method with an L8 orthogonal array (4 variables, 2 levels, 8 tests) and 
analysis of variance (ANOVA) techniques were used to evaluate statis
tically the effect of pH, amount of CS extract (AE), copper salt concen
tration (SC) and temperature (T) on the optimization of the green 
synthesis of copper particles using flower extract of Cynara scolymus L. 
with respect to the maximization of the yield production of copper mi
croparticles and to the minimization of the oxidation state of the copper 
microparticles during their synthesis. Then, the produced green copper 
microparticles particles were characterized by UV–Vis, XRD, SEM, EDS 
analysis and electrical resistivity measurements. Knowledge of the exact 
oxidation degree of the synthesized Cu particles and its effect on their 
electrical conductivity is essential from an application perspective, e.g. 
in conductive inks as required in the emergent printed electronics 
technology. 

2. Materials and methods 

2.1. Materials and extract preparation 

Hydrated copper nitrate [Cu(NO3)2⋅3H2O] and sodium hydroxide 
were purchased from Sigma-Aldrich. Fresh artichoke (Cynara scolymus 
L.) flower heads were purchased from a local market (Braga, Portugal), 
and they were washed with running tap water, to remove impurities, 

and dried at air. For the preparation of the CS extract, 20 g of washed 
flower petals cut in small pieces were added to 100 mL boiled water for 
15 min. The extract was cooled at room temperature, filtered and stored 
at 4̊C for further use. 

2.2. Green synthesis of copper microparticles 

The general procedure for the green synthesis of copper micropar
ticles is described in the following. CS extract was used as a reducing and 
capping agent and Cu(NO3)2⋅3H2O was used as the copper salt precur
sor. In a 20 mL beaker, a solution of 4 mL of CS extract was added and 
adjusted to pH = 12 with 0.1 M NaOH, and then to this solution was 
slowly added a solution of 2.5 mL of 60 mM of Cu(NO3)2⋅3H2O; the 
mixture solution being continuously stirred for 1 h at 80̊C. During the 
reaction time the reduction of Cu(NO3)2⋅3H2O to copper microparticles 
was visually observed by the colour of the solution changing gradually 
to green and finally to yellow-orange colour, as shown in the Fig. 1. After 
synthesis, the copper microparticles were centrifuged and washed with 
distilled water. Finally, they were dried under vacuum at 60 ◦C 
overnight. 

2.3. Experimental design 

An experimental design, based on a Taguchi orthogonal array (OA), 
was employed to the green synthesis of copper microparticles in order to 
identify the optimal synthesis conditions for reaction yield maximiza
tion and minimization of particles oxidation, whilst keeping a low 
number of laboratory experiments and resources. The following pa
rameters, which have a high impact on copper microparticles produc
tion, were selected: pH, temperature (T), amount of CS extract (AE) and 
copper salt concentration (SC). These parameters were varied in two 
levels, as shown in Table 1. A L8 Taguchi OA (with 8 experiments) was 
used to study the effect of the four parameters in the synthesis of copper 
particles, as listed in the Table 2. The studied response was the intensity 
of the absorbance peak at 565 nm of the solution after each experiment. 
This absorbance peak at 565 nm (from the UV–Vis spectra of the solu
tion) corresponds to the surface plasmon resonance phenomenon of 
copper in the non-oxidized form [19]. The maximization of the intensity 
of this absorbance peak leads to a high throughput of Cu phase particles. 
The peak absorbance intensity at 386 nm was also analysed, this peak 
corresponding to the surface plasmon resonance phenomenon of copper 
oxide (Cu2O) particles [19]. 

2.4. Characterization of green-synthesized copper microparticles 

Green synthesis of copper microparticles was confirmed by 
measuring the absorbance in UV–Vis spectra at a wavelength range 
between 200 and 800 nm, at a resolution of 1 nm (spectrophotometer 
UV-240 1 PC, Shimadzu), after diluting a small aliquot of the copper 
microparticles solution with CS aqueous extract (blanket sample). The 
size and morphology of copper microparticles were observed by scan
ning electron microscope SEM (Leica-Cambridge S360 scanning electron 
microscope and the NanoSEM-FEI Nova 200 (FEG/SEM)). The sample 
was prepared by placing copper microparticles in powder form on a 
double sided carbon tape and, subsequently, transferring it to the mi
croscope operated at an accelerated voltage of 15 kV. The elemental 
composition was also analysed by an energy dispersive x-ray spec
trometer (EDS, combined with SEM). The e-beam used in EDS mea
surements had a diameter that was larger than the particle diameter. 
Therefore, the elemental composition obtained reflected the composi
tion of both particle and surroundings. The structure phase and crys
tallinity of copper microparticles were studied by X-ray diffraction, in a 
Rigaku D/ max 2500 V equipped with Cu-Kα radiation source. This 
equipment was operated at a voltage of 30 kV and a current of 40 mA, 
over a 2θ angle range of 20◦ to 80◦. X-ray diffraction patterns were 
analysed with TOPAS 4 software. The electrical resistance 
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measurements were performed based on the Van der Pauw technique at 
ambient temperature. Powder discs (pressed into a circle of 1 cm2 

diameter, using a hydraulic press) were tested using a digital multimeter 
(Fluke 8846A) and in-house sample assembly jig with four flat ohmic 
contact probes of phosphor Bronze with 2.54 mmm diameter. 

3. Results and discussions 

3.1. UV–Vis spectra: Types of produced particles 

Fig. 2 shows the UV–Vis spectra of the orthogonal array Table runs 
(Table 2). The variation of the synthesis parameters leads to the for
mation of Cu particles and/or its oxide with different amounts and sizes 
of particles. Three main groups of curves are observed:  

a) curves with a small peak centred around 386 nm and a broad peak at 
530–585 nm (Run 2, 5, and 7, having in common a high T setting);  

b) curves with the highest peaks centred around 386 nm and a smaller 
peak at 465 nm (Run 1, 3, and 4, having in common a low pH value); 
and  

c) curves with the highest peaks centred around 386 nm and a smaller 
peak at 500–530 nm (Run 6 and 8, only differentiated by the AE). 

This indicates the formation of Cu particles and its oxide, with 
different amounts and size distributions, depending upon the used 
synthesis parameters. Generally, the position of the absorption peaks is 
related to the types of formed particles (e.g., Cu, CuO and Cu2O) [19], 
the peak width to the size distribution, and the peak height to the 
number of produced particles. A high yield production of Cu particles 
can be obtained by increasing the height of the absorption peak at 
around 560–585 nm, by optimizing the synthesis parameters. 

3.2. Optimization of the yield production green synthesis: Cu 
microparticles 

In the Taguchi method, an orthogonal arrays and analysis of variance 
(ANOVA) tools are used for the experimental analysis. By using 
orthogonal arrays (OA) the minimum number of experiments is needed 
and by ANOVA the effect of the various parameters can be statistically 
estimated [46]. In this work, the interest was to maximize the yield 
production of Cu particles, so the height of the absorption peak at 565 
nm (Table 2) is to be maximized. 

Table 3 represents the ANOVA results for the height of this peak. The 
most significant main factors (with a 95% confidence level) are the pH, 
AE and T with a percentage of contribution of 20.9%, 14.4% and 8.3%, 
respectively. The SC variation does not affect the response. But there is a 
strong interaction between AE and SC, accounting for 54.3% of contri
bution. The high values of the coefficients of correlation, R2 and 
adjusted-R2, indicate that the selected model (considering the main 
factors: pH, AE, and T, and the interaction AE × SC) explains the total 
variation of 97.9% of the absorbance of the 565 nm peak, due to the 
chosen parameters variations. The model F-value of 35.01 implies that 
the selected model is significant with only of 0.75% of chance that such a 
high value could occur due to noise. From the p-values results, only the 
SC factor is not significant (with a confidence level of 95%). The 
following equation (coded factors) can be used for estimating the 565 
nm peak height from the synthesis parameters: 

Cu peak 565 absorbance = 1.41+ 0.12pH + 0.10AE − 0.076T − 0.19AExSC
(1) 

The parameters such as plant extract (types of phytochemicals, 
phytochemical concentration), metal salt concentration, pH, and tem
perature are admitted to control the rate of nanoparticle formation as 
well as their yield and stability [47]. In general, the mechanism of 
metallic nanoparticle formation by plant extract includes three phases: 
(1) the activation phase (reduction of metal ions/salts and nucleation 
process of the reduced metal ions), (2) the growth phase (spontaneous 
combination of tiny particles with greater ones) via a process 

Fig. 1. Synthesis of copper microparticles using aqueous extract of Cynara scolymus L. (CS): (a) aqueous extract of CS; (b) aqueous extract of CS + Cu(NO3)2⋅3H2O at 
10 min reaction; (c) copper microparticles at 60 min reaction. 

Table 1 
Parameters and levels employed in the design of experiments.  

Code Parameter Levels 
1 2 

A pH 10 12 
B Amount of CS extract (mL), AE 4 5 
C Copper salt concentration (mM), SC 50 60 
D Temperature (̊C), T 80 90  

Table 2 
Taguchi Orthogonal Experimental Design (the runs were made randomly).  

Run pH AE SC T Absorbance at 565 nm Absorbance at 386 nm 

1 1 1 1 1  1.131  2.844 
2 1 1 2 2  1.63  1.843 
3 1 2 1 1  1.12  3.249 
4 1 2 2 2  1.259  2.998 
5 2 1 1 2  1.798  1.51 
6 2 1 2 1  1.463  2.653 
7 2 2 1 2  1.715  1.96 
8 2 2 2 1  1.134  2.684  
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acknowledged as Ostwald ripening, and (3) the last one is termination 
phase (defining the final shape of the nanoparticles) [20]. Nonetheless, 
the exact fundamental mechanism for metal oxide nanoparticle prepa
ration via plant extracts is still not fully understood [47 20]. Fig. 3 shows 
the variations of the 565 nm peak absorbance with the synthesis pa
rameters. The peak absorbance increases with the increment of pH and 
AE. This change in pH results in an electric charge change on the natural 
biomolecules contained in the extract, which affects their ability to bind 
and reduce metal ions in the course of particles synthesis [48]. Thus, the 
formation of Cu phase might increase, and the peak absorbance intensity 
at 565 nm increases. Increasing AE results in a faster nucleation rate 

(owing to an enhanced reduction process) and higher number of parti
cles are produced [20]. This peak absorbance decreases with the 
increment of T. According to the reaction temperature, nucleation or 
growth processes can be favoured [49]. In this case, an increase in 
temperature may favour the growth process, which in the course of 
particles synthesis, during the particles growth, new nuclei might 
aggregate around the already formed nuclei, forming large particles 
rather than new particles and consequently the peak absorbance in
tensity at 565 nm decreases. The interaction between AE and SC is 
strong. For low values of SC (SC1, i.e. 50 mM), the peak absorbance 
increases with AE. But for high values of SC (SC2, i.e. 60 mM), the peak 
absorbance decreases with AE. This increase on the peak absorbance for 
SC1 with increasing AE might be a result of an increment in the nucle
ation owing to the enhanced reduction process and, consequently, the 
particles production also increased. Distinctly for SC2, there is a 
decrease in the peak absorbance with increasing AE. Further increment 
upon AE (that also enhanced the reduction process) might result in 
further growth of the particles and, consequently, formed particles with 
larger diameters. The decrement of the maximum absorbance suggests 
the aggregation and precipitation of the particles. 

Based on these results, the maximum value of 565 nm absorbance, 
which is related to a high production of Cu nanoparticles, could be 
achieved when the pH is 12, the amount of CS extract is 5 mL, the copper 
salt precursor is 50 mM and the temperature is 80̊C. 

3.3. Characterization of green synthesized copper microparticles with the 
highest yield production 

A confirmation run with optimum parameter values above referred 
to was performed. 

Fig. 2. (a) UV–Vis spectra of the produced microparticles (with parameters of Table 2); (b) UV–vis spectra of run 2, 5 and 7; (c) UV–vis spectra of run 1, 3 and 4; (d) 
UV–vis spectra of run 6 and 8. 

Table 3 
ANOVA results of the absorbance of 565 nm peak of the UV–Vis absorption 
spectra (Model – fitted linear model including significant factors and in
teractions; Residuals – or errors, is the difference between an observation and 
the model estimate; R2 (coefficient of determination); adjusted-R2 (modified 
form of R2 that has been adjusted by the number of factors in the model); SS – 
sum of squares; Df – degree of freedom; F-value – the F-statistic (F) from the 
mean square and its p-value; % of Contr.- % of contribution).  

Sources SS Df F- 
value 

p- 
value 

% of Contr. 

Model  0.55 4  35.01  0.0075 – 
pH  0.12 1  29.91  0.0120 20.9 
Amount of Extract, AE  0.08 1  20.60  0.0200 14.4 
Salt Content, SC  1.458x10-3 –  0.29  0.6462 Not significant 
Temperature, T  0.046 1  11.82  0.0412 8.3 
AE × SC  0.30 1  77.72  0.0031 54.3 
Residuals  0.010 3  –  – 2.1 
R2  0.9790 –  –  – – 
Adjusted R2  0.9511 –  –  – –  
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3.3.1. UV–Visible spectral analysis 
Fig. 4 shows UV–Vis spectrum of the confirmation run. The two 

absorption bands due to the surface plasmon resonance (SPR) of Cu2O 
and Cu particles are observed at 386 nm and at around 560–585 nm, 
respectively [19]. The broadness of the absorption peak at around 
560–585 nm probably stems from a wide size distribution of particles. 
These observations suggest the existence of both copper oxide (Cu2O) 
and copper (Cu) microparticles having size variations. 

The value obtained for the absorbance at 565 nm of the confirmation 
run was 1.813, which is in good agreement with the predicted value with 
equation (1) of 1.897 (an error of 4.6%). This value is higher than the 
ones of Table 2, showing that the peak height was maximised (and hence 
the amount of Cu particles). The value is slight higher than the one 
obtained for run 5 (Table 2) of 1.798, with the following parameters: pH 
= 12, AE of 4 mL CS extract, 2.5 mL of 50 mM Cu(NO3)2⋅3H2O, and 90̊C 
for 1 h. Compared to confirmation run, the differences are the higher 
amount of extract, which has a significant contribution (14,4%) and the 

higher solution temperature, which was found to have a small per
centage contribution (Table 3). 

The highest yield production of confirmation run was also measured 
by the dry weight of microparticles. Under the optimum parameters a 
maximum of 4,5 mg/mL of Cu/Cu2O microparticles was synthesized 
(confirmation run). This measurement is higher than the ones obtained 
for run 5 and run 7 (the highest values obtained for the absorbance at 
565 nm in Table 2) of 4.3 mg/mL and 3.7 mg/mL respectively, con
firming the optimization of the yield production of particles. 

These results evidence that the amount of copper microparticles can 
be maximised. Nevertheless, a dual composition of Cu2O and Cu parti
cles was still obtained, with a narrow distribution of particles sizes of the 
former and a large size distribution of the latest. 

3.3.2. X-ray diffraction (XRD) analysis 
XRD pattern of green synthesized copper microparticles from 

confirmation run is shown in Fig. 5. The XRD pattern shows a high 
crystallinity with diffraction peaks at 43.46◦, 50.36◦ and 74.66◦, which 
can be assigned respectively to (111), (200) and (220) crystal planes of 
face-centred cubic (fcc) of Cu particles (which is in good agreement with 
the Joint Committee on Powder Difraction Standards, JCPDS, file No. 
040836) [50] and peaks at 29.87◦, 36.47◦, 42.77, 62.27◦ and 74.30◦, 
which corresponds to the (110), (111), (200), (220), (311) diffraction 
planes of face-centered cubic (fcc) of Cu2O particles, respectively 
(JCPDS No. 050667) [51]. This XRD pattern indicates the presence of 
mixed phases of copper (Cu) and copper oxide (Cu2O), confirming the 
results obtained from UV–Vis analysis. Analysis of the ratio of Cu and 
Cu2O determined from TOPAS software is 17% and 83%, respectively. 

3.3.3. Energy dispersive x- ray spectroscopy (EDS) analysis 
In addition, the elemental content of the produced microparticles 

was assessed using EDS analysis, as shown in Fig. 6. The microparticles 
are composed of Cu along with O and C elements. The presence of Cu, 

Fig. 3. Variation of the height of the absorbance of peak 565 nm with the synthesis parameters.  

Fig. 4. UV–Vis absorption spectrum of microparticles produced using optimum 
synthesis parameters (confirmation run). 
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the main element, confirms the formation of Cu microparticles. The 
presence of O indicates that at least part of the copper microparticles are 
oxidized [52]. The presence of C possibly originates from the CS bio
molecules attached to the surface of microparticles [39] and/or from the 
double sided carbon tape used for SEM grid preparation. The weight 
percent of copper (Cu), oxygen (O), and carbon (C) was found out to be 

of 73.8%, 13.6%, and 12.7%, respectively. Traces of other elements are 
not present reflecting the purity of the microparticles. The results indi
cated that the microparticles synthesized from CS extract by Taguchi 
optimized synthesis (confirmation run) are copper which might be in its 
metallic and oxidized forms. 

3.3.4. Scanning electron microscopy (SEM) analysis 
The size and surface morphology of the confirmation run was ob

tained by SEM analysis. Fig. 7 revealed the production of a high density 
of copper particles with spherical shape and particles sizes between 
0.364 and 1.225 µm in diameter. SEM image proved the wide size dis
tribution of microparticles, already observed in the UV–Vis spectra. 

3.4. Optimization of copper phase (Cu) microparticles 

The absorption peak at 386 nm corresponds to the presence of copper 
oxide (Cu2O) microparticles [19]. Adopting a similar approach as for the 
case of highest throughput of Cu particles, the interest is now to mini
mize the production of Cu2O particles, so the height of the absorption 
peak at 386 nm (Table 2) is to be minimized. 

Table 4 presents the ANOVA results. The most significant factors 
(with a 95% confidence level) are the pH, AE and T with a percentage of 
21.9%, 20.0% and 45.4%, respectively. The SC variation does not affect 
the response. The high values of the coefficients of correlation, R2 and 
adjusted-R2, indicate that the selected model (considering the main 
factors: pH, AE, and T) explains the total variation of 87.3% of the 
absorbance of the 386 nm peak, due to the chosen parameters variations. 
The model F-value of 9.13 implies that the selected model is significant 
with only of 2.91% of chance that such a high value could occur due to 

Fig. 5. XRD diffractogram of microparticles synthesized by CS extract using 
optimum synthesis parameters (confirmation run). 

Fig. 6. EDS analysis of copper microparticles synthesized by CS extract using 
optimum synthesis parameters (confirmation run). 

Fig. 7. (a, b) SEM image of copper microparticles synthesized by CS extract using optimum synthesis parameters (confirmation run), (b) displays the magnification of 
the microparticles. 

Table 4 
ANOVA results of the absorbance of 386 nm peak of the UV–Vis absorption 
spectra (Model – fitted linear model including significant factors and in
teractions; Residuals – or errors, is the difference between an observation and 
the model estimate; R2 (coefficient of determination); adjusted-R2 (modified 
form of R2 that has been adjusted by the number of factors in the model); SS – 
sum of squares; Df – degree of freedom; F-value – the F-statistic (F) from the 
mean square and its p-value; % of Contr.- % of contribution).  

Sources SS Df F-value p-value % of Contr. 

Model  2.39 3  9.13  0.0291  – 
pH  0.60 1  6.87  0.061  21.9 
Amount of Extract, AE  0.55 1  6.27  0.057  20.0 
Temperature, T  1.24 1  14.24  0.016  45.4 
Residuals  0.349 4  –  –  12.7 
R2  0.8725 –  –  –  – 
Adjusted R2  0.7769 –  –  –  –  
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noise. From the p-values results, only the SC factor (not shown in 
Table 4) is not significant (with a confidence level of 95%). The pro
duction of Cu2O microparticles can be modelled by equation (2) (coded 
factors): 

Cu peak 386 absorbance = 2.48 − 0.26pH + 0.26AE − 0.39 T (2) 

Fig. 8 shows the variations of the 386 nm peak absorbance with the 
synthesis parameters. The peak absorbance decreases with the incre
ment of pH and T. Due to changes in the pH, the electric charge present 
on the biomolecules of CS extract varies, which may influence their 
capping and stabilizing abilities [53] and hence the antioxidant ability 
of the particles. The antioxidant ability might be due to the biomolecules 
of CS extract present at the surface of particles (capping ability) having 
antioxidant activity [54]. Thus, the formation of Cu2O phase might 
decrease, and the peak absorbance intensity at 386 nm decreases. This 
peak absorbance decreases with the increment of T. The temperature not 
only influences the reaction rate but also affects the stability of the 
colloidal solutions [49]. Increasing T may favour the stability of the 
resulting particles by increasing the interactions between particles and 
CS extract solution. These biomolecules pointing out from the metal 
surface and the resulting steric repulsion, might be the major mechanism 
for particlés dispersion. This combination seems to form a protection 
against the growth rate of the oxidized shell on the particle, decreasing 
the Cu2O particles formation. This peak absorbance increases with the 
increment of AE. This increase might be a result of an increment in the 
nucleation owing to the higher availability of reducing agent and, 
consequently, the particles production also increased. 

Based on these results, the minimum value of 386 nm absorbance, 
which is related to a low production of Cu2O microparticles, could be 
achieved when the pH is 12, the amount of CS extract is 4 mL, the copper 
salt precursor is 50 mM and the temperature is 90̊C. This corresponds to 
run 5, which in fact showed the lowest value of the 368 nm peak 

(Table 2). 
However, this set of synthesis parameters does not maximizes the 

production of Cu particles (obtained by the confirmation run). 
It would be interesting to find the optimum reaction conditions that 

would obtain mostly Cu microparticles (pure Cu phase). The goal is now 
to determine the settings of synthesis parameters that simultaneously 
reduces the height of the 386 nm peak (Cu2O particles) and increases the 
height of the 565 nm peak (Cu particles), i.e. maximize equation (1) and 
minimize equation (2) at the same time. This was done through a nu
merical optimization procedure, adopting a hill climbing technique, that 
searches for the best trade-offs between factors to achieve multiple goals 
through a desirability objective function[55]. The results of this simul
taneous goalś optimization resulted in the following set of parameters: 
pH equal to 12, the amount of CS extract of 5 mL, the copper salt pre
cursor of 50 mM and the temperature of 90̊C. This corresponds to run 7 
(Table 2). This setting only differs from run 5 (minimization of 386 nm 
absorbance peak) by the higher adjustment of AE. Table 5 compares the 
settings of synthesis parameters for the different objectives of produc
tion of Cu microparticles. Common settings are the high setting of pH =
12 and low SC amount of 50 mM. The synthesized particles for each 

Fig. 8. Variation of the height of the absorbance of peak 386 nm with the synthesis parameters.  

Table 5 
Synthesis parameters for different objectives of Cu microparticles production.  

Objective: pH AE(mL CS 
extract) 

SC(mM of Cu 
(NO3)2⋅3H2O) 

T 
(◦C) 

Run 

Max peak 565 
(Cu NP) 

12 5 50 80 Confirmation 
run 

Min peak 386 
(Cu2O NP) 

12 4 50 90 5 

Max 565 and 
Min peak 
386 

12 5 50 90 7  
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selected experimental run (shown in Table 5) with specific synthesis 
parameters values were characterized. 

Fig. 9 compares the UV–Vis absorption spectra of confirmation run 
(Max 565), run 5 (Min 386) and run 7 (Max 565/ Min 386). Comparing 
to the confirmation run, the UV–Vis spectra for run 5 shows one main 
SPR peak at around 565 nm, suggesting the existence of essentially Cu 
phase microparticles. The broadness and the blue shift (from 583 nm to 
565 nm) of the absorption peak probably stems from the wide size dis
tribution of microparticles and a decrease in the mean particle size. 
Compared with the confirmation run settings, the differences are the 
higher solution temperature and the lower extract amount (AE). The 
UV–Vis spectra for run 7 shows two absorbance bands at 386 nm and at 
530 nm, the presence of these two peaks indicating the coexistence of 
both Cu2O and Cu, quite similar to what is observed in the confirmation 
run. There is also a reduction in the height of the two peaks which might 
be related to the lower amount and/or the aggregation of the different 
types of microparticles produced. Additionally, in the second broad 
peak, there was a blue shift (from 583 nm to 530 nm), which might 
indicate a decrease in the mean microparticle size. Compared with the 
confirmation run settings, the only difference is the higher solution 
temperature. 

Fig. 10 shows the XRD patterns of samples from confirmation run, 
run 5 and run 7. Sample from run 5 shows the three main characteristic 
diffraction peaks of Cu particles, and a small peak at 29.87◦ which is 
assigned to (100) plane of Cu2O. Run 5 shows Cu phase predominantly. 
Analysis of the ratio of Cu and Cu2O determined from TOPAS software 
was 69% and 31%, respectively. The higher solution temperature and 
the decrease in the extract amount (AE) proved to be effective in 
reducing the synthesis of microparticles of oxidized Cu phase (from 83% 
to 31%). Run 7 shows diffraction peaks at 43.46◦, 50.36◦ and 74.66◦

which are assigned to (111), (200), and (220) planes of face-centered 
cubic (fcc) crystal structure of Cu particles and diffraction peaks at 
36.47◦, 62.27◦ and 74.30◦ assigned to (111), (200), (220), (311) 
planes which corresponds to face-centered cubic (fcc) crystal structure 
of Cu2O. The comparison between the XRD patterns of confirmation run 
and run 7 reveals very similar patterns, both samples 

comprise mixed of both Cu and Cu2O microparticles. The ratio of Cu 
and Cu2O estimated using TOPAS software was 17% and 83% for the 
confirmation run and was 16% and 84% for run 7, a slight decrease on 
Cu particles amount. The only different between the synthesis condi
tions of these two runs is the synthesis temperature. From the XRD 
patterns the temperature alone had no significant effect on the Cu:Cu2O 
ratio. 

Fig. 11 shows the morphologies and EDS images of green synthesized 
copper microparticles from confirmation run, run 5 and run 7. Based on 
the obtained SEM images (Fig. 11a, c and e) it is observed a large 
quantity of green synthesized copper microparticles with spherical 

morphology for each experimental run, and the size of the nanoparticles 
are between 364 and 1125 nm, 324–711 nm and 385–738 nm for 
confirmation run, run 5 and run 7, respectively. Of all the runs, the 
confirmation run proved to have the widest size distribution of micro
particles, which is consistent with UV–Vis analysis that showed the 
broadest peak at around 583 nm. Also, run 5 had the smaller mean 
particle size that might be related to the Cu phase of microparticles 
being predominant. 

As seen in Fig. 11b, d and f, the elemental content of the produced 
microparticles was assessed using EDS analysis. The microparticles are 
composed of Cu along with O and C elements, as the main elements. The 
presence of Cu, the main element, confirms the formation of Cu micro
particles. The O element, being mainly from the oxidation of copper 
particles [52], at 3.1%, 11.1% and 13.5% is present in run 5, run 7 and 
confirmation run. Run 5 has the least amount of O element proving to be 
the sample with the least oxidation of Cu microparticles. 

Table 6 resumes the characterization of the produced copper parti
cles for the different objectives envisaged. 

As discussed, the pH of 12, the amount of CS extract of 4 mL, the 
copper salt precursor of 50 mM, and the temperature 90̊C and 1 h re
action are the optimum set of reaction conditions for the lowest absor
bance peak at 386 nm (run 5), which led to the lowest amount of Cu2O 
microparticles and consequently the highest amount of Cu microparti
cles (pure Cu phase). The ratio of Cu/Cu2O was 69/31 wt% (run 5) 
instead of 17/83 wt% (confirmation run). Also, the confirmation run 
and run 7 give identical ratio of Cu/Cu2O, the latter with less amount 
and with smaller particlés size. It may be concluded that the simulta
neous increment of the reaction yield and the decrement of Cu particles 
oxidation is rendered difficult (with the current synthesis set-up). 

Fig. 12 depicts schematically the influence of the more representa
tive green synthesis parameters on the production of Cu/Cu2O micro
particles and on the minimization Cu particles oxidation. This influence 
can described as follows:  

a) increasing pH (+pH) produces higher number of mixed Cu/Cu2O 
microparticles with less Cu2O particles in the mixture (increases peak 
at 565 nm, decreases peak at 386 nm); 

b) increasing T (+T) produces less number of mixed Cu/Cu2O micro
particles with less Cu2O microparticles, but particles have larger size 
(decreases peak at 565 nm, decreases peak at 386 nm);  

c) increasing AE (+AE) produces higher number of mixed Cu/Cu2O 
microparticles with high Cu2O particles in the mixture (increases 
peak at 565 nm, increases peak at 386 nm). 

3.5. Electrical resistivity measurement 

Microparticles of confirmation run and of run 5 were used to prepare 
powder discs for electrical resistance measurements. The microparticles 

Fig. 9. UV–Vis absorption spectrum of microparticles produced from confir
mation run, run 5 and run 7. 

Fig. 10. XRD diffractogram of microparticles synthesized by CS extract from 
confirmation run, run 5 and run 7. 
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powders were pressureless sintering at 180 ̊C under N2 atmosphere for 
60 min prior to disc preparation. The electrical resistivity of confirma
tion run comprising 17% of copper microparticles (Cu) and 83% of 
copper oxide (Cu2O) and of run 5 comprising 69% of copper micro
particles (Cu) and 31% of copper oxide (Cu2O) was of 4.99 Ω.cm and of 
1.52 × 10− 3 Ω.cm, respectively. Due to the fact that pure Cu2O has re
ported resistivity measurements of 10 Ω.cm [56,57], it was expected 
that our Cu2O rich sample (confirmation run) would present slight lower 

electrical resistivity values, as occurred. The electrical resistivity of run 
5 is nearly 3 magnitudes less than those of the confirmation run, which 
should be attributed to the higher amount of pure copper (Cu) in the 
mixture. This result is a clear combination of metal and semiconductor 
characteristics of the produced particles. Pure Cu films produced by 
physical sputtering deposition have reported electrical resistivity values 
of 10-4 Ω.cm [56]. The low electrical resistivity of the green produced 
copper particles make them suitable for sensors and circuitry 

Fig. 11. SEM images of copper microparticles synthesized by CS extract, (a) confirmation run, (c) run 5 and (e) run 7 and EDS spectrum of copper nanoparticles 
synthesized by CS extract, (b) confirmation run, (d) run 5 and (f) run 7. 
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components, as required in printed electronics applications. 

4. Conclusions 

Cu/Cu2O microparticles were produced by green synthesis using 
artichoke (Cynara scolymus L.) plant extract, this being clean, non-toxic 
and environmentally friendly method. A design od experiments was 
applied for the optimization of green synthesis conditions for maximum 
yield production of Cu/Cu2O microparticles and reduced oxidation of Cu 
microparticles. 

Results showed the optimum set of synthesis parameters for higher 
yield production: 5 mL of CS extract, 50 mM of Cu(NO3)2⋅3H2O, pH of 
12, and temperature of 80̊C. The UV–Vis results confirmed the 

maximization of yield production. A maximum of 4.5 mg/mL of Cu/ 
Cu2O microparticles was synthesized. The ratio of Cu/Cu2O was 17/83 
(wt %) determined by XRD. Spherical particles of 364–1225 nm were 
observed by SEM. The electrical resistivity of the mixture Cu/Cu2O (17/ 
83 wt%) was 4.99 Ω.cm, the high value revealing an excessive amount of 
Cu oxide. Optimum synthesis parameters for minimization of Cu2O 
phase microparticles were: 4 mL of CS extract, 50 mM of copper salt, pH 
of 12, and temperature of 90̊C. UV–Vis and XRD confirmed the mini
mization of Cu2O phase over Cu/Cu2O mixture, the ratio of Cu/Cu2O 
was 69/31 (wt %). Spherical particles of 324–711 nm were observed by 
SEM. The electrical resistivity tests (after pressureless sintering at 180 ̊C 
for 60 min) confirmed the resistivity of Cu/Cu2O (69/31 wt%) was 1.52 
× 10− 3 Ω.cm, this lower value validating the proposed approach. The 
use of the Taguchi method allowed to conclude that the simultaneous 
increasing of the reaction yield and the decrement of less oxidized Cu 
particles is rendered difficult with the adopted synthesis approach. 

This work demonstrates a simple and effective design method to 
optimize green synthesis of copper microparticles to obtain maximiza
tion of the yield production, and, for the first time, to reduce the extent 
of the oxidation of copper particles that renders into an improvement of 
the electrical properties of the microparticles. The Taguchi method 
associated with the green synthesis of nanoparticles is a reliable, cost- 
effective and environmentally friendly process that can be used in an 
industrial and more massive scale. 
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