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Abstract Copper oxide nanoparticles (CuO NPs) 
are attractive owing to their size- and shape-depend-
ent properties, as well as their diverse applications. 
Therefore, the synthesis of environmentally friendly 
CuO NPs using low-toxicity reagents remains sig-
nificant. In this study, a benign wet-chemical process 
was applied to synthesize CuO NPs in an alcohol-
water mixture, employing copper acetate as the pre-
cursor and sodium oleate as the surfactant. Multiple 
experimental parameters, including water content, the 
molar ratio of sodium oleate to copper acetate, types 
of alcohols, and reaction temperature, were investi-
gated to examine their effects on the formation and 
structures of the resulting products. Results from 
X-ray diffraction (XRD) and transmission electron 
microscopy (TEM) confirmed the monoclinic crys-
talline structure of CuO NPs with an ultra-small size 
of less than 3 nm. The size of CuO NPs can be eas-
ily adjusted by altering the water content, the molar 
ratio of precursor to surfactant, and other factors. 
The as-synthesized CuO NPs exhibited significantly 

enhanced antibacterial activity against Escherichia 
coli (E. coli) and Staphylococcus aureus (S. aureus).

Keywords Antibacterial properties · Copper oxide · 
Sodium oleate · Wet-chemical synthesis · X-ray 
diffraction (XRD)

Introduction

Copper oxide nanoparticles (CuO NPs) with distinc-
tive physical and chemical properties have garnered 
significant attention not only for fundamental scien-
tific research but also for various practical applica-
tions, including catalysis [1], photocatalysis [2], gas 
sensors [3], lithium-ion batteries (LIBs) [4], field 
emission displays (FEDs) [5], biological sensing 
and targeting [6], antibacterial agents [7, 8], and oth-
ers [9]. In particular, copper, as an essential element 
in organisms, can be easily absorbed. Due to their 
good biocompatibility, heat resistance, antibacterial 
properties, and low biotoxicity, CuO NPs, represent-
ing copper-based materials, have been widely used 
as antibacterial materials [10–16]. Recent efforts 
have focused on fabricating nanostructured CuO to 
improve its performance in existing applications. 
However, the challenges in controlling the reaction, 
high preparation costs, and large particle sizes in the 
current preparation methods hinder the further appli-
cation of CuO NPs. The persistent scientific pursuit 
and challenge is to prepare ultra-small CuO NPs, 
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which have consistently shown better performance 
than larger ones.

Currently, the preparation of CuO NPs involves 
both physical and chemical methods. Physical meth-
ods, such as laser cauterization [17], pulse electron 
deposition [18], and vacuum evaporation condensa-
tion [19], are commonly used to produce high-purity 
CuO products. However, the procedure requires very 
complicated and expensive equipment, and the pro-
duction efficiency is low. Chemical methods for pro-
ducing CuO NPs include solid-phase thermal con-
version of precursors [20], the hydrothermal method 
[21, 22], the wet-chemical approach [23–25], the 
sol–gel method [26], the microwave technique [27], 
and chemical precipitation [28]. These methods 
enable the large-scale production of CuO NPs and 
greatly improve production efficiency. Moreover, the 
size, shape, and morphology of the resulting CuO 
NPs can be conveniently controlled. In particular, 
the wet-chemical approach is widely considered an 
important method for realizing the industrialization 
of nanomaterials. There are numerous advantages to 
prepare CuO NPs using the wet-chemical method, 
including the relatively simple process, controllable 
experimental parameters, the uniformity of result-
ing CuO NPs, small size, and controllable morphol-
ogy. For instance, Dahonog et  al. [25] successfully 
synthesized copper oxide nanostructures  (Cu2O and 
CuO) by adjusting the pH in a glycolic medium. 
Cubic  Cu2O NPs were formed under acidic condi-
tions, while monoclinic CuO NPs were obtained in 
a basic solution. Nikam and colleagues [29] demon-
strated a novel and scalable method for synthesizing 
CuO NPs with controllable shape and size by chang-
ing the concentration of the copper precursor. The 
production rate of CuO NPs was found to be 5 g·h−1, 
with 70% conversion of copper acetate into CuO NPs. 
While the wet-chemical method for synthesizing 
nanoparticles offers numerous advantages, it also has 
some drawbacks, including low purity of the result-
ing NPs and extended preparation time. It is neces-
sary to choose the appropriate preparation method 
and process conditions based on specific preparation 
requirements and actual circumstances. To date, the 
controlled synthesis of nanostructured CuO with vari-
ous sizes, shapes, and structures remains a prominent 
topic in nanoscience and nanotechnology.

Additionally, CuO NPs as the typical antibacte-
rial agent have demonstrated excellent antibacterial 

activity against various bacterial strains, including 
Escherichia coli (E. coli), Pseudomonas aeruginosa, 
Klebsiella pneumoniae, Enterococcus faecalis, Shi-
gella flexneri, Salmonella Typhimurium, Proteus vul-
garis, Bacillus subtilis, and Staphylococcus aureus 
(S. aureus) [10, 14, 27, 30]. Among them, Escheri-
chia coli, a common intestinal bacterium, can cause 
intestinal infections, diarrhea, and even lead to seri-
ous illnesses such as septicemia and meningitis. 
Staphylococcus aureus, a common bacterium found 
on the skin and in the respiratory tract, can cause a 
variety of diseases, such as skin infections, pneumo-
nia, endocarditis, and food poisoning. It is important 
and necessary to prevent and control the presence and 
the number of E. coli and S. aureus for human health. 
It has been reported that the toxicity of CuO NPs 
towards Escherichia coli is attributed to complexa-
tion-mediated leaching by amino acids. The leached 
copper peptide complex caused a significant increase 
in intracellular reactive oxygen species (ROS) pro-
duction and decreased the proportion of viable cells, 
leading to an overall inhibition of biomass growth. 
The authors emphasized the toxicity of CuO at the 
nanoscale [31].

Herein, CuO NPs were prepared in an alcohol-
water mixture by the wet-chemical route, using cop-
per acetate as the precursor and sodium oleate as the 
surfactant. The addition of a trace of water is cru-
cial for the formation of CuO NPs, and the size of 
CuO NPs can be effectively controlled by adjusting 
the water content. The molar ratio of sodium oleate 
to copper acetate, the type of alcohols used, and the 
reaction temperature were investigated to determine 
their effects on the formation, size, and distribution 
of the resulting nano-products. With Gram-negative 
E. coli and Gram-positive S. aureus bacteria as model 
microorganisms, the as-synthesized CuO NPs exhib-
ited significantly size- and concentration-dependent 
bactericidal effects.

Experimental section

Materials

Copper acetate (Cu(CH3COO)2, purity ≥ 98.0%), 
sodium oleate  (C17H33COONa, purity > 97.0%), 
sodium hydroxide (AR, purity ≥ 99.5%), anhydrous 
ethanol (purity ≥ 99.5%), n-butanol (AR, 99%), and 
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hexyl alcohol (AR, 99%) were all purchased from 
Shanghai Aladdin Biochemical Technology Co. Ltd. 
Gram-negative Escherichia coli (E. coli) and Gram-
positive Staphylococcus aureus (S. aureus) were 
obtained from the China Center of Industrial Culture 
Collection. The nutrients, including Luria broth (LB) 
medium and LB Agar, were sourced from Beijing 
Aoboxing Universeen Bio-Tech Co. Ltd. Secondary 
distilled water was obtained from the Power Plant 
of Liaoyang Petrochemical Company. All chemicals 
were used as received without further purification.

Synthesis of CuO NPs

A simple wet-chemical method was used to synthe-
size CuO NPs by using copper acetate as the precur-
sor and sodium oleate as the surfactant in an etha-
nol–water mixture. Typically, 76 mg (0.25 mmol) of 
sodium oleate and 98 mL of anhydrous ethanol were 
first added to a three-necked reaction flask and heated 
to 80 °C under magnetic stirring to form an optically 
clear solution. Next, a fresh 0.25  mol·L−1 copper 
acetate aqueous solution (2  mL) was slowly added 
to the three-necked flask at a constant temperature 
of 80  °C. Raw materials were reacted at a constant 
temperature for half an hour. Here, the concentra-
tions of sodium oleate and copper acetate in the reac-
tion system, denoted as  [C17H33COONa] and  [Cu2+], 
were 2.5 ×  10–3  mol·L−1 and 5.0 ×  10–3  mol·L−1, 
respectively. In the following parallel experiments, 
the total volume (100  mL) and the concentration of 
copper acetate  ([Cu2+] = 5.0 ×  10–3  mol·L−1) in the 
solvent mixture were kept the same. Several experi-
mental factors, such as reaction temperature, water 
content (volume fraction), molar ratio of sodium 
oleate to copper acetate  ([C17H33COONa]:[Cu2+]), 
and types of alcohols, were monitored to study their 
impact on the formation, structure, and performance 
of the resulting CuO NPs. In contrast, CuO NPs were 
synthesized without a surfactant in an ethanol–water 
mixture with varying water content (2–8%).

After the reaction, the system was cooled to room 
temperature and left for a period to allow the pre-
cipitates to form completely. The precipitates were 
washed with ethanol using centrifugation (4000 rpm, 
3 min for three times) and decantation operations to 
remove excess surfactant, unreacted precursor, and 
impurities. The purified CuO NPs were ultimately 
dried into powder for further testing.

Antibacterial assay

The antibacterial activity of CuO NPs was tested 
against E. coli and S. aureus bacterial strains using the 
agar well diffusion method. All culture dishes and mate-
rials were sterilized in an autoclave for 30 min before 
experiments. The bacterial suspension was incubated in 
Luria–Bertani (LB) medium using an orbital shaker at 
37 °C to obtain isolated colonies. Freshly grown bac-
teria were cultured until the optical density reached 0.5 
(approximately  109 colony-forming units (CFU) per 
milliliter). The bacteria in the logarithmic phase were 
collected by centrifugation at 4000 rpm for 5 min and 
then re-suspended in a 0.9% (w/v) saline solution for 
subsequent antibacterial experiments. The LB Agar 
plates were prepared and swabbed using a sterile inocu-
lation ring with cultured bacterial strains. CuO NPs 
were dispersed in water by ultrasonic oscillation, and 
a certain amount of bacteria in a nutrient medium was 
added to sterile Petri plates to assess the activity of the 
CuO NPs. The plates were then incubated at 37 °C for 
24 h, and the zone of inhibition, representing the activ-
ity of CuO NPs, was measured in millimeters (mm).

Characterization 

Powder X-ray diffraction (XRD) is commonly used 
to analyze the phase composition and structure of 
crystals. XRD patterns of the prepared samples were 
recorded on a Rigaku SmartLab SE (Japan) diffrac-
tometer equipped with graphite monochromatized Cu 
Kα (λ = 1.54178 Å) radiation. The scanning speed was 
set at 2°/min within the range of 20 to 90°. The voltage 
of 40 kV and operating current of 30 mA were used, 
respectively. Transmission electron microscopy (TEM) 
is commonly used in materials science to determine 
the size, shape, morphology, and dispersion of sam-
ples. Here, TEM measurements were conducted using 
a JEOL JEM-2010 instrument with an accelerating 
voltage of 100 kV. The TEM sample was prepared by 
depositing a single drop of CuO NPs solution in etha-
nol onto a 300-mesh carbon-coated copper grid.
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Results and discussion 

The synthesis of CuO NPs without surfactants

We used a simple and convenient wet-chemical 
method to synthesize CuO NPs. Briefly, the copper 
acetate aqueous solution and anhydrous ethanol were 
mixed and heated to 80 °C or higher to obtain CuO 
NPs. In the ethanol–water system, the water content 
plays an important role in the formation and size con-
trol of CuO NPs. CuO NPs cannot be obtained in the 
absence of water, but they are formed in the presence 
of water. A significant study by Chen [32] has also 
demonstrated the crucial role of water in the synthesis 
of pure CuO NPs in a water–ethanol solvent. With the 
assistance of water, copper acetate undergoes hydrol-
ysis to form copper hydroxide (Cu(OH)2), which then 
transforms into CuO either directly or indirectly (Eqs. 
(1), (2), and (3)).

Figure 1a shows XRD patterns of CuO NPs syn-
thesized without surfactants, but with varying water 
content ranging from 2 to 8% in an ethanol–water 
mixture. All XRD patterns of CuO NPs, regardless 
of water content, exhibit characteristic peaks that 
align well with the standard diffraction peaks from 
JPCDS Card No. 48–1548. No other peaks belonging 
to the impurities, such as copper acetate, Cu(OH)2, 
and  Cu2O, are observed. These indicate the high 
purity of CuO NPs and the monoclinic crystalline 
structure. The sharp diffraction peak at a 2θ angle of 
35.3° is attributed to the (111) and/or (002) planes of 
monoclinic CuO. The prominent diffraction peak at 
38.4°corresponds to the (111) and/or (200) planes. 
Other distinct diffraction peaks at 2θ of 48.7°, 57.8°, 
61.3°, 66.4°, and 75° are accurately indexed to the 
(202) , (202), (113), (311) , and (004) planes of mon-
oclinic CuO. The characteristic diffraction peaks 
of CuO NPs become narrower and sharper with the 
increase in water content, indicating an increase 
in the size of CuO NPs. In fact, the prominent dif-
fraction at 38.4° was more inclined to (111) planes. 

(1)
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3
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)

2
+ 2H

2
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2
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2
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−
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→ CuO + H

2
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Derived from the half-height width of the (111) peaks 
in Fig.  1a and calculated using the Debye–Scherrer 
formula [33, 34], the average crystal sizes of CuO 
NPs synthesized in different water content (2–8%) are 
4.1 nm, 4.5 nm, 5.0 nm, and 6.5 nm, respectively.

TEM and HRTEM images in Fig. 1b–e depict the 
size, morphology, distribution, and lattice arrange-
ment of CuO NPs synthesized under varying water 
content. In general, CuO NPs maintain a dot-shaped 
morphology regardless of water content. The mean 
diameter of CuO NPs is estimated to be ca. 5  nm, 
which is consistent with the size calculated by XRD 
analysis. Due to the high surface free energy of small-
sized CuO nanodots, these unstable particles tend to 
aggregate in order to reduce system energy and main-
tain thermodynamic stability. The HRTEM images 
clearly show adjacent lattice spacings of 0.252  nm 
(Fig.  1b) and 0.253 nm (Fig.  1c), which correspond 
well to the (111)  or (002) planes of monoclinic-
phase CuO. Lattice spacings of 0.232  nm (Fig.  1d) 
and 0.231 nm (Fig. 1e) agree with the (111) or (200) 
plane of the monoclinic CuO structure.

The formation of CuO NPs modified by sodium 
oleate

In order to enhance the long-term stability of CuO 
NPs, a surfactant was added to the synthesis system 
to study its impact on the formation, structure, and 
performance of the resulting products. Here, sodium 
oleate was used as the surfactant to modify the syn-
thesized CuO NPs. Sodium oleate, reported as an 
inexpensive and efficient capping reagent, has been 
extensively used for the synthesis of silver [34, 35] 
and cadmium sulfide [36] nanocrystals in our previ-
ous publications. Figure 2a shows the XRD patterns 
of CuO NPs synthesized by using sodium oleate as 
the surfactant at varying water content, ranging from 
2 to 8%, in an ethanol–water mixture. Regardless of 
the water content, the characteristic diffraction peaks 
are all in accordance with those of monoclinic CuO 
(JCPDS 48–1548). No redundant or impure signals 
are observed, indicating the high purity and crystal-
linity of the synthesized CuO NPs.

Compared to the peaks in Fig. 1a, the diffraction 
peaks in Fig. 2a appear somewhat broader, suggest-
ing a smaller crystal size of sodium oleate-modi-
fied CuO NPs. According to the Debye–Scherrer 
formula, the average diameters obtained from the 
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half-height width of the (111) peaks in Fig.  2a 
were calculated to be 2.85 nm, 3.59 nm, 3.70 nm, 
and 3.73 nm, corresponding to water content rang-
ing from 2 to 8%. Evidently, the average crystal 
size of CuO NPs prepared using sodium oleate 
as the surfactant is quite smaller than that in the 

situation without surfactants. Therefore, sodium 
oleate is favorable for the formation of small-sized 
and high-purity CuO NPs. Furthermore, it is ben-
eficial to obtain small-sized CuO NPs with a low 
water content (2%) in the ethanol–water mixture. 
Figure 2b–e displays TEM and HRTEM images of 

Fig. 1  a XRD patterns of 
CuO NPs prepared at dif-
ferent water content (2–8%) 
in an ethanol–water mixture 
and without surfactant. 
The corresponding TEM 
images show CuO NPs 
prepared in water contents 
of b 2%, c 4%, d 6%, and e 
8%. HRTEM images in the 
lower right corners of b–e 
clearly show the arrange-
ment of lattice planes
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CuO NPs synthesized with water contents of 2%, 
4%, 6%, and 8%, respectively. CuO NPs aggregate 
due to the low solubility of sodium oleate-modified 
CuO NPs in ethanol solvent. The distinct lattice 

arrangement and spacing in HRTEM images fur-
ther demonstrate the crystalline structure of mono-
clinic CuO.

Fig. 2  a XRD patterns 
of CuO NPs prepared at 
different water content 
(2–8%) in an ethanol–water 
mixture and with sodium 
oleate as the surfactant. 
The corresponding TEM 
images show CuO NPs 
prepared in water contents 
of b 2%, c 4%, d 6%, and e 
8%. HRTEM images in the 
lower right corners of b–e 
show clear arrangements of 
lattice planes
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The effect of  [C17H33COONa]:[Cu2+] on CuO NPs

In this section, we studied the effect of the addi-
tional amount of sodium oleate, denoted as 
 [C17H33COONa]:[Cu2+], on the formation and 
structure of the resulting products. In the experi-
ments, the concentration of copper acetate 
 ([Cu2+] = 5.0 ×  10–3  mol·L−1) and the water content 
(2%) in the ethanol–water mixture remained con-
stant, while the concentration of sodium oleate was 
varied. CuO NPs can be obtained under any condi-
tions regardless of the  [C17H33COONa]:[Cu2+] ratio 
(Fig. 3). The diffraction peaks in Fig. 3a correspond 
to the standard results of monoclinic CuO from 
JPCDS Card No. 48–1548. No redundant and impu-
rity peaks are detected, indicating the high purity and 
crystallinity of the resulting CuO NPs. The diffraction 
peaks tend to become broader and flatter, and then 
narrow and sharpen as the  [C17H33COONa]:[Cu2+] 
ratio increases. This demonstrates the size trend of 
CuO NPs, starting from large, then becoming small, 
and then returning to large.

According to the Debye–Scherrer formula, the 
mean diameters obtained from the half-height width 
of the (111) peaks in Fig.  3a are calculated to be 
4.20 nm, 2.05 nm, 2.42 nm, and 3.58 nm, correspond-
ing to the  [C17H33COONa]:[Cu2+] ratios of 0.25:1, 
0.5:1, 1:1, and 2:1, respectively. Especially, the ultra-
small CuO NPs (2.05 nm) are prepared when the ratio 
of  [C17H33COONa] to  [Cu2+] is 0.5. Therefore, the 
optimized molar ratio of sodium oleate to copper ace-
tate was fixed at 0.5 for the formation of ultra-small 
CuO NPs in other parallel experiments. The TEM and 
HRTEM images in Fig.  3b–e reveal the agglomera-
tion of CuO NPs due to their poor dispersion in etha-
nol, but they also show a visible lattice orientation, 
further demonstrating the presence of crystalline CuO 
NPs.

Preparation of CuO NPs in different alcohols

In the synthesis of CuO NPs in an alcohol-water 
solvent, alcohol, as the primary dispersion medium, 
may also play an additional role in the formation 
of CuO NPs. The varying polarity and viscos-
ity of alcohols result in differential dissolution 
and diffusion of precursor and surfactant in the 
solvent. This facilitates control over the nuclea-
tion and growth of crystals, thereby regulating the 

size of CuO NPs. Here, n-butanol and hexyl alco-
hol were used as the dispersive solvents to respec-
tively prepare CuO NPs with a water content of 2% 
and a  [C17H33COONa]:[Cu2+] ratio of 0.5:1. Vari-
ous reaction temperatures were monitored to study 
their effects on the formation and structure of the 
as-prepared CuO NPs. In the synthesis of CuO NPs 
in a mixture of n-butanol and water, XRD patterns 
(Fig.  4a), TEM and HRTEM images (Fig.  4b–e) 
confirm the generation of high-purity CuO NPs 
with a monoclinic crystalline structure. According 
to the Debye–Scherrer formula, the mean diam-
eters derived from the half-height width of the 
(111) peaks in Fig. 4a are estimated to be 3.17 nm, 
4.25  nm, 5.90  nm, and 6.36  nm, corresponding to 
reaction temperatures of 80 °C, 90 °C, 100 °C, and 
110  °C, respectively. Thus, adjusting the reaction 
temperature offers an additional method for conven-
iently controlling the size of CuO NPs. The reaction 
temperature should be adjusted within the appro-
priate range. A temperature that is too low cannot 
initiate the reaction of precursors. Excessively high 
reaction temperatures may lead to uncontrolled 
nucleation and/or growth of nanocrystals, and even 
Oswald ripening [37], resulting in larger nanoparti-
cle sizes and a wider size distribution.

Furthermore, hexyl alcohol, which has a higher 
boiling point and viscosity than n-butanol, was used 
as the dispersing solvent to investigate its impact 
on the formation and structure of CuO NPs. Simi-
lar to the previous studies, XRD (Fig. 5a), TEM and 
HRTEM (Fig. 5b–d) were applied to characterize the 
morphology, structure, size, and size distribution of 
the resulting products. Figure 5a shows XRD patterns 
of samples prepared in a hexyl alcohol-water mix-
ture at different reaction temperatures. It is evident 
that CuO NPs exhibit characteristic diffraction peaks 
corresponding to the data from JPCDS No. 48–1548, 
which can be obtained at temperatures of 100 °C or 
higher. The average sizes of CuO NPs, as calculated 
using the Debye–Scherrer formula, are 6.45 nm and 
7.84  nm, corresponding to reaction temperatures of 
100  °C and 120  °C, respectively. CuO NPs are not 
produced at 80  °C, probably because the hydrolysis 
of copper acetate (as shown in Eq.  (1)) is inhibited 
by the high boiling point and viscosity of hexyl alco-
hol. In summary, the size of CuO NPs increased with 
higher reaction temperatures and/or increased viscos-
ity of the dispersing solvent.



 J Nanopart Res (2024) 26:119

1 3

119 Page 8 of 13

Vol:. (1234567890)

Antibacterial effects of CuO NPs

Gram-negative E. coli and Gram-positive S. aureus 
were selected as model microorganisms. The 

antibacterial activity of CuO NPs with different 
sizes, prepared by using sodium oleate as the sur-
factant in an ethanol–water mixture at varied water 
content (as described in “The formation of CuO 

Fig. 3  a XRD patterns 
of CuO NPs prepared by 
varying the molar ratio of 
sodium oleate to copper 
acetate ([C H COONa]:[Cu 
]) from 0.25:1 to 2:1 in an 
ethanol–water system. The 
corresponding TEM images 
of CuO NPs prepared at 
the [C H COONa]: [Cu ] 
ratios of b 0.25:1, c 0.5:1, 
d 1:1, and e 2:1. HRTEM 
images in the lower right 
corners in b–e display the 
distinct arrangement of lat-
tice planes
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NPs modified by sodium oleate”), was evaluated. 
Four CuO samples with sizes of 2.85 nm, 3.59 nm, 
3.70  nm, and 3.73  nm were synthesized at water 
contents of 2%, 4%, 6%, and 8%, respectively. The 

colony numbers of E. coli and S. aureus decreased, 
and the zones of inhibition significantly increased 
with the size increase of CuO NPs (Fig.  6). This 
study demonstrates the significant antibacterial 

Fig. 4  a XRD patterns 
of CuO NPs prepared at 
different temperatures 
ranging from 80 to 110 °C 
in a mixture of n-butanol 
and water (2% volume frac-
tion). The corresponding 
TEM images of CuO NPs 
prepared at the different 
temperatures: b 80 °C, c 
90 °C, d 100 °C, and e 110 
°C. The lower right corners 
in b–e display the HRTEM 
images of the correspond-
ing samples
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effect of CuO NPs against E. coli and S. aureus. The 
antibacterial effect is highly dependent on the size 
of CuO NPs. When exposed to CuO NPs, S. aureus 
was more sensitive than E. coli. Uddin [38, 39] used 

other nanoparticles and found the similar phenom-
ena. Their findings clearly showed that  Bi2S3 NPs 
were more active against Gram-positive S. aureus 
than Gram-negative E. coli.

Fig. 5  a XRD patterns 
of CuO NPs prepared at 
different temperatures rang-
ing from 80 to 120 °C in 
a mixture of hexyl alcohol 
and water (2% volume 
fraction). The correspond-
ing TEM images show CuO 
NPs prepared at different 
temperatures: b 80 °C, 
c 100 °C, and d 120 °C. 
The lower right corners in 
b–d display the HRTEM 
images of the correspond-
ing samples

Fig. 6  Antibacterial photos of CuO NPs with various sizes 
synthesized in an ethanol–water system with different water 
content ranging from 2 to 8%, corresponding to sizes from 
2.85 to 3.73  nm. The upper exhibits antibacterial effects 

against Escherichia coli at a concentration of 6 ×  10–3 mol·L−1. 
The lower shows the antibacterial effects on Staphylococcus 
aureus at the concentration of 1 ×  10–3 mol·L.−1
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The process of biosorption of heavy metals by 
bacterial cells depends not only on the type of 
metal used but also on the microbial species being 
tested [30]. The inherent toxicity of metal oxide 
NPs and the specific type of bacteria are associ-
ated with the species’ sensitivity to metal oxide 
NPs. The data listed in Table  1 clearly show that 
the antibacterial activity of CuO NPs improved 
with increasing nanoparticle size. The antibacterial 
efficiency of 3.73  nm-sized CuO NPs against E. 
coli can reach 85.5%, while the antibacterial effi-
ciency against S. aureus can reach 100% at a lower 
concentration of CuO NPs (1 ×  10–3 mol·L−1). The 
high antibacterial efficiency is attributed to the 
small size and high surface activity of CuO NPs. 
Moreover, the variation in cell wall thickness and 
peptidoglycan layers between these two types of 
bacteria results in distinct antibacterial activity of 
CuO NPs. The thick cell wall and multiple layers of 
peptidoglycan in Gram-positive bacteria may hin-
der the penetration of agents, leading to a decrease 
in antibacterial activity. However, abundant amine 
and carboxylic functional groups on the surface of 
Gram-positive bacterial cells can bind with cop-
per ions on the surface of CuO NPs, facilitating 
the entrance of CuO NPs into the cells of S. aureus 
[40]. Copper ions may also bind to DNA molecules 
of bacteria due to their high capacity to disrupt the 
helical structure. Thus, copper ions significantly 
disrupt the biochemical processes inside the bacte-
rial cell [41]. In addition, the oxygen released on 
the surface of the CuO NPs can react with water 
molecules to form  H2O2, which can penetrate 
inside and potentially kill these microorganisms 
[31].

Conclusion 

A straightforward wet-chemical method was applied 
to synthesize CuO NPs in an alcohol-water mix-
ture, employing copper acetate as the precursor and 
sodium oleate as the surfactant. The crystalline struc-
ture, size, and morphology of CuO NPs were charac-
terized by XRD, TEM, and HRTEM. Experimental 
results showed that the addition of a trace amount of 
water was crucial for the formation of CuO nanocrys-
tals. The size of CuO NPs increased with higher 
water content. The size of the as-synthesized CuO 
NPs in the presence of sodium oleate as the surfactant 
was smaller than in the absence of surfactant. Thus, 
reducing the water content and using a surfactant 
were advantageous for preparing ultra-small CuO 
NPs (< 3  nm). Other experimental parameters, such 
as the molar ratio of precursor to surfactant, reaction 
temperature, and types of alcohols, were also studied 
to investigate their effects on the formation, structure, 
and properties of the resulting products. The size of 
CuO NPs can be easily controlled by adjusting the 
parameters mentioned above. CuO NPs demonstrated 
significant size- and concentration-dependent anti-
bacterial effects when targeting E. coli and S. aureus. 
CuO NPs exhibited a stronger inhibitory effect against 
S. aureus than against E. coli. In a significant finding, 
the antibacterial effectiveness of CuO NPs against E. 
coli and S. aureus increased as the size of the CuO 
NPs increased.
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Table 1  Antibacterial 
contrast of different sized 
CuO NPs to E. coli and S. 
aureus

Size of CuO NPs E. coli  S. aureus 

Average number 
of colonies

Antibacterial 
efficiency (%)

Average number 
of colonies

Antibacterial 
efficiency (%)

No CuO NPs 31 - 65 -
2.85 nm  17.5 43.5 3 95.4
3.59 nm  12.5 59.7 3 95.4
3.70 nm 6 80.6 0 100
3.73 nm  4.5 85.5 0 100
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