ACCERTED ANUSCRIRI

Accepted Manuscript

Title: Synthesis of copper oxide nano powders: Effect of surface PRSH .
modifier type i

Authors: M. Shafiee Afarani, A. Masoud Arabi, H. Kordi-Tamandani, F. Ramezani,
Massoud Kaykhaii

Manuscript number: PCCC-2605-1501

To appear in: Progresss in Color, Colorants and Coatings
Received: 2 May 2026

Final Revised: 30 June 2026

Accepted: 1 July 2026

Please cite this article as:

M. Shafiee Afarani, A. Masoud Arabi, H. Kordi-Tamandani, F. Ramezani, Massoud
Kaykhaii, Synthesis of copper oxide nano powders: Effect of surface modifier type, Prog.
Color, Colorants, Coat., 20 (2027) XX-XXX.

DOI: 10.30509/pcce.2026.167790.1501

This is a PDF file of the unedited manuscript that has been accepted for publication. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof

before it is published in its final form



ACCEPTEDIMANUSCRIP

Synthesis of copper oxide nano powders: Effect of surface modifier type
M. Shafiee Afarani'*, A. Masoud Arabi?, H. Kordi-Tamandani®, F. Ramezani®, M.
Kaykhaii®
! Department of Materials Engineering, Faculty of Engineering, University of Sistan and
Baluchestan, P. O. Box: 98135-987, Zahedan, Iran.
2 Department of Inorganic Pigments and Glazes, Institute for Color Science and
Technology (ICST), P. O. Box: 16765-654, Tehran, Iran.
3 Department of Chemistry, Faculty of Science, University of Sistan and Baluchestan,
Zahedan, Iran.
4 Department of Analytical Chemistry, Faculty of Natural Sciences, Comenius University
Bratislava, Mlynska Dolina CH-2, Ilkovi¢ova 6, SK-842 15 Bratislava, Slovakia.

Email: shafiee@eng.usb.ac.ir

Abstract

CuO nano particles were synthesized via precipitation route in the presence of various
surface modifiers (SMs) including Sodium dodecyl sulfate (SDS) and Polyethylene
glycol (PEG), (3-Glycidoxypropyl)trimethoxysilane (3-GPTMS), Triton X-100 , Ethylene
glycol (C2HsO2) and Oleic Acid. The effects of the SMs type on the structure,
microstructure and band gap of samples were studied. Results generally showed that the
SMs type led to formation of nanostructured monoclinic CuO phase with no considerable
change in the structure and with crystallite size of <10nm. Furthermore, Fourier transform
infrared (FTIR) spectra represented corresponding bands of Cu-O bonds in all samples.
Moreover, scanning electron micrographs showed that highly agglomerated

semispherical nano particles were obtained. Moreover, transmission electron micrographs
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showed synthesis in the presence of SDS and 3-GPTMS led to smallest and largest nano
particles. Furthermore, considerable band gap broadening of powders up to 4eV confirms

the nano nature of synthesized particles even in quantum region.
Key words: Surface modifiers; Nano-particles; Copper oxide; Precipitation; Band gap

1. Introduction

Copper oxide (CuO) nanoparticles have been widely interested owing to their outstanding
physico-chemical properties arising from their narrow band gap, high surface activity,
and strong size-dependent quantum effects. Monoclinic CuO acts as a p-type
semiconductor with a bulk band gap of approximately 1.2-1.5 eV, making it suitable for
optoelectronic devices [1], gas sensors [2-4], photocatalysis [5-10], antimicrobial
coatings, energy conversion [11], and environmental remediation [1, 5]. When CuO is
engineered at the nanoscale, its electronic structure, optical absorption, catalytic activity,
and surface reactivity can be dramatically modified, enabling applications that are not
accessible to the bulk material [12, 13].

Among various synthetic routes, chemical precipitation has emerged as a scalable and
practical approach for preparing CuO nano powders with controllable size and
morphology. This method relies on the controlled hydrolysis and precipitation of copper
salts, typically followed by thermal or chemical conversion to CuO. Its advantages
include simplicity, low cost, mild reaction conditions, and compatibility with large-scale
production [1, 13, 14]. However, a persistent challenge in precipitation-based synthesis is

the strong tendency of freshly formed CuO nuclei to aggregate and grow uncontrollably,
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leading to broad size distributions, irregular morphologies, and loss of nanoscale
properties [15-17].

To overcome this limitation, surface modifiers such as surfactants, polymers, and
organosilanes are widely used as stabilizing and structure-directing agents. These
molecules adsorb on the growing nanoparticle surfaces, reduce surface energy, and
provide either electrostatic or steric repulsion that suppresses aggregation and allows
controlled crystal growth [18]. Anionic surfactants such as sodium dodecyl sulfate (SDS)
can induce strong electrostatic stabilization, while non-ionic polymers such as
polyethylene glycol (PEG) provide steric hindrance and improve colloidal stability.
Organosilanes such as 3-glycidyloxypropyl trimethoxysilane (3-GPTMS) introduce
covalent surface anchoring, improving particle dispersion and functionalizability [14, 18].
The SMs selection can strongly affect the final particle size, crystallinity, morphology,
and optical band gap of CuO nanoparticles. For example, PEG-stabilized CuO particles
typically show sizes in the 20-30 nm range, while SDS can yield ultra-small particles
below 10 nm, approaching the quantum dot regime [5, 14]. Such size reduction leads to a
pronounced widening of the band gap due to quantum confinement, with reported values
increasing from the bulk ~1.2 eV to above 2.5-3.5 eV for nanometric CuO [12, 18]. This
tunability of electronic structure is particularly important for photocatalytic and sensing
applications, where band gap engineering directly influences charge transport and light
absorption.

Recent studies further demonstrate that CuO nanoparticles synthesized using surfactant-
assisted or green precipitation methods exhibit enhanced photocatalytic, antibacterial,

antioxidant, and enzyme-inhibitory activities compared with bulk CuO [5, 12, 19]. The
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improvement is attributed to their reduced size, increased surface area, and higher density
of active sites. Moreover, hybrid strategies combining controlled precipitation with
stabilizing agents or bio-derived capping molecules provide new routes for producing
CuO nanostructures with tailored properties for environmental and biomedical
applications [12, 19].

Despite the extensive literature on CuO nanoparticle synthesis [20-23], systematic
comparative studies on how different classes of surface modifiers (ionic surfactants, non-
ionic polymers, and silane coupling agents) govern particle size, morphology, surface
chemistry, and band gap in precipitation-based synthesis are still limited [24-26]. In
particular, direct comparisons between electrostatic (e.g., SDS), steric (e.g., PEG), and
covalently binding (e.g., 3-GPTMS) stabilizers under identical synthesis conditions
remain scarce, even though such information is essential for rational design of CuO
nanomaterials for specific applications [14].

In this regard, CuO nano powders were synthesized by a controlled precipitation route
using copper acetate as precursor in the presence of different surface modifiers, including
SDS, polyethylene glycol (PEG), and 3-GPTMS, as well as non-ionic organic stabilizers.
By systematically varying the type of these modifiers, their effects on structure, surface
chemistry, morphology, and optical band gap of synthesized powders were investigated.
The combined use of XRD, SEM, TEM, and FTIR, UV-Vis spectroscopy techniques,
enables a comprehensive understanding of how surface chemistry controls nanoscale
growth and electronic structure. This approach provides a unified framework for tailoring
CuO nanoparticles from quantum-sized (<10 nm) to larger nanocrystals (20-40 nm) with

tunable optical and structural properties, offering valuable insights for advanced
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applications in catalysis, sensing, and functional nanomaterials.

2. Experimental

Two sets of SMs were considered for experimental tests: first set including Sodium
dodecyl sulfate (SDS, Ci2H2sNaOsS, MERCK) and Polyethylene glycol (PEG,
HO(C:H4O)H, 400, MERCK), (3-Glycidoxypropyl)trimethoxysilane (3-GPTMS,
CoH2005Si, MERCK), and the second set were Triton X-100 (C14H220(C2H4O0)n,
MERCK), Ethylene glycol (C2HeO2, MERCK), Oleic Acid (C1gH3402 , May & Baker).
Copper oxide powders were synthesized via precipitation route according to procedures
reported in some literatures [27-29]. First, 0.3993 g copper acetate monohydrate
[Cu(CH3CO0O0)2.H20, Alfa Chemicals] was dissolved in 100 mL distilled water in a
beaker to prepare an aqueous solution (0.02M). Then, 0.5 mL acetic acid (CHsCOOH,
MERCK) was added to the solution under magnetic agitating at RT for 5 min. After that,
addition of SMs was performed as 0.015 g of SDS/PEG, 0.015 ml of 3-GPTMS, 0.03 mL
of EG, 0.06 of Triton-X100, and 0.03 mL of Oleic acid to the resultant solution.
Thereafter, 0.5g NaOH (MERCK) was instantly added to the solution under stirring at
70°C for 10 min. Finally, the black gained precipitates were washed by mixture of
acetone and distilled water with ratio of 4:1 and dried in an electric oven at 80 °C for 1h.
It should be noted that NaOH agent was selected for getting high pH value in short time
intervals. Moreover, experiments were not performed at room temperature to avoid
formation of hydrated copper oxide phase. In other words, temperature and pH could
control nucleation vs. growth rates in CuO synthesis. Higher pH favors rapid nucleation

and smaller particles, while temperature influences dehydration of Cu(OH)2 intermediate
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[30].

Two Fourier transform infrared spectroscopes (FTIR) were used for molecular studies: i)
Bruker TENSOR Il which had platinum ATR accessory, and ii) Perkin Elmer Spectrum
Two. X-ray diffraction (XRD, Bruker Advance D8) technique was used for structural
studies. Two scanning electron microscopes (SEM, KYKY EM3900 and SEM, LEO
1455 VP) and one transmission electron microscope (TEM, Zeiss - EM10C-100kV) were
used for microstructure analyses of samples. One UV-Vis spectrophotometer (OPTIZEN
21200V plus) was used for obtaining UV-visible absorption spectra. Optical Band gaps
of synthesized powders were calculated based on the Tauc equation according to [31], by
drawing (ohv)? as a function of hv, where h, a and v are Plank constant, absorption

coefficient and frequency (s?), respectively

3. Results and Discussions

Figure 1 shows XRD patterns of samples synthesized using various SMs. As illustrated,
all samples exhibit dominate phase of monoclinic CuO (Card No. 01-080-1268), with no
detectable secondary phases (such as Cu(OH). and Cu20), indicating high phase purity.
In another words, the SMs addition had no effect on the obtained crystalline phase. The
broadening of XRD peaks is attributed to formation of nanocrystalline CuO particles due
to the SMs addition as particle growth inhibitor. Moreover, the slight difference
broadening of the main peak may be related to variation of the chemical nature, charge,
and surface coverage of the SMs. In all samples, the two main monoclinic peaks at
20=35.5° and 38.7°, corresponding to the (002) and (111) planes, can be observed.

However, more desirable crystallization in the presence of EG and oleic acid results in
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appearance of additional monoclinic peaks at 32.5°, 48.7°, 53.5°, and 58.3°, which
respectively correspond to the (110), (-202), (020), and (202) planes. Unlike some SMs
such as polyvinylpyrrolidone, which induce a preferred orientation along the (002) planes

[32], no preferred orientation is observed in the diffraction patterns.
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Figure 1. XRD patterns of CuO nano particles synthesized in the presence of various

SMs.

Using the Scherrer equation, the mean crystallite size of synthesized powders calculated
for the (111) plane are in the range of 6 to 10 nm, confirming a nanocrystalline structure.
The crystallite size depends on the type of SMs, with increasing values for SDS, PEG,
Triton X-100, 3-GPTMS, EG, and oleic acid being 6, 7, 7, 8, 10, and 10 nm, respectively.
This trend reflects the interaction and surface capping effect of the SMs on the particles.
The crystallite size variation is due to the different nature of the SMs, their influence on
the coverage of primary particles, and differences in steric hindrance and growth control.
For instance, comparing PEG and EG, the bulkier PEG prevents crystal growth due to
steric repulsion. Although the crystallite size is more than twice that of CuO quantum

8
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dots modified with PVP, Tween-80, and CTAB (2-3 nm) mentioned earlier (28), it still
remains well below the range observed with SMs such as stearic acid (22 nm) [33].

Figure 2a shows the FTIR spectra of the first set of CuO samples synthesized using PEG,
SDS and 3-GPTMS SMs. The main bands at about 415-430 and 588-593 cm™ are related
to Cu-O bonds. Figure 2b also illustrates the FTIR spectra of the second set of CuO
samples synthesized using EG, Triton-X100 and Oleic acid. In all samples, the peaks
below 800 cm™ correspond to metal-oxygen bonds (28, 34). The Cu-O stretching
vibrational bands are observed at around 460, 580, and 650 cm™!, confirming the CuO
compound formation in all samples [34]. Additionally, the bands in the ranges of 1600
and 3400 cm™ are due to the bending and stretching vibrations of OH groups,
respectively, originating from moisture on the surface of CuO particles [35], surface
hydroxyl groups, or OH groups from certain SMs such as PEG/EG [32]. Moreover, the
bands appearing in the 1300-1600 cm™ range are associated to the bending vibrations of
C—H groups and the stretching vibrations of —CH>— groups due to synthesis in the present
of SDS/Oleic acid/Triton 100 [36]. Two bands around 790 and 1000 cm™ are due to Si-O
bonds remained from 3-GPTMS [37]. Other bands are related to the other functional
groups of SMs. Notably, in Figure 2b, the presence of multiple, strong, and well-defined
peaks in the 1000-1700 cm™ range indicates a strong interaction of this group of SMs

with the CuO particles surface.



ACCEPTEDIMANUSCRIP

3-GPTMS g\ Ethylene gb?w
‘g PEG g Triton-X100
=
£ 2
o :
=] 8]
= - Oleic acid
= 5DS 2
g : K/
4000 3600 3200 2800 2400 2000 1600 1200 800 400 4000 3500 3000 2500 2000 1500 1000 500400
Wavelength (nm) Wavelength (nm)

Figure 2 FTIR Spectra of CuO nano articles synthesized in the presence of a) SDS, PEG,

3-GPTMS and b) EG, Triton-100, Oleic acid.

SEM micrographs of CuO nano particles synthesized using of SDS, PEG, 3-GPTMS, EG,
Triton-X100 and Oleic acid are shown in Figure 3a to f, respectively. As illustrated, all
samples were composed mainly from highly agglomerated semi-spherical nano particles.
For more appropriate microstructure study TEM technique was used. TEM micrographs
of samples using of SDS, PEG, 3-GPTMS and EG are shown in Figure 4a to d,
respectively. As shown in Figures 4a,b and d, nano particles synthesized in the presence
of SDS, PEG and EG were less than 15 nm in size, and were agglomerated irregularly.
However, synthesis in the presence of 3-GPTMS led to formation of larger (>30 nm)
semispherical nano particles, which may be attributed to the dual role of surface
modification and stabilization, or could also be related to the activation of the Ostwald
ripening mechanism. Piri et al. [28] and Khosravi et al [38] in two distinct researches
show that some SMs play a significant role in particle morphology. For example, using

PVP and CTAB caused to formation of oriented microstructures such as rods.

10
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Nevertheless, the common feature of all the SMs used in the present study is that the
particle morphology is mostly irregular and tends toward spherical, with a high degree of
agglomeration. This tendency arises from the fine-grained nature of the particles.
Simultaneous evaluation of SEM and TEM micrographs reveals that the particles exhibit
quantum dot behavior and are below the quantum confinement limit [28]. However, a
clear difference in the degree of agglomeration was observed, indicating the varying
ability of the SMs to cover the particle surfaces. Primarily van der Waals attractions and
incomplete surface passivation during precipitation, leading to oriented attachment or soft
agglomeration. Surface modifiers reduce this via steric/electrostatic stabilization; e.g.,
SDS and Oleic Acid provide better repulsion than others [36, 39]. TEM micrographs also
clearly show that SDS leads to the formation of CuQO particles with higher dispersibility.
The irregular, nearly spherical shape of the particles suggests that the growth mechanism
of the primary particles follows diffusion-controlled growth, whereby the particles do not

retain their initial structural shape and become spherical.

11



Figure 3. SEM micrographs of CuO nano particles synthesized in the presence of a) SDS,

b) PEG, ¢) 3-GPTMS, d) EG, e) Tiron-100 and f) Oleic acid.

12



Figure 4. TEM micrographs of CuO samples nano particles synthesized in the presence of

a) SDS, b) PEG, ¢) 3-GPTMS and d) EG.

Figure 5a shows UV-Visible spectra of powders synthesized using various SMs. The
broad absorption peak is related to the surface plasmon resonance (SPR) [40], where
changes in the shape and location of the peaks depend on the shape, size, and size
distribution of the particles. Broadening in some spectral ranges and sharpness in others
arise from the wide size distribution of the particles. The absorption peaks below 300 nm
correspond to interband transitions from deep levels of copper atoms and their oxides.
The absorption peaks between 300 and 400 nm are related to copper oxide nanoparticles
and result from charge transfer from oxygen to copper ions [41]. Furthermore, the peaks
above 400 nm are attributed to the green color nature of copper oxide [42]. Using the

13
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spectra Data and Tauc equation, curves of (ahv)? as a function of hv were plotted (Figure
5b) and band gaps of CuO nano particles were calculated and given in Table 1.
According to Table 1 and Figure 5b, the calculated band gap values for all samples
synthesized using various SMs are more than that of bulk CuO (1.2 eV), which is
associated to the quantum confinement effect. When the particle size is about the de
Broglie wavelength of charge carriers, the band gap value increases due to the particle
size effect and the quantization of energy levels [43]. Such increase of band gap values
using SMs were reported by some researchers [28, 29] and Bandgap values as high as 4
eV have been reported, indicating extremely small particle sizes and placement within the
quantum dot region [36]. In addition, an inverse relationship between crystallite size and
band gap is observed. As expected, the presence of SDS led to the smallest size and
crystallite size, and consequently the most band gap value. In contrast, the 3-GPTMS
resulted in the largest particles (Figure 3c) and the least band gap value i.e. 2.6 eV.
Although the overall crystalline phases (monoclinic CuO) and average particle sizes
remained largely consistent across samples, the observed band gap values (ranging from
2.6 eV with 3-GPTMS to 4.02 eV with SDS) can be attributed to subtle differences in
surface chemistry, defect states, and localized quantum confinement effects induced by
the different SMs. Surface modifiers interact variably with the nanoparticle surface,
influencing surface passivation, oxygen vacancies, or micro-strain, which modulate the
electronic structure [28, 44]. For instance, SDS (anionic) may promote stronger surface
capping and higher defect density leading to significant blue-shift (4.02 eV), while 3-
GPTMS (silane-based) allows different bonding that results in less widening (2.6 eV).

These variations align with reports on surfactant-mediated synthesis of CuO, where band

14
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gap widening occurs even with minor size differences due to quantum confinement and

surface effects [28].
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Figure 5. a) UV spectra and b) (ahv)? versus hv of CuO nano particles synthesized in the

presence of various SMs.

Table 1. Band gaps of CuO nanoparticles synthesized in the presence of different SMs.

Surface Modifier

SDS

PEG

3-GPTMS

EG

Triton-X100

Oleic acid

Band gap (eV)

4.02

3.15

2.6

3.1

3.15

3.1

4. Conclusions

The present work copper oxide nanoparticles were synthesized using SDS, PEG, 3-

GPTMS, EG, Triton-X100 and Oleic acid SDs. XRD patterns confirmed that nano copper

oxide particles with no minor phase and crystallite size of 6-10 nm were obtained. FTIR

spectra showed the characteristic Cu-O bond bands in all samples. SEM Micrographs

revealed that all samples consisted of highly agglomerated, semispherical nanoparticles.

Furthermore, transmission electron microscopy (TEM) confirmed that synthesized

powders were in nano scale range. Moreover, synthesis in the presence of SDS led to the

smallest nanoparticles, while the use of 3-GPTMS resulted in the largest. The notable

15
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broadening of the band gap values up to 4eV in the powders further supports the great
band splitting and nanoscale nature of the synthesized particles, in comparison with bulk

CuO (1.2eV).
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