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asma reactor paired with indirect
ultrasonication for aqueous phase synthesis of
cobalt oxide nanoparticles†
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Shirjana Saud, a Avik Denra,a Mai Cao Hoang Phuong Lan Nguyen,a Adnan Ali,a

Van Toan Nguyenc and Young Sun Mok *a

Cobalt oxide nanoparticles are widely used owing to their distinct properties such as their larger surface

area, enhanced reactivity, and their superior optical, electronic, and magnetic properties when compared

to their bulk counterpart. The nanoparticles are preferably synthesized using a bottom-up approach in

liquid as it allows the particle size to be more precisely controlled. In this study, we employed

microplasma to synthesize Co3O4 nanoparticles because it eliminates harmful reducing agents and is

efficient and cost-effective. Microplasma reactors are equipped with copper wire electrodes to generate

plasma and are simple to configure. The product was characterized using UV-Vis spectroscopy, X-ray

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), field emission scanning electron microscopy

(FESEM), and transmission electron microscopy (TEM). The experimental parameters that were varied for

the synthesis were: with or without stirring, with or without indirect ultrasonication, and with or without

capping agents (urea and sucrose). The results showed that the microplasma enabled Co3O4

nanoparticles to be successfully synthesized, with particle sizes of 10.9–17.7 nm, depending on the

synthesis conditions.
1. Introduction

Transition metal oxide nanoparticles have more advanced
characteristics than their bulk forms in various respects; for
example they have superior optical, electronic, magnetic, and
catalytic properties. In addition, the nanoparticles have a more
optimal chemical composition, structure, morphology, dimen-
sion, and size distribution with a high surface-to-volume ratio,
fewer surface defects, and quantum effects.1–3 Cobalt oxide is
one of a number of transitionmetal oxide nanoparticles that are
widely used in various applications owing to its many benets.
The two most stable cobalt oxide phases are Co3O4 and CoO4

and they are suitable for application as catalysts,2,3,5 energy
storage,6–8 sensors,9 solar cells,10 bactericidal,11 biomedical
agents,12 and pharmaceutics.13

Nanoparticles have been synthesized using several methods,
which can be divided into two categories: top-down and bottom-
up approaches. The top-down approach is useful for reducing
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bulk material into small particles, whereas the bottom-up
approach is appropriate for arranging atoms or very small
particles into nanoparticles. Although the top-down approach is
simple to use, it is less effective for producing particles with
smaller sizes and uniform shapes.14 Cobalt oxide nanoparticles
have been produced using various bottom-up approaches, with
wet chemical synthesis being the most common method as it
allows the shape and size of nanoparticles to be controlled at
low temperatures and for processing times ranging from a few
seconds to several hours. These approaches include sol–gel,15,16

hydrothermal,17 solvothermal,6 spray pyrolysis,18 and micro-
emulsion methods.19,20 However, these methods utilize toxic
organic solvents and reducing agents and require long pro-
cessing times and expensive equipment.7,21

Synthesizing nanoparticles through plasma interaction with
a liquid interface is amethod that has been rapidly developed in
recent years. Plasma is an ionized gas, which contains photons,
energetic electrons, ions, radicals, and neutral gas molecules
and its excited states. Consequently, the plasma interacted with
a liquid surface (plasma–liquid interface) produces reactive
species such as Oc, OHc, H2O2, and UV radiation, which acts as
a reducing agent. Hence, plasma–liquid interface can reduce
the possible usage of harmful chemicals in the nanoparticle
synthesis process, making it eco-friendly than conventional
methods.22–24 Unfortunately, the plasma used for the synthesis
of nanoparticles is typically formed and maintained at low
© 2023 The Author(s). Published by the Royal Society of Chemistry
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pressure, which requires costly vacuum equipment. Addition-
ally, a large reactor is required, making it challenging to control
the temperature distribution, concentration, and time unifor-
mity for particle nucleation and growth. As a result, the end
product is typically inconsistent because of partial agglomera-
tion and a broad size distribution. These problems can be
overcome by resorting to a new development in the eld of
plasma technology known as microplasma.25

Microplasma, a subclass of plasma with microscale geom-
etry, is still being explored for its potential use in the synthesis
of nanomaterial. The advantages of microplasma are its
simplicity, affordability, security, operability at atmospheric
pressure and, most importantly, its ability to deliver products
with high homogeneity.25–28 Previous research has shown that
nanoparticles can be successfully synthesized using micro-
plasma discharge to obtain nanoparticles in a range of sizes (1–
100 nm) of several compounds such as Mn3O4,29 Au,30 Pt,31 and
Au/Ag.32

In our study, we utilized a microplasma reactor (MPR) with
a simple conguration to determine the experimental condi-
tions under which microplasma discharge could be used to
produce cobalt oxide nanoparticles. In particular, we studied
the effect of the concentration of precursor, pH of the precursor,
and processing time. In addition, we examined the agitation
conditions to determine the effect of coupling the MPR with
a magnetic stirrer and ultrasonication bath to control the
morphology of the particles in the nanoparticle size range of 1–
100 nm. The addition of different capping agents to prevent the
agglomeration of nanoparticles was also explored.
Fig. 1 Schematic diagram of the microplasma setup.

© 2023 The Author(s). Published by the Royal Society of Chemistry
2. Experimental
2.1. Chemical

Cobalt nitrate hexahydrate (Co(NO3)2$6H2O) and urea
(CO(NH2)2) were purchased from Junsei Chemical Co. Ltd.,
Japan and, sodium hydroxide (NaOH), sucrose (C12H22O11), and
ethanol (C2H5OH) were purchased from Daejung Chemical and
Metals, Co. Ltd., South Korea.

2.2. Experimental setup

2.2.1. Microplasma reactor. A schematic diagram of the
experimental setup for microplasma generation is shown in
Fig. 1. The MPR was powered by an AC power supply with
a maximum high voltage of 6 kV and a frequency of 12 kHz.
Both electrodes consisted of copper wires, with a diameter of 1
mm, inserted into Teon tubes. The tip of the rst electrode was
positioned 2± 1mm above the surface of the precursor solution
and the second electrode was immersed in 25 mL of the
precursor solution. The distance between the electrodes was
adjusted to 31 ± 1 mm. The precursor solution was placed in
a beaker glass and argon gas was supplied through a Teon tube
to the high voltage terminal at a ow rate of 1.5 L min−1 for
plasma formation. The electrical data were recorded using
a digital oscilloscope (Tektronix, DPO 2104B, four-channel, 100
MHz, 1 GS per s, USA) with a high-voltage probe (Tektronix,
P6015A, 1000×, 3.0 pF, 1000 MU, USA) and a current probe
(Person electronics, Inc., model 2100 1 V A−1, USA).

2.2.2. Synthesis of cobalt nanoparticles. Cobalt oxide
nanoparticles were prepared by microplasma-liquid treatment. A
Nanoscale Adv., 2023, 5, 3964–3975 | 3965
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Fig. 2 The synthesis process of cobalt oxide nanoparticles.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
13

/2
02

5 
12

:0
2:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
solution with a concentration of 0.01 M was prepared by dis-
solving 72.76 mg of (Co(NO3)2$6H2O) in 25 mL of distilled water.
Then, 1 M NaOHwas added to the solution dropwise until the pH
of the solution changed to 10. The solution was stirred using
a magnetic stirrer at 100 rpm for 30 minutes under ambient
conditions. Five different samples (denoted C1–C5) were prepared
using cobalt nitrate hexahydrate without (C1–C3) and with (C4–
C5) a capping agent. Each sample was subjected to plasma
treatment for 25 minutes and the experimental conditions were
varied as follows: (C1) with microplasma without stirring; (C2)
with the MPR coupled with a magnetic stirrer; (C3) with the MPR
coupled with a ultrasonication bath with a frequency of 28 kHz;
(C4) with the MPR coupled with a ultrasonication bath and urea
as the additive; (C5) with the MPR coupled with a ultrasonication
bath and sucrose as the additive. Themicroplasma treatment was
followed by centrifugation, washing with distilled water and
ethanol, and drying in an oven at 80 °C for 14 h. The resultant
powder was crushed using a mortar and calcined in a furnace
under air at a ow rate of 18 mL min−1, and by increasing the
temperature from 23 to 450 °C for 2 h and holding the tempera-
ture at 450 °C for an additional 2 h. The collective synthesis
process is depicted in Fig. 2. The physicochemical characteriza-
tion techniques used are mentioned in the ESI.†

3. Results and discussion
3.1. Electrical characteristics of microplasma

The process of generating microplasma for nanoparticle
synthesis is depicted in Fig. 3(a) and the current–voltage
3966 | Nanoscale Adv., 2023, 5, 3964–3975
characteristics of the microplasma are shown in Fig. 3(b) which
is typical of an AC symmetric waveform. Initially, the applied
voltage is increased until voltage breakdown occurs at around
1.04 kV. This gives rise to gas conductivity due to ionization,
thereby resulting in the production of additional ions and
electrons. The resulting electrons have an impact on the
current, which gradually increases (peak current: 65.23 mA)
while the voltage stabilizes at 0.57 kV. The microplasma is
generated using high-voltage AC, which causes the polarity of
the electrode to reverse during one cycle.

The duration of one complete cycle from positive to negative
polarity is less than 80 ms. The electric current ows in accor-
dance with the polarity of the voltage, resulting in the formation
of a negative current curve. The peak current during the positive
half cycle is higher, measuring 101 and 153 mA, compared to
the negative half cycle which records 63 mA. This indicates that
the level of ionization is greater during the positive half cycle
than the negative half cycle. As the number of ionizations
increases, the discharge current also increases, leading to
a decrease in voltage (once voltage breakdown transpires). This
decrease occurs due to the reduced discharge resistance.
Subsequently, the voltage remains constant at 0.57 kV for
approximately 23 ms, following which it gradually decreases
until a polarity change occurs.33 Fig. S2(a and b)† illustrate the
voltage and current proles of a microplasma reactor operated
with air as the input gas, without and with plasma formation.
Under the conditions without plasma formation, faint parasitic
discharge is formed that generated negligible current. On the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Components of the microplasma reactor for nanoparticle synthesis; (b) current–voltage waveform.
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other hand, when plasma is formed at the liquid, the discharge
current reaches around 50 mA, i.e., the current without plasma
was much lower than the discharge current. However, when
employing microplasma with air as the gas inlet for treating the
precursor for 75 minutes, cobalt nanoparticles did not form,
indicated by the absence of any color change in the precursor.
The power for one cycle is calculated to be approximately 6.03W
using the following equation (eqn (1)):27

P = f ×
Ð
P(t)dt = f ×

Ð
V(t) × I(t)dt (1)

where f is the frequency, V is the applied voltage, and I is the
current.
3.2. Effect of concentration, pH, and reaction time on the
number of particles and band gap energy

Hydride (H−) and hydrogen peroxide (H2O2), the latter formed
from hydroxyl (OH) radicals, are the two reactive species that
mostly form when the microplasma and liquid interface
interact. These two species serve as reducing agents and react
with the bulk precursor solution to transform the bulk particles
into nanoparticles.

First, we examined the effect of the concentration, pH of the
precursor solution, and reaction time using ultraviolet-visible
(UV-Vis) spectroscopy. The absorbance spectra enabled the
number of particles that formed to be determined and the Tauc
plots indicated the direct optical energy of the band gap (Eg) of
the sample. The concentration of the solvent affected the
number of particles that formed, and the number of particles
increased linearly with the concentration of the precursor.
However, at higher concentrations of the precursor (0.05 and
0.1 M), the cobalt nitrate hexahydrate was still partially present
in the bulk form, as indicated by the broad absorption peak in
the range 488–543 nm aer exposure to the microplasma for 15
minutes (Fig. 4(a)). This was attributed to the insufficient
production of reactive species by the microplasma to react with
particles of the bulk metal salt in the high-concentration solu-
tion. Apart from this, a higher concentration of the precursor
has been shown to increase the size of the nanoparticles.34
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 4(b) shows that the number of particles was affected by
the pH of the precursor solution. Initially the precursor was
colored pink and the pH was 7. Upon addition of NaOH, the
color changed to green and dark green as the pH of the solution
changed to 10 and 12, respectively. Finally, the solution turned
blackish-brown aer being treated with microplasma (Fig. S1†).
The discoloration aer microplasma treatment indicates the
formation of nanoparticles. Compared to the samples at pH 7
and 12, the sample at pH 10 contained the most particles. The
particle size is affected by the pH, which is inuenced by the
addition of hydroxide to the solution. Thus, a precursor solu-
tion with a high concentration of hydroxide would result in the
particle size becoming smaller.35,36

Fig. 4(c) shows the UV-Vis spectra of the precursor solution
(pH 10) recorded at different reaction times. The number of
particles increases linearly with the reaction time, while the
particle size increases concurrently.36 In addition, Eg can be
determined by the Tauc method in direct transition (eqn (3)).

(ahn)2 = K(hn − Eg) (2)

where hn is the photon energy, a is the absorption coefficient, K
is a constant, and Eg is the optical energy of the band gap.

The energy of the optical band gap can be calculated by
extrapolating the linear region in the plot of (ahn)2 versus (hn).18

Fig. 4(d) shows that the Eg of the four samples with different
precursor concentrations are not signicantly different from
each other. However, the particle size can be affected by the
concentration of the solution, with a high concentration leading
to an increase in particle size, as shown by the results for the
band gap, which narrows as the concentration increases. These
ndings corroborate those for the samples that were allowed to
react for various time periods (Fig. 4(f)), where Eg decreases for
longer treatment times. Eg and the particle size are inversely
correlated in that the band gap energy increases with
decreasing particle size.36 However, as shown in Fig. 4(e), the
sample with pH 12 has a wider energy gap than the sample with
pH 10. This may be attributable to the particles in the sample
with pH 10 being smaller than those in the sample with pH 12.
This result is supported by the higher absorbance of the sample
Nanoscale Adv., 2023, 5, 3964–3975 | 3967
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Fig. 4 (a–c) UV-Vis spectra and (d–f) Tauc plots: (a, d) variation of the concentration of the precursor solution (pH: 7; reaction time: 15 min;
stirring: 100 rpm), (b, e) variation of the pH of the precursor solution (concentration of solution: 0.01 M; reaction time: 15 min; stirring: 100 rpm),
and (c, f) variation of the reaction time of precursor solution (pH: 10; concentration of solution: 0.01 M; stirring: 100 rpm).

Table 1 Optical band gap energy of cobalt oxide nanoparticles

Samples C1 C2 C3 C4 C5
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with pH 10; however, these particles may have aggregated into
a large cluster, resulting in a smaller energy band gap than the
sample at pH 12.
Eg (eV) 2.9 2.6 2.84 3.1 3.2
3.3. Effect of agitation methods paired with the MPR and
capping agent on the number of particles and band gap
energy

Based on the ndings of our preliminary study, the parameters
for the subsequent experiments were a precursor concentration
of 0.01 M, pH of 10, and treatment time of 25 min. Fig. 5 shows
the UV-Vis spectra and Tauc plots of cobalt oxide nanoparticles
formed under different agitation conditions and in the presence
of different capping agents.

The peak absorption wavelength of the cobalt nanoparticles
is 386 nm. Absorption at 385 nm is considered characteristic of
Fig. 5 (a) UV-Vis spectra and (b) Tauc plot of cobalt oxide nanoparticle

3968 | Nanoscale Adv., 2023, 5, 3964–3975
Co3O4 nanoparticles.35 Fig. 5(a) shows that the number of cobalt
oxide nanoparticles increased when the MPR was used in
combination with a magnetic stirrer (sample C2) or
ultrasonication-bath (sample C3) compared with samples C1 for
which only the MPR was used without any agitation. The
ultrasonication technique promotes the formation of single
nanoparticles because it can divide large clusters of nano-
particles into smaller clusters or even disperse them into indi-
vidual particles.37 For samples C4 and C5, to which urea and
s formed by varying the conditions in the microplasma reactor.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XRD patterns of cobalt oxide nanoparticles calcined in ambient air.

Table 2 Sizes of crystallites and particles of cobalt oxide

Samples C1 C2 C3 C4 C5

Crystallite (nm) 9.8 13.3 11.4 9.3 8.5
Particle size (nm) 17.7 15.2 11.7 11.1 10.9
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sucrose, respectively, were added as capping agents, the lower
absorption compared with that of sample C2 is most probably
due to the capping agent coating the metal salt. All the samples
Fig. 7 Images of sample C3: (a) SEM, (b) TEM, (c) FFT, (d) TEM-EDS, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
that were synthesized using microplasma produced stable
Co3O4 nanoparticles, as shown in Fig. S3.† This was conrmed
by re-recording the UV-Vis spectra of the samples aer one
month. These spectra indicated that the accrued shi in the
peak wavelength of the Co3O4 nanoparticles was negligible.
Because the peak wavelength reects the particle size, an
inconspicuous change in the peak wavelength can be assumed
to indicate that the particle size did not change substantially.

The optical band gap energy increases when a capping agent
is used; however, the difference between samples C4 and C5 is
not signicant. The band gap energy increases to a greater
extent when the particle size decreases.38 Other studies have
reported that cobalt oxide nanoparticles with Eg between
2.20 eV and 3.45 eV were applied as photocatalysts,39 and those
with Eg ∼ 4 eV as solar cells.10 Table 1 provides the band gap
energy for all samples.
3.4. Structural and morphological properties

Fig. 6 shows the XRD patterns of nanoparticles that were
synthesized using microplasma combined with different agita-
tion conditions and capping agents aer calcination. The XRD
patterns have well-resolved diffraction peaks at 2q values of
31.27°, 36.85°, 38.55°, 44.81°, 55.66°, 59.35°, and 65.23°, which
are associated with the hkl values (220), (311), (222), (400), (422),
(511), and (440), respectively. These results correspond with the
2q and hkl values obtained from JCPDS card no. 00-043-1003 for
cobalt oxide Co3O4. Fig. S4† shows the XRD patterns of all the
samples without calcination, which clearly show the peaks of
cobalt hydroxide (Co(OH)2) and sodium nitrate (NaNO3). Aer
(e) particle size distribution.

Nanoscale Adv., 2023, 5, 3964–3975 | 3969

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00249g


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
13

/2
02

5 
12

:0
2:

30
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
calcination, Co(OH)2 was converted to Co3O4, whereas NaNO3

was completely removed. The crystallite size (D) of the nano-
particles was determined by using Debye Scherrer's formula
(eqn (2)).26

D ¼ kl

b cos q
(3)

where k is the Scherrer constant (0.94), l is the wavelength of
the X-rays using Cu Ka radiation of 0.15405 nm, b is the full
width at half maximum of the peak in radians, and q is the
Bragg angle of the peak. Table 2 lists the calculated crystallite
size evaluated from eqn (2) and the particle sizes obtained
from the TEM image using Image-J soware. The good crys-
tallinity of the nanoparticles is evident from the strong
diffraction peaks. The most intense diffraction peak at a 2q of
Fig. 8 TEM analysis of samples C1, C2, C4, and C5: (a) TEM, (b) FFT, (c)

3970 | Nanoscale Adv., 2023, 5, 3964–3975
36.85° for the (311) crystal plane was detected for all the
samples. All the samples (C1–C5) have particle sizes of the
order of a few tens of nanometers, indicating that the appli-
cation of microplasma is a promising technique for the
synthesis of nanoparticles.

The effect of using a magnetic stirrer and ultrasonication
bath to homogenize the particle size distribution is unmistak-
able (Fig. 7, 8, and Table 2) and is conrmed by the particle size
analysis using Image-J soware.

The ultrasonication method, which utilizes the physical
phenomenon of acoustic cavitation, is capable of inuencing
the particle morphology and of generating particles of metal
oxide materials with a signicantly large surface area.40,41 Table
2 presents the sizes of crystallites and particles of the Co3O4

samples synthesized using the MPR with or without external
TEM-EDS, and (d) particle size distribution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Co 2p and O 1s XPS spectra: (a and b) C1, (c and d) C2, (e and f) C3, (g and h) C4, and (i and j) C5.

Table 3 Binding energy (eV) of the Co 2p and O 1s cobalt oxide nanoparticles

Sample

Co 2p (eV)

DE (eV)

Satellite (eV) O 1s (eV)

2p3/2 2p1/2 S1 S2 O1 O2 O3

C1 779.68 794.68 15.0 787.18 803.48 529.38 530.78 533.48
C2 779.68 794.68 15.0 787.48 803.68 529.48 530.88 533.68
C3 779.48 794.48 15.0 787.28 803.58 529.28 530.78 534.08
C4 779.38 794.38 15.0 786.98 803.48 529.18 530.68 534.38
C5 779.48 794.48 15.0 787.18 803.48 529.38 530.88 534.68
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agitation and with or without the capping agent. The different
sizes in the table indicate that ultrasonication can have an
impact on the size and particle size distribution of the nano-
particles. The cobalt nanoparticles produced by combining the
MPR with ultrasonication are on average 11.7 nm, which are
around 3.5 nm smaller than the particles produced by
combining the MPR with magnetic stirring (15.2 nm). However,
the cobalt oxide nanoparticles synthesized using the MPR
without stirring are slightly larger (17.7 nm) than those
synthesized using the MPR in combination with both magnetic
stirring and ultrasonication. This is because, without stirring or
ultrasonication, the precursor particles experience almost no
movement, enabling only those particles around the
© 2023 The Author(s). Published by the Royal Society of Chemistry
microplasma discharge to continuously interact with reactive
species. This has the effect of widening the particle size distri-
bution of sample C1 (5–25 nm) compared to samples C2 and C3
that have narrow particle size distribution (11–20 nm and 9–
15 nm, respectively) (Fig. 7 and 8). The particle size of the
samples treated with a capping agent was smaller than that of
the other samples because the clusters of individual nano-
particles that formed were covered by the capping agent, which
prevented the formation of nanoparticles due to agglomeration.
According to the TEM and SEM results, the ratio and type of
capping agent did not have any particular effect in terms of
preventing agglomeration. Thus, further investigation is needed
to determine the ratio of the capping agent to the metal salt
Nanoscale Adv., 2023, 5, 3964–3975 | 3971
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precursor or the use of other types of capping agents to improve
their ability to prevent agglomeration during the production of
cobalt oxide nanoparticles.

3.5. X-ray photoelectron spectroscopy (XPS) analysis

The chemical states and composition of the synthesized
cobalt oxide nanoparticles were analyzed using X-ray photo-
electron spectroscopy (XPS). As shown in Fig. 9, the Co 2p3/2

and Co 2p1/2 peaks, which are major binding energy (BE)
peaks, varied from 779.38 to 779.68 and 794.38 to 794.68 eV,
respectively, across all samples. The CoO and Co3O4 spinel
phases have similar 2p binding energies, making it chal-
lenging to distinguish between them. However, the difference
in energy spacing (DE) between the Co 2p3/2 and Co 2p1/2

peaks, which is 15.0 eV for Co3O4 and 16.0 eV for CoO, can be
used to differentiate between the two. Furthermore, the
presence of two shake-up satellites is a characteristic feature
of the spinel phase Co3O4.42–44 Table 3 presents the results of
the analysis, indicating that all samples have a DE value of
15.0 and two shake-up satellites, conrming that the samples
are in the Co3O4 phase with Co 2p3/2 peaks around 779.38 to
779.68 eV.

In Fig. 9(b), (c), (f), (g), and (j), the O 1s spectra have peaks
corresponding to O1, which represents the peaks of metal
oxides (Co–O), O2, which indicates oxygen vacancies, and O3,
which denotes surface hydroxyl molecules (Co–OH). Across all
samples, the O1, O2, and O3 peaks have binding energy values
that vary from 529.18 to 529.48 eV, 530.68 to 530.88 eV, and
533.48 to 534.68 eV, respectively. The presence of oxygen
vacancies is a critical factor that must be considered when
developing nanoparticle materials for applications such as
catalysts, solar cells, sensors, and energy storage.45–47 Addi-
tionally, the presence of the O1 peak in the XPS proles of all the
samples conrmed that Co3O4 was successfully synthesized
with the microplasma. Table 3 presents the XPS results for all
the samples. All the values reported in Table 3 are in agreement
with those reported in the literature.48–50

3.6. The comparison of various methods for the synthesis of
cobalt oxide nanoparticles

Table 4 presents a comparison of various methods, including
the microplasma method (this work), for synthesizing cobalt
oxide nanoparticles. The nanoparticles synthesized through
this method utilize distillate water as a solvent, which is envi-
ronmentally friendly. In contrast, other methods employ
hazardous solvents such as ethylene glycol, thioglycolic acid,
ammonium oxalate, or ethanol. Furthermore, our method
enables the synthesis of Co3O4 nanoparticles with a particle size
smaller than 20 nm within a treatment time of just 25 minutes.
This stands in contrast to other processes that require over 2
hours for nanoparticle synthesis.

4. Conclusion

Based on our ndings, we concluded that microplasma in
liquid can be used to successfully synthesize Co3O4
© 2023 The Author(s). Published by the Royal Society of Chemistry
nanoparticles within a specic size range. The combination of
a MPR with a ultrasonication bath enabled the production of
smaller particles than those synthesized without stirring, or
with stirring but without ultrasonication, from the precursor
without a capping agent. The impact of capping agents, such as
urea and sucrose, on the morphology of Co3O4 was inconclu-
sive. Although capping agents can reduce the size of nano-
particles, they can also affect the number of particles generated.
Therefore, further research is necessary to determine the
appropriate type and concentration of capping agent to use with
the metal salt to prevent particle growth and agglomeration and
produce nanoparticles with the desired shape.
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