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Direct Synthesis of Copper and Copper Oxide Nanoparticles 
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Abstract—Cu, Cu@Cu2O, and CuO nanoparticles have been prepared by the induction flow levitation
method using bulk copper. The method offers a number of advantages, such as a high production rate, con-
tinuity of the nanoparticle synthesis process, the ability to vary the nanoparticle size in a wide range, and con-
tactless heating, which ensures high purity of the synthesis product. To obtain nanoparticles with a core–shell
structure and copper oxide nanoparticles, oxygen was introduced into different zones of the quartz reactor
used. The synthesized nanoparticles have been characterized by a number of physicochemical methods.
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INTRODUCTION
Nanoparticle-based materials have novel, unique

properties compared to bulk materials owing to the
large ratio of their specific surface area to their volume
[1, 2]. Metallic nanoparticles have found application
as catalysts [3], in biosensors [4], for information stor-
age [5], in optics [6], and in medicine for diagnosis
and treatment of diseases [7, 8].

For example, the high catalytic activity of copper
nanoparticles has aroused increased attention for
application in organic syntheses [9, 10]. Photocata-
lytic properties of copper are employed for removing
organic dyes from wastewater on an industrial scale
[11]. Owing to their rather high electrical conductivity,
copper nanoparticles are used in conductive ink and
electronics [12, 13]. In addition, copper nanoparticles
have antibacterial and antimicrobial properties [14–16].

The main drawback to copper nanoparticles, limit-
ing their use, is their susceptibility to oxidation and, as
a consequence, strong aggregation during storage [17].
One way to resolve this problem is to prepare nanopar-
ticles with a core–shell structure [18].

Cu@Cu2O nanoparticles can be used in photocat-
alytic conversion of CO2 into HCOOH [19]. In addi-
tion, such nanoparticles were shown to exhibit cata-
lytic activity for hydrogen generation from ammonia
borane via hydrolysis [20, 21].

In the past few years, nanoparticles have been syn-
thesized by a variety of techniques, which can be
divided into physical and chemical ones. The physical
techniques include pulsed laser ablation [22], plane-

tary ball milling [23], physical vapor deposition [24],
and others. The chemical synthesis techniques include
sol–gel processing [25], chemical reduction [26],
sonochemical synthesis [27], electrochemical deposi-
tion [28], hydrothermal treatment [13], and others.
The use of dangerous chemical substances, high tem-
peratures, and complex implementation limit indus-
trial applications of these techniques.

At present, one of the most promising ways of pre-
paring nanoparticles is induction flow levitation
(IFL). Its main advantages are high production rate
(up to 100 g/h), the ability to tailor the nanoparticle
size in a wide range (0.5–500 nm), contactless heating
(up to 2500°C), and the absence of harmful by-prod-
ucts, which ensures high purity of the nanoparticles
produced by and environmental friendliness of this
technique. A distinctive feature of this technique is
evaporation of a levitating metal in the high-frequency
field of a specially designed inductor. Even though the
IFL (Gen–Miller) technique was discovered in the
early 1960s, it has not found wide application in indus-
try. At present, more and more research groups are
studying the capabilities of this technique for the
preparation of nanoparticles of metals and their com-
pounds. In a previous report, Markov et al. [29]
described the preparation of titanium nanoparticles by
the IFL technique in f lowing argon, and the addition
of hydrogen as a reaction gas allowed Kuskov et al. [30]
to obtain titanium hydride nanoparticles.

The purpose of this work was to prepare Cu,
Cu@Cu2O, and CuO nanoparticles with an average
size under 40 nm by the IFL technique in f lowing
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argon. To obtain Cu@Cu2O and CuO nanoparticles,
oxygen was added to the carrier gas f low in different
zones of a quartz reactor, which led to the formation of
different types of copper-containing nanoparticles.

EXPERIMENTAL

Materials. The starting materials used were
0.5-mm-diameter copper wire (99.999% purity,
Sigma-Aldrich, Germany), extrapure-grade hexane
(OOO Komponent-reaktiv, Russia); argon
(99.9995%, OOO Monitoring, Russia), and oxygen
(99.9995%, OOO Monitoring, Russia).

Experimental setup and synthesis procedure. Figure 1
shows a schematic of our experimental setup. A bulk
sample was suspended on a feed wire in a quartz reac-
tor and had the form of a small wire ball weighing 0.5 g.
In the first step, the system was pumped down to a
vacuum of 10–3 to 10–2 mbar over a period of 3 h in
order to remove the trace levels of water and air present
(the pressure was monitored with a Pfeifer Vacuum
sensor (United States)). In the second step, the system
was filled with an inert gas to atmospheric pressure
and a coolant gas was introduced at a f low rate of
10 L/min (the f low rate was controlled by a Bronk-
horst gas mass f low controller (Netherlands)). A volt-
age was applied to the inductor, resulting in induction
heating of the sample, which melted while levitating.
For a droplet of the molten metal to levitate, the
inductor, made of a 3-mm-diameter copper tube, had
three lower and two upper counter-wound turns
(Fig. 2a). Heating to a temperature above the melting
point of copper caused vaporization of atoms from the sur-
face of the molten metal. In this process, a dense flow of
forming nanoparticles could be visually observed (Fig. 2b).

To feed the sample being evaporated, immediately
after the beginning of vaporization of atoms the drop-
let was replenished by continuously feeding 0.5-mm-
diameter wire to the molten droplet. This small wire
diameter was chosen in order to minimize the effect of
the temperature gradient on the levitating sample.
Besides, wire of this diameter is “invisible” to an elec-
tromagnetic field. Starting at this instant, “process
stabilization” began, which took 60 min. This step was
needed to reach steady-state synthesis conditions.
Vaporizing metal atoms were detached by the carrier
gas f low from the droplet surface, forming nanoparti-
cles in the condensation zone, which were then col-
lected on filter 1. After 60 min, we turned off the valve
to filter 1 and turned on the valve to filter 2, where the
nanoparticles were collected for subsequent character-
ization (operating time, 60–120 min). Filter 2 was
equipped with an electromagnetic shaker, which was
automatically turned on if the pressure in the system
increased by 0.01 mbar. The increase in pressure in the
system was caused by filter clogging with nanoparti-
cles. To ascertain that the process was steady-state, the
temperature of the levitating sample was monitored
with an IMPAC ISR 6 infrared pyrometer (Advanced
Energy Industries Inc., United States). The nanopar-
ticle synthesis process was stopped by switching the
carrier gas f low with nanoparticles back to filter 1, and
the valves located before and after filter 2 were turned
off in order to keep the synthesized nanoparticles in
the inert (argon) atmosphere. Next, the voltage
applied to the inductor was reduced to the lowest level
at which the molten sample levitated in order to lower
its temperature and terminate vaporization of atoms
from its surface. In the final step, the voltage was
switched off, and the droplet dropped (due to gravity)
to a specialty collector in the form of a boron nitride
beaker in the lower part of the apparatus.

To prepare Cu@Cu2O nanoparticles, we used a
reactor with an additional side inlet for introducing
oxygen at a f low rate of 3 L/min into the condensation
zone through a specially designed annular gap. Cop-
per oxide nanoparticles were prepared by introducing
oxygen together with argon from above into a direct-
flow quartz reactor at f low rates of 3 and 10 L/min,
respectively. In the first two cases, the pressure in the
reactor was maintained at the level of atmospheric
pressure, whereas to obtain copper oxide nanoparti-
cles as small as possible the pressure in the system was
maintained at a level of 400 mbar.

Subsequently, the synthesized copper nanoparti-
cles were handled in an inert box (Mbraun Labstar,
Germany) in an argon atmosphere containing less
than 0.5 ppm of oxygen. Such handling was not needed
in the case of Cu@Cu2O or CuO nanoparticles because
they were nonreactive with atmosphere oxygen.

For induction heating, we used a 10-kW high-fre-
quency generator operating at a frequency of
0.44 MHz. The wire feed rate was 3 g/h.

Characterization techniques. The morphology of
the Cu and Cu@Cu2O nanoparticles was examined by
transmission electron microscopy (TEM). Structural
characteristics of the nanopowders were assessed by
low-temperature (77 K) nitrogen adsorption measure-
ments using BET analysis and the statistical thickness
surface area (STSA) method. The phase composition
of the samples was determined by X-ray diffraction.
Using dynamic light scattering (DLS), TEM, BET,
and X-ray diffraction data, we analyzed the nanopar-
ticle size distribution and compared results obtained
by different methods.

TEM and selected area electron diffraction
(SAED). TEM and SAED data were obtained on a
Carl Zeiss LIBRA 200 MC instrument (Germany)
equipped with a Schottky field emission gun operating
at 200 kV (resolving power of 0.12 nm). Samples were
placed on standard TEM copper grids with a 200-
mesh Lacey formvar supporting grid. The samples
were prepared by ultrasonication of the nanoparticles
in n-hexane, followed by deposition (“fishing”) on
TEM grids.
INORGANIC MATERIALS  Vol. 58  No. 9  2022
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Fig. 1. Schematic of the experimental setup for the preparation of nanoparticles. 

 
Spooled wire

 
Wire feeder Metal 

droplet

IR pyrometer

GFC

GFC
RF generator

440 KHz
15 kW

Induction coil

Water outlet

Cooled receiver
 

Water inlet

BN crucible
 

Droplet 
collector

Filter 1
Filter 2

Vacuum 
pump

 
Filter shaker

Pulse generator

Two-way valve

Ar

O2

Three-way valve
Pressure-
reducing valve Pressure sensor
X-ray diffraction. The phase composition of the
synthesized nanoparticles was determined by X-ray
diffraction (Shimadzu XRD-7000 diffractometer,
Japan). The measurements were performed at 40 kV
and 30 mA. The width of the scatter slit in front of the
detector was 0.3 mm. Intensity data were collected in
the angular range 2θ = 10°–80° with a scan step of
0.02° and counting time of 0.5 s per data point.
INORGANIC MATERIALS  Vol. 58  No. 9  2022
DLS. The nanoparticle size distribution was
obtained using DLS on a NANO-flex II instrument
(Microtrac Inc., United States), which made it possi-
ble to analyze particles 0.3 nm to 10 μm in size. The
liquid phase used to prepare nanoparticle suspensions
was n-hexane, with a zeta potential from 40 to 46 mV
as determined using a NANO-flex Stabino instrument
(Microtrac Inc., United States). The concentration of
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Fig. 2. (a) Schematic of the inductor and (b) observed flow
of forming nanoparticles. 

(а) (b)
the suspensions was 1000 ppm. To disperse the
nanoparticles, the suspensions were placed in an ultra-
sonic bath for 20 min.

Low-temperature nitrogen adsorption. The specific
surface area and average particle size were evaluated
from 77-K nitrogen adsorption/desorption isotherms
obtained using SorbiMS instrument (OOO META,
Russia). The surface area was determined by the BET
and STSA methods. From the BET surface area, we
evaluated the average particle size.

RESULTS AND DISCUSSION

As mentioned above, the IFL method is used to
synthesize metal nanoparticles. At the same time, the
use of oxidizing gases allows one to obtain metal oxide
nanoparticles and core–shell nanoparticles possessing
properties of metals, but having a protective crystalline
layer up to 5 nm in thickness, which prevents further
oxidation of the metal.

In our experiments, we chose reactor configura-
tions that allowed us to obtain copper and copper
oxide (CuO) nanoparticles in a f low reactor and core–
shell nanoparticles in a reactor with a side inlet. The
specific features of the reactor with a side inlet made it
possible to obtain core–shell structures through the
oxidation of a surface layer immediately after
nanoparticle crystallization. Oxygen concentration
was found to have a direct effect on the thickness of the
oxide film on the synthesized nanostructures.

The morphology of the nanoparticles was exam-
ined by TEM. Figure 3a is a micrograph of copper
nanoparticles in the form of agglomerates of spherical
particles having an average diameter of 36 nm and a
lognormal size distribution. The SAED pattern pre-
sented in Fig. 3b shows 111, 200, 220, 400, 311, 420,
and 422 diffraction rings characteristic of copper.
The micrograph in Fig. 3c suggests that, introduc-
ing oxygen into the condensation zone through a spe-
cially designed annular gap, we obtained core–shell
nanoparticles with an average size of 21 nm and aver-
age Cu2O shell thickness of 2 nm. Figure 3d shows a
SAED pattern of Cu@Cu2O nanoparticles, which
contains not only diffraction rings of copper, but also
200, 220, and 311 diffraction rings of Cu2O. This indi-
cates that the shell on the nanoparticle surface consists
of the copper oxide Cu2O.

The composition of the shell is due to the fact that
oxygen was introduced through the annular ring into a
laminar argon flow, so the oxygen distribution over the
reaction zone (where the surface of the copper
nanoparticles was oxidized) was nonuniform (the oxy-
gen concentration increased with decreasing distance
to the reactor wall). Since the f low of nanoparticles
passed through the central part of the reactor, where
oxygen concentration was lowest, the surface oxida-
tion of the copper nanoparticles yielded copper(I)
oxide.

Introducing an argon + oxygen mixture through
the top part of the apparatus at a reduced pressure
(400 mbar), we obtained CuO nanoparticles (Fig. 3d)
in the form of isolated spheres with an average size of
5 nm. The SAED pattern in Fig. 3f shows 110, 11, 111,

02, 020, 202, 13, 022, and 220 diffraction rings of
copper(II) oxide.

Figure 4 shows the X-ray diffraction pattern of the
copper nanoparticles prepared by the IFL method. We
observed characteristic diffraction peaks of copper
(PDF card no. 04-0836) located at 2θ = 43.3°, 50.4°,
and 74.1° and corresponding to the 111, 200, and 220
reflections from an FCC structure.

The X-ray diffraction pattern of the Cu@Cu2O
nanoparticles prepared after the addition of oxygen
(Fig. 5) shows characteristic diffraction peaks of cop-
per (Fig. 4) and the 111, 200, 220, and 311 reflections
from copper(I) oxide, located at 36.4°, 42.3°, 61.3°,
and 73.5°. The peak positions correspond to a Cu2O
standard (PDF card no. 05-0667).

The X-ray diffraction pattern of the CuO nanopar-
ticles in Fig. 6 contains characteristic peaks of cop-
per(II) oxide at 2θ = 32.52°, 35.55°, 38.73°, 48.75°,
53.4°, 58.31°, 61.57°, 65.8°, and 68.13° (PDF card no. 48-
1548): 110, 11, 111, 02, 020, 202, 13, 11, and 220.

It is worth noting that in none of the X-ray diffrac-
tion patterns of the three samples did we detect reflec-
tions from any impurity components. This indicates
that the IFL method allows one to obtain high-purity
nanoparticles. This is due, first, to contactless heating
of the metal, preventing reaction of the molten droplet
with parts of the experimental setup and, second, to
the single-step nature of the method and the absence
of additional contamination from the reagents used.

1
2 1

1 2 1 3
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Fig. 3. (a, c, e) TEM images, size distributions, and (b, d, f) SAED patterns of (a, b) Cu, (c, d) Cu@Cu2O, and (e, f) CuO
nanoparticles. 
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Fig. 4. X-ray diffraction pattern of the copper nanoparti-
cles. 
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Fig. 5. X-ray diffraction pattern of the Cu@Cu2O
nanoparticles. 
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Fig. 6. X-ray diffraction pattern of the CuO nanoparticles. 
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Fig. 7. Nanoparticle size distributions inferred from DLS
data. 
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Using the X-ray diffraction patterns and Scherrer
formula, we evaluated the average crystallite size
(Table 1):

(1)

where K is the Scherrer constant (K = 0.94), λ is the
X-ray wavelength (the wavelength of CuKα radiation is
0.15418 nm), β is the full width at half maximum of the
reflection, and θ is the diffraction angle.

In the final stage of our work, we used dynamic
light scattering to determine the size and size distribu-
tion of the synthesized nanoparticles. Nanoparticle
suspensions were prepared in n-hexane and their con-

λ=
β θ

,
cos
KD
Table 1. Characteristics of the nanoparticles

Sample SBET, m2/g SSTSA, m2/g DBET

Cu 17.2 17.3 39

Cu@Cu2O 21.4 21.7 –

CuO 119.8 122.1 8
centration was 1000 ppm. For each sample, results
were obtained by averaging over three measurements
performed in 90 s.

According to the DLS data in Fig. 7, the particle
size distribution is centered at 86 nm for the copper
nanoparticles, at 56 nm for the Cu@Cu2O nanoparti-
cles, and at 7 nm for the CuO nanoparticles. The large
difference in particle size between the first two sam-
ples is due to the strong tendency for nanoparticles to
agglomerate.

The present low-temperature (77 K) nitrogen
adsorption results are presented in Table 1. The spher-
ical shape of the synthesized nanoparticles (according
INORGANIC MATERIALS  Vol. 58  No. 9  2022
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Fig. 8. Adsorption–desorption isotherm for the copper nanoparticles. 
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to TEM results) made it possible to estimate their
average size from BET surface area data:

(2)

The nitrogen adsorption–desorption isotherms
thus obtained for all three samples were similar in
shape. Figure 8 shows the nitrogen adsorption–
desorption isotherm for the copper nanoparticles.
According to the IUPAC classification, this is a type IV
isotherm, characteristic of mesoporous structures.
Moreover, the observed hysteresis, due to capillary
condensation, can be classified as the H3 type. This
type of hysteresis is typical of solids containing slit
pores due to agglomeration processes.

CONCLUSIONS
Cu, Cu@Cu2O, and CuO nanoparticles have been

prepared by the IFL method and shown to be less than
40 nm in size and have a crystal structure.

The absence of reflections from any impurity com-
ponents in the X-ray diffraction patterns of all three
samples suggests that the IFL method allows one to
synthesize high-purity nanoparticles, which is due to
contactless heating of the material, the single-step
nature of the process, and the absence of additional
reagents in the nanoparticles synthesis process.

We examined the feasibility of preparing nanopar-
ticles differing in morphology by varying the amount
of oxygen delivered to the reactor. Reducing the gas
pressure in the apparatus ensured a sharp decrease in
the average size of nanoparticles synthesized by the
IFL method, down to a few nanometers. All of the

=
ρBET

6 .D
S
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samples have been characterized by a variety of physi-
cochemical methods.

IFL has been shown to be an environmentally
friendly method. It can be used for synthesis of
nanoparticles with controlled morphology in continu-
ous mode at a high production rate.
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