
World of Metallurgy – ERZMETALL 58 (2005) No. 4 195

Srećko Stopić et al.: Synthesis of Spherical Nanosized Copper Powder by Ultrasonic Spray Pyrolysis

1 Introduction

Submicron and micron particles of copper are today in-
dustrially produced either from copper sulphate solutions 
by electrolytic recovery [1] or from hydrogen reduction in 
an autoclave under high pressure [2]. In the HydroCopper 
process the copper sulphate is reduced by hydrogen at the 
temperature of 175 °C and hydrogen pressure of 25 bar [2]. 
Early experimental and theoretical studies have revealed 
that nanostructured copper particles show interesting and 
improved mechanical and catalytic properties [3]. In many 
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Spherical, non-agglomerated nanosized particles of copper 
were prepared by ultrasonic dispersion of solutions from 
copper sulphate and copper acetate. A controlled parti-
cle size was realized through the choice of precursor and 
solution concentration as well as by changing the aerosol 
decomposition parameters. The experimental investiga-
tions were performed by ultrasonic sources of 800 kHz, 
acting on water solution of the metal salts (sulphate and 
acetate) forming aerosols with constant droplet sizes. This 
size depends on the characteristics of the solution and 
the frequency of the ultrasound. The subsequent thermal 
decomposition of the aerosol droplets was performed in 
a hydrogen atmosphere between 800 and 1000 °C. The 

choice of reaction parameters (different precursors and 
reducing agents, concentration of the initial solution and 
reaction temperature) is very important for the synthesis 
of uniform spherical metal particles. The paper presents the 
ways to control this synthesis through the choice of the re-
action parameters and compares the experimental results 
with a calculation of the average diameter of particles of 
Cu powder.
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Synthese von kugelförmigem Kupfer-Nanopulver mittels Ultraschallpyrolyse

Kugelförmige, nicht agglomerierte Kupfer-Nanopartikel 
wurden mittels Ultraschallsprühpyrolyse aus Kupfersulfat- 
und Kupferacetat-Lösungen hergestellt. Die Partikelgröße 
wird über die Auswahl der Vorläufer, die Konzentration 
der Lösung sowie die Reaktionsparameter kontrolliert. 
Die experimentellen Untersuchungen wurden mittels eine 
Ultraschallquelle von 800 kHz durchgeführt. Dabei wur-
den aus den Kupfersulfat und Kupferacetat Aerosole mit 
einem konstanten Tropfendurchmesser gebildet. Die Grö-
ße der Tropfen hängt von den Eigenschaften der Lösungen 
und von der Ultraschallfrequenz ab. Die nächste Spaltung 
von Aerosoltropfen wird mit Wasserstoff zwischen 800 und 

1000 °C durchgeführt. Die Wahl der Reaktionsparameter 
Vorläufer, Reduktionsmittel, Konzentration der unter-
suchten Lösung und Temperatur ist sehr wichtig für die 
Synthese der einheitlich kugelförmigen Metallpartikel. 
Die Synthese wurde über die Wahl der Reaktionspara-
meter kontrolliert. Die experimentellen Ergebnisse der 
Durchmesser der Kupferpartikel wurden mit den berech-
neten Werten verglichen. 
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applications, they are found to be much better than com-
monly used bulk copper materials, because of their very 
fine grain size and enhanced specific surface. Of course, 
the nanoscale and the related high specific surface have 
also some drawbacks. Such it is very difficult to prepare 
the powders without a thin oxide layer which is formed 
immediately by any exposure to air or even when traces of 
oxygen are present by fabrication. 

The biggest use of copper nanopowders represents the area 
of catalysis. This is the typical benefit coming along when 
using fine powders instead of bulk material. Chemical reac-
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tions catalyzed by fine powders exhibit faster kinetics and 
can be often carried out at lower temperatures in com-
parison to reactions catalyzed by bulk material or coarse 
particles. Copper nanoparticles have been used in organic 
synthesis reactions such as oxidation of phenol with mo-
lecular oxygen [4], oxydation of alkanethiols [5], coupling 
of epoxyalkylhalides [6], and in the Ullmann reaction [7]. 
Furthermore, nanoparticles enhance the catalytic activ-
ity and selectivity of ZnO in hydration and dehydration 
reactions, and hydrogenation reactions such as methanol 
synthesis [8].

The ultrasonic spray pyrolysis (USP) is an innovative and 
powerful tool for synthesis of particles with controlled and 
uniform particle size [9], because of the easy control of the 
powder morphology and the excellent availability of cheap 
precursors and the small operative costs. This technology 
has a great potential to be the future solution for the syn-
thesis of copper nanopowder. In the USP-process, a metal-
containing solution is cold atomized forming an aerosol. 
This aerosol is transported by a carrier, mostly a reduction 
gas into a hot reactor, where the aerosol droplets undergo 
drying, droplet shrinkage, solute precipitation, thermolysis 
and sintering to form spherical particles. Very short resi-
dence times of several seconds are mostly sufficient to en-
sure the formation of the desired spherical nanoproduct. 

The aim of this paper is to present investigations concern-
ing the synthesis of spherical nanoparticles of copper by 
the ultrasonic spray pyrolysis method. The investigation ex-
plains the influence of the different parameters of synthesis 
(different precursors and reducing agents, concentration of 
initial solution, reaction temperature) on the morphologi-
cal characteristics of powders based on thermochemical as 
well on experimental studies. 

2 Thermochemical analysis of hydrogen 
reduction

2.1 Hydrogen reduction of copper sulphate

In order to model the reaction system the following chemi-
cal reactions are considered:

CuSO4(aq) + H2(g) → Cu(s) + H2SO4(aq) (1)

CuSO4(aq) + 2 H2(g) → Cu(s) + SO2(g) + 2 H2O(g) (2)

3 CuSO4(aq) + 8 H2(g) → 
 Cu(s) + Cu2S(s) + 2 SO2(g) + 8 H2O(g) (3)

3 CuSO4(aq) + 8 H2(g) → 
 Cu(s) + Cu2O(s) + 3 SO2(g) + 5 H2O(g) (4)

The FactSage®-thermochemical analysis of hydrogen re-
acting with CuSO4 showed the following free reaction 
enthalpies for the four above mentioned reactions (Fig-
ure 1).

The thermochemical analysis in the temperature range 
between 800 and 1100 °C showed that all four reactions of 
reduction are possible. Besides reaction (1) an increase of 
the reaction temperature increases the possibility of hydro-
gen reduction in all investigated cases. Reactions (3) and 
(4) seem to be favorised, reaction (3) has the most negative 
value of free Gibbs energy. Unfortunately reactions (3) und 
(4) promote the formation of undesirabled Cu2S und Cu2O. 
An additional thermochemical analysis was performed 
in order to determine the reaction conditions concerning 
the excess of hydrogen with the aim to identify a process 
window suppressing the formation of copper sulphide and 
copper (I) oxide. (Figures 2a and 2b).

Fig. 1: Thermochemical FactSage®-analysis of hydrogen reactions with 
CuSO4 between 800 °C and 1100 °C

Fig. 2: Phase areas of Cu, Cu2O and Cu2S depending on the stoichiometric coefficient of H2 at a) 800 °C and at b) 1000 °C 

a) b)
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Concerning the synthesis of copper without the presence 
of copper oxide and copper sulphide the calculated stoi-
chiometric coefficient of hydrogen should amount 1.00 and 
1.12 at 800 °C (Figure 2a). An increase of the temperature 
from 800 °C to 1000 °C increases the necessary value of 
the calculated stoichiometric coefficient of hydrogen to 
2.35 (Figure 2b). Because of this fact it is very important to 
ensure the required quantity of hydrogen for the planned 
reduction. 

2.2 Thermal analysis of decomposition  
of copper acetate (CuAc), (CH3COO)2Cu 

As thermodynamical data of copper acetate is not available 
in the present FactSage®-database, a similar thermochemi-
cal analysis could not be performed. Such, the decomposi-
tion behaviour of (CH3COO)2Cu was investigated using 
thermogravimetric TGA and differential thermal analysis 
DTA. This study was conducted under argon atmosphere 
in a temperature range between 25 °C and 1000 °C using 
Derivatograph NETZSCH STA 409 with α-Al2O3. The 
heating rate amounts 10 °C/min.

The first step of decomposition of CuAc was noticed at 
164.2 °C (Figure 3) and may be assigned to the reaction:

(CH
3
COO)

2
Cu ⋅ H

2
O → (CH

3
COO)

2
Cu + H2O (5)

The second step of CuAc decomposition of was noticed at 
296.4 °C, most probably related to the two reactions:

(CH3COO)
2
Cu → CuCO

3
 + (CH

3
)

2
CO (6)

CuCO
3 
→ CuO + CO

2 (7)

It can be supposed from the thermochemical results, that 
under the experimental conditions the hydrogen reduction 
of CuAc is possible at temperatures above 600 °C follow-
ing Eq. (8):

CuO + H2 → Cu + H2O (8)

3 Experimental – Material and procedure

CuSO4 and CuAc (Merck, Darmstadt, Germany) was used 
as precursor materials for the preparation of copper pow-
ders by ultrasonic spray pyrolysis, using the equipment 
shown in Figure 4. The apparatus consists of an aerosol 
generator, a electrical heated reaction furnace carrying a 
quartz tube (670 mm length and 20 mm diameter) and a 
powder collection chamber. The experiments were carried 
out in the temperature range between 800 °C and 1000 °C 
in H2 atmosphere. Two sets of experiments are performed 
(Table 1). The first five experiments are connected with 
the reduction of copper sulphate by hydrogen. The experi-
ments from 6 to 11 build up the second set concerning the 
reduction of CuAc by hydrogen.

Atomization of the copper sulphate and CuAc solutions 
took place in an ultrasonic atomizer (Pyrosol 7901, RBI, 

Fig. 3:  
DTA and TGA analysis of de-
composition of copper acetate in 
argon

Fig  4: Experimental apparatus for the USP-synthesis of copper parti-
cles (bottles with H2 and N2, flowmeter, thermostat, aerosol gen-
erator, quarz tube, tube furnace, collection of powders)
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France). Only one transducer was implemented to create 
the aerosol. For this ultrasonic atomizing system, the reso-
nant frequency was selected to 0.8 MHz. Nitrogen with a 
flow rate of 1 l/min was used for oxygen removal. Under 
spray pyrolysis conditions a hydrogen atmosphere at a flow 
rate of 1 l/min passed continuously the quartz tube. The cal-
culated retention time of droplets in the reaction zone was 
calculated to be about 1 s [9]. An X-ray diffractometer (Sie-
mens D 5000) and a scanning electron microscope (Zeiss 
DSM 982 Gemini) were used for the characterization of 
the obtained copper powders. SEM images were used to 
observe the surface morphology of particles formed at 
different parameter sets. The qualitative characterization 
of the impurity level was performed by energy disperse 
spectroscopy (EDS) analysis with a Si(Bi) X-ray detector, 
connected with the SEM and a multi-channel analyzer.

4 Results and discussion

4.1 Hydrogen reduction of copper sulphate

4.1.1 Effect of temperature

The influence of temperature was investigated at 800 °C, 
1000 °C and 1083 °C. The EDS analysis of copper powder 
prepared at 800 °C revealed the presence of Cu, S and O. 
This indicates an incomplete reduction of the precursor at 
800 °C (Exp. 1, Figure 3a), what was already supposed by 

Tab. 1: Experimental conditions for the preparation of nanosized Cu 
powder from aqueous solutions of CuSO4 and CuAc 

No. solution T  
[°C]

c  
[mol/l]

gas reduction 
agent

cHCOOH 

[mol/l]

1 CuSO4 800 0.1 H2

2 CuSO4 1000 0.1 H2

3 CuSO4 1000 0.05 H2

4 CuSO4 1000 0.2 H2

5 CuSO4 1000 0.1 H2

6 CuAc 800 0.1 H2

7 CuAc 1000 0.1 H2

8 CuAc 1000 0.05 H2

9 CuAc 1000 0.2 H2

10 CuAc 800 0.1 N2, HCOOH 3

11 CuAc 800 0.2 N2, HCOOH 6

the thermochemical analysis in chapter 2.1 The disappear-
ance of S and O in the obtained copper powder synthesized 
at 1000 °C (Exp. 2, Figure 5b) can be assigned to an almost 
complete reduction. A further temperature increase to 
1083 °C leads to presence of small traces of oxygen (Exp. 5, 
Figure 5c).

CHAMPION et al. [3] reported that due to high pyrophoric-
ity, nanoparticles need to be passivated by soft oxidation, 
which leads to the formation of a 3 to 5 nm thin layer of 
cuprite on their surface. The passivation step is of impor-
tance, since it allows to handle the powder in air during the 
following steps in powder processing. However, this oxide 
layer has a strong effect on the sintering ability of the na-
nopowder and the quality of the sintered object because of 
the oxide reduction with hydrogen occurs for nanoparticles 
at lower temperature than for micron range particles.

4.1.2 Effect of copper sulphate concentration

Three concentration levels of copper sulphate (0.05, 0.1 
and 0.2 mol/l) were used for synthesis (experiments 3, 2 
and 4) at 1000 °C, Figures 6a, 6b and 6c show the result-
ed SEM micrographs of the obtained copper powder. At 
0.05 mol/l CuSO4-concentration the powder is composed 
of non-agglomerated and almost spherical nanoparticles 

Fig. 5: a) EDS analysis for copper powder obtained in experiment (1) at 800 °C from a CuSO4 solution, b) EDS analysis for copper powder obtained 
in experiment (2) at 1000 °C from a CuSO4 solution, c) EDS analysis for copper powder obtained in experiment (5) at 1083 °C from a CuSO4 
solution

a) b) c)

Fig. 6a: SEM micrograph of Cu powder using a CuSO4 concentration of 
0.05 mol/l (Exp. 3, 1000 °C)
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between 30 nm and 35 nm. An increase of the concentra-
tion to 0.2 mol/l leads to fully spherical and dense particles 
of sizes between 125 nm and 720 nm.

Nevertheless always big particles and satellites are present 
in the obtained powders. It is most likely that a coalescence 
of droplets occur during the spray, drying and/or pyrolysis 
steps,. The agglomeration of aerosol droplets is especially 
enhanced at high flow rates of the carrier gas due to tur-
bulence effects.

4.2 Hydrogen reduction of copper acetate (CuAc)

4.2.1 Effect of the hydrogen source

The reduction of copper acetate was performed using gase-
ous hydrogen from the bottle supply (Figure 7a) as well as 
using in situ hydrogen, generated from the decomposition 
of formic acid HCOOH (Figure 7b).

In both cases spherical particles of sizes between 380 nm 
and 490 nm with small amount of satellites were obtained. 
A strong surface adhesion was seen due to the presence of 
carbon based organic derivates from HCOOH. Using for-
mic acid and nitrogen gas flow for the reduction of copper 

acetate in nitrogen showed similar results to a pure hydro-
gen flow. XIA et al. [10] already mentioned that formic acid 
decomposes below 100 °C by simultaneous reactions, but 
with different kinetics:

Fig. 6b: SEM micrograph of Cu powder using a CuSO4 concentration of 
0.1 mol/l (Exp. 2, 1000 °C)

Fig. 6c: SEM micrograph of Cu powder using a CuSO4 concentration of 
0.2 mol/l (Exp. 4, 1000 °C)

Fig. 7b: SEM micrograph of copper powder obtained at 800 °C from 
0.1 mol/l CuAc (Exp. 10) by reduction using formic acid

Fig. 7a: SEM micrograph of copper powder obtained at 800 °C from 
0.1 mol/l CuAc (Exp. 6) by direct hydrogen gas reduction

Fig. 7c: EDS analysis for copper powder obtained by reduction of CuAc 
using formic acid as hydrogen source
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HCOOH→ CO2 + H2 (9)

HCOOH→ CO + H2O (10)

The formic acid decomposes to reducing gases such as 
H2 and CO, which also protect the copper powder like 
“bottle”-hydrogen does. Similar EDS analysis confirmed 
the above-mentioned results (Figure 7c). On the powder 
surface only a small amount of oxygen (probably a layer 
of Cu2O) can be detected.

4.2.2 Effect of copper acetate concentration 

The influence of different concentration of copper acetate 
(0.05, 0.1 and 0.2 mol/l) was considered at 1000 °C. The ob-
tained micrographs are presented in Figures 8a, 8b and 8c.

The increase of the CuAc concentration lead to spherical 
particles of almost similar morphology, but also to increased 
particle size as expected. In all cases spherical particles of 
sizes between 240 nm and 650 nm were synthesized. Es-
pecially in the case of 0.2 mol/l the powder reveals high 
uniformity and a small amount of satellites (Figure 8c).

4.3 Particle size of obtained powder

The connection between the mean diameter of aerosol 
droplets and the frequency of the ultrasonic atomizer was 
earlier studied by PESKIN and RACO [11]. They identified the 
following relationship:

D = 0.34 ⋅ (8⋅π⋅γ/ρ⋅f 2)1/3 (11)

where D is the mean droplet diameter, γ the surface ten-
sion, ρ the density of the atomized solution and f the 
frequency of the ultrasound. Assuming that the charac-
teristics of water are close to those of the used diluted 
precursor solution, the parameters of our experiments 
γ = 72.9·10-3 Nm-1, ρ = 1.0 g cm-3, f = 800 MHz lead to a 
calculated value of the ultrasonically dispersed droplet 
diameter of D = 4.79 µm. An increase of the operating 
frequency decreases the aerosol droplet size. 

The expected mean particle diameter of the finally ob-
tained Cu powder after hydrogen reduction can be calcu-
lated from the value of the aerosol droplet size. Depending 
on the initial concentration of the solution, assuming that 
each droplet is transformed into one particle and that dur-
ing atomization no coalescence occurs, the final particle 
diameter can be calculated using formula (12), which was 
previous presented by MESSING [12]: 

Fig. 8: SEM micrographs of hydrogen reduced Cu powder using a CuAc concentration of a) 0.05 mol/l (Exp. 8, 1000 °C), b) 0.1 mol/l (Exp. 7, 
1000 °C), c) 0.2 mol/l (Exp. 9, 1000 °C)

Fig. 9: Calculated particle size of copper after aerosol drying and hydro-
gen reduction, depending on the CuSO4 concentration in solu-
tion 

Dρ = D ⋅ (Cρ ·MCu /ρCu M P)1/3 (12)

where Dρ is the mean particle diameter, D the mean droplet 
diameter, M ρ and Cρ are the molar mass and concentration 
of the precursor (here CuSO4 or CuAc) and ρCu is the den-
sity of copper. Using the parameters of our experiments: 
D: 4.79 µm, MCu: 63.55 g/mol and ρCu: 8.960 g/cm3

 the calcu-
lated mean particle diameter of copper developes with the 
precursor concentration as Figure 9 shows.

As can be seen the particle size decreases with dilution 
of the precursor concentration in the solution as a result 
of the reaction in a smaller volume. After generation of 
drops from a precursor solution spray pyrolysis involves 
three major steps: 1) drop size shrinkage due to evapora-
tion, 2) conversion of precursor into metal due to hydrogen 
reduction and 3) solid particle formation. The vapor diffu-
sion proceeds much faster than the droplet shrinkage and 

Tab. 2: Experimental and theoretical diameters of particles of copper 
obtained at 1000 °C with 800 MHz ultrasound frequency

Particle size [nm]

Concentration of precursor solution 
[mol/l]

0.05 0.1 0.2

Calculated value accord-
ing to Eq. 12

339 427 538

Experimental results  
obtained from CuSO4

30-34 350-560 125-710

Experimental results  
obtained from 
(CH3COO)2Cu

240-559 not measured 285-651
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reaches steady state before there is a significant change in 
droplet size [12]. 

The calculated and experimentally obtained values of the 
Cu powders are presented in Table 2.

Differences between calculated and experimentally ob-
tained values may be due to the approximate values used 
for surface tension and density of aqueous solution, micro-
porosity of particles, and also due to coalescence/agglomera-
tion of aerosol droplets at a high flow rate for the carrier gas 
(turbulence effects). Also in the equation (12), based on the 
assumption of one particle per one droplet, the influence of 
temperature on the mean particle size was not taken into 
account. For serious consideration of this relationship the 
aerosol droplet size and particle size should be precisely 
measured and matched and the model has to be modified.

5 Conclusion

The ultrasonic spray pyrolysis (USP) is successfully intro-
duced for the preparation of nanosized copper particles. 
The investigation regarding the influence of reaction pa-
rameters on the reduction of initial solution showed:

• Aerosol generation by ultrasonic spray of Cu solutions 
followed by hydrogen reduction pyrolysis is suitable for 
the synthesis of spherical, non-agglomerated and uni-
form nanopowders of copper with particle sizes from 
D = 30 nm to 700 nm.

• Copper sulphate and copper acetate were both suitable 
to prepare copper powder by ultrasonic spray pyrolysis 
method. In both cases optimal morphology was reached 
at 1000 °C, 0.2 mol/l Cu. Comparing the results in Exp. 4 
(Figure 6.c) and Exp. 9 (Figure 8c) both precursor mate-
rials allow to produce fully spherical and dense particles 
of a size between 100 nm and 700 nm. In comparison to 
copper sulphate the use of copper acetate enables the 
complete reduction even at 800 °C. HCOOH can be 
used to provide a reductive atmosphere in situ during 
spray pyrolysis and thus make it unnecessary to use 
gaseous H2.

• The use of CuSO4 may result in a sulphur contamina-
tion, the risk of CuAc is the formation of sticky sur-
faces due to derivates from the organics. The increase 
of the reaction temperature from 800 to 1000 °C leads 
to a complete hydrogen reduction of solution of copper 
sulphate. The increase of the precursor concentration 
increases the final particle size and uniformity of the 
obtained Cu powder. On the powder surface a thin 
oxide film is present (protective layer of Cu2O).

• Although the one particle per droplet model fits in many 
cases, it does not explain the difference between calcu-
lated and measured particle sizes. A different model 
should be investigated (e.g. gas to-particle conversion 
mechanism).
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