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In this article, the synthesis and structural design of spherical, nonagglomerated particles of
copper powder, synthesized by ultrasonic atomization of copper sulfate solutions in hydrogen
atmosphere at 1173 K (900 °C), was investigated. Well-controlled particle sizes of Cu powders
were obtained from precursor solutions of various concentrations. The mean particle diameters
and the ranges of particle size distribution were investigated by scanning electron microscopy
(SEM). The diameter values of Cu particles obtained experimentally and estimated theoreti-
cally, using the most frequently applied atomization models, were compared. Special attention
was paid to our break up capillary waves model, described elsewhere and significantly advanced
by Jokanovic’s theoretical approach, which was applied for the first time to a copper metal
system as described in this article. The best agreement between the calculated and the experi-
mentally obtained values was found using this model.
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I. INTRODUCTION

TODAY submicron and micron particles of copper
are 1ndustr1ally produced either from copper sulfate
solutions by electrolytic recovery or by h;/drogen
reduction under high pressure in an autoclave.l”] In the
hydrocopper process, copper sulfate is reduced by
hydrogen at a temiperature of 448 K (175 °C) and
pressure of 25 bar.”! Previous experimental and theo-
retical studies have shown very good mechanical and
catalytic properties of so-obtained nanostructured cop-
per powders,”) which in many applications, as shown
elsewhere, are vastly superior to bulk copper materials.
This probably results from their fine grain size and
enhanced specific surface areas. There are, of course,
some drawbacks related to difficulties in preparation of
powders without thin oxide layers, which are frequently
formed immediately after their exposure to air, even in
the cases of very low concentrations of oxygen during
powder fabrication.

The application of copper nanoparticles of diameters
in the range 0.1 to 1000 nm in preparation of drugs for
delaying senility and treating cerebral ischemia and
cerebral thrombus squeal is well known. Its main
advantages are a curative effect and high levels of
safety. The use of copper in interconnection of inte-
grated circuits is one example of amazing copper
applications in nanotechnology. Today, the dominant
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application of copper nanopowders is in catalysis.
Although gold nanoparticles show the highest catalytic
activity, the advantages of nanocopper are significant;
its reactivity is similar to that of nanogold and its price is
much lower. Chemical reactions catalyzed by fine
copper powders, such as copper powders obtained by
ultrasonic spray pyrolysis, exhibit faster kinetics and can
be carried out at temperatures lower than those when
coarse powders are used. Copper nanoparticles can be
used in organic synthesis reactlons like the oxidation of
phenol wrth molecular oxygen,* oxrdatron of alkan-
ethiols,” couphn% of epoxyalkylhalides,” and in the
Ullmann reaction.l”? Also, the Cu nanoparticles enhance
the catalytic activity and selectivity of ZnO in hydration,
dehydration, and hydrogenation reactions in methanol
synthesis.®

The ultrasonic spray pyrolysis (USP) is an innovative,
powerful tool for the synthesis of particles of various
materials with controlled and narrow particle size
distribution.” '? The process also enables very efficient
powder morphology control and the use of relatively
cheap precursors. The precursors also have great
potential as efficient solutions for the synthesis of
various metal powders, among which copper powders
have a special place. In the USP process, an aqueous
metal-ion solution is atomized into the corresponding
aerosol. This aerosol is then transported by a carrier gas
into a hot reactor, where the acrosol droplets undergo
drying, droplet shrinkage, solute precipitation, thermo-
lysis, and sintering. Very short residence time, frequently
less than 1 minute, is generally long enough to ensure
the formation of desired spherical nanoproducts.

In this article, the well-known Lang equation/model
was compared with obviously more comprehensive
model of Jokanovi¢ et al.,'* ') which in contrast to
other models, given in literature, includes many additional
parameters, such as particle diameter size distribution,

VOLUME 43A, NOVEMBER 2012—4427



as well as subparticle diameters and the frequency of
their appearance. In this article, both models were also
compared with the corresponding experimental data for
Cu powders, synthesized from precursor solutions of
different concentrations. Therefore, the main aim of
these investigations was not only to synthesize nano-
structured Cu particles of well-defined morphology but
also to try to predict as accurately as possible their size
distribution by ca;)illary break up waves model given by
Jokanovi¢ er all*”

In agreement with our previous investigations, particle
design related to this model includes all particle struc-
tural levels, and therefore, it is of exceptional importance
for theoretical predictions of particle size distributions,
their design, and subdesign, successfully made for
various systems as reported in several articles.!'%!>17)

This approach developed for a number materials is
quite original and creates the possibility to produce
copper powders in advance of required particle size
distribution characteristics. In addition, to the best of
our knowledge, this approach by the first time is applied
for copper powders obtained by USP.

II. EXPERIMENTAL

A. Material and Procedure

Copper sulfate (CuSO45H,0; Merck, Darmstadt,
Germany) was used as a precursor for the synthesis of
copper powder by ultrasonic spray pyrolysis, carried out
in a USP setup composed of an ultrasonic atomizer, a
reactor with three separated heating zones, and an
electrostatic precipitator. The temperature and pressure
were controlled using a thermostat and a vacuum pump.
The atomization of the copper sulfate solution took place
in the ultrasonic atomizer (Gapusol 9001; RBI, Meylan,
France) with a transducer to produce the aerosol. In
accordance with our previous investigations,”'? the
resonant frequency was selected to be 2.5 MHz.

In this setup, nitrogen was flushed from a separate
bottle to remove air from the system. After that, hydro-
gen, as a reduction gas, was passed continuously through
a quartz tube (/ = 1.5 m, b = 42 mm) at a flow rate of
5 L/min. The atomized droplets of copper sulfate in an
ultrasonic generator were then transported by hydrogen,
as a carrier gas, inside a furnace.!” After hydrogen
reduction of the copper powder in the furnace, the
obtained nanopowder was collected on the surface of
an electrostatic collector (high-voltage device produced
by Eltex, Elektrostatik-GmbH, Weil am Rhein,
Germany).!”!

A scanning electron microscope (SEM) (ZEISS DSM
962, 1994; Carl Zeiss, Oberkochen, Germany) with a
W-cathode (lateral resolution 2.5 nm at 30 kV) was used
for characterization of the obtained copper powders.
SEM images were used to observe the surface morphol-
ogy of the particles formed at different parameter sets.
The impurity level was determined by energy-dispersive
spectroscopy analysis with an Si(Bi) X-ray detector,
connected with the SEM and a multichannel analyzer.
To prevent a possible cooper oxidation before SEM
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measurements, all samples were stored in small contain-
ers with volume only several times higher than powders
volume and sealed by parafilm.

III. RESULTS AND DISCUSSION
A. Theoretical Model of Particle Size Design by Lang

The generation of the cloud of droplets b?/ ultrasonic
waves was studied by many researchers.'®!”! One of the
most important approaches to estimate the mean size of
aerosol droplets, obtained by USP, is given by the well-
known Lang equation

oo ()7

where ¢ is the surface tension, p is the density of the
atomized solution, and f is the frequency of an ultra-
sonic wave. In this equation, 0.34 is an empirical Lang’s
constant, obtained from the corresponding fitted data of
his droplet measurements.

Assuming that the surface tension and density of the
precursor solution can be approximately taken to be the
same as those for water, e.g., 0 = 72.9 x 1073 Nm™!
and p = 1.0 g cm >, respectively, and using the experi-
mental frequency value of 2.5 MHz, the theoretically
predicted mean diameter of aerosol droplets by using
Lang formula is 2.28 um. This value is used for the mean
particle diameter calculations. Assuming that each drop-
let is transformed into one particle only and that the
coalescence or disintegration during atomization can be
neglected, the final particle diameter is calculated by using
the Messing equation!®”’

1/3
D.=d- G- Mcu / 2]
P pCu'Mp

where D, is the mean aerosol particle diameter, d is the
mean droplet diameter, M|, and C, are the molar mass
and the concentration of the precursor solution, Mc, is
the copper molar mass, and pc, is the copper density.

In agreement with the Messing equation, using the
parameters of our experiments (d: 2.28 um, Mcy:
63.55 g/mol, and pcy: 8.960 g/cm?) and the concentra-
tion values of used copper sulfate solutions (0.05, 0.1,
0.3, 0.51, 0.6, and 1.18 mol/L), the corresponding mean
copper particle diameters were calculated. The obtained
values are: 152, 193, 245, 333, 352, and 442 nm,
respectively.

It is obvious that according to the explanation offered
briefly in Section I for the mechanism of particle
solidification and the corresponding conditions that
favor the given mechanism, different precursor solution
concentrations may cause different mechanisms of
droplet precipitation. In agreement with this, the
shrinkage of droplets caused by solvent evaporation,
salt conversion into metal by hydrogen reduction, and
the formation and sintering of solid particles can have
different rates and efficiencies, causing finally different
degrees of particle volume reduction.

METALLURGICAL AND MATERIALS TRANSACTIONS A



B. Our Approach to the Theoretical Modeling
of Particle Design

1. Droplet and particle size prediction

The theoretical background for droplet and particle
size predictions is given in more detail in our previous
papers.'> 17 In this paragraph, only equations essential
for the calculation of various structural parameters of
Cu precursor are given. The first of the applied
equations is equation Eq. [3], which describes the
distribution of Cu-precursor droplet diameters, impor-
tant for subsequent calculation of the Cu particle size
distribution

1 (20m\} 1
= () W= v+ 21 3

where d, is the diameter of an aerosol droplet, ¢ is the
surface tension of precursor, p is the density of
precursor, f is the frequency of ultrasonic atomizer,
and / is an integer, / > 2.

To obtain each discrete particle diameter value,
Eq. [4] was used

1 1 1

where Iy, lpp, Iy are the frequencies of appearance of
the corresponding discrete values of diameters within
a given range, whereas Afy, Af>,...,Af, represent the dif-
ference between the values of shifted frequencies within
the terms related to the damping factor with respect
to the excitation frequency of the ultrasonic oscillator.
Assuming that the total contribution of all the frac-
tions that make up the size distribution of discrete
values of particle diameters is equal to one, the nor-
malization of particles partition is done using Eq. [5]

Inn+1Ip+...+Ion=1 5]

Equations [2] and [4] enable quantitative determina-
tion of contributions of all discrete diameter values of
Cu precursor droplets and subsequently Cu particles.

In this way, the resulting pairs of values (dis-
crete values given by Egs. [2] and [3] and their individ-
ual contributions given by Egs. [4] and [5]) provide a
complete picture of the particle distribution in the sys-
tem (they fully define the spectrum of particle size
distribution within the system).

2. Model prediction and experimental data
The experimental mean diameters of Cu particles (dyp)
were obtained from Eq. [6]

n
Z,':lnidi

da )]
n
Zi i

[6]

where 7; is a fraction of particles and d; its diameter. By
measuring particle diameters (the diameters of approx-
imately 200 particles were measured from SEM images,
Figures 1(a) through (c)), it was found that the mean
diameters of particles were: 230, 290, 460, 560, 580, and
710 nm, for Cu samples obtained from the precursor of
0.05, 0.1, 0.3, 0.51, 0.6, and 1.18 mol/L concentration,
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respectively. Their corresponding ranges of distribution
were: 210 to 320 nm, 240 to 390 nm, 260 to 960 nm,
290 to 800 nm, 270 to 800, and 500 to 1020 nm, respec-
tively. Between 80 pct and 90 pct of the particles were in
the range of 210 to 240 nm (¢ = 0.05 mol/L), 240 to
290 nm (¢ = 0.1 mol/L), 260 to 560 nm (¢ = 0.3 mol/
L), 400 to 690 nm (¢ = 0.51 mol/L), 400 to 740 nm
(¢ = 0.6 mol/L), and 530 to 820 nm (¢ = 1.18 mol/L).

Experimental particle-size distribution data, expressed
via particle diameters, for all precursor concentrations
are statistically compared by using average diameter
value, maximum and minimal diameter value, distribu-
tion range, and relative deviation. All these values are
given in Figure 1 and Table I. From these data, partic-
ularly those for relative deviation, it is obvious that the
diameter values are spread out/scattered over a wide
range of values (the lowest relative deviation was 16 pct
and the highest was 42 pct).

Besides this simple statistics analysis, the particle
diameter distribution data, for all precursor concentra-
tions, can be obtained by comparing the data for
experimental particle distribution with those obtained
by fitting these data to the Gaussian and the Lorenz
curve for probability distribution (Table II).

The sum of squared residuals (RSS), (RSS =
S (v — f(x:))%, where y; is the ™ value of the variable
to be predicted, x; is the i value of the explanatory
variable, and f(x;) is the predicted value of y;) is chosen
as a comparing parameter because it is a measure of the
discrepancy between the experimental data and applied
distribution functions (Gaussian and Lorenz). There-
fore, it follows that small RSS indicates a tight fit of the
model to the given data. In our case, both curves
(Gaussian and Lorenz) gave the best fit to diameter data
for the precursor concentration of 0.05 mol/L (RSS
calculated for fitting to the Gaussian function was
0.00038 and to the Lorenz function 0.00043), whereas
the worst fit was obtained for diameter data with the
highest RSS value (0.0434 the Gaussian and 0.0434 the
Lorenz function), which was gathered for the precursor
concentration of 0.6 mol/L (Table II). A very good fit
for both distribution curves (Gaussian and Lorenz) was
obtained only for the precursor concentration of
0.05 mol/L, whereas the fitting for the concentration
of 0.6 mol/L was fairly satisfactory. For all other
precursor concentrations, the fitting was unsatisfactory.
The most unsatisfactory fitting was obtained for pre-
cursor concentrations of 0.1 and 0.51 mol/L. For pre-
cursor concentration ¢ = 0.3 mol/L, the Gaussian
curve fitting was completely unsatisfactory, whereas
the Lorenz curve fitting was slightly better. From the
analysis of RCS, the same conclusions can be drawn.

For theoretical prediction of droplet and particle sizes
following the given model, Eq. [3] was used, whereas
Eqgs. [4] and [5] were applied for the determination of
their partitions.

According to the model, the calculated droplet
diameters are in the range 2.5 to 7.97 um (the set of
obtained values is as follows: 2.56, 3.97, 5.3, 6.6, and
7.97 pum, and their corresponding partition values
0.23, 0.34, 0.17, 0.14, and 0.12, obtained by using
Eqgs. [4] and [5]).
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Fig. 1—Typical appearance and distribution of Cu particles obtained by USP at 1173 K (900 °C) for various concentrations of CuSOy:
(a) ¢ = 0.05 mol/L, (b) ¢ = 0.1 mol/L; (¢) ¢ = 0.3 mol/L; (d) ¢ = 0.51 mol/L, (¢) ¢ = 0.6 mol/L, and (f) ¢ = 1.18 mol/L.

Applying Eq. [3], the values of particle diameters,
obtained by our model, are distributed between 139 and
432 nm for the precursor concentration 0.05 mol/L,
175 and 547 nm for the concentration 0.1 mol/L, 233
and 728 nm for the concentration 0.3 mol/L, 301 and
931 nm for concentration 0.51 mol/L, 314 and 977 nm
for concentration 0.6 mol/L, and between 393 and
1246 nm for concentration 1.18 mol/L (Figure 2).

The mean diameters of Cu particles, calculated by our
model (using Egs. [3] through [5]), are 258 nm (precursor
concentration ¢ = 0.05 mol/L), 322 nm (¢ = 0.1 mol/
L), 430 nm (¢ = 0.3 mol/L), 553 nm (¢ = 0.51 mol/L),
579 nm (¢ = 0.6 mol/L), and 725 nm (¢ = 1.18 mol/L)
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showing fairly good agreement with the corresponding
experimental values (Figure 2). Moreover, in both cases,
the distribution is similar and narrow.

In an analysis of theoretical predictions of average
particle diameters, the data obtained by using our model
were compared with the corresponding data obtained by
using the well-known Lange equation and with the
experimental diameter data, obtained for all investigated
precursor concentrations. The prediction of average
particle diameters according to the Lange equation gives
a set of values, given in Section III-A. A very high
degree of discrepancies, between these and experimen-
tally obtained data (from 33.4 pct, for the precursor
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Fig. I—Continued.

Table I. Average Diameter Value: Experimental (d,,), Jokanovi¢ d,,; Lange d,,1, Relative Deviation Values p Calculated
in Agreement to Jokanovi¢ and Lange (p = [d., — d.,(exp)l/d..(exp); doy= dyyy OF dyy1)

¢ (mol/L) da(exp) (nm) dayy (Jokanovic) (nm) Dy (Lange) (nm) P(djokanovic) (PCt) P(dLange) (PCL)
0.05 230 258 152 12 34
0.1 290 322 193 11 33
0.3 460 430 245 6.3 47
0.51 560 553 333 0.7 40
0.6 580 579 352 0.9 40
1.18 710 725 442 1.8 38
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Table II. The Statistical Parameters, Obtained by Fitting Experimental Data to the Gaussian and the Lorenz Curve

¢ (mol/L) RSS (G) RCS (G) RSS (L) RCS (L)
0.05 0.000379 0.000379 0.000431 0.000431
0.1 0.0434 0.0434 0.0434 0.0434
0.3 0.018 0.0045 0.00442 0.0011
0.51 0.01091 0.00156 0.01092 0.00156
0.6 0.01908 0.00273 0.01845 0.00264
1.18 0.00866 0.00124 0.00865 0.00124

RCS: reduced chi-square; RSS: sum of squared residuals.

concentration of 0.05 mol/L, to 46.6 pct, for the pre-
cursor concentration of 0.3 mol/L) is observed.

In contrast, the data obtained using our model for the
prediction of average diameter values showed a much
better fit to experimental data, for any given precursor
concentration. The maximal deviation from the exper-
imental value was 11.7 pct for the lowest precursor
concentration of 0.05 mol/L, whereas in some cases
(precursor concentrations of 0.51 and 0.6 mol/l), the
deviations were almost negligible (0.007 pct and
0.008 pct). The highest deviation can be attributed to
very low precursor concentrations, which can cause
partial droplet disintegration during their very fast
heating inside of the furnace tube, as shown in Figure 3.
These very low diameter values were excluded from the
obtained experimental particle diameters (these values
corresponding to precursor concentrations of 0.05 and
0.1 mol/l give diameters less than 180 nm), which were
probably generated by droplet exploding into several
independent fragments. This may be the reason for such
a high discrepancy between the average diameters
obtained experimentally and those predicted theoreti-
cally, using our model for precursor concentrations
0.05 and 0.1 mol/L (11.7 pct and 11 pct).

For higher precursor concentrations (0.3 to 1.18 mol/
L), excellent agreement between theoretical and exper-
imental data is evident. It seems that in these cases, the
droplet disintegration by their exploding did not occur.

According to Figure 4, the discrepancy between the
values obtained by Lang’s equation and the experimen-
tal ones is considerable (in the range from 33.4 pct to
46.6 pct; in all cases, they are lower than appropriate
experimental values, and in the inset at the upper left-
hand corner of Figure 4, they are signed as [-]), whereas
the discrepancy between the values obtained using our
model and those obtained experimentally is much
smaller, in the range from 0.007 pct to 11.7 pct. These
values are in some cases a little bit higher, whereas in
other cases, the values a little bit lower than the
experimental ones (in a small additional figure at
the left-hand corner of Figure 4 they are signed as [+]
or [-]).

Finally, the relationship between average particle sizes
and precursor concentrations, as it is shown in Figure 5,
gives a parabolic function with a high degree of fitting to
the corresponding experimental data. Therefore, by
applying appropriate equation (which describes this
function), it was possible to calculate the average
diameters from corresponding precursor concentrations.
This proves that it is possible to create precursor
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concentration for any requested average particle diam-
eter. This fact is of great practical importance from the
aspect of requested design of such kind of experiments.

3. Mechanism of droplets precipitation
and consequences

According to many reports, the way of precipitation
(volume, which gives a dense particle after full precip-
itation or surface, which gives particles as hollow
spheres or rings, or porous particles) in a given system
depends on various parameters, like solution supersat-
uration, temperature coefficient of precursor solubility,
degree of solubility and temperature of melting of
precursor salts, their three-dimensional networking,
o1 15:17.20]

In agreement, for a volume precipitation (which gives
dense particles) to occur, it is necessary to have a
precursor-solute with the following properties:

(a) Large difference between solute critical supersatu-
ration and equilibrium saturation (in our case the
precursor concentration was between 0.006 [the
lowest] and 0.14 [the highest] of the concentration
of saturation of CuSO45H,0 at 373 K [100 °C]).

(b) High solubility and positive temperature coefficient
to satisfy the percoloration criteria (thermal coeffi-
cient of solubility of CuSO45H,0 shows positive
value [0.8 °C™])

(c¢) Thermoplasticity or melting during the thermolysis
stage of USP (melting point of CuSO45H,0
— 373 K [110 °C]) should be neglected

(d) Colloid solutions and a partially hydrolyzed alkox-
ide system, which can very easily form three-
dimensional networks by gelling or polymerization,
are preferentially volume precipitated.

According to literature, it is obvious that our precur-
sor fulfills the above given criteria. The concentrations
of CuSO45H,0 precursor between 0.006 (the lowest)
and 0.14 (the highest) compared with the saturated
solution concentration at 373 K [100 °C]) show that the
concentrations are far below the solubility level. Great
differences in CuSO45H-O0 solubility at 20 K and 373 K
(100 °C) (approximately six times), and positive thermal
coefficient of solubility (0.8 °C~") show that criteria (a)
and (b) are fulfilled. After completing the process of
droplets precipitation on its surface, the temperatures
inside of this very thin layer rise rapidly, whereas the
temperature inside droplets volume remains 383 K
(100 °C), until the water completely evaporates. This
process causes a rapid increase in the surface temperature
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Fig. 2—Diagram of theoretical particle diameters for various precur-
sor concentrations: (a) ¢ = 0.05 and ¢ = 0.1 mol/L; (b) ¢ = 0.3 and
¢ = 0.51 mol/L, and (¢) ¢ = 0.6 and 1.18 mol/L, obtained by our
model.

of the droplets to the value of the melting point of
CuS0O45H,0 salt (the melting temperature of CuSOy
SH>O at 383 K [110 °C] is slightly higher than that of
boiling water). Therefore, diffusion of the remained
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Fig. 3—The typical appearance of small fragments of particles
obtained as a consequence of droplet disintegration for precursor
concentrations 0.05 and 0.1 mol/L.
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Fig. 4—(a) Average particle diameters for various precursor concen-
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Lang formula. (b) A shift in average values obtained by our model
and Lange formula from average experimental data.
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water in droplet becomes more difficult, causing the
deformation and potential breaking of the particles
generated from these droplets.

In agreement with this, a difference between solution
supersaturation and equilibrium saturation arises with
increased difference temperature on the surface droplets
and inside of their volume, during the heating inside of
the furnace. Also, it is known, in thermochemistry, that
copper sulfate pentahydrate decomposes at 336 K
(63 °C) by releasing two water molecules and two
additional ones at 382 K (109 °C). Finally, the last
remained water molecule releases at 493 K (220 °C). In
this way, the final product of salt dehydration becomes
CuSO, anhydrite, which decomposes into CuO and
SOz at 923 K (650 °C), without previous meltin%
between 383 K and 423 K (110 °C and 150 °C).2
Finally, CuO is hydrogen reduced to convert into Cu
powders.

From these facts, clearly shown in preceding short
explanation, the main conditions, which have to be
fulfilled to enable volume precipitation of a precursor
and to yield dense particles, are, more or less, satisfac-
tory for all used CuSO45H,0 concentrations (0.05, 0.1,
0.3, 0.51, 0.6, and 1.18 mol/L). For the lowest concen-
trations of CuSO4-5H,0 (0.05 and 0.1 mol/L) and larger
droplet diameters, partial surface droplet precipitation is
also possible. This is influenced by a relatively high
fraction of water compared with the fraction of dis-
solved precursor inside of such droplets.

These evidences are supported by very good agree-
ment between theoretically obtained particle diameter
values by using our model (which assumes dense
particles as final products) and the experimentally
obtained ones.

IV. CONCLUSIONS

The USP is a very promising method for the prepa-
ration of nanosized copper particles. USP of various Cu
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solutions, followed by hydrogen reduction, was shown
to be a suitable method for the synthesis of spherical,
nonagglomerated, and uniform nanopowders of copper
with particle sizes d = 230 to 710 nm.

The use of Jokanovi¢ and coworkers’ model allows
the estimation of mean Cu particle sizes as well as
characteristic parameters of Cu powder synthesis, such
as the frequency of droplet formation and the difference
between this frequency and forced frequency of ultra-
sonic generator. The mean theoretical diameters of Cu
particles obtained by the model were 258, 322, 430, 553,
579, and 725 nm for precursor concentration of 0.05,
0.1, 0.3, 0.51, 0.6, and 1.18 mol/L, respectively. This is
in good agreement with experimental mean particle
diameter values 230, 290, 460, 560, 590, and 710 nm,
respectively. In comparison with the Lang model, this
model showed significantly better agreement with the
measured diameter data.
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