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Abstract−Uptake to cuprous oxide (Cu2O) nanoparticle synthesis with various particle sizes and shapes via supersatu-

ration chemistry approach (LaMer model) has been conducted. Ascorbic acid and maltodextrine as reducing agents

and polyvinylpyrrolidone (PVP) as a surfactant were utilized for synthesis of Cu2O nanoparticles in aqueous solution.

The narrow particle size range was achieved by controlling the kinetics of nucleation and growth of particles to satisfy

LaMer theory. This mean was performed utilizing different reducing agents (ascorbic acid and maltodextrin) and also,

changing the reducing agent addition condition. The results showed the reducing agent addition condition, varying

the size of Cu2O nanoparticles from 89 nm to 74 nm for drop-wisely and at-once routes, respectively. The samples were

characterized by XRD, SEM, and UV-Vis spectroscopy. The results indicate the shape of as-prepared cuprous oxide

nanoparticles have close relationship with thermodynamic and kinetic conditions, and also reducing addition condition.
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INTRODUCTION

Nanoparticles are attracting increasing interest on account of their
potential applications and unique features, which are strictly affected
by their size, morphology, and three-dimensional structures [1-3].
In the vast majority of investigations, synthesis of high quality nano-
particles with a controlled size and shape has been a significant re-
search focus in nanomaterials [4-6]. The foremost approach in the
synthesis of nanoparticles is crystallization, So that controlling of
the crystallization procedure has a significant role on the character-
istics of products and allows manufacturers to prepare materials
with desired and reproducible properties. The latest curiosity in nano-
crystals and other related types of nanomaterials is a further illus-
tration of the crystallization significance in science and technology
[7]. At the nanometer range, the optical, electronic, and catalytic
properties of nanomaterials are highly perceptive to their size and
shape [8]. Consequently, the crystallization process (nucleation &
growth) plays an important role in determining the crystal struc-
ture, shape, size and other morphological-related aspects of the nano-
materials. Therefore, a hypothetical approach to understand the mech-
anism of nanocrystals construction provides a greater control over
the size, shape, and structure of nanocrystals and consequent abil-
ity to tune the above-mentioned properties simply by varying the
crystallization conditions. One of the main aims of this approach of
nanocluster science is the ability to prepare nanocrystals that have
very narrow size distributions (which are called near-monodispersed).
The major reason is to understand why nucleation and growth mech-
anism of nanocrystals in solution have been the subject of increas-
ing study. However, concurrence between the theoretical models

and experimental results is not so proper. This is a general short-
coming of nucleation theories. Accordingly, nucleation theories in
general have little predictive power. It seems that a key goal of nucle-
ation study is to improve the accuracy of theory [8]. Paying atten-
tion to the crystallization and growth approach from the viewpoint
of application aspects seems to be an enormous feature of nano-
particle synthesis. One of these important areas is metal oxides and
especially metal oxide nanoparticles. Dependency of characteristic
of synthesized nanoparticles via crystallization-based routes is notice-
able. Basically, metal oxides play an important role and are of para-
mount importance in many rapidly developing research areas such
as the intersection of chemistry and materials science [9]. Potential
applications include sensors, microelectronics, corrosion protection
coatings, fuel cells, nanotechnology in general or catalysis [9,10].
Among the most widely used and characterized systems is copper, as
well as its corresponding oxides [11-13]. Here, the complexity mani-
fests itself by the presence of one important stable oxide with different
properties for the copper system, which is, Cu2O (Tm=1,235 oC, ρ=
6 gr/cm3). As a representative p-type semiconductor with a band
gap of about 2.2 eV, cuprous oxide (Cu2O) nanomaterials have been
widely used in solar energy conversion [14], gas sensors [15], photo-
catalysis [16,17], micro/nano electronics [18], lithium ion batteries
[19] etc. To date, various well-dened Cu2O nanostructures with dif-
ferent shapes and sizes, including hollow nano spheres [19,20], nano
cages [21,22], nanowires [23,24], nano cubes [25,26], and octahe-
dron [27,28] morphologies, have been synthesized. As is well known,
the shape, size and microstructure are the main factors that deter-
mine the chemical and physical properties of nanomaterials. There-
fore, it is still of great importance to prepare single-crystalline cubic
nanoparticles and to control the particle size in a narrow size distribu-
tion over a wide adjustable range with simple one-step additive-
free solution method at room temperature. At present, hydrother-
mal method [29], template method [30], and solution-phase syn-
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thesis method [16,21,23-28,31] are the main wet-chemical methods
developed for the synthesis of Cu2O nanoparticles.

Since the employed synthesis method has significant aspect on
the crystallization and phase transformation of acquired material,
many challenges have been arisen to utilize a method which has
sufficient prospective to prepare Cu2O nanopowders with designed
properties. Among the large number of theories proposed for the
correlation between the nucleation and the growth of the generated
nuclei, undoubtedly, the LaMer diagram suggested by LaMer and
Dinegar [32] could clarify how monodispersed particles are obtained
in a homogeneous solution. When the concentration of the precur-
sor solute, C, goes up to the critical level for nucleation, Ccrit (Cmin),
with its supply through generation in the system or feed from out-
side, the system virtually enters the nucleation stage. But it soon
reaches the peak, Cmax, because of the balance between the supply
rate of the precursor solute and the consumption rate for the nucle-
ation and the growth of generated nuclei. Then the curve declines
owing to the increasing consumption of the solute for the growth
of generated nuclei and reaches the critical level for nucleation again.
This is the end of the nucleation stage. After that, the concentration
of the solute still continues to be lowered by the growth of the gener-
ated stable nuclei under the supersaturation below the critical level
for nucleation without renucleation. Such a clear separation between
the nucleation and growth stages should yield monodispersed parti-
cles. Since the final number of the monodispersed particles is deter-
mined only in the nucleation stage and kept constant in the growth
stage, and also, because controlling of particle size is equivalent to
the control of particle number, the size control should be performed
during the nucleation step in such a system [32]. LaMer theory com-
petently describes the kinetic formation of particles which are con-
trolled by diffusion of elements (particles, ions, etc). Sugimoto’s
model [33] describes the formation of nanoparticles that their nucle-
ation and growth comport with the LaMer diagram and are con-

trolled by diffusion. Fig. 1 shows the LaMer diagram as a schematic
explanation for the formation procedure of monodispersed parti-
cles [32-34].

Present investigation involves a facile additive-free and room
temperature solution process for the synthesis of uniform cubic (lat-
tice) Cu2O nanoparticles. At first, synthesis and operational param-
eters’ effects on the nanoparticles and characteristics will be expressed
and also, as a foremost approach, nucleation and the growth of Cu2O
nanoparticles will be discussed. Additionally, characteristics of nucle-
ation and the growth mechanism of Cu2O nanoparticles will be stud-
ied on the basis of LaMer theory. The effect of operational parameters
on the characteristics of Cu2O nanoparticles also has been considered.

EXPERIMENTAL PROCEDURE

1.Materials

Due to synthesis of the Cu2O nanoparticles, copper acetate (Cu
(CH3COO)2·H2O), sodium hydroxide (NaOH), polyvinylpyrroli-
done (PVP), ascorbic acid (C6H8O6), and maltodextrin (C6H12O6)
were purchased from Sigma-Aldrich Co., Germany. All the chemi-
cals were of analytical grade and used without further purification.
Deionized water was used in the experiments.
2. Synthesis of Cu2O Nanoparticles

Cu2O nanoparticles were synthesized by using the following pro-
cedure. Typically, 0.05 g copper acetate, 0.2 g sodium hydroxide
separately were dissolved into 100 ml, 20 ml of deionized water,
and were mixed with constant stirring (0.0025M and 0.25M), respec-
tively. As a resulting solution, aqueous Cu(OH)2 was produced. In
the next step, 0.39 g ascorbic acid as a reducing agent was dissolved
in 15 ml deionized water (0.15 M) and subsequently was added to
the Cu(OH)2 solution prepared in the previous step. Within a few
minutes, the deep blue solution gradually became colorless and then
it turned burgundy type, which suggests the formation of Cu2O col-

Fig. 1. LaMer diagram-Separation of nucleation and growth process.
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loid in presence of oxygen atmosphere. To continue, sediment was
washed three times with distilled water and then the resulting colloi-
dal was dried at 80 oC to obtain the powder form of Cu2O sample,
and it was used for further characterizations. A schematic represen-
tation for the preparation of Cu2O nanoparticles is in Fig. 2. Addition-
ally, Eq. (1) and Eq. (2) show the above mentioned procedure:

Cu(CH3COO)2·H2O(aq)+2NaOH(aq)

→Cu(OH)2(aq)+2NaCH3COO(aq) (1)

2Cu(OH)2(aq)+C6H8O6(aq)→Cu2O(s)+C6H6O6(aq)+3H2O (2)

3. Effect of Reduction Rate

To study the effect of the reduction rate on the size and particle
size distribution, after preparation of Cu(OH)2 solution, that was
obtained from a combination of sodium hydroxide and copper ace-
tate, ascorbic acid as a reducing agent, was added in two different
modes. Meanwhile, drop-wise and at-once procedure was used to
evaluate the reduction rate for reducing agent.
4. Lamer Diagram for Ascorbic Acid as a Reducing Agent

To draw a LaMer diagram which is based on concentration changes
at different times and due to create a more supersaturated and short-
time nucleation, according to the results procedure mentioned in
section 2.2, a stoichiometric amount of reducing agent was added
at once to a solution containing Cu(OH)2 three times and during 60
minutes (in the order of 0.5, 5, 10, 15, 20, 30 and 60 mins), samples
of the solution in each time were analyzed by UV-Visible spectros-
copy, then concentrations of Cu2O nuclei were calculated. Finally,
the last concentration which measured over an hour, was consid-
ered as equilibrium concentration.

5. Characterization

To probing the feature, especially crystallite size, X-ray diffraction
using X’Pert Pro diffractometer (XRD-D8 ADVANCED-BRUCH-
ERS AXS model, Germany), with a copper anode K

α
 radiation in a

wavelength equal to λ=1.546Å was utilized. To study the absorption
spectrum of the samples, UV-Visible Spectrometer (Shimadzu UV-
17000, Japan) was used. Scanning electron microscopy (SEM), images
were obtained by TESCAN VEGAN II LMH (Czech Republic).

RESULTS AND DISCUSSION

1. Effect of Reduction Rate

XRD pattern of the reducing agent adding effect is illustrated in

Fig. 2. Schematic representation of Cu2O nanoparticles synthesis.

Fig. 3. Results of XRD analysis: Adding reducing agent (a) drop-
wisely and (b) at-once.
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Fig. 3. As can be seen, review peaks indicate that at-once addition
in comparison with drop-wised addition has the wider and lower
intensity of the XRD peaks. These outcomes proposed the forma-
tion of smaller crystallites for at-once route. By considering of the
integral width of (a) and (b) samples and placing in Scherer formula
crystallite size of 89.13 and 74.01 nm were obtained for a and b
method, respectively. Scanning electron micrographs of the two
above-mentioned processes show that synthesized particles in at-
once rout have the smaller diameter. SEM images of the dropwise
and also at-once adding system are in Fig. 4. From SEM images of
Fig. 4(a), it is known that by slow and staging reduction, the particle
size distribution is wider and vice versa; when the solution is reduced
quickly and at-once (Fig. 4(b)), the particle size distribution range
will be smaller. In a recent case, since adding a reducing agent per-
formed quickly, the reaction rate increases and the length of the nucle-
ation period is cut short. So the vast majority of nuclei will be com-
posed at a time and in a uniform range of particle sizes.

In addition, both above-mentioned solutions were checked due
to absorption peaks using a UV-visible spectrophotometer. Results
show that the peaks absorption edge of the at-once method is shifted
to the lower wavelength, and since the particle size is proportional
to the maximum wavelength (λmax) [35-37], indicating the mean
particle size is smaller, which is endorsing the results of XRD analysis
and yet possessed of more sharp peaks, suggesting that the particle
size distribution is smaller in this case. UV-Visible spectra and also

larger magnification inset for two different solution reduction rate
methods are presented in Fig. 5.
2. LaMer Diagram for Ascorbic Acid as a Reducing Agent

When ascorbic acid as reducing agent was used, even in less than
stoichiometric amounts, the reaction was done very fast and cuprous
oxide monomers were produced immediately. That is why at the
first 30 seconds (0.5 min) of the reaction time, the first UV-Visible
spectrum was considered. The results of analysis for samples pre-
pared at different times appear in Fig. 6. According to the spectrum
obtained in 0.5 min, a peak at wavelength of 452 nm is shown which
is related to oxides of copper (I), and also a stronger peak is shown
at a wavelength of 345 nm, which indicates the presence of biva-
lent copper complexes, related to some of the soluble Cu(OH)2, which
is still not reduced [38]. Over time, greater numbers of Cu(OH)2
were converted to Cu2O cores and with increasing concentrations
of single valence core copper, the peak intensity of copper(I) oxide
increased and the peak intensity of soluble Cu(OH)2 weakened (de-
clined); after 15 min of reaction, the peak of the soluble Cu(OH)2
disappeared completely. By the way, increasing of absorption peaks
is observed only in the first two sampling times (0.5 and 5 min),
and after the peak time of 10 min, the absorption process tends to
decrease. The latest spectrum after 60 min of reaction had a signifi-

Fig. 4. SEM images of (a) slow and (b) fast reduction.

Fig. 5. UV-Vis peaks, related to the effect of solution reduction rate.

Fig. 6. Analysis of the UV/visible spectra at (a) 0.5, 5, 10, 15, 20, 30, 60 and 30+PVP and (b) In larger magnification.
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cant decrease in peak intensity subsequently. Reduction in the absorp-
tion rate over time suggests the occurrence of phenomena such as
Ostwald or agglomeration of particles [39], which consists of a large
number of cuprous oxide nanoparticles, drawn together and for the
spectrometer is considered as one particle; this leads to a signifi-
cant reduction (decrease) in the concentration and amount of the
absorption edge [40]. Also, with more time passing, the peak width
is increased, which is caused by a broad particle size distribution,
due to the number of particles formed by sticking together and has
been resulting in the increasing of particle growth and particle size
finally [41].

The two peaks of UV at 30 min are observed using polyvinylpyr-
rolidone (PVP) during the initial times of reaction (15 minutes);
and the analysis taken at the time of 30 minutes compared to the
case of absorption peak of the sample without PVP, the absorption
rate will be higher, which indicates the presence of PVP, and can
prevent the next agglomeration of particles. To determine the concen-
tration of Cu+ ions at each sampling step, the absorption edge of each
sample (Fig. 7), is put in the linear equation y=653.27X−0.0444, ob-
tained from copper (I) oxide nanoparticles calibration curve. Changes
in the concentration of Cu2O cores versus time in Fig. 7 are plotted.
Results verified that the chemical synthesis of copper (I) oxide nano-
particles follows the same plot in the LaMer diagram and similar to
this graph. At the beginning of the process, an increase in concen-
tration was observed, and after the nucleation period and beginning

growth process, the concentration will be decreasing.
In Fig. 8, SEM images of the samples after 30min are illustrated,

which show that after 30min of reaction, the solution turned to pow-
der and was analyzed by SEM. The results indicate that in the first
30 minutes of the reaction, there is no agglomeration between parti-
cles, but in Fig. 9, which corresponds to the powder obtained after
60 minutes of reaction, agglomeration between particles is clearly
observed.
3.Change of the Reduction Factor and its Effect on the LaMer

Diagram

To draw a LaMer diagram by using maltodextrin as reducing agent,
a solution of copper acetate, sodium hydroxide, and maltodextrin
ratio of [Cu(CH3COO)2·H2O] : [NaOH] : [C6H12O6]≡1 :1 :3, in water
bath (80 oC) was prepared by mechanical stirrer at 500 rpm. It was
observed by changing the reducing agent from ascorbic acid to malto-
dextrin, the reaction proceeds slowly, which reflects the poor per-
formance of maltodextrin in the reduction than ascorbic acid, so it
requires more time to be reduced and for nucleation occur. As to
the first three minutes of the reaction, there is a blue-green solu-
tion, indicating the lack of the formation of copper(I) oxide mono-
mers; because of this after 4 min of reaction, when the solution was
red, the first UV-Visible spectrum of the solution was taken. At dif-
ferent times (10, 15, 20, 30 and 60 min), solution samples were taken
and analyzed by UV-visible analysis, respectively. The results of
analyses of the samples prepared at the time of 4, 10, 15, 20, 30
and 60 minutes appear in Fig. 10. According to the spectrum ob-
tained at 4 min, a weak peak of copper oxide (I) is observed at a
wavelength of 458 nm, while the stronger peak at wavelength of
345 nm is seen to imply the not reduction of Cu(OH)2 solution as
the peaks of the reduction by ascorbic acid over time and the reduc-
tion of Cu(OH)2 to Cu2O nucleation; the peak intensity of the nucleus
of cuprous oxide (I) increases and peaks of Cu(OH)2 will be weaker,
where over 20 min of reaction peak of Cu(OH)2 is completely gone.
Also, the rate of absorption peaks, indicating the intensity of the
absorption peak increased until 20 minutes and after that has fallen.
To investigate the concentration changes via LaMer approach Cu2O
nuclei concentration change versus time is plotted in Fig. 11. As
can be seen, the chemical synthesis of nanoparticles of copper (I)
oxide using maltodextrin as reducing agent follows the LaMer graph.
Fig.12 is related to the SEM images of the sample, which was ana-
lyzed after 60 min of the reaction, but 0.02 g amount of PVP was
added to the solution after passing 15 min of the reaction. Results
show that, while the maltodextrin is used as a reducing agent, due
to slow response and long-term nucleation period, conditions will

Fig. 7. Concentration of Cu+ changes over time (LaMer curve)-
Ascorbic acid as reducing agent.

Fig. 8. SEM images of particles prepared after 30minutes by ascor-
bic acid.

Fig. 9. SEM images of particles prepared after 60minutes by ascor-
bic acid.
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be similar to the mode in which the reduction factor was added drop-
wise to the original solution (slow reduction), and finally will lead
to the formation of wide particle size distribution. The images also
show that using PVP at the end of the nucleation period and before
starting growth can prevent agglomeration of particles. Fig. 13 pro-
vides the results of related to using two different reducing agents
(ascorbic acid and maltodextrin). Due to the slow response when
using maltodextrin, the monomer concentration slope increases less
and the time spent in the area of nucleation period and saturated

will be increased. So the long period of nucleation caused particle
growth and because of that, the particle size and distribution increased.
In contrast, when using ascorbic acid, monomer concentration in-
creased in a short time and the nucleation started immediately. This
leads to supersaturation and the formation of cores in a short time,
creating a thinner (sharp) nucleation area; and after all at the end of
the nucleation period, growth and settling particle begins. Results
show that the use of a strong reducer and increase in the reaction
rate, the particles will be formed in smaller sizes and the same. This
is due to the presence of abundant nucleation sites, which makes the
nucleation mechanism overcome growth and the number of nuclei
formed at a time will be much higher than when the reduction is
weak.

CONCLUSION

Cu2O nanoparticles using supersaturation approach successfully
have been synthesized. LaMer model, as the most applicable theory
in the scope of nucleation and growth of the particles, has been ap-
plied to consider the dependency of the crystallinity performance
on the operational parameters. The results showed that some factors

Fig. 10. Analysis of UV/visible spectra obtained at (a) 4, 10, 15, 20, 30 and 60 min and (b) In larger magnification.

Fig. 11. Concentration changes over time (LaMer curve)-malto-
dextrin as reducing agent.

Fig. 12. SEM images of particles prepared after 60minutes by mal-
todextrin.

Fig. 13. Comparison of the two LaMer diagrams by reduction
agents: Ascorbic acid and maltodextrin.
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accelerate the growth reaction, such as high temperature, creating
more supersaturation and at-once addition of a strong reducing agent
which cause short-time nucleation and separation of growth from
nucleation. Consequently, particles with smaller size and size dis-
tribution will be formed. In addition, according to the UV-visible
spectra obtained from the samples applying PVP as a stabilizer, in
comparison with sample without PVP, the peak width is smaller,
indicating a narrower size distribution and less agglomeration of
particles. This work points out that Cu2O nanoparticles with well-
controlled shapes, sizes, and structures can be obtained by the opti-
mization of thermodynamic and kinetic parameters.
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