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ABSTRACT 

Copper oxide (CuO) nanorod-like structures made of spherical nanocrystals were synthesized 

at moderate temperature (80°C) starting from CuCl2•2H2O crystals in a water/n-heptane 

microemulsion stabilised by the nonionic Brij-30 surfactant. Whole Powder Pattern Modelling of the 

X-ray diffraction pattern shows absence of linear and planar defects with crystalline domains in the 

range of 4 - 8 nm. A linear correlation between the average size of the particles and the quantity of 

water in the system was observed: all synthesised specimens show a large blue shift of the energy 

bandgap (up to 2.7 eV versus 1.2 eV of bulk CuO) resulting from quantum confinement effects. The 

mechanism of growth of the spherical nanoparticles into nanorod-like structures has been elucidated. 
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1. INTRODUCTION 

Nanostructured semiconductor materials have stimulated intensive research interest in the 

recent years due to their unique properties (different from the bulk ones) and the potential applications 

in photonic and nanoelectronics [1-3]. Synthetic 1-dimensional nanostructures such as e.g. quantum 

dots, nanorods or nanotubes, are ideal systems for the study of dimensional and morphological 

dependence of optical, electrical and mechanical properties of final materials [4]. It is believed that 

nanostructures with dimensions of a few nanometers will have novel and unique physical and chemical 

properties due to quantum confinement effects.  

High-temperature superconductivity in materials such as copper oxide perovskites [5, 6], has been 

attributed to a Jahn-Teller distortion in a highly symmetric divalent copper monoxide structure which 

introduces a strong electron-phonon interaction leading to the superconductivity. The need to 

understand the origin and mechanism of this phenomenon has led to extensive studies of simple and 

complex copper oxides [7-9]  

Monoclinic cupric oxide CuO (tenorite, space group C2/c, a = 4.6850 Å, b = 3.4230 Å, c = 5.1320 Å, 

β= 99.52°, ICDD PDF card # 72-0629) is an important p-type transition metal oxide. The material is a 

direct bandgap semiconductor. It couples a narrow band gap (Eg = 1.2 eV - 1.8 eV) [10-12] with a set 

of properties such as high-temperature superconductivity and good photoconductivity and 

photochemical properties [13]. This largely explains the growth of applications in the last years in the 

more diverse fields such as solar cells [14], gas sensors [15], field emission (FE) emitters [16], and 

lithium ion battery electrode materials [17]. 

The structure of CuO is certainly an exception in the periodic table [18]: all neighbouring oxides (from 

MnO to NiO), in fact, show the cubic rocksalt structure and are correlated antiferromagnetic (AFM) 

insulators [19-22]. Cupric oxide, on the contrary, is monoclinic, ferroelectric [18] and recent studies 

seem to indicate it possesses at least three different magnetic polymorphs [23, 24]. 

Size and morphology of copper oxide particles have a strong effect on the optical, 

semiconducting, and piezoelectric properties of the material. To investigate for those effects and for 

possible applications, nanostructured copper oxides have been synthesised in several shapes such as 
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nanobelts [25], nanorods [26], nanowires [27], and nanoribbons [28]. Several techniques, ranging from 

reverse micelles microemulsions [29], electrochemical and sonochemical deposition [30, 31], chemical 

vapour deposition [32], alcoho-thermal and hydrothermal synthesis [33, 34], thermal decomposition 

[35] and high-temperature synthesis [36] are available to produce such non-equilibrium morphologies. 

Self-assembly (e.g. reverse micelle microemulsions) driven e.g. by surface tension, capillary effects, 

electric and magnetic forces, and hydrophobic interactions, is an effective strategy for forming a wide 

variety of motifs, otherwise impossible to form under equilibrium conditions [34, 37, 38]. However, 

precise control over nanocrystalline CuO synthesis remains a big challenge. 

The availability of good techniques for the measurement of size and size distribution of crystalline 

domains is also a critical factor. Techniques such as TEM and XRD Line Profile Analysis usually 

provide information only about the average particle size (e.g. Scherrer formula [39] and Williamson-

Hall plot [40]) or are limited to the analysis of a small number of particles (TEM). Moreover, TEM 

analysis may suffer of systematic errors caused by the specimen preparation and by the presence of 

extensive agglomeration of nanoparticles. The Whole Powder Pattern Modelling (WPPM) of X-ray 

diffraction data is a possible solution, being at the same time statistically valid (millions of particles 

sampled), relatively unaffected by specimen preparation issues, and user-independent. The technique 

provides a complete microstructural information on nano-scale powders based on the direct refinement 

of physical models on the experimental data, with no arbitrary assumptions on the peak profiles. 

In this paper, we present results of a thermally mediated single reverse micelle microemulsion method 

for the preparation of nanorods-like CuO nanocrystals. The analysis of the crystals reveals some 

insights on the possibility of self assembly of spherical particles into long chains, imparting an overall 

rod-like shape to the particles. 

2. EXPERIMENTAL 

2.1. Materials and specimens  

A stable reverse micelle microemulsion was prepared by mixing a non-ionic surfactant 

(Polyoxyethylene 4 Lauryl Ether (C2H4O)nC12H26O, n4, -Brij 30) and oil (n-heptane) and then 

subsequently adding deionised water (< 1.8 µS/cm). Batches of 20 ml were made by adding a fixed 
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volume (16.54 %) of surfactant (Brij 30, Sigma Aldrich 98% purity) to n-heptane (Sigma Aldrich, 99% 

purity) and further adding a varying content of deionised water (1-5%). The surfactant concentration 

has been chosen to ensure a stable microemulsion as observed in the literature [41, 42, 43]. Table 1 

identifies the various batches and the corresponding specimens. Each batch was produced at least 3 

times to guarantee the reproducibility of the result.  

An aliquot of 25 mg of CuCl2•2H2O (Sigma Aldrich, 6174-250GF) crystals was added to each 

microemulsion and left under magnetic stirring for 10 mins until a sky blue transparent mixture was 

obtained. 50mg of NaOH crystals were then dissolved into the mixture under constant stirring for 

about 15 mins. A deep blue microemulsion was obtained without precipitation. 

The mixture was then heated at 80°C and kept under gentle stirring at 20 rpm for 4 hours. The 

mixture gradually changed from deep blue to greenish-blue then to dark brown. The so-formed sol was 

allowed to cool to room temperature and then added 10 ml acetone (Sigma Aldrich 99% purity) to 

break the microemulsion. 

Particles were subsequently washed with 10 ml ethanol and 20 ml deionised water. For a faster 

and effective collection, the solution was centrifuged four times at 6000 rpm for 5 mins. No 

macroscopic agglomeration was observed. Powders were dried at ≈100°C on (h00) Si wafer for XRD 

analysis. 

 

2.1. Characterisation techniques 

X-ray powder diffraction (XRD) patterns were collected on a Rigaku 3D-max Bragg-Brentano 

diffractometer operating with a copper tube (Cu K  radiation) at 40 kV and 30 mA. The goniometer is 

equipped with a curved-crystal graphite analyser in the diffracted beam, providing a symmetrical 

instrumental profile over the investigated range.  

Data for all specimens were recorded in the 30 - 70° 2θ range with a step size of 0.1° and a counting 

time of 20 s per step. Data were analysed using the Whole Powder Pattern Modelling (WPPM) method 

[44] implemented in the PM2K software [45]. The instrumental resolution function was characterised 
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with the NIST SRM 660a (LaB6) standard [46, 45]: all peak profiles of the LaB6 phase were 

simultaneously fitted with symmetrical pseudo-Voigt functions whose width and shape were 

constrained according to the Caglioti et al. formulae [47]. 

Transmission electron microscopy was performed on a Philips EM400T electron microscope 

operated at 120 kV and providing a maximum resolution of 3.0 Å. 

Transmission FTIR spectra were recorded on a Nicolet Avatar 550 (Thermo Optics Electron 

Corporation, Waltham, MA) instrument in the 4000 - 400 cm
-1

 range with 2 cm
-1

 resolution; the 

Spectrum v5.3.0 software was employed for the FTIR analysis. 

UV-Vis-NIR was performed on a Varian Cary 5000 spectrophotometer in the range of 300 - 

850 nm based on an R928 (PMT) detector with a resolution of 2 nm. 

 

3. RESULTS AND DISCUSSION 

3.1 Synthesis 

In aqueous solution, CuCl2•2H2O dissociates into [Cu(H2O)6]
2+

 ions (responsible for the sky 

blue colouring) and Cl
-
 anions. Coordination of Cl

-
 with other Copper ions may partially occur. In the 

[Cu(H2O)6]
2+

 structure, six water molecules completely surround each Cu
2+

 ion, shielding it. Due to the 

solvating action when copper salt is dissolved in water, four water molecules surround the Cu
2+

 to 

form a square structure (Cu(OH)4
2-

), and the other two water molecules locate at its axis. According to 

the anionic coordination polyhedra theoretical model [48-52], cations exist in the form of complexes 

whose ligands are OH
-
 ions in an aqueous solution: the complex whose coordination numbers are equal 

to that of the crystal formed is called a growth unit. Moreover, the formation of growth units and the 

incorporation of the growth units into the crystal nucleus are induced by a dehydration reaction. 

Accordingly, the growth units for CuO nanocrystals are considered to be Cu(OH)6
4-

, a coordinating 

octahedron in the NaOH solution. In this case, four OH
-
 ions are arranged on a planar square, and the 

other two OH
-
 ions are located on a perpendicular axis. 
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The binding energies of the two OH- ions located on the octahedron axis are lower than those 

of OH- located on the plane [14]. This means that the two OH
-
 ions located at the axis are easily 

replaced and dehydrated to form CuO nanocrystallites, so that the growth rate along the axes is higher 

than in the plane. The growth mechanism and formation of different shapes of CuO nanocrystals (e.g. 

nanorods, nanobelts, nanowires, etc) can be explained with this difference in growth rates along 

various directions. The reaction temperature can play an important role there. More in detail, the 

reactions leading to the formation of CuO can be summarised into: 

2 2CuCl (aq)+2NaOH(aq) Cu(OH) (aq) 2NaCl(aq)     (1.1) 

 
2-

2 4
Cu(OH) (aq) 2OH (aq) Cu OH (aq)         (1.2) 

 
2

(s) 24

heatCu OH (aq) CuO 2OH (aq) H O


         (1.3) 

At low temperatures, the hydroxyl groups of the Cu(OH)6
4-

 complex (produced on addition of 

NaOH) might form hydrogen bonds by interconnection: the directional growth would then be 

inhibited, leading to the formation of irregularly shaped nanocrystals [53-55]. At higher temperatures - 

close to room temperature (T  25 °C) - only small quantities of hydrogen bonds are destroyed. The 

residual hydrogen bonds may still lead to the formation of structures with mixed morphologies. When 

the reaction temperature is increased (25 °C < T < 100 °C), there is a corresponding increase in the 

nucleation and growth rates as well as the destruction of more hydrogen bonds. In our case, the 

reaction temperature has been chosen to be 80°C to prevent evaporation of the water and to be lower 

than the breaking point temperature of the surfactant. Further investigation on the effect of reaction 

temperature and time on the particle size, size distribution, morphology and the surfactant breaking 

point boundary conditions of the Brij 30 microemulsion will lead to a better understanding of the 

growth mechanism of the as-produced CuO nanostructures.  

In the synthesis, reactions (1.1) and (1.2) take place within reverse micelles of the 

microemulsion. The microemulsion droplets (reverse micelles) act as the nanoreactors to produce the 

dissolved Cu(OH)2 nanocrystals. Based on its structural features and specific interactions of the Cu
2+
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ions with ligands in the solution, Cu(OH)2 tends to form a wire-like structure. This structure has been 

determined to consist of oblate chains of Cu(OH)2 in the (001) planes and oriented along the [100] 

direction: a feature characteristic of the square-planar coordinated Cu
2+

 ions [56]. 

The surfactant molecules adhere to the surface of nanoparticles which serve as a protective 

layer to prevent the fusion of the droplets as a result of collisions [57,58]. 

There are two important factors that affect the exchange rate of reverse micelles in 

microemulsion, namely, the dimer stability and the size of channels between the dimers [59]. The 

dimer stability, which depends on the intermicellar attractive potential, determines the interdroplet 

transfer of reactants. On the other hand, the size of channels, which depends on the rigidity of 

interfacial film in the microemulsion, determines the Ostwald ripening contribution. At lower water 

content, the interfacial film is more rigid since it is closely surrounded by the surfactant molecules. 

Hence, the fused dimers formed through droplets collision can disappear rapidly since the film stability 

is high, and channel for the exchange of reactants is narrower. This results in relatively smaller particle 

size and narrower size distribution of the resulting nanocrystals [7]. 

When the water content is increased, there are more free water molecules in the microemulsion 

and the interfacial rigidity is reduced as compared with that at lower water content. 

 

3.2. X-ray diffraction analysis and transmission electron microscopy 

The XRD patterns (Figure 1) show a predominant presence of CuO with traces of 

Cu(OH)2.under the tails of the peaks. This can be a consequence of the existence of residual 

interconnected hydrogen bonds which were not completely destroyed during the synthesis stage. The 

presence of those bonds suggests that reaction time is an important factor in the synthesis of pure CuO 

crystals. 

The large broadening of the diffraction peaks suggests a very small size of the coherently 

diffracting domains. Quantitative microstructure analysis was performed using the Whole Powder 

Pattern Modelling approach, which directly connects a physical model for the microstructure with the 

diffraction pattern, allowing an extraction of microstructure parameters without recurring to arbitrary 
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peak shapes to fit each diffraction peak. This is a more realistic alternative to traditional Line Profile 

Analysis based on the Williamson-Hall or Warren-Averbach methods. As an example, Figure 2 shows 

the diffraction pattern of CuO-P5 modelled via WPPM; results for the other specimens are analogous. 

The modelling was done by assuming the presence of a lognormal distribution of spherical domains 

and numerical distributions; analysis results are condensed in figure 3 and figure 4.  

Although data are quite noisy, the agreement between data and model is rather good, suggesting that 

the equiaxial shape assumption is correct for the domains investigated here. 

In order to validate the presence of a lognormal distribution, the WPPM modelling was done again by 

considering the size distribution being described by an arbitrary histogram, directly modelled to the 

experimental data. Figure 4 shows the results to be compared with the corresponding lognormal curves 

proposed in Figure 3. It can be observed a quite good agreement between the distributions obtained 

with the lognormal approximation and those obtained here. 

Both in the lognormal (analytical) and free histogram (numerical) cases, the mean domain size 

ranges from ~4 nm (CuO-P1) to ~8 mn (CuO-P5). A clear correlation between domain size and 

quantity of water inside the micelles can be observed, consistent with the literature relations between 

the size of the initial nanoreactors and the size of the final particles (see e.g. [60] and references 

therein).  

The TEM images in (Figure 4) indicate the synthesis of rod-like nanostructures for all conditions 

investigated here. From the image of the CuO-P3 specimen (Figure 5) it appears that the nanorod-like 

structure is indeed made up of small spherical particles that have been self- aligned to form rods. This 

is consistent with earlier explanation of the directional growth of CuO nanocrystals along the axis. The 

size obtained by X-ray diffraction is consistent with the size of the nanoparticles forming the rod-like 

structures: this is an indication that particles are aligned along the rods but have no crystallographic 

relationship (i.e. a proper epitaxy did not occur). 

3.4. FTIR spectroscopy 

FTIR spectroscopy (Figure 6) has been used to validate the results of the XRD line profile 
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analysis (cf. Figure 1) and to further check the purity of the prepared CuO nanocrystals. The band at 

425 cm
-1

 can be assigned to the Cu-OH stretching mode of residual Cu(OH)2 [61] which could be 

hidden in the tails of the diffraction patterns. The absorption peaks at around 418 cm
-1

, 536 cm
-1

 and 

590 cm
-1

 are due to stretching of the Cu-O bond along the [101] direction [62-64]. The peak at ca. 

1632 cm
-1

 is due to the bending vibrations of physically adsorbed water [65] whereas the signature of 

an OH in-plane bending is at 1257 cm
-1

. 

The peak at 1440 cm
-1

 is attributed to CH2 in-plane bending while that at 725 cm
-1

 is due to 

CH2 in-plane rocking. The broad band between 1200 cm
-1

 and 1080 cm
-1

 is due stretching of the C-O 

bond coordinated to metal cations [66] (Polyoxyethylene bond, present in the head group of Brij 30) 

and the peak around 668 cm
-1

 is the bending of CO2. All those signals are a clear signature of the 

residual presence of the Brij 30 surfactant. The two peaks located around 2851 cm
-1 

and 2921 cm
-1

 are 

attributed to the CH2 symmetric stretching and CH2 asymmetric stretching modes respectively. The 

shift in position towards higher values (2785 cm
-1

 and 2850 cm
-1

) could be attributed to the size effect 

of the particles, whereas the strong presence the O-H stretching band around 3500 - 3200 cm
-1

 is 

mainly due to water and ethanol residues. 

 

3.5. UV-Visible-NIR spectroscopy 

Ultraviolet, Visible and Near InfraRed (UV-Vis-NIR) absorption spectroscopy is one of the most 

widely used techniques to reveal the energy structures and optical properties of a semiconductor. The 

room temperature spectroscopy of the as-prepared CuO nanoparticles dispersed in pure ethanol 

allowed us to investigate the excitonic transitions and optical absorption properties of the material. The 

spectrum is presented in Figure 7a. Though the spectrum seems featureless, there is observable 

absorption peak centred at about 350 nm and 400 nm. The seemingly featureless nature of the 

spectrum could be due to increasing scattering by the dispersed particles. 

To better understand the optical and electronic properties of the prepared nanocrystal, the study 

and estimation of the mean value of the energy bandgap is of paramount importance. Following the 

classical Tauc approach, the energy band gap of the CuO nanocrystals can be estimated according to 
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the equations [67, 68]; 

 -
n

E k E Ep p g         (0.1) 

h k h Eg            (0.2) 

where  is the absorption coefficient, Ep = hυ is the incident photon energy, Eg  is the optical band 

gap, h is Planck constant and k is a proportionality constant. The exponential n depends on the type of 

band-band transition and it goes from ½ for a direct bandgap semiconductor, to 2 for an indirect 

bandgap one. The value of ½ is therefore used for CuO. 

The bandgap Eg was determined for the various specimens (i.e. increasing ω values as in Table 

1) by extrapolating the straight line of the ( hυ) 
2
 vs. hυ plot to intercept on the horizontal photon 

energy axis as shown in Figure 7b. The energy band gap of the as prepared CuO nanocrystals is 

estimated to be between 2.71eV and 2.16 eV which is larger than the reported value of bulk CuO (Eg = 

1.85eV) [12]. The increase in the band gap of the CuO nanocrystals with the decrease in particle size is 

attributed to a quantum confinement effect [69].A correlation of mean size and energy bandgap with ω 

is shown in figure 8. 

4. CONCLUSIONS 

Heptane/water microemulsions stabilised with the non-ionic Brij 30 surfactant were used to 

produce minimally agglomerated rod-like CuO nanocrystals. TEM shows that the nanorod-like 

structures consist of well aligned spherical particles of 4-8 nm in diameter. This suggests that reactions 

occurred in the spherical micelles followed by directional growth along the axes. The increase in the 

water to surfactant molar ratio causes an increase in both the average domain size and in the width of 

the size distribution. Heating of the microemulsion is the key to synthesise CuO nanocrystals with a 

well defined morphology. 
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Tables 

 

Table.1. Synthesis conditions and average size of as-produced CuO nanocrystals 

Sample Brij30
® 

n-Heptane CuCl2 NaOH H2O ω <D> 

 

g 

equiv. 

ml 

 

g 

equiv. 

ml 

 

mg 

 

mg 

%  nm 

CuO-P1 3.144 3.31 11.216 16.49 24.0 50.0 1.0 1.3 4.0(0) 

CuO-P2 3.145 3.31 11.075 16.29 25.0 50.0 2.0 2.6 4.5(2) 

CuO-P3 3.143 3.31 10.946 16.10 25.0 51.0 3.0 3.8 7.3(2) 

CuO-P4 3.145 3.31 10.811 15.90 26.0 52.0 4.0 5.1 7.5(1) 

CuO-P5 3.143 3.31 10.674 15.70 25.0 51.0 5.0 6.4 7.6(2) 
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Figure captions 

 

Figure 1. XRD patterns of as-synthesized CuO nanocrystals. 

Figure 2. WPPM result. Data (circle), model (line) and difference between the two (residual, line 

     below) for the P5 specimen. 

Figure 3. Lognormal distribution of the whole set of specimens investigated here. 

Figure 4. TEM images of CuO-P1to CuO-P5 (a-e) and corresponding Selected Area Electron  

      Diffraction [SAED] (f-j). 

Figure 5. Image of CuO-P3 specimen showing rod-like structures of spherical particles. 

Figure 6. FTIR spectra of the as-prepared CuO nanocrystals. 

Figure 7a. UV-Vis Spectra for the set of specimens analysed here. 

Figure 7b. Plots of ( hυ)
2 
vs. hυ for the CuO specimens analysed here. 

Figure 8. Correlation of mean domain size and optical energy bandgap with ω for the CuO specimens. 
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Figure 2.  
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Figure 3.  
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Figure 4.  
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Figure 5.  
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Figure 6.  
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Figure 7a.  
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Figure 7b.  
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Figure 8.  
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