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ABSTRACT 

 
In this study, the sol-gel process has been adopted for the synthesis of Cu1-xAlxO 
nanostructures (0≤ x ≤ 0.90, in steps of 0.10). The system revealed pure CuO phase with 
monoclinic structure. Al2O3 phase and copper oxide (Cu2O) were developed at higher 
substituent concentrations till x=0.40. Structural properties were studied by X-ray 
diffraction (XRD) and morphological properties by Scanning Electron Microscope (SEM). 
Average crystallite size from the range of 12.65 nm to 22.9 nm was calculated by Scherer 
formula. The SEM images indicated that the Cu1-xAlxO possessed nanoparticles like 
structure, i.e. it contained some pores or voids and vacancies caused by a difference in 
experimental conditions. Results of EDX revealed the presence of Aluminum (Al), oxygen 
(O) and copper (Cu) elements in Cu1-xAlxO and the data showed that the nanoparticles were 
nearly stoichiometric.  
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1. INTRODUCTION 
 

In chemical sciences, synthesis of transition metal and metal oxide nanoparticles is a 
growing research priority. Metal oxide nanoparticles is a highly valuable material with 
various applications in optical, electrical and mechanical devices, catalysts, gas sensors 
and sunscreens [1]. As the metal particles are reduced in size, bulk properties of the 
particles disappear to be substituted to that of quantum dot following quantum 
mechanical rules. It can thus be easily understood that metal nanoparticles chemistry 
differs from that of the bulk materials because of size reduction, the high surface area to 
volume ratio enhances the catalytic activity [2]. Among various metal nanoparticles, 
copper (Cu) and copper oxide (Cu2O) nanoparticles have attracted considerable 
attention because copper is one of the essential materials in modern technologies and is 
readily available [3]. In recent years, copper(ll)-oxide nanoparticles (CuO-NPs), which 
belong to the monoclinic structure system, have attracted growing interest for both 
fundamental and practical reasons. They have different wide applications based on the 
physical and chemical properties, such as superconductivity, photovoltaic properties, 
relatively stable, low cost and antimicrobial activity [4]. Nowadays, the applications of 
CuO-NPs are crucial to antioxidants [5], antibacterial, thermal conductivity, catalytic, 
battery [6, 7] and solar cells [8]. Transition metal oxides are the important class of 
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semiconductors, which have applications in magnetic storage media and electronics. 
Among transition metal oxides, copper oxide nanoparticles are of special interest 
because of their greater efficiency as nanofluids in heat transfer applications. For 
example, it has been reported that 4% addition of CuO improves the thermal 
conductivity of water by 20% [9]. Nanostructured materials have been prepared with 
different sizes and shapes ranging from thermal reduction, sonochemical method, co-
precipitation, sol-gel method, and so forth [10-12]. The aim of the present study is to 
synthesis Cu1-xAlxO using the sol-gel method from copper and aluminium saults and 
examine their structural and morphological properties. 
 
 
2. EXPERIMENTAL DETAILS 
 
Sol-gel method was used for the synthesis of Cu1-xAlxO at x = 0, 0.10, 0.20, 0.30, 0.40 and 
0.50 using high-purity materials: (i) Copper nitrate Cu(NO3)2.3H2O (99.0%), and (ii) 
Aluminum nitrate nonahydrate Al(NO3)3.9H2O (99%). The mixture of metals nitrates 
was dissolved in 200 mL of distilled water with 1:1 M ratios to form aqueous solutions 
with continuous magnetic stirring at room temperature for 30 minutes on a hot-plate 
magnetic stirrer. When the solution blended and the dissolution for the raw materials 
completed, the liquid ammonia was slowly added to neutralize solution until pH=7 with 
continuous stirring. The temperature of hot plat-stirrer was gradually increased to 
reach (80ºC) with continuous stirring and was kept on heating at this temperature, then 
the water evaporated from the solution and the sol gradually changed into a gel. 
Afterwards, the formed viscous gel was put in the oven to dry at 110ºC for one hour. 
The dry gel was annealed at 300ºC for 1 hour in the air to remove the impurities and 
nitrates. The powder was cooled down in the furnace so that the cations could fit at 
their equilibrium positions. Later, an amount of powder was removed to be measured 
for its structural properties. 
 
 
3. RESULTS AND DISCUSSIONS 

 

3.1. X-ray Diffraction (XRD) Results 
 
The X-ray diffraction (XRD) patterns of Cu1-xAlxO samples (x = 0, 0.10, 0.20, 0.30, 0.40 
and 0.50) for phase identification performed by the XRD are shown in Figure 1. The 
presence of the diffraction peaks corresponding to the planes (110),  (111̅) , 
(111), (202̅), (020), (202), (113̅), (310), (220), (311̅), (113) and (222̅)  indicates that 
the studied samples have CuO monoclinic structure according to the standard ICDD card 
no.(00-048-1548). The indexed diffraction peaks were used to calculate the interplanar 
spacings (dhkl) corresponding to the (110), (111̅), (111), (202̅), (020), (202), (113̅), 
(310), (220), (311̅), (113) and (222̅) planes indicate that the studied CuO samples  are 
polycrystalline, monoclinic structure according to the standard ICDD card no.(00-048-
1548) with the best-preferred orientation (111̅), (111), (202̅) [6] as shown in Table (1). 
The main diffraction peaks in all XRD patterns match with those for the standard 
pattern of CuO and are following those of the previous study [13]. The small shift of the 
diffraction peaks toward smaller angular positions for the sample with x=0.10 
compared to sample with x=0 may be due to the interstitial of Al+3 ions into the CuO 
lattice, which leads to increase the interplanar spacings (dhkl) because the ionic radius of 
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Al+3 and Cu+2 is 0.53Å and 0.73Å, respectively [14]. The small shift this peak 0.30 
compared with  x=0.10, this behaviour indicates a decrease in interplanar spacings of 
CuO lattice due to the substitution of Al+3 ions into the Cu+2 sites, but the full width at 
half maximum (FWHM) mostly which respond to the decrease or increase in crystallites 
size, where it is increased at x=0.50 compared with x=0  [10, 14]. There is an increase in 
interplanar spacings for x=0.40 and x=0.50 compared with x=0, therefore, beyond x= 
0.40, a saturation of substitutional sites takes place and this leads to another mode of Al 
incorporation, which seems to privilege the interstitial sites and might lead to an 
amorphization. However, according to the relative values of diffraction intensities, the 
excessive addition of aluminium (x=0.50) leads to the crystallite disorientation, which 
tends to an amorphization of material and decreased in crystallinity with increasing Al+3 
substitution. Therefore, the analysis of this phenomenon is that the excessive 
introduction of aluminium into the interstitial sites will generate a great number of 
defects from the distortion of the crystal structure of material [15]. Extra diffraction 
peaks at 43.28° and 50.41° were also observed in the samples with x=0.40(Cu0.6Al0.4O) 
which indicates the presence of a small amount of Al2O3 phase in these samples with pdf 
card no. 090440. Therefore, it can be concluded that Al ions with concentrations in the 
range reported in this study substitute Cu ions in the Cu0.6Al0.4O lattice without affecting 
its monoclinic structure. The peaks at 2θ = 36.39°, 42.26 and 29.53 are related to the 
Cu2O phase with ICDD card no. (00-005-0667). This peak appeared because they 
require calcination above 300°C to fully oxygenated of the CuO compound. At x=0.50, 
the intensities and the number of peaks decreased due to the decreased in crystallinity 
with increasing Al+3 substitution. 
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Figure 1. XRD patterns of the Cu1-xAlxO at (x=0, 0.10, 0.20, 0.30, 0.40 and 0.50). 

 
 

Table 1 Result of XRD of the strongest three peaks for Cu1-xAlxO where (x=0, 0.10, 0.20, 0.30, 0.40 and 
0.50) 

 

FWHM (deg) hkl dhkl (Å) 2ө (deg) Sample 

0.4674 (111̅) 2.5114 35.7235 X=0 
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0.5437 (111) 2.3121 38.9214 

0.49 (202̅) 1.8579 48.9904 

0.5733 (111̅) 2.53791 35.3380 

X=10 0.6807 (111) 2.33355 38.5495 

0.6666 (202̅) 1.87082 48.6289 

0.3835 (111̅) 2.51596 35.6566 

X=20 0.4636 (111) 2.31479 38.8743 

0.3840 (202̅) 1.85927 48.9507 

0.409 (111̅) 2.52884 35.4690 

X=30 0.481 (111) 2.32637 38.6732 

0.483 (202̅) 1.86578 48.7688 

0.3516 (111̅) 2.52740 35.4898 

X= 40 0.3314 (111) 2.46652 36.3961 

0.4244 (111) 2.32546 38.6889 

0.6182 (111̅) 2.53164 35.4284 

X=50 0.8267 (111) 2.33110 38.5915 

0.6980 (202̅) 1.86575 48.7698 

 
Table 2 shows the results of the lattice parameters ‘a’, ‘b’ and ‘c’, c/a, a/b and c/b ratios, 
cell volume, x-ray density and average crystallite size for Cu1-xAlxO. The lattice 
parameters (a, b and c) were calculated from the XRD data using the following equation 
[16]: 
 

1

𝑑2 = [
ℎ2

𝑎2 +
𝑙2

𝑐2−
2ℎ𝑙 cos 𝛽

𝑎𝑐

sin 𝛽2 +
𝑘2

𝑏2]                                                                       (1) 

 
From Table 2, it is clear that the values of the lattice constants for CuO are in agreement 
with the values of the (ICDD) standard cards for CuO (ao=4.688Å, bo=3.422Åand 
co=5.131 Å) and with those of the previous study [17]. There are various causes of the 
variation of the lattice parameters such as variation of stresses within the phases, 
temperature variation, changes in the chemical composition of the phases. It can be 
observed that the values of the lattice constants of the prepared oxide with different 
mixing ratios are shifted from their values of CuO oxide and hose in the (ICDD) standard 
cards. This deviation is due to the replacement of the two compounds ions with each 
other since the diameter of copper ions is (0.73 Å), which is greater than the diameter of 
aluminium ions (0.53 Å) [12]. 
 
Cell volume is calculated from the following equation [18]: 
 
𝑉 = 𝑎𝑏𝑐 𝑠𝑖𝑛𝛽                                                                                                     (2) 
 
Where 𝛽 is 99.54 for the monoclinic structure. These values are consistent with the 
reported values in the literature [18]. 
 
X-ray density is calculated from the following equation [18]: 
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𝐷𝑥 =
4𝑀

𝑁𝐴𝑉
                                                                                                           (3) 

 
Where M is the molecular mass of CuO, NA is the Avogadro number and V is the volume 
of the unit cell. This variation in X-ray density for CuO monoclinic oxide with different 
concentrations was due to the variation in unit cell volume as X-ray density is inversely 
proportional to the cell volume which increased with decreasing cell volume and 
decreased as it increased. Furthermore, the variation was also due to the presence of 
phase impurity in a lattice and the substitution of Al ions in Cu ions. These values are 
consistent with the reported values in the literature [18]. 
 
Average crystallite size is determined from the position of the three strongest peaks 
using Scherer’s formula [17, 19] as shown in the following equation. 
 

D =
K λ

β cos θ
                                                                                               (4) 

 
Where D is the mean size of crystallites (nm), ‘K’ is crystallite shape factor, a good 
approximation is 0.9, λ is x-ray wavelength 1.5406 Å, ‘𝛽’ is the line broadening in the 
middle of the maximum intensity (FWHM) and θ is the Bragg angle. Table (2) shows 
that the average crystallite size in the range (12.65 - 22.9) is in accordance with 
reported values [17]. The values change unsystematically, increased one time and 
decreased the other. This behaviour is because of the phase changes or the Al ions 
substituted Cu ions. The broadening of the diffraction peaks indicates that the crystal 
size is small. In the case of pure CuO spectrum, the diffraction peaks are considerably 
broadened and caused by the small crystallite sizes. Small crystallites have relatively 
few lattice planes that contribute to the diffraction lines. Broadening the peak may also 
occur due to micro straining of the crystal structure arising from defects such as its 
location and twinning. 
The density of dislocation (δ) is determined by [20].  
 

   𝛿 =  
1

𝐷𝑎𝑣
2                                                                                                        (5) 

 
Table 2 shows that the average crystallite size for all samples in the range (16.2-10.64 
nm) calculated for (111) direction. The estimated crystallite sizes are listed in Table (2). 
A change in the lattice parameter is observed for Al-doping. The grain sizes are changed 
unsystematically depending on both crystallographic axes and doping concentrations as 
shown in Figure 2. When Al atoms are doped in the CuO nanoparticles, they replace the 
crystal lattice of Cu. Since the atomic radii of Cu and Al are different [14], some Al atoms 
prefer to locate in/near the grain boundary regions, which might prevent grain growth. 
Therefore, the grain size decreases as the concentration of Al concentration doped in 
the nanoparticles increases, which are good agreement with the result when x=0.0, 0.10 
and 0.50. Whereas at concentrations 0.20, 0.30 and 0.40, there is a different behaviour 
and this may be due to the doping, which is considered as the main factor that would 
cause the lattice distortion (a, b and c) of the crystals, for it is usually different from the 
atomic radii of different elements, and discussed in details as Cu can exist in Cu+, Cu2+ 
and Cu3+ ions having ionic radii 0.77 Å, 0.73 Å and 0.54 Å, respectively. In this study, the 
stress of synthesizing A-doped Cu nanoparticles is tensile stress. The crystallite quality 
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0.20, 0.30 and 0.40 of Al is different than the crystallite quality of the undoped CuO 
nanoparticles [21- 23]. 
 
The different volumes (𝑉) of the unit cell shown in Table 2 show a slight decrease or 
increase, attributed to the defect or vacancies formation in the transition phase of Cu+, 
Cu2+ and Cu3+ ions during the diffusion process. The value of X-ray density (𝐷𝑥) shows a 
slight difference depends on the molecular weight of the sample as well as the volume of 
the unit cell [23]. 
 
The values of dislocation density (𝛿) of undoped and Al-doped CuO samples display a 
small variation value, this indicates the occurrence of crystal reorientation effect due to 
the change of the Al-dopants concentration [24]. 
 

Table 2 The XRD parameters of Cu1-xAlxO where (x= 0, 0.10, 0.20, 0.30, 0.40 and 0.50) 
 

Parameters X=0 x=0.10 x=0.20 x=0.30 x=0.40 x=0.50 

a (Å) 4.6957 4.686 4.710 4.692 4.679 4.697 

b (Å) 3.4412 3.422 3.434 3.426 3.422 3.468 

c (Å) 5.1349 5.120 5.118 5.120 5.131 5.126 

c/a 1.093 1.092 1.086 1.091 1.096 1.091 

a/b 1.364 1.369 1.371 1.369 1.367 1.354 

c/b 1.492 1.496 1.490 1.494 1.499 1.478 

V (Å3) 81.822 81.090 81.760 81.289 81.143 82.470 

𝐷𝑥  (g/cm3) 6.443 6.517 6.464 6.501 6.513 6.408 

Dave (nm) 16.2 12.9 18.9 18.3 20.7 10.64 

𝛿(line. cm-2)  0.0038 0.006  0.0027 0.0029 0.0023 0.0088 

 
 

 
Figure 2. Dave(nm) against X of Cu1-xAlxO where (x=0, 0.10, 0.20, 0.30, 0.40 and 0.50). 

 
3.2. Scanning Electron Microscopic (SEM) Analysis 
 
Figure 3(a-f) is Scanning Electron Microscopic (SEM) images of Cu1-xAlxO. The SEM 
image at 50.00 kx magnifications was collected. From the SEM image of Cu1-xAlxO, it was 
observed that the particles were well-dispersed spherical accompanying almost well-
defined and uniform crystalline structure. There was also a higher tendency of 
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agglomerations. The island growth of the tightly packed spherical arrangement was 
observed. In some regions, the big nanoparticles were surrounded by smaller 
nanoparticles. The SEM micrographs of the Cu1-xAlxO that contain some pores or voids 
and vacancies were caused by the difference in experimental conditions, mainly the 
homogeneity of the material, which is in agreement with other reports [25]. In some 
places, various sizes of the particles (small and large size) are observed, i.e. packed 
spherical seem to be randomly distributed in the sample [25].  The SEM images of CuO-
NPs is in agreement with the result obtained by Palaniradja et al. [26].  

 

 
 

Figure 3(a-f). SEM image of Cu1-xAlxO where (x=0, 0.10, 0.20, 0.30, 0.40 and 0.50). 
 
 
 

a b 

c d 

e f 
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3.3 Energy Dispersive X-ray (EDX) Analysis 
 
Figure 4 shows the Energy Dispersive X-ray (EDX) analysis of Cu1-xAlxO. The Cu and Al 
peaks depict the characteristic chemical composition of the synthesized nanoparticles. 
The EDX analysis carried out Cu1-xAlxO at 10 keV. Results revealed the presence of 
Aluminum (Al), oxygen (O) and copper (Cu) elements in Cu1-xAlxO. gold (Au) impurities 
are shown in the EDX spectra. It is noticed that the dominant composition is CuO 
whereas the quantitative analysis of the Cu1-xAlxO shows a strong peak corresponding to 
Cu, which confirms the high purity of this comparison for Cu1-xAlxO. This confirms the 
entry of Al impurity within the crystal structure of CuO. The elemental analysis of the 
sample shows that the prepared sample is copper oxide, which is in good concord with 
the results of XRD. Similar results were reported elsewhere [26]. 
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4. CONCLUSIONS 
 
The sol-gel method has been adopted to synthesize Cu1-xAlxO (x= 0, 0.10, 0.20, 0.30, 
0.40, and 0.50). XRD analysis indicated that the samples showed pure CuO with 
monoclinic structure, which points to the fact that aluminium ions diffused completely 
into the copper monoclinic structure at low substitution. At higher substitution levels, 
however, the signature of the Al2O3and Cu2O was observed. Average crystallite size 
changes unsystematically: decreased one time and increased the other as the ratio of 
aluminium oxide increases. The SEM images indicated that the Cu1-xAlxO structure-like 
nanoparticles. Results of EDX revealed the presence of Aluminum (Al), oxygen (O) and 
copper (Cu) elements in Cu1-xAlxO. 
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d 
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