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Figure 1 Variation of apparent porosity (%) and bulk density (g/cm³) of pure CuO (S1) and Al-doped 
CuO samples (S2: 1%, S3: 3%, and S4: 5%) as a function of Al content. 
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Figure 2 X-ray diffraction (XRD) patterns of pure CuO (S1) and Al-doped CuO samples with different 
doping concentrations (S2: 1%, S3: 3%, and S4: 5%). 
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Table 1 Structural parameters of pure and Al-doped CuO nanoparticles (S1–S4) obtained from XRD 
analysis. 
 

Samples 2θ (°) FWHM (hkl) d-Spacing (Å) Dcs (nm) Dcs-ave (nm) 

S1 

32.50 0.4710 (110) 2.7528 17.57 

17.74 

35.50 0.5181 (-111) 2.5267 16.10 
38.70 0.4239 (111) 2.3248 19.86 
61.50 0.4710 (-113) 1.5066 19.63 
66.20 0.5416 (-311) 1.4105 17.51 
75.10 0.6358 (004) 1.2639 15.76 

S2 

32.55 0.4945 (110) 2.7486 16.74 

16.90 

35.55 0.5440 (-111) 2.5233 15.34 
38.75 0.4451 (111) 2.3219 18.92 
61.55 0.4945 (-113) 1.5055 18.70 
66.25 0.5687 (-311) 1.4096 16.68 
75.15 0.6676 (004) 1.2632 15.01 

S3 

32.60 0.5181 (110) 2.7445 15.98 

16.13 

35.60 0.5699 (-111) 2.5198 14.64 
38.80 0.4663 (111) 2.3191 18.06 
61.60 0.5181 (-113) 1.5044 17.85 
66.30 0.5958 (-311) 1.4087 15.93 
75.20 0.6994 (004) 1.2625 14.34 

S4 

32.66 0.5463 (110) 2.7396 15.15 

15.30 

35.66 0.6010 (-111) 2.5157 13.89 
38.86 0.4917 (111) 2.3156 17.13 
61.66 0.5463 (-113) 1.5030 16.93 
66.36 0.6283 (-311) 1.4075 15.11 
75.26 0.7375 (004) 1.2616 13.60 
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Figure 3 FTIR spectra of pure CuO (S1) and Al-doped CuO NPs with different Al concentrations (S2: 
1%, S3: 3%, and S4: 5%). 

Table 2 FTIR band assignments for CuO and Al-doped CuO samples. 
 

Samples Wavenumber (cm⁻¹) Assignment Description 
S1–S4 ~500–600 Cu–O stretching Characteristic vibration of CuO lattice 
S1–S4 ~800–900 M–O / residual nitrate Metal–oxygen vibration / precursor remnants 
S1–S4 ~1500–1650 H–O–H bending Adsorbed water molecules 
S1–S4 ~3200–3500 O–H stretching Surface hydroxyl groups / moisture 
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Figure 4 Raman spectra of pure CuO (S1) and Al-doped CuO samples (S2: 1%, S3: 3%, and S4: 5%).  
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Table 3 Raman peak positions and corresponding vibrational modes of pure CuO (S1) and Al-doped 
CuO samples (S2–S4). 
 

Samples Raman shift (cm⁻¹) Vibrational mode / assignment Interpretation 

S1 
~298 Ag Characteristic Raman mode of monoclinic CuO 
~348 Bg Lattice vibration of CuO 
~633 Bg Cu–O stretching vibration 

S2 
~300 Ag Slightly shifted CuO mode due to Al incorporation 
~351 Bg Lattice distortion begins with Al doping 
~629 Bg Cu–O stretching with slight shift/broadening 

S3 
~302 Ag Increased shift due to higher Al content 
~353 Bg Enhanced lattice disorder 
~626 Bg Broader Cu–O vibration, indicating strain 

S4 

~304 Ag Shifted mode due to maximum Al doping 
~356 Bg Stronger lattice distortion 
~622 Bg Broadest Cu–O stretching band, indicating reduced 

crystallinity 
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Samples Temperature range (°C) Weight loss (%) Assigned process Residual weight (%) 

S1 (0% Al) 

25–200 ~2.2 Removal of adsorbed moisture 
 

200–400 ~1.6 Decomposition of residual 
organics/nitrates 

400–800 ~0.7 Structural stabilization ~95.5 

S2 (1% Al) 

25–200 ~2.5 Removal of adsorbed moisture 
 

200–400 ~1.9 Decomposition of residual 
organics/nitrates 

400–800 ~0.7 Structural stabilization ~94.9 

S3 (3% Al) 

25–200 ~2.8 Removal of adsorbed moisture 
 

200–400 ~2.2 Decomposition of residual 
organics/nitrates 

400–800 ~1.0 Structural stabilization ~94.0 

S4 (5% Al) 

25–200 ~3.1 Removal of adsorbed moisture 
 

200–400 ~2.6 Decomposition of residual 
organics/nitrates 

400–800 ~1.3 Structural stabilization ~93.1 
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Figure 6 Differential scanning calorimetry (DSC) curves of pure CuO (S1) and Al-doped CuO samples 
(S2: 1%, S3: 3%, and S4: 5%). 
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Table 5 DSC thermal parameters of pure and Al-doped CuO samples. 

 
Samples Peak temperature (°C) Heat flow (mW) Thermal event Interpretation 

S1 (0% Al) ~150 ~-0.35 Endothermic Removal of adsorbed moisture 
~360 ~-0.55 Endothermic Decomposition of residual organics 

S2 (1% Al) ~145 ~-0.40 Endothermic Moisture removal (enhanced adsorption) 
~350 ~-0.60 Endothermic Decomposition with slight shift 

S3 (3% Al) ~140 ~-0.45 Endothermic Increased surface activity 
~340 ~-0.70 Endothermic Enhanced decomposition due to defects 

S4 (5% Al) ~135 ~-0.50 Endothermic Highest moisture adsorption 
~330 ~-0.80 Endothermic Maximum structural disorder 
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Figure 7 Derivative thermogravimetric (DTG) curves of pure CuO (S1) and Al-doped CuO samples 
(S2: 1%, S3: 3%, and S4: 5%). 
 
Table 6 DTG peak temperatures and corresponding thermal decomposition stages of pure CuO (S1) 
and Al-doped CuO samples (S2–S4). 
 

Samples Peak temperature (°C) DTG peak (%/°C) Thermal event Interpretation 

S1 (0% Al) ~150 ~-0.05 Moisture removal Low surface adsorption 
~380 ~-0.025 Decomposition Higher thermal stability 

S2 (1% Al) ~145 ~-0.055 Moisture removal Increased adsorption 
~360 ~-0.030 Decomposition Slightly reduced stability 

S3 (3% Al) ~140 ~-0.065 Moisture removal Enhanced surface activity 
~350 ~-0.035 Decomposition Increased disorder 

S4 (5% Al) ~135 ~-0.075 Moisture removal Maximum adsorption 
~330 ~-0.040 Decomposition Lowest thermal stability 
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Figure 8 ICP-OES analysis of ion release from pure CuO and Al-doped CuO nanoparticles (1%, 3%, 
and 5% Al). 
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