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Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, MW = 297.49 g·mol
-1

, purity ≥ 99%, Sigma-Aldrich) was used 

as the zinc precursor for the synthesis of ZnO nanoparticles. Copper nitrate trihydrate (Cu(NO3)2·3H2O, 

MW = 241.60 g·mol
-1

, purity ≥ 99%, Sigma-Aldrich) served as the copper dopant source. Citric acid 

(C6H8O7, MW = 192.12 g·mol
-1

, purity ≥ 99.5%, Sigma-Aldrich) was employed as a chelating and 

complexing agent in the sol–gel process. Deionized water was used as the solvent throughout the synthesis 

procedure. Four samples with different Cu concentrations were prepared and designated as ZnCu0, ZnCu2, 

ZnCu4, and ZnCu6, corresponding to 0, 2, 4, and 6 wt.% Cu, respectively

Copper-doped ZnO nanoparticles were synthesized by a citrate-assisted sol–gel process. A suitable amount 

of zinc nitrate to give a total metal ion concentration of 0.1 mol was first dissolved in about 100 mL of 

deionized water with constant magnetic stirring to obtain a clear and homogeneous solution for the undoped 

sample (ZnCu0). For the doped samples (ZnCu2, ZnCu4, and ZnCu6), appropriate amounts of copper nitrate 

were added to achieve Cu concentrations of 2, 4, and 6 wt.%, respectively, while keeping the total metal ion 

concentration constant at 0.1 mol. The precursor solutions were continuously stirred to ensure proper mixing 

of Zn2+ and Cu2+ ions. Citric acid was added in the 1:1 molar ratio with respect to the total metal ions to 

act as a chelating agent that would form stable metal–citrate complexes and help in the proper cationic 

distribution throughout the solution. 

. The solvent slowly evaporated with further heating and gradually 

changed the sol to a viscous gel. Dehydration and self-combustion followed in the gel to result in a porous 

precursor powder. The gel was broken down by the gaseous products, H2O, CO2, and nitrogen oxides 

(NOx) which accompanied the decomposition of the nitrate–citrate complexes. The powder was allowed to 

cool to room temperature and then ground using an agate mortar and pestle to obtain a fine and 

homogeneous nanopowder. Particles of the powders were also ground after drying. The powders were 

compacted into cylindrical pellets using a hydraulic press under uniaxial loading. The green pellets were 

sintered in air at 1000 °C for 2 h and then furnace cooled to room temperature. The sintering process 

enhanced crystallization, grain growth, and densification of the Cu-doped ZnO nanoceramics. The resultant 

samples, based on their Cu contents, were labeled ZnCu0, ZnCu2, ZnCu4, and ZnCu6 for further structural, 

vibrational, thermal, and densification studies.

The densification properties of the sintered pellets were determined by bulk density, apparent porosity, 

linear shrinkage, and mass loss. The Archimedes immersion method using distilled water as the immersion 

medium was employed for the determination of bulk density and apparent porosity. Linear shrinkage was 

obtained from dimensional changes measured before and after sintering, while mass loss was calculated 

from the difference in weight of the sample before and after thermal treatment. Synthesized Cu-doped ZnO 

nanoceramic pellets were characterized by various analytical techniques. X-ray diffraction (XRD) was used 

to study the crystal structure, phase purity, lattice parameters, crystallite size, microstrain, dislocation 

density, and texture coefficient. The XRD patterns were recorded using a PANalytical X'Pert PRO 

diffractometer (Malvern Panalytical, Netherlands) with Cu Kα radiation (λ = 1.5406 Å) maintained at 40 kV 

and 30 mA. The scanning was performed over a 2θ range of 20°–80° with a step size of 0.02°. Fourier-

transform infrared (FTIR) spectroscopy was used for the identification of chemical bonds and vibrational 

groups. The FTIR spectra were recorded in the range 400-4000 cm-1 using a PerkinElmer Spectrum Two 

spectrometer. Raman spectroscopy was used to study lattice vibrations, defect formation, and phonon 
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behavior due to Cu incorporation in the crystal lattice of ZnO. Raman measurements were recorded through 

a Renishaw inVia Raman microscope using 532 nm excitation laser, covering spectral range 100-1000 cm-1. 

Thermal behavior and phase evolution were studied by thermogravimetric analysis (TGA), derivative 

thermogravimetry (DTG), and differential scanning calorimetry (DSC). TGA and DTG measurements were 

carried out using a TA Instruments Q500 thermal analyzer under a nitrogen atmosphere from room 

temperature to 800 °C at a heating rate of 10 °C min-1. DSC analysis was done in a TA Instruments Q2000 

calorimeter over 25–800 °C with a heating rate of 10 °C min-1 to check thermal transitions, decomposition 

processes, and crystallization behavior. 

ZnCu4. This behavior indicates that moderate Cu doped promotes densification with better particle packing 

during sintering. This enhancement can be related to the exchange of Zn2+ ions by Cu2+ ions in the ZnO 

lattice, which helps mass transport and grain-boundary diffusion, hence better pore elimination and stronger 

interparticle bonding. ZnCu2 differs from ZnCu0 in that a density increase of about 2.9% is clearly seen 

with nearly 14.6% porosity decrease, indicating low Cu concentration's positive effect on sintering. At 4 

wt% of Cu content, the sample attains maximum density with minimum porosity compared to all other 

samples; hence, ZnCu4 is the best densification performer. Most probably, better grain rearrangement and 

lower pore volume during thermal treatment are responsible for densification at this composition. However, 

at 6 wt% of Cu concentration, the bulk density slightly falls to 5.04 g cm-3, while the apparent porosity 

increases to 14.20%. Even though ZnCu6 still shows better densification than the undoped sample, the 

decrease relative to ZnCu4 explains that an excess of Cu incorporation can introduce lattice defects, internal 

stresses, and local compositional inhomogeneities which hinder the complete densification process. Other 

defects can suppress grain-boundary mobility and hinder the removal of residual pores during sintering [10]. 

These results establish that Cu doping significantly influences the densification behavior of ZnO 

nanoceramics. The density continues to increase while porosity decreases up to 4 wt.% Cu. It indicates a 

further improvement in sintering efficiency and microstructural compactness. 

]. 
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