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a b s t r a c t
Phase transformation, structural and optical properties of ZnO/CuO composite for various milling 
times were studied by means of X-ray diffraction (XRD), and Fourier-transform infrared (FTIR) 
spectroscopy, respectively. The refractive index (n), extinction coefficient (k), dielectric function, 
energy-loss function (Im(–1/(ε)), and optical absorption coefficient were determined from the 
quantitative analysis of FTIR spectra by applying Kramers–Kronig relation. Density of states 
(DOS) was analyzed using Quantum ESPRESSO package. For milling time up to 12 h, crystalline 
phase is dominant and for >12 h, phase transformation changed from crystalline to amorphous. 
The crystallite size shows a decrease with increasing the milling time due to Zn and Cu atoms 
spreading each other and producing the individual crystalline structure. For 20 h milling time, 
it shows the minimum distance (Δ) between two optical phonon modes due to the enlarging lat-
tice. For various milling time, the density of states (DOS) is similar for each composite due to 
the crystalline phase (%) for composites also similar. The best degradation percentage is 96.8% 
and only 30 min irradiation time for sample 1 h milling. For milling 20 h up to 52 h, the degra-
dation decreases from 93.10% to 78.5% and up again to 91.5% for 56 h milling which the trend is 
opposite with longitudinal optical phonon mode. This study shows powerful method for deter-
mining optical properties from FTIR spectra and effective way to investigate the transformation 
phase and structural properties from XRD spectra of CuO/ZnO composite.
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1. Introduction

The textile industry is one of the main sources in 
increasing water pollution for disposal without prior treat-
ment [1]. In the past few years, some of the small textile 
industry grew up which had negative effect to the envi-
ronment in the form of synthetic or organic dyes during 
the production process for disposal at high toxicity. It is 
affecting not only the water ecosystem but also human 

health [2]. Therefore, treatment of the textile waste using 
new material before disposal to the environment is urgent 
solution for providing clean water and green ecosystem.

Photocatalysis is one of the methods that can be the 
solution for the environment because it can directly involve 
solar energy to remove numerous pollutants. However, 
the application of photocatalyst in the environment has 
not fulfilled the expected consequences because of low 
photocatalytic performance and high cost on a large scale. 
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Pollutants also influence the difficulty of photocatalyst 
application in the natural environment, water, air, and solid 
phase, which are diverse and complex [3]. Therefore, we 
need to handle this situation with increasing material per-
formance of photocatalyst.

Nekouei et al. [4], Loudjani et al. [5] and Ghasedi et al. 
[6] reported that the materials performance in the mac-
ro-scale is greatly influenced by the structural and optical 
properties in the micro-scale, and these properties strongly 
depend on the composition and synthesis process. The 
structural properties such as transformation phase are 
fundamental knowledge, which is essential to understand 
correlation between the synthesis and the performance of 
material [5]. The synthesis methods have been reported 
by many researchers such as; sol–gel, hydrothermal pro-
cessing, vapor phase transport, chemical phase transport, 
and mechanical alloying (MA) [7–11]. One of the synthesis 
methods using high technology at low temperature by sol-
id-state reaction for powder material is mechanical alloy-
ing (MA) [12], which is possible to get a metastable phase 
[13]. MA which consists of ball collision with the sample’s 
particles is capable of a large number of metastable phases 
producing such as nanocrystals, supersaturated solid solu-
tions, and amorphous phase [14–16].

MA is used for reducing particle size Titorenkova 
et al. [17], mixing two or more different types of materi-
als to form alloy or composite [18–21]. There are many 
researchers reporting the effect of milling time to the struc-
tural and optical properties of materials such as; NiTeGe 
[22], Ti–Mg [23], AlCuNiFeCr [24], Ni–Nb–Y [25], Al–CuO 
[26], polystyrene/CuO–Fe2O3 [27], and Fe–ZnO [28]. ZnO 
also is important materials due to high chemical stability, 
non-toxic, large band gap energy (3.37 eV), high excitation 
binding energy (~60 meV) [29], and it can be tuned the 
size and morphology (nanorods, nanosheet, nanoflower, 
and nanowire) [30–33]. The applications of ZnO have been 
reported for sensors, solar cells, and optoelectronic devices 
[34–36]. Singh et al. [29] reported ZnO nanoparticles syn-
thesized using ball milling had an effect on the phase trans-
formation, the crystallite size, and the optical properties.

For CuO, the characteristics are environment-friendly, 
low cost, and large specific surface area. CuO is a p-type 
semiconductor with the band gap energy of 1.22 eV. There 
are many applications of CuO such as catalysis [37], battery 
[38], and gas sensor [39,40]. In this study, the combination 
between CuO and ZnO in the form of composite CuO/ZnO 
is synthesized for study the structural and optical proper-
ties as essential properties which high correlation in sup-
porting the performance of the material. As long as our 
knowledge, there is no reported phase transformation and 
structural properties from the analysis of X-ray diffraction 
(XRD) spectra, and optical properties from the quantita-
tive analysis of Fourier-transform infrared (FTIR) spectra 
as a function of milling time for composite CuO/ZnO. We 
apply mechanical alloying with various milling time up to 
56 h and focusing for analysing the structural properties 
and phase transformation from the XRD spectra, and the 
optical properties by applying Kramers–Kronig relation 
from the FTIR spectroscopy spectra. The optical prop-
erties will perform in the form of the refractive index (n) 
and extinction coefficient (k). From the optical properties, 

the longitudinal and transversal optical phonon mode, the 
complex dielectric function (real part (e1) and imaginary 
part (e2)), energy-loss function (Im(–1/ε)), and the opti-
cal absorption coefficient are determined. The electronic 
properties in the form of density of states (DOS) was deter-
mined using quantum espresso package. The photocat-
alytic performance of the textile industrial wastewater is 
analyzed using UV-Vis spectrometer spectra. The correla-
tion between these properties is also discussed.

2. Material and experiment

Zinc oxide (ZnO) and copper(II) oxide powder (CuO) 
supplied from Merck with particle size is <10 μm and assay 
98%. The weight ratio of CuO:ZnO is 1:1 maintained during 
milling by using MM 400 Retch Mixer Mill at the frequency 
10 Hz for 30 min, 1, 2, 6, 4, 8, 12, 16, 20, 24, 28, 28, 32, 36, 40, 
44, 44, 48, 52 and 56 h.

Sample characterizations were carried out by using XRD 
spectroscopy spectra (Shimadzu 7000) with CuKα radi-
ation (λ = 1,5405 Å) 2θ ranging from 25° to 80°, operation 
at 30 kV and 10 mA for study the structural properties and 
phase transformation of CuO/ZnO composites. The optical 
properties are determined from the quantitative analysis of 
FTIR spectroscopy spectra by applying the Kramers–Kronig 
relation, as described in Suryani et al. [41]. The photocata-
lytic activity is analyzed by using methylene blue (MB) as a 
model pollutant with an initial concentration is 15% and pH 
6 for MB solution, irradiated under a halogen lamp (300 W, 
OSRAM 645, Germany) which is the distance of 30 cm from 
MB solution. The experiment was carried out in 100 mL 
beaker with 0.1 g of composite CuO/ZnO. The MB solution 
without radiation was (C0) which was the initial concentra-
tion. Then 5 mL solution was taken out every 15 min from 
the reaction for measuring the absorbance assigned (Ct). The 
solutions would be analyzed by using UV-Vis spectroscopy 
(Shimadzu UV-Vis Spectrophotometer UV-1800).

3. Result and discussion

3.1. X-ray diffraction

The milling times milling affected the CuO/ZnO crystal 
system, which means the processing by solid-state reaction 
influencing the structural properties. The time of milling 
process increases is not always reducing the particle size. 
It is strongly depended on the type of materials, but the con-
sistency for lattice phase shift randomly at the beginning 
of the alloying process [42]. There are two-phase stages 
in the composites CuO/ZnO; crystalline and amorphous 
as shown in Fig. 1.

Fig. 1a shows the XRD spectra as a function of mill-
ing time from 30 min to 56 h. From the diffraction spectra, 
d-spacing, crystallite size, dislocation density, and strain 
were determined Feijoo et al. [43]. The XRD spectra in 
Fig. 1a were divided into two groups; Fig. 1b for crystalline 
phase dominant and Fig. 1c for amorphous phase dominant.

Fig. 1b shows the XRD spectra for the milling time pro-
cess from 30 min up to 12 h. It shows the high intensity and 
sharp compared with the milling times >12 h. For >12 h of 
milling time the amorphous phase is dominant, which can be 
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identified by the intensity of diffraction peaks low and broad 
indicated that the full width at half maximum (FWHM) 
increasing, as can be seen in Fig. 1c. The intensity decreases 
due to the uniform bonding decrease, which means the 
broken bond between the atoms increasing Taghvaei et al. 
[44]. Fig. 1 also shows that the XRD spectra as a function 
of milling times formed new phase. Based on JCPDS data 
the phases are CuO (01-074-1021), ZnO (01-079-0205), Cu4O3 
(00-049-1830), Cu2O (01-074-1230), ZnO2 (00-013-0311), 
Cu5Zn8 (00-025-1228) and CuZn2 (00-039-0400) are identified.

The intensity, full width at half maximum (βhkl), wave-
length of radiation sources (λ), and diffraction peaks angle 
(θ) are used in the quantitative analysis for determining the 
structural properties as described by the study of Ilyas et al. 
[45]. The value of βhkl is used to determine the crystallite size 
by Scherrer equation as follows:

D k
=

λ
β θhkl cos

 (1)

Dislocation density is determined from the crystallite 
size (D) reported by the study of Zak et al. [46]. The param-
eters of microstrain (ε) also contributed to the broadening 
(βstrain), which are the Scherrer equation becomes:

β β β
λ

θ
ε θ= + = +hkl strain tank

Dcos
4  (2)

where β is full width at half maximum (radian), D is the 
crystallite size (nm), ε is microstrain and k is Scherrer constant.

Table 1 and Fig. 2 show the relation between the amount 
of crystalline phase, d-spacing, dislocation density (δ), strain 
(ε), the crystallite size (D) for various milling time (30 min, 
1, 20, 40, 44, 52 and 56 h) of CuO/ZnO composite. By this 
method, there are three relations: (1) relation between 
crystalline phase, the crystallite size (D) and dislocation 
density (δ), (2) relation between the dislocation density (δ) 
and the strain (ε), and (3) relation between d-spacing and 

Fig. 1. (a) X-ray diffraction (XRD) spectra of composite CuO/ZnO for various milling times. (b) For 30 min to 12 h and (c) for 
16 to 56 h. We have included the existing phase in composite CuO/ZnO for comparison based on JCPDS: CuO (01-074-1021), ZnO 
(01-079-0205), Cu4O3 (00-049-1830), Cu2O (01-074-1230), ZnO2 (00-013-0311), Cu5Zn8 (00-025-1228), and CuZn2 (00-039-0400).
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crystalline phase for various milling time of CuO/ZnO com-
posite. 1 h milling time shows higher crystalline phase due 
to the lattice match between Cu and Zn being high, and it 
decreases to become the dominant amorphous phase after 
12 h. This argument is consistent with dislocation density 
which correlated with the number of defects present in 
the composite CuO/ZnO. For increasing the milling time, 
the number of defects may due to the breaking bond also 
increasing, which is responsible for decreasing the crystal-
line phase. Crystallite size shows decreasing with increas-
ing the milling time due to the atoms of Zn and Cu spread 
each other that produce the individual crystal structure 
[47]. The strain increases with increasing the milling time 
due to the non-uniform of the lattice structure [48]. The mill-
ing time of 44–52 h shows decreasing sharply of the strain 
due to the atoms of the Zn replaced some of the oxygen 
atoms in the lattice of CuO structure or vice versa, which 
affects in increasing the uniform structure [49]. This effect 
can be seen clearly in the diffraction peaks which were 
shifted to the higher 2q positions.

3.2. FTIR spectroscopy

Fig. 3 shows the FTIR of CuO/ZnO composite recorded 
in the range of 350–1,200 cm–1. The vibration band wave-
length strongly depends on the crystallite size, the chem-
ical composition, and the morphology of composites [50]. 
The band located at 400 to 590 cm–1 is probably attributed 
to the Zn–O stretching mode bonding with Cu in the form 
Zn–O–Cu [51]. For 40 h of milling time, the absorption peak 
is higher than other milling times due to the Zn atoms filling 
the oxygen atoms in the CuO lattice structure or vice versa 
which affected in increasing the uniform structure, but it 
could be different lattice parameters [49].

Suryani et al. [41] the quantitative analysis of the FTIR 
spectra is used to determine the optical properties, the dielec-
tric functions, and the energy-loss functions as a function 
of the wavenumber by applying the Kramers–Kronig rela-
tions. The Kramers–Kronig relation is also usually used in 
the quantitative analysis of electron spectroscopy spectra 
to determine the optical and dielectric properties of various 

Table 1
Relation between d-spacing, crystalline size (D), dislocation density (δ), strain (ε) and crystalline phase from the quantitative 
analysis of XRD spectra in Fig. 1 for several milling time 

Milling  
time (h)

d-spacing  
(Å)

Crystallite size  
(D) (nm)

Dislocation density (δ)  
(nm–2 × 10–3)

Strain (ε)  
(10–3)

Crystalline 
phase (CP) (%)

0.5 1.9 26.74 1.39 2.72 43.4
1 1.8 17.05 3.95 5.07 55.8
20 1.81 18.91 3.71 4.82 44.5
40 1.9 13.94 6.28 6.53 45.38
44 1.9 13.94 6.28 1.56 46.53
52 1.88 12.07 9.05 1.87 47.98
56 1.98 10.78 11.42 9.03 47.58

Fig. 2. Relation between d-spacing, crystalline size (D), dislocation density (δ), strain (ε) and crystalline phase from the analysis of 
XRD spectra in Fig. 1.
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materials as reported [52–59]. From the quantitative anal-
ysis of FTIR spectra, the optical properties in the form of 
refractive index n(ω) and extinction coefficient k(ω), real and 
imaginary dielectric function, and the energy-loss function 
were determined. Khorrami et al. [60] reported the FTIR 
spectra in the form of a transmittance spectrum needed 
to convert to the reflectance spectrum by the equation:

A Tω ω( ) = − ( ) 2 log %  (3)

R T A� � �� � � � � � � � ��� ��100  (4)

The reflection spectra are used for determining the n(ω) 
and k(ω) as follows [61,62]:

n
R

R R
ω

ω

ω ω ϕ ω
( ) =

− ( )
+ ( ) − ( ) ( )

1

1 2 cos
 (5)
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where φ (ω) is the phase change between photon from FTIR 
spectroscopy with reflections after traveling inside the 
sample which can be written:
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By applying Kramers–Kronig relation, Eq. (7) becomes:

ϕ ω
ω
π

ω
ω

ω ωj
j

i i j

x x
R

( ) = −
( )( )

−∑
4

2 2∆  
ln

 (8)

where j is a series of wavenumber, if j is an odd number 
so then i parts is 2, 4, 6, 8, …, j–1, j+1. While wavenumber j 
is an even, i parts is 1, 3, 5, 7, …, j–1, j+1, …, Δω = ωi+1 – ωi. 
The optical properties are presented in Fig. 4 for several var-
ious milling times (30 min, 1, 20, 40, 44, 52, and 56 h). The 
cross-point between n and k is related to the optical inter-
section at the lattice indicated by TO for transverse optical 
phonon vibration mode at lower wavelength and longitudi-
nal optical (LO) for longitudinal optical phonon vibration 
mode at higher wavelength as can be seen in Fig. 4 (first 
rows) and the corresponding result presented in Table 2.

The real part ε1(ω) and the imaginary part ε2(ω) of the 
dielectric function is n determined from the relations as 
follows:

ε ω ω ω1
2 2( ) = ( ) − ( )n k  (9)

ε ω ω ω2 2( ) = ( ) ( )n k  (10)

Fig. 3 (second rows) shows real (ε1(ω)) and imagi-
nary parts (ε2(ω)) of the dielectric function at the middle 
rows for CuO/ZnO composites for various milling times, 
respectively. The main peak position of imaginary parts 
(ε2(ω)) of the dielectric function in the wavelength ranges 
from 400 to 460 cm–1 also is used to determining TO optical 
vibration mode.

Ghasemifard et al. [63] and Legan et al. [64] reported 
that the LO vibration modes can be identified by two ways; 
first, from the cross-point between n(ω) and k(ω) (first 
row in Fig. 3) and second, from the energy-loss function 
(Im(–1/e(ω)) = (ε1(ω))/((ε2

1(ω) + ε2
2(ω)) [38] (third rows in 

Fig. 4). As shown in Table 2, the LO decreases from 927 cm–1 
for milling time 30 min to 626 cm–1 for 20 h indicated that 
the phase changed from crystalline to amorphous phase 
which consistent with analysis of XRD spectra. For 40 h, 
the LO is higher which indicates the dominant amorphous 

Fig. 3. Fourier-transform infrared (FTIR) spectra of composite CuO/ZnO for several milling times.
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phase. The consistency and validation of the method in this 
study in analysing FTIR spectra by using Kramers–Kronig 
relation are continuous for various type of materials: com-
posites cement/BaSO4/Fe3O4 [40], composite geopolymer fly 
ash-metal [65], Co/Fe2O3 composites by additional activated 
carbon [66], zinc hydroxide nanoparticle [67], composites 
Fe/CNs/PVA [68], bioplastics (SPF/starch/chitosan/poly-
propylene) [69], and composite carbon-lignin/zinc oxide 
nanocrystalline [2]. This method also successfully is used to 
identify the plasma frequency from the main peak position 
of the energy-loss function (Im(–1/e(ω))).

The real part ε1(ω) and the imaginary part ε2(ω) of the 
dielectric function is used as input parameter for determin-
ing the optical absorption coefficient as follows:

α ω ω ε ω ε ω ε ω( ) = ( ) + ( ) − ( )





2 1

2

2

2

1

1
2

 (11)

The calculation results of the optical absorption coef-
ficient are presented in Fig. 5. The absorption peak in the 
wavelength between 400 to 600 cm–1 indicated the region of 
Far-IR. The optical absorption contributed from the posi-
tion of Cu, O, and Zn atom in composite CuO/ZnO conse-
quently to the lattice vibration. For 30 min and 1 h milling, it 
shows peak of the absorption coefficient about 4 × 105 cm–1 
and decrease to about 0.5 × 105 cm–1 for 20 h milling times. 
For 44 and 56 h, it shows a low optical absorption coef-
ficient for 20 h but for 40 and 52 h, it shows high optical 

Fig. 4. Quantitative analysis of FTIR spectra in Fig. 3 for determining the optical properties (n and k) (first rows), the real ε1(ω) 
and the imaginary ε2(ω) part of the dielectric function (second rows), and the energy-loss function Im(–1/ε) (third rows) of com-
posite CuO/ZnO for various milling times. The longitudinal and transversal optical phonon modes are indicated by LO and TO, 
respectively.

Table 2
Frequencies of optical phonon mode (LO) for longitudinal and (TO) for transversal, the main peaks of the real part ε1(ω) and 
imaginary part ε2(ω) of the dielectric function and the distance of optical phonon

Milling  
time (h)

ε1(ω)  
(cm–1)

ε2(ω)  
(cm–1)

LO  
(cm–1)

TO  
(cm–1)

Δ (LO – TO)  
(cm–1)

Im(–1/ε) (cm–1)
FWHM 
Im(–1/ε) (cm–1)

0.5 363 408 927 408 519 927 22
1 364 410 900 410 490 900 11
20 424 450 626 450 176 626 10
40 418 437 1,087 437 650 1,087 11
44 417 448 807 448 359 807 28
52 420 440 832 440 392 832 38
56 434 452 619 452 167 619 4
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absorption similar to 1 h. These phenomena may be due 
to the lattice condition which can be shortening or enlarg-
ing, and it shows consistent with the distance (Δ) between 
two optical phonon vibration mode [41,61–64].

Fig. 6 and Table 2 show the relation between the real 
part ε1(ω) of the dielectric function, the distance (Δ) 
between LO and TO, the FWHM of Im(–1/ε), and the TO 
optical phonon mode for milling time (30 min, 1, 20, 40, 
44, 52 and 56 h). By this method, there are two relations: 
first, the relation between the real part ε1(ω) of the electric 
function and TO. The second, relation between the FWHM 
Im(–1/ε) and the ε1(ω). For 44–52 h, the FWHM of Im(–1/ε) 
is higher due to the broken bond between Cu–O and Zn–O 
which are higher in the composite, which is consistent 
with the strain (ε) in Table 1. For 20 h of milling times, it 
shows the distance (Δ) between two optical phonon modes 

that is minimum due to the enlarging of the lattice caused 
by the atoms of Cu sitting in the middle of ZnO lattice 
[70] which consistent with the crystallite size increasing 
as can be seen in Table 1.

3.3. Density of states

The density of states (DOS) calculation is determined 
by using the first-principles pseudopotential which is based 
on the density functional theory (DFT) and the plane wave 
method. It is implemented in the quantum espresso which 
stands for open source package for research electronic struc-
ture, simulation, and optimization. The effects of exchange 
and correlation are carried out with Perdew Burke-Ehrenk 
of (PBE) functional under treated the generalized-gradient- 
approximation. The ultrasoft pseudopotential (USP) method 
is used to analysis the interaction of electrons [71].

As shown in Fig. 7, the graph DOS was observed from 
peak –8 to 17 eV. It can be observed the peak from –7.5 to 
0 eV that corresponds to the occupied valance band, and the 
group from 2.5 to 15 eV corresponds to the occupied con-
duction band. The result of DOS is rather similar of CuZnO2. 
The value of DOS is rather similar for each composite due to 
the crystalline phase (%) for composites that are similar as 
shown in Table 1 [72].

3.4. UV-Vis spectrophotometer

The UV-Vis spectra were measured and recorded to 
analysis the optical band gap in the composite CuO/ZnO as 
a function of milling time. Based on another report, the opti-
cal band gap of ZnO is estimated to be ~3.25 eV. For com-
parison, CuO nanoparticle has the photon energy of ~1.5 eV. 

Fig. 5. Optical absorption coefficient determined from the real 
ε1(ω) and imaginary ε2(ω) parts of the dielectric function in the 
second rows of Fig. 4.

Fig. 6. Relation between the real part ε1(ω) of the electric function, splitting (Δ) between LO and TO, and FWHM of energy-loss func-
tion Im(–1/ε).
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Fig. 8 shows the band gap energies obtained by the Tauc’s 
plot methods. The value of the band gap energy of compos-
ites was shown to be about ~3 eV. The result of the band gap 
indicated that the CuO and ZnO were successfully synthe-
sized by using solid state method. The band gap value of 
composite CuO/ZnO as a function of milling time shows a 
good agreement with the result of the previous experiment 
[73].

Fig. 9a and b show the absorption of UV-Vis spectra 
for 15 min and 30 min irradiation time for various milling 
time (30 min, 1, 20, 40, 44, 52, and 56 h) for determining 
photocatalytic performance using methylene blue (MB) 
as a pollutant model. The percentage of degradation as 
can be seen in Fig. 9c calculated by using the equation; 

D
C C
C

t

o

%( ) =
−

×0 100, where C0 is the control absorbance 

before irradiation, and Ct is the absorbance after irradia-
tion time [74–76]. The best degradation percentage is for 
1 h of milling time, which reaching 96.8% for 30 min irra-
diation due to the time higher crystalline phase. Is along 
with 20 h up to 52 h milling time the degradation decreased, 
but for 56 h, the degradation increases again that the trend 
is opposite with the FWHM of Im(–1/ε) in Table 2. Fig. 9d 
shows the degradation rate as a function of milling time. 
The photocatalyst performance is observed from the rate 
constant of degradation (kr), where the high value of kr indi-
cated good performance indicated by the highest intensity 
in Fig. 7d. The kr is determined from the first-order plot 
using the following equation –ln(Ct/C0) = kr, where C0 is 
the initial absorbance, and Ct is the absorbance at a time. 
It shows highest intensity indicated the highest kr [77].

Fig. 9e shows that there was no noticeable reduction 
in photodegradation efficiency even after recycling. It was 

observed that the reduction rate of photocatalytic after the 
second cycle of less than 0.6% indicates the stability of the 
composite. Fig. 9f shows the photocatalytic mechanism for 
composite CuO/ZnO. The electronic structures of semicon-
ductor materials show two-level bands. The highest band 
with filled by the electron is referred to as the valence band 
(VB) and the lowest unoccupied band referred to as the 
conduction band (CB). Irradiation of composite CuO/ZnO 
produces electron (e–) jump to the CB and remaining hole 
(h+) at the valence band in an aqueous solution dissolved 
oxygen and oxidable pollutant [78]. The complete degrada-
tion mechanism of MB can be understood by the following 
chemical reaction of CuO/ZnO:

CuO
ZnO

CuO
ZnO VB CB+ → +



( )

+
( )
−hv h e  (12)

CuO
ZnO

CuO ZnOVB CBh e h e( )
+

( )
− + −+



 → ( ) + ( )  (13)

ZnO O Oe− •−( ) + →2 2  (14)

CuO H O OH H2h+ • +( ) + → +  (15)

OH MB dye deg. products CO H O2
• + ( ) → + +2  (16)

4. Conclusions

In this work, composite CuO/ZnO successfully is syn-
thesized using mechanical alloying to find the phase trans-
formation, the structural properties including; d-spacing, 

Fig. 7. Density of states (DOS) of composite CuO/ZnO for several milling time.
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the crystallite size (D), dislocation density (δ), strain (ε), 
and crystalline phase from the quantitative analysis of 
X-ray diffraction. The reflective index (n), extinction coeffi-
cient (k), real part (ε1) and imaginary part (ε2) of the dielec-
tric function, energy-loss function (Im(–1/ε1(ω))) is studied 
from the quantitative analysis of FTIR spectra by applying 
Kramers–Kronig relation. The crystallite size decreases 
with increasing the milling time due to the Zn and Cu 
atoms spreading each other and producing the individual 
crystal structure. The strain for 44–52 h decreases sharply 
due to the atoms of the Zn replacing some of the oxygen 
atoms in the lattice of CuO structure or vice versa which 
affected in increasing the structure uniformly. The FWHM 
of Im(–1/ε) for 44–52 h is higher due to the broken bond 
between Cu–O and Zn–O is higher in the composite con-
firmed by the strain (ε) value. The distance (Δ) between 
two optical phonon modes for 20 h of milling times shows 

minimum due to the lattice enlarging caused by the atoms 
of Cu sitting in the middle of ZnO lattice. This study shows 
that the XRD spectra is effective way to investigate the phase 
transformation, structural properties, and FTIR spectra is 
powerful way to determine optical properties of compos-
ite CuO/ZnO. The density of states was calculated by using 
quantum espresso package. The value of DOS is rather 
similar for each composite due to the crystalline phase 
(%) for composites that are similar. The best degradation 
is 1 h milling, which reached 96.8% for 30 min irradiation  
time.
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Fig. 8. Band gap analyses of composite CuO/ZnO for several milling time.



R. Rahmat et al. / Desalination and Water Treatment 270 (2022) 289–301298

Fig. 9. (a) UV-Vis absorption spectra (15 min irradiation time), (b) UV-Vis absorption spectra (30 min irradiation time), (c) per-
centage of degradation, (d) photocatalytic performance and kinetic curve of photocatalytic, (e) cycles of degradation efficiency, 
and (f) photodegradation mechanism for MB in the presence of CuO/ZnO as a function of milling time.
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