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Copper oxide (CuO) is a heterogeneous catalyst applied with success in several systems like 
vegetable oils transesterifications. The Ce-dopoing CuO is a promisor material with a potential 
improve catalysis performances. In this work, CuO and Ce-doping CuO were synthesized by the 
microwave hydrothermal method in only 5 min at low temperature (100 oC) without templates or other 
petroleum dependent organic substances, using only copper and cerium nitrates and sodium hydroxide 
as a precursors. Both materials were applied as photocatalysts for the degradation of remazol golden 
yellow dye (RNL). X-ray diffraction analysis showed that CuO and Ce-doped CuO has monoclic 
copper oxide structure without secondary phases. SEM analysis showed the Ce-doping full modify 
the CuO powder morphology. The dye RNL degradation rate of Ce-doping CuO was bigger than pure 
CuO and the expensive CeO2.
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1. Introduction
Copper oxide (CuO), narrow p-type semiconductor band 

gap, has been gaining much attention in the applied science 
and technology in the form of heterogeneous materials and 
because it particular properties1-3. This material is a metal 
transition oxide with optical properties to circulatory polarized 
light4, photocatalytic activity5, heterogeneous catalyst in the 
tranesterification of rubber oil (biodiesel)6, sensors for volatile 
organic compounds7, anode materials for Li ion battery8, 
p–n homojunction to solar cells9. The Ce-doping CuO is 
interesting alternative to the expensive price of pure cerium 
oxide. Copper ceria catalysts is a kind of the most research 
catalytic system, which perfectly balanced the cost and the 
catalytic performance10. And Ce doped CuO systems shows 
improvement in the catalytic performances of this materials. 
Sing et al.7 synthesized CuO hollow nanostructures that exhibit 
response for sensing acetone and as a resulting of doping 
with cerium, the material starts showing selectivity, highest 
response toward methanol sensing, and increasing the amount 
the Ce doping, the material shows high response for methanol 
and acetone. Guo et al.10 synthesized CuxCe1-xO2 nanorods 
catalysts with a significant effect in CO-PROX reaction. 
Its observed that the Ce dopant cause a reduction of the band 
gap and shows a strong saturation magnetization, showing 
that this doped metal transition is a well diluted-magnetic 
semiconductor material11. CuO single phase material usually 
do not possess this better properties.

Is notorious the influence of Ce doped CuO. However, 
the synthesis usually applied long time, high temperatures 

and use petroleum precursors derived (templates). 
Chuai et al.11 synthesized Ce doped CuO by the gas-liquid 
phase chemical deposition method at 820 oC for 120 min to 
obtain the material phase. Jan et al.12 obtained this material 
via chemical co-precipitation route. After preliminary process, 
the dried samples were annealed in electric furnace at 300 oC 
for 2 h. Xing et al.13 also synthesized via co-precipitation and 
the powders were calcined in a muffle furnace at 350 oC for 
3 h. Chen et al.5 obtained Ce doped CuO nanostructures at 
low temperature (110 oC) by the conventional hydrothermal 
method; they used cationic surfactant cetyltrimehyl 
ammonium (CTAB) and spend 6 h only in the synthesis. 
Guo et al.10 realized a long time experiment (24 h) for the 
Ce doped CuO synthesis by the co-precipitation method at 
500 oC. Ponnar et al.3 obtained this doped material by the 
microwave irradiation method in a domestic microwave 
oven and exposed to the microwave energy at short time 
(10 min) but the other steps like annealed the temperature 
for phase synthesis was 400 oC during 3 h to guarantee the 
good crystallinity. Singh et al.7 got Ce doped CuO hollow 
structures by the technique of inverse miniemulsion at 
250 oC for 4 h.

This is a promisor material (Ce doped CuO) for various 
applications. But this transition metal oxide is still little 
investigated and the synthesis for this catalytic system probably 
not obtained by the microwave hydrothermal method14,15. This 
method shows peculiar and unique characteristics like: direct 
dielectric heating in liquid and like a consequence, kinetics 
increased by 1 or 2 orders of magnitude, formation of new 
phases materials, low synthesis temperature, low cost with *e-mail: guilhermelucena@cchsa.ufpb.br
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electric energy, quickly reaching the working temperature 
saving energy / time and ecofriendly because reactions are 
carried out in closed systems16-20.

Given the importance of improving ecofriendly techniques 
like the little studied MH method, especially in relation to 
Ce-doping CuO, the aim of this work was to synthesize, in 
mild conditions, single phase nanopowder of this material 
by the MH method without surfactants or templates and 
realize a catalyst performance for the photodegradation of 
Remazol Golden Yellow dye (RNL).

2. Materials and Methods

2.1. Materials
Cu(NO3)2.3H2O (98% PROQUIMS), Ce(NO3)3·6H2O 

(99% ALDRICH) and NaOH (99% PROQUIMS) were used 
for the synthesis of CuO, and Ce doped CuO nanoparticles 
discussed in this article. The distilled water was used as 
solvent. CeO2 (99.9%) applied in the catalyst test was 
purchase from Aldrich.

2.2. Synthesis of CuO and Ce-doped CuO 
nanoparticles

Synthesis of the cooper oxide powder was synthesized by 
microwave hydrothermal method, as described in previous 
work21. Copper oxide was synthesized from a 90 mL solution 
(9x10-3 mol L-1) of Cu(NO3)2, with addition of 8 mL solution 
(5 mol L-1) of the mineralizing agent (NaOH). The solutions 
mixture was transferred to a Teflon and hydrothermalized 
autoclave at 100 °C for 5 minutes in a microwave hydrothermal 
reactor, INOVTEC, model RMW 1, using a frequency of 
2.45 Hz and a power of 900 W, obtaining a black precipitate. 
The sample was wash with distilled water until pH = 7 and 
then, dried out at 110 oC for 12 h in oven.

For the Ce-doped CuO synthesis, 90 mL of a solution 
of Cu(NO3)2.3H2O (M = 9x10-3 mol L-1) were added 10 mL 
of Ce(NO3)3.6H2O (M= 9x10-3 mol L-1) solution . Same 
concentrations for both solutions varying the volume amount. 
And then was added 8 mL of NaOH (5 mol L-1) solution 
resulting in a ratio of 1:9 (Ce:Cu) moles. The mixture was 
transferred to a Teflon autoclave and hydrothermalized at 
100 °C for 5 minutes, obtaining a gray precipitate. Washing 
and drying of the material was performed same way as 
described above.

The CuO and Ce-doped CuO samples synthesized in this 
work were labeled CuNa05 and CeCuNa05, respectively.

2.3. Characterization
The structural nature of the synthesized CuNa05 and 

CeCuNa05 samples were detailed by powder x-ray diffraction 
method (XRD) using a Shimadzu XRD-6000 x-ray diffractometer 
with CuKα radiation (λ = 1.5406 Å) in the 2θ range of 10° 
to 80°, with a step size of 0.02° and step time of 2 s, at 
room temperature. The lattice parameters were calculated 
using the least square refinement from Rede 93 developed 
at UNESP (Araraquara, SP, Brazil). The volume of unit cell 
(V), average crystallite size (D), micro-strain (Ɛ), dislocation 
density (S) and stacking fault (SF) were calculated using 
the equations 1 to 5, respectively3.
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the parameters a, b and c are lattice constants, β denotes full 
width at half maximum (FWHM) of the highest intensity 
peak, θ is diffraction angle, λ is the wavelength of incident 
X-ray beam and π equal to 3.14.

The    synthesized samples band gap were calculated 
from the UV-Vis spectra obtained in a Shimadzu model UV-
2550 spectrophotometer, operating in reflectance mode, in the 
region of 190-900 nm. From the graphs of diffuse reflectance 
according to the method proposed by Tauc22. For this, it was 
used the Kubelka-Munk function mathematically described 
by Equation 6.

( ) ( )1/nh A h Egνα υ= −  (6)

Where: h is Planck’s constant; ν is vibration frequency; α is 
absorption coefficient; A is the proportionality constant and 
Eg is the band gap energy. The exponent n values    denote 
nature of samples transition. In this work, the n value that 
best fitted the data was ½, which corresponds to indirect 
transitions.

To identify the functional groups and to confirm the 
substitution of Ce ions, the samples were scrutinized with 
Fourier Transform Infrared Spectrometer using a Shimadzu 
IR-Prestige-21 spectrometer. The measurements were 
performed in the region between 400 and 2000 cm−1 using 
KBr as the beam splitter.

The morphology of the samples was studied via Scanning 
Electron Microscopy (SEM) using a Tescan Vega 3 microscope 
(Kohoutovice, Czech Republic). The samples were fixed 
on supports using copper tape and metallized with a thin 
layer of gold (Balzers Union, model FL 9496). The SEM 
micrographs were obtained with potential acceleration of 
15 kV under low vacuum.

2.4. Photocatalytic and adsorption tests
The CuNa05, CeCuNa05 and commercial CeO2 samples 

were used as photocatalysts for the degradation of RNL 
(molecular formula: C16H16N4O10S3Na, weight: 546.99 g 
mol-1, DyStar). The photocatalytic tests were performed in 
a homemade reactor with dimensions of 10 x 20 x 100 cm 
using UVC lamp (λ = 254 nm, 20 W, ILUMISAMPA). 
The experiments were carried out in triplicate using 
10 mg of the photocatalyst and 10 mL of the dye solution 
with a concentration of 10 mg.L-1 at pH = 6. Petri dishes 
containing the dye solution and the photocatalysts were 
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photoirradiated for 1 h. After photocatalysis, the mixtures 
were centrifuged and filtered. The rate of discoloration and 
degradation of the dye solutions were quantified using a 
UV-vis spectrophotometer (Model UV-5100, Shimadzu) 
in absorbance mode. The photocatalytic efficiencies of 
the photocatalysts were calculated by calibration curves; 
the initial absorption of the untreated dye solution and the 
respective concentrations before and after photocatalytic 
treatment were considered. The rate of degradation is 
expressed by 7.

0 t

0

(A A )
Degradation rate   x1 00%  

A
−

=  (7)

where At and A0 are absorbances at time t and zero, respectively.
In addition, tests were performed in the dark, using the 

same photocatalysis conditions tests, to evaluated only the 
solution discoloration in relationship adsorption of dye on 
the material surface.

3. Results and Discussion

3.1. Structural analysis
Figure 1 shows XRD patterns of the CuNa05 and 

CeCuNa05 samples synthesized by MH in 5 min, at 100 oC.
The XRD patterns show the characteristic peaks of 

monoclinic CuO (JCDPS card. n° 45-0937), The presence of 
secondary phases and/or impurities is not observed. At the in 
set of X-ray patterns, it clearly verified and confirm that are 
monophasic samples. The two most intense peaks are in 2θ = 
35.58° and 38.86 associated to (002) e (111) planes, respectively. 
The synthesis using the MH method was efficient to obtain these 
materials in short time (5 mim) and low temperature (100 oC).

For CeCuNa05 sample, it was verified that the doping 
with cerium did not change the X-ray pattern, keeping the 
same profile of the CuNa05 sample, with only decrease in 
the intensity of the peaks were observed. When expanding 
the spectrum region between 34°-40° (inset Figure 1) it was 
certified that the dopant addition promoted a small shift (to 
the left) of the two most intense peaks of CuO. The peaks 
associated with the (002) and (111) planes were observed in 

2θ = 35.44° and 38.67°, respectively. It was also observed 
that the difference of intensity between the both peaks was 
reduced with the addition of the dopant.

Singh et al.7 showed that Ce-doped CuO synthesized 
by the microwave irradiation method, not the microwave 
hydrothermal (MH) method, revealed changes only in an 
intensity of X-ray patterns and attributed this diffractogram 
peaks modification confirms the presence of Ce into the 
CuO lattice. This observation becomes even more evident 
as the dopant concentration increases. However, no changes 
was found in the crystalline structures of the synthesized 
materials. That phases non-segregation of this materials, 
reforce, the obtaining of CuO doped with Ce.

Another investigation showed the synthesis of Ce doped 
CuO by hydrothermal conventional process (HC) at 100 oC 
for long time (6 h). It was observed formation of trace 
amounts of Cu2O and the amount of this oxide are gradually 
strong with the increase dopant amount5. By the microwave 
hydrothermal process (MH) we synthesized only in 5 min at 
100 oC without another phases . We note that MH process 
is efficient to obtain this single phase Ce doped CuO. Only 
shift toward lower Bragg angle (inset Figure 1), which that 
Ce ion were in to the CuO lattice successfully.

The lattice parameters (a, b e c), volume of the unit cell 
(V), average crystallite size (D), micro strain (Ɛ), dislocation 
density (S) and stacking fault (SF) were calculated and 
displayed at Table 1.

According to the values   showed in Table 1, the CuO 
(CuNa05) synthesized in this work presented the lattice 
parameters compatible with standard (JCPDS chart n° 45-
0937), with a slight increase in the parameter a and in the 
angle β, and a small decrease in parameter b.

In relation to the CeCuNa05 sample, the dopant addition 
promoted a decrease in parameters a and in the β angle, 
besides to an increase in the values   of parameters b and c. This 
alteration is associated with the difficulty of accommodation 
of Ce ions in the CuO lattice, since the ionic radius of Ce4+ 
(1.03 Å ) and Ce3+ (0.93 Å) are greater than the ionic radius 
of Cu2+ (0.73 Å), the which leads changes at the network 
parameters. Similar results were observed in previous works 
reported in the literature3,23,24.

Figure 1. XRD patterns of the CuNa05 and CeCuNa05.
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The crystallite size (D) of the CeCuNa05 sample when 
paralleled to CuNa05 was larger at 7.49 nm. This increase 
with the introduction of Ce is due to the amalgamation of 
particles, it is a result of solid state diffusion3.

The results of micro-strain (Ɛ), dislocation density (S) and 
stacking fault (SF) of CeCuNa05 showed a small decrease when 
pararelled to the undoped material (CuNa05). Similar results 
were observed by Ponnar et al.3 when doping CuO with cerium.

It should be noted that SF corresponds to crystallographic 
disorganization and is considered a planar defect25. These 
defects are generated during the synthesis process and these 
modifications indicate that the formation of vacancies and/or 
defects were generated in to Cu-Ce-O lattice due to the dopant 
introduction. Ɛ, S and SF decrements confirms the defects and 
vacancies are deduced by Ce doping. By the XRD analysis, it is 
possible to confirm that Ce is substituted in cupper oxide (CuO).

In Figure 2 the UV-Vis spectra of the CuNaO5 curves 
are observed with values   of the energy extrapolation to 
determine the band gap energy spectra.

The monoclinic CuO theoretical band gap is order of 
1.2 eV26. The band gap data obtained for the CuNa05 and 
CeCuNa05 samples were 1.98 eV and 1.36 eV26, respectively. 
In the CeCuNa05 sample, the band gap decrease, when 
compared to undoped sample, is associated with the symmetry 
break promoted by doping, which can be attributed to oxygen 
vacancies, network defects, impurities or distortions in 
chemical bonds, which promote the formation of localized 
energy levels within the materials gap.

Figure 3 shows the FT-IR spectrum of CuNa05 and 
CeCuNa05. The three characteristic peaks observed in the 
region of 400 - 600 cm-1 are from the monoclinic CuO27. 
The peaks located between 421-430 cm-1, 497-501 cm-1 and 
609 cm-1 are attributed to the Cu-O bond stretching along the 
(-202), (101) and (202) directions, respectively28-30. The small 
width of these peaks indicate a high order at short range. 
Between 843-852 cm-1, Cu-O-Cu lattice vibrations peaks are 
observed3. The samples presented bands at 1657 cm-1 assigned 
to adsorbed H2O and at 1042-1044 cm-1 assigned to OH 
groups31. Band at 1384 cm-1 is due to the atmospheric 
CO2 absorption32. In relation ship CeCuNa05 sample, a small 
band observed at 932 cm-1 refers to the stretching of the Ce-O 
metal-oxygen bond, thus confirms the presence of Ce into 
the CuO lattice. Ponnar et al.3 when evaluating the FT-IR 
spectrum of Cu1-xCexO (x = 0; 0.02; 0.03; 0.05 and 0.07) 
verified band intensity of this spectrum region, increased in 
intensity as the amount of Ce in the lattice.

SEM micrographs of synthesized nanopowders of 
CuNa05 and CeCuNa05 are shown in Figure 4.

The copper oxide (CuNaO5) sample showed morphology 
like thin agglomerates lamellae. These clustered with 
sharp dendritic tendency smaller than 5 μm as shown 

in (Figure 4A and 4B). The sample doped with cerium 
(CeCuNa05) mophology was totally different from pure CuO 
(CuNa05). It is possible to observe large agglomerations 
with more rounded edges with irregular and rough surfaces 

Table 1. Structural parameter of CuNa05 and CeCuNa05 nanoparticle.

Samples
Lattice constant

β (°) V (Å)3 D (nm) (Ɛ) S (x10-3) SF
a(Å) b(Å) c(Å)

CuO* 4.69 3.43 5.13 99.55 81.4 - - - -
CuNa05 4.71 3.41 5.13 99.93 81.2 16.50 0.3539 3.67 1.56

CeCuNa05 4.30 3.74 5.46 96.33 87.3 23.99 0.3534 1.74 1.50
* JCPDS card n. 45-0937

Figure 2. UV-vis spectrum of the CuNa05 and CeCuNa05.

Figure 3. FT-IR spectrum of the synthesized CuNa05 and CeCuNa05.
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(Fig 4C and 4D). These particles clusters smaller than 5 µm 
over clusters larger than 5 µm. The higher growth rate of the 
Ce-doped sample and its consequent change in morphology 
in comparison to the pure CuO sample is due to the Pauling 
electronegativity of Cu (1.9) being higher than that of Ce 
(1.1)33,34. The reactivity of the chemical element increases 
with decreasing Pauling electronegativity.

Zagaynov et al.35 synthesized Ce doped CuO by sol-gel 
without secondary phases, using ethanol, dimethylloctyamine 
(DMOA). The xerogeels were calcinated at 500 oC for 4 h.

By the MH method it was observed that Ce doping totally 
influenced the morphology of the material, since the other 
synthesis parameters and route (reactants) were maintained.

3.2. Photocatalytic and adsorption evaluation
The UV-vis spectra and the discoloration percentages 

of the dye solution after adsorption and photocatalytic tests 
are displayed in Figures 5 and 6, respectively. It can be 
highlighted that RNL dye has a absorption in the vicinity of 
the wavelength 411 nm. This band is related to the azo bond36.

For the adsorption tests, as the measurements were made 
in the dark environment, the decrease of the 411 nm band 
intensity was exclusively attributed to the reduction in the 
amount of dye in the solution due the adsorption on the surface 
of the material. For the solution treated with CeCuNa05, there 
was a very small adsorption (3%), while the other solution 
with CuNa05 reached a higher value (9%). These results can 
be understood considering the Coulomb forces of attraction 
and repulsion between the azo dye and the semiconductors.

As presented in Figure 6, UV irradiation had an 
important influence on the dye discoloration, which 
indicated that a photocatalytic reaction occurred. After 1 h 

Figure 4. SEM micrographs of (A and B) CuNa05 and (C and D) CeCuNa05 samples.

Figure 5. UV–vis spectra of an RNL solution after adsorption/1h 
test with CuNa05 and CeCuNa05.

Figure 6. UV–vis spectra of an RNL solution after photocatalytic/1h 
test with CeO2, CuNa05 and CeCuNa05.
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of UV irradiation in the presence of CuNa05, CeO2 and 
CeCuNa05 was able to decrease the absorption band of 
the azo bond by 86.5%, 57.9% and 92.5%, respectively. 
Compared with CeO2, the addition of 10 mol% Ce in 
CuO increased by 35% in the rate degradation of RNL 
by expensive commercial CeO2.

According to Liqiang et al.37, when a semiconductor 
particle is irradiated by the light of energy higher or equal to 
the band gap energy, an electron from the valence band (VB) 
is excited to the conduction band (CB) with simultaneous 
generation of a hole (h+) in the VB. The ecb

- and hvb
+ can 

recombine on the surface or in the bulk of the particle in 
a few nanoseconds, or can be separated under the built-in 
electric field to transfer to different positions on the surfaces 
to react with donor (D) or acceptor (A) species adsorbed 
on or close to the surfaces. These phenomena contribute to 
catalysis performance.

The introduction of a dopant metal with a different 
charge promotes the formation of materials with defects 
and/or vacancies.

As shown in the Kröger-Vink notation (equation 8), the 
cerium introduction into the CuO crystal lattice promotes the 
formation of oxygen vacancy ( OV )⋅⋅ ), which directly influences 
the semiconductor photocatalytic properties.

    CuO    '' X
2 Cu O OCeO Ce 2O V⋅⋅→ + +  (8)

These vacancies can act as active centers for catalytic 
reaction, because the oxygen molecules of the defective 
oxides are likely to be easily released and transferred, which 
can increase the catalyst reactivity. Oxygen vacancies can 
promote O2 adsorbing, and there is a strong interaction 
between the photo-induced electrons bound by oxygen 
vacancies and the adsorbed O2

38.
Sasikala et al.39 when evaluate the photodegradation 

of trypan blue and methyl orange dyes in presence of CuO 
doped with cerium catalistys, found that samples containing 
Ce3+ showed a higher concentration of oxygen vacancies and 
this favored a significant increase in photocatalytic activity. 
Similar results were observed by Ekthammathat et al.40 in 
the photodegradation of methylene blue. The authors 
proposed that the Ce3+ incorporated into the CuO lattice was 
oxidized by releasing electrons to adsorbed O2 to produce 
•O2

- superoxide radicals with the subsequent formation 
of Ce4+. And Ce4+ is reduced to Ce3+ by the absorption of 
photoexcited electrons from the CB of CuO as shown in 
equations 9 and 10.

      3 4
2 2Ce O Ce •O+ + −+ → +  (9)

      4 3Ce e Ce+ − ++ →  (10)

Islam et al.41 reported that the doping of CuO with Ce, 
obtained by the sol-gel auto-combustion method, may be 
due to the increase in the mean lifetime of the electron and, 
thereby retarding the charge carrier recombination. Therefore, 
it can be inferred that the presence of cationic cerium in 
the copper oxide crystal lattice promoted an increase in the 
photocatalysis of the RNL dye.

4. Conclusion
CuO and Ce-doped were synthesized at low temperature 

and short time ( 5 min) by the ecofriendly MH method. 
The XRD analysis revealed CuO and Ce doped CuO without 
perceptive second phases (like Cu2O or CeO2 segregation). 
The SEM reveals that the introduction Ce in CuO lattice 
promoted total different surface morphology. The fotocatalyst 
band gap change promoted an improvement of RNL dye 
degradation. Finally, it be concluded that the Ce doped 
CuO was effective and a promisor as a photocatalytic in 
application in water purification and environment benign 
i.e. ecofriendly.
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