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Abstract In this study, mesoporous Zn0.95Cu0.05O was

prepared using a simple sol-gel method in the presence of

tartaric acid as catalyst. The obtained powders were

annealed under air in the range of TC: 250–550 �C for

Zn0.95Cu0.05O. The ratio of Cu:Zn obtained from energy

dispersive X-ray (EDX) (4.8 %) is in good agreement with

the desired experimental result. The X-ray diffraction

analysis indicated that the wurtzite structure was main-

tained for all samples and copper was successfully doped

into ZnO at low TC. However, the formation of monoclinic

CuO was observed at higher TC. For Zn0.95Cu0.05O, the

crystallite size increased with the annealing temperature

from 15.86 to 24.24 nm. The isotherms obtained were type

IV with a hysteresis type H3, confirming the mesoporous

behavior of the catalysts. The surface area was in the range

of 35.1 to 8.66 m2/g. All the prepared catalysts mainly

showed two emission regions: a sharp peak in the ultravi-

olet region and another broad peak in the visible region.

The photocatalytic activity was achieved by the degrada-

tion of 300 mg/L malachite green (MG) aqueous solution

under UV irradiation. The findings showed that the

increased annealing of Cu5% doped ZnO with CuO on the

surface resulted in highly improved photocatalytic activity.

1 Introduction

Over the past decade, the synthesis and use of semicon-

ductors in various areas of technology has attracted much

attention and interest. Particularly in the field of water and

gas treatment because of the ability of some metal oxides,

such as ZnO and TiO2, to serve as photocatalysts [1–3].

ZnO is one of the most recently utilized semiconductors,

due to its direct band gap of 3.37 eV and large exciton

binding energy of 60 meV at room temperature [4–7]. The

important advantages of ZnO include its ability to absorb a

large quantity of visible light than TiO2, environmental

sustainability, its low cost and high catalytic efficiency

[8–11]. For this reason, ZnO is suitable and more effective

in the photocatalytic degradation of some dyes [12–14].

Hence, there are great research efforts to enhance the ZnO

photocatalyst.

Many synthesis parameters can strongly affect the

photocatalytic performances of prepared nanoparticles such

as the nature of solvent and or surfactant [15, 16].

Annealing and doping are important approaches used to

improve ZnO as a photocatalyst and are more effective and

play important roles in controlling the intrinsic defects of

ZnO. Moreover, annealing increases the crystallinity of

ZnO, decreases the defect on its surface, and reduces its

band gap energy [17, 18]. Transitions metal doping ZnO

helps in improving charge separation between electrons

and holes through the formation of electron traps. How-

ever, numerous transition metals are widely used in doped

ZnO, such as V, Co, Al, Fe, Cu, etc. [19–23]. Among these,

Cu may be an important and more effective doping element
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for improving ZnO as a photocatalyst [24]. Copper loading

into ZnO creates defects in the lattice, which enhances

photocatalytic activity. Kuriakose et al. [25] reported the

synthesis of Cu doped ZnO nanostructures and showed that

5 % Cu doped ZnO was the most efficient photocatalyst,

and this could be attributed to the formation of excess CuO

on the surface. Therefore, more studies should be con-

ducted to enhance the use of 5 % Cu-doped ZnO as a

photocatalyst.

Cu-doped ZnO can be synthesized by various methods

such as Sol–gel [26], spray pyrolysis [27], electrochemical

deposition [28], vapour-phase transport [29], hydrothermal

[30], ultrasonic method [31] and co-precipitation [32–34].

The most important and common method of preparing

nanoparticles is the sol–gel method, due the high purity and

crystallinity of the obtained materials [35, 36].

In this study, a simple sol–gel synthesis of mesoporous

Zn0.95Cu0.05O using tartaric acid was reported. The

obtained nanostructure products were characterized by

scanning electron microscopy (SEM), energy dispersive

X-ray (EDX), X-ray diffraction analysis (XRD), Brunauer-

Emmett-Teller method (BET), Fourier transform infrared

(FTIR), thermogravimetric analysis (TGA) and photolu-

minescence (PL). Also, the effect of annealing temperature

on their physicochemical properties and the MG photo-

catalytic degradation under UV irradiation were discussed.

This study demonstrated that Cu5 % doped ZnO, at higher

annealing temperature with CuO present on the surface,

produced highly photocatalytic activity.

2 Experimental

2.1 Synthesis of pure ZnO and Cu doped ZnO

nanoparticles

Zinc acetate dihydrate [Zn(CH3COO)2�2H2O], absolute

methanol 99.99 %, tartaric acid (CHOH–COOH)2, cupric

nitrate trihydrate [Cu(NO3)2�3H2O] and malachite green

(MG) were purchased from Panreac (in Spain). All chem-

icals were utilized without further purification. A certain

amount of zinc acetate dehydrate (as precursor) was dis-

solved in 75 mL of methanol, after stirring for 30 min, an

appropriate amount of copper nitrate trihydrate with a

molar ratio Cu/Zn of 5.26 % was also added and the

mixture was stirred for 30 min. On the other hand, an

amount of double distilled water solution (45 mL) of tar-

taric acid was added dropwise to the previous mixture. The

gel formed rapidly (5 min) at room temperature under

vigorous magnetic stirring and dried at 85 �C for 16 h.

Subsequently, the dry gel was first grinded and annealed at

250, 350, 450 and 550 �C for 1 h. The pure ZnO

nanomaterial was synthesized following the same proce-

dure without adding copper nitrate trihydrate.

2.2 Characterization techniques

The morphology of the nanopowder samples was examined

using a scanning electron microscope. The samples were

previously oven dried at 105 �C and coated with a thin film

of gold to provide ZnO powder surface with electrical

conduction. The composition and average size of

nanoparticles were determined by the powder X-ray

diffraction patterns, the samples were recorded by a

diffractometer (D8 Advance Bruker), using Cu-Ka radia-

tion (k = 0.15406 nm). The accelerating voltage and

scanning angle were 40 kV and 20�–75�, respectively. The

mode of chemical bonding in the prepared samples was

studied by Fourier transform infrared spectroscopy (Model:

Nicolet 6700) in the range 4000–400 cm-1 with a resolu-

tion of 4 cm-1. The surface area and pore sizes of

nanoparticles were determined by the Brunauer–Emmett–

Teller (BET) method using a Micrometrics ASAP 2020

apparatus (degas temperature: ambient to 200 �C for

20 min with pressure range of 0 to 950 mmHg). The

thermal decomposition behaviors of samples were evalu-

ated using thermogravimetry (Model: Mettler Toledo). A

heating rate of 0.02 to 250 �C/min, room temperature of

1100 �C and crucible volume of up to 150 lL were uti-

lized. A Perkin Elmer LS45 luminescence (PL) was used to

study the spectra of fluorescence. The apparatus were

operated at room temperature and the excitation source was

a special Xenon flash tube that produces an intense short

duration pulse of radiation over the spectral range. The

excitation wavelength was 325 nm.

2.3 Determination of heterogeneous photocatalytic

activity

The photoactivities of purely prepared ZnO and Cu-doped

ZnO were examined using (MG) dye as a pollutant and all

experiments were carried out in a Pyrex photoreactor under

U.V irradiation. After achieving adsorption equilibrium in

the dark, the solution was illuminated for photocatalytic

kinetic study: The samples of the MG solution were taken

after different irradiation times and were analyzed using

UV–visible spectroscopy at a wavelength kmax = 618 nm.

Using the Beer-Lambert law, the absorption measurement

was converted to concentration. The photocatalytic degra-

dation efficiency was calculated using the following

equation:

MG degradation % ¼ ðC0 � CtÞ
C0

� �
� 100 ð1Þ
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where, C0 is the (MG) initial concentration (fixed at

300 mg/L) and, Ct is the MG concentration at time t.

3 Results and discussion

3.1 Scanning electron microscopy (SEM) image

and energy dispersive analysis X-ray (EDX)

spectra

Figure 1a, b show the SEM micrographs of pure ZnO and

Zn0.95Cu0.05O annealed at 550 �C. The particles of the

obtained powder are spherical in shape with a little

agglomeration. Table 1 shows the weight percentages of

the elements. The calculated Cu/Zn weight ratio was found

to be equal to 0.048 (4.8 %), which corresponds to 4.6 %

Cu/Zn as a molar ratio. This result is in good agreement

with the desired experimental ratio shown above (5.26 %).

Thus, based on the average molar ratio, the Cu-doped ZnO

formula can be considered as Zn0.95 Cu0.05 O.

3.2 Characterization of the prepared catalysts by X-

ray diffraction

The XRD patterns for ZnO and Zn0.95Cu0.05O nanoparti-

cles are shown in Fig. 2a. The results show broad peaks at

positions 31.61�, 34.39�, 36.11�, 47.40�, 56.52�, 62.72�,
66.29�, 67.91� and 69.08� of the spectra. These values are

Fig. 1 SEM and EDAX results of a ZnO pure and b Zn0.95 Cu0.05O

Table 1 Weight percentage of the elements obtained from (EDAX)

Samples Weight percentage of the elements (%)

O Zn Cu

ZnO 16.53 83.47 –

Zn0.95 Cu0.05O 16.00 80.22 3.89
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Fig. 2 a XRD patterns of pure ZnO at TC = 550 �C and Zn0.95-

Cu0.05O catalysts at TC = 250, 350, 450 and 550 �C. b XRD principal

peak shift due to the effects of the Cu doping and TC
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in good agreement with the standard card file (JCPDS 36-

1451) for ZnO and can be indexed as the hexagonal

wurtzite structure. In addition, the appearance of a very

low-intensity diffraction peak at position 38.65�, corre-

sponding to CuO as the monoclinic (base-centered) phase

(JCPDS#18-1916) was observed. The appearance of this

peak is due to the high quantity of doped Cu and can be

detected by XRD. The average crystallite size (D) of the

prepared nanomaterial shown in Table 2 was calculated

using Scherrer’s equation:

D ¼ 0:9k
bcosh

ð2Þ

where k is the wavelength of Cu Ka radiation, b is the full

width half maxima (FWHM) of the diffraction peak and h
is the Bragg peak angle. The average particle size of ZnO

(pure) was found to be 22.26 nm.

The effect of Cu doping can be observed at the same

annealing temperature (TC = 550 �C) as shown in Fig. 2b.

In comparison with pure ZnO, the introduction of copper

ions shifted the diffraction peaks to higher angles by 0.06o.

Indeed, this change can be attributed to the replacement of

Zn ions (ionic radii = 0.60 Å
´

) by Cu ions (ionic

radii = 0.57 Å
´

) or may be due to structural stresses and

modification of the lattice parameters of ZnO. This shift

value indicated a decrease in the lattice parameters since

the value of c parameter decreased by about 0.01 Å
´

from

undoped ZnO (5.226 Å
´

) to Cu-doped ZnO (5.217 Å
´

). This

decrease confirms that the substitution of Zn ions by Cu in

the ZnO lattice, was facilitated by the similarity of the ionic

radii. Sharma et al. [37], in their study on Mn-doped ZnO,

reported similar observations.

The annealing temperature (TC) effect was observed on

both intensity of XRD peaks and lattice parameters as

shown in Fig. 2b. The principal peak (101) intensity

increased with increase in TC, and the shape of this peak

became narrower, indicating an increase in particle size.

On the other hand, the effect of TC on the lattice param-

eters showed the shift of the peak at 2h = 36.11�, which

increased from TC = 250–450 �C and then decreased to

TC = 550 �C (Fig. 3). For Zn0.95Cu0.05O nanoparticles, the

particle size seems to be dependent on the annealing

temperature as shown in Table 2. It varied from 15.86 to

24.25 nm when the annealing temperature was in the range

of 250–550 �C. The increase in the particle size with the

annealing temperature (Fig. 3), may be due to the

agglomeration of the particles. Consequently, the specific

surface area of the samples was decreased in the range of

the temperature from 250 to 550 �C (Table 3).

3.3 Fourier transform infrared studies (FTIR)

The chemical bonding and formation of wurtzite structure

in ZnO (pure) and Zn0.95Cu0.05 O were confirmed by FTIR

measurements at room temperature. The spectra are shown

in Fig. 4. The broad absorption band at 3439.39, 1077.74,

3446.53 and 1075.74 cm-1 can be attributed to the normal

polymeric O-H stretching vibration of H2O, respectively in

ZnO and Zn0.95Cu0.05O lattices [38]. Other sharp peaks

observed at 1621.45 and 1615.60 cm-1 can be attributed to

H–O–H bending vibration, which in turn can be assigned to

the small amount of H2O in the ZnO and Zn0.95Cu0.05O

nanocrystals [39]. The absorption band observed between

2300 and 2400 cm-1 are due to the existence of CO2

molecule in the air [40]. The vibration band at

446.31 cm-1 assigned to the stretching mode of pure ZnO,

shifted to a lower frequency at 438.48 cm-1 for Zn0.95-

Cu0.05O. Hence, it is supposed that Cu-ion can be suc-

cessfully substituted into the crystal lattice of ZnO [41].

3.4 Surface area analysis (BET)

Figure 5 shows the nitrogen adsorption-desorption iso-

therms and Barett–Joyner–Halenda (BJH) pore size distri-

bution for pure ZnO annealed at 550 �C, and Zn0.95Cu0.05O

at a temperature range of 250–550 �C. All the isotherms

obtained are Type IV and correspond to a capillary con-

densation, according to the classification of the Interna-

tional Union for Pure and Applied Chemistry (IUPAC).

The hysteresis is Type H3, and is characteristic of the

Table 2 Average crystallite

sizes and lattice parameters of

the undoped and Cu doped ZnO

nanoparticles prepared at

different annealing temperatures

Samples 2h (degree) Crystallite size (nm) Lattice parameter (Å
´

) c/a

(a) (c)

ZnO pure

TC = 550 �C 36.11 22.26 3.2628 5.2256 1.6016

Zn0.95Cu0.05O

TC = 250 �C 36.03 15.86 3.2732 5.2442 1.6022

TC = 350 �C 36.09 16.95 3.2608 5.2608 1.6133

TC = 450 �C 36.21 20.95 3.2491 5.2088 1.6031

TC = 550 �C 36.17 24.25 3.2588 5.2178 1.6009

JCPDS 36-1451 3.249 5.206 1.602
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mesoporous material with slit-shape pores. Based on the

results obtained from Fig. 5, the adsorption of N2 on pure

and Zn0.95Cu0.05O catalysts, slightly increased from a low

relative pressure of about 0.02 to 0.8 at higher TC (450 and

550 �C) to 0.6 at lower TC (250 and 350 �C), and then

followed by a sharp rise from 0.6 or 0.8 and above due to

substantial inter particle porosity [42]. The highest and

least volume of absorbed N2 can be attributed to the cat-

alysts annealed at TC equal to 250 and 550 �C, respec-

tively. All the desorption branches are different from those

of adsorption, indicating differences in their pore’s texture

[43]. Among all the catalysts, Zn0.95Cu0.05O annealed at

TC = 250 �C showed the highest volume of adsorption

and widest desorption branch as shown in Fig. 5. The

Barret–Joyner–Halenda (BJH) pore size distribution for all

catalysts is shown in Fig. 5. All plots are located in the

mesoporous range, which is in good agreement with the

Type IV adsorption isotherm. The BJH pore size distribu-

tion of pure ZnO and Zn0.95Cu0.05O annealed at

TC = 550 �C (Fig. 5) indicates different features of

Zn0.95Cu0.05O annealed at TC = 250, 350 and 450 �C,

specifically from the average pore diameter centered at

around 70 nm. This shows the result of the modification in

pore texture. Based on the obtained results, it can be sug-

gested that the annealing temperature has a clear effect on

specific surface area and pore size distribution of the doped
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Table 3 Structural and textural

properties of prepared

photocatalysts

Samples BET surface

area (m2/g)

Pore volume

(cm3/g)

Average pore diameter (nm)

Adsorption–desorption

ZnO pure

TC = 550 �C 7.48 0.053 44.03–37.38

Zn0.95Cu0.05O

TC = 250 �C 35.10 0.220 24.63–21.67

TC = 350 �C 19.39 0.147 31.03–30.58

TC = 450 �C 12.55 0.146 52.88–44.08

TC = 550 �C 8.66 0.053 36.38–30.97
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catalysts (Table 3, SBET decreased from 35.1 to 8.66 m2/g

as TC increased from 250 to 550 �C). On the other hand,

for the same TC = 550 �C, the obtained isotherms for pure

and doped ZnO are very similar, showing almost the same

specific surface area. This shows that the effect of doping is

less important than the annealing temperature. By

increasing the annealing temperature, a remarkable

decrease in surface area of pure ZnO and Zn0.95Cu0.05O can

be observed. This phenomenon could be explained by

clogging pores caused by the occurrence of possible

aggregation when the annealing temperature increases.

This may have the effect of clogging as observed in the

diminution of both volume and average pore size.

3.5 Thermal analysis of the prepared xerogel

catalysts

The thermal stability of the prepared pure ZnO and

Zn0.95Cu0.05O by the fast sol–gel method was studied by

TGA and DTG as shown in Fig. 6a, b. For the pure ZnO,

the weight loss of the xerogel occurred principally in two

steps. In the first step, weight loss (8 %) was in the range of

80–178 �C, due to the dehydration of the absorbed surface

water, as well as hydrate from the remaining zinc acetate

and methanol solvent. In the second step, weight loss

occurred in the range from 190 to 244 �C, which corre-

sponds to 17 % due to the decomposition of tartaric acid.

In the last step, weight loss ranged from 284 to 482 �C due

to the conversion of zinc tartarate to zinc oxide and the

percentage of weight loss was found to be 41.5 %. After

482 �C, no weight loss was observed and zinc oxide

formed was further confirmed by XRD. On the other hand,

for Zn0.95Cu0.05O, a total weight loss of 7.9 % was

observed in all four steps, and this is very low as compared

with pure ZnO xerogel (64.5 %), indicating an increase in

its stability due to the presence of Cu.

3.6 Photoluminescence

In this study the photoluminescence (PL) spectra of ZnO

nanoparticles were determined to explore the effect of Cu-

doping and annealing temperature on its optical properties.

Figure 7 shows the emission spectrum of pure ZnO and

Zn0.95Cu0.05O catalysts, using an excitation wavelength of

325 nm at room temperature. The photoluminescence (PL)

emission was observed for all the samples

(TC = 250–550 �C) covering the range: from a short

wavelength of 350 nm to a long wavelength of 550 nm. As

shown in Fig. 7, all the samples show mainly two emission

peaks: a sharp one in the ultraviolet (UV) region and

another broad one in the visible region. The first one, which

originates from the recombination of free exciton [44, 45],

is clearly observed for pure ZnO at 379 nm. Thus, Zn0.95-

Cu0.05O was annealed at the highest temperature

TC = 550 �C at 385 nm, and this may be attributed to
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Fig. 6 TG-DTG analysis of a ZnO and b Zn0.95Cu0.05O xerogel
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exciton-related near-band edge emission (NBE). The sec-

ond peak was observed according to the annealing tem-

perature TC at 417, 421, 428.5 and 430 nm, which

corresponds to the blue emission [46]. As can be seen, the

second peak seems to be observed only for Zn0.95Cu0.05O

catalysts, while the intensity of both peaks depends

strongly on the annealing temperature. As the annealing

temperature increases, the ultraviolet emission peak of the

pure ZnO and Zn0.95Cu0.05O catalysts gradually increases

especially for TC = 550 �C. This increase was also

observed for the blue emission peak for all annealing

temperatures.

For further understanding of the PL analysis, Fig. 8

shows that all PL spectra are well fitted with a Gaussian

function (the lowest correlation coefficient is 99.4 %). For

pure ZnO, the deconvoluted PL spectrum (Fig. 8a) shows

three peaks (Table 4): two UV emission peaks of approx-

imately the same intensity at 373 and 389 nm corre-

sponding to the near-band emission of ZnO [47] and a

violet emission peak at 410 nm with lower intensity. The

effect of Cu doping can be seen at the same TC = 550 �C.

By comparison of Fig. 8a, b, it was observed that there is a

red-shift of approximately 5 nm in the Cu-doped sample,

which may correspond to a reduction of the ZnO band gap

due to Cu doping and the substitution of Cu ions into the

Zn sites in the lattice as reported in the XRD study. Xu

et al. [48] and Udayabhaskar et al. [49] reported similar

results on Cu-doped ZnO, Ni-doped ZnO and Ca-doped

ZnO materials, respectively. They observed that the violet

peak at 410 in the pure ZnO completely disappeared, and

this may be attributed to the defects and/or lattice imper-

fections of the ZnO sample, which can be removed by low-

temperature thermal annealing. However, it seems that the

peak was replaced by the two blue emission peaks in the

Zn0.95Cu0.05O mesoporous catalysts. The observation of

visible emissions may be related to intrinsic defects in

ZnO, and their enhancement in the presence of Cu ions

induced a poorer crystallinity and greater level of structural

defects, which can be attributed to the more intrinsic

defects introduced by Cu ion incorporation into the ZnO

lattice. This result is in line with the above XRD findings.

Xu et al. [48] related similar results to Raman’s observa-

tions regarding the defects generated gradually with the Cu

doping ratio.

The effect of annealing temperature TC and its com-

parison is shown in Table 4 and Fig. 8a–e, respectively. As

the annealing temperature increased from 250 to 550 �C,

all UV and visible luminescence increased. The increase in

UV emission may be ascribed to the improvement in

observed crystalline quality due to annealing. The

enhancement in blue emissions intensities is likely due to

the strong exchange interactions between Zn and the sec-

ondary phase formed by Cu, after annealing of the sample.

Certainly, thermal annealing can provide more energy for

the substitution of Zn atom sites by Cu atoms into the

lattice of ZnO.

3.7 Characterization of pure ZnO

and Zn0.95Cu0.05O by photocatalytic

degradation of Malachite Green

The photocatalytic performances of pure ZnO and Zn0.95-

Cu0.05O samples were investigated under UV light through

the degradation of Malachite Green (MG), as a model

organic pollutant. Figure 9 shows the photodegradation

activity of ZnO annealed at 550 �C and Zn0.95Cu0.05O

annealed at TC of 250–550 �C photocatalysts. The results

show that no that there is no degradation in the absence of

the photocatalyst. On the other hand, the photocatalytic

activity of pure ZnO was found to be very low: only 15 %

of MG was degraded after 2 h of irradiation. However,

after doping ZnO with copper significantly increased its

photocatalytic efficiency towards the degradation of MG.

However, the efficiency of ZnO was singnifcantly

increased after doping with copper. As observed in Fig. 9,

the kinetics were well fitted to pseudo first order then, the

obtained values of the rate constant using Origin.8 software

were plotted against the annealing temperature.

It’s known that the photocatalytic activity is related to

the surface area of the photocatalyst. The present results

were showed that the Cu-doping ZnO and the annealing

temperature have played a crucial role on the enhancement

of the photocatalytic efficiency by increasing the surface

area. Nevertheless, this is not simply a question of specific

surface area and adsorption, despite the fact that adsorption

is a very important step in the photocatalytic process.

Figure 10 shows the adsorption in the dark, which depends

to the nature of the catalyst. The most adsorbed quantity of

the MG was found over the Cu-doped catalyst annealed at

TC = 250 �C. This result is in a good agreement with the

obtained specific surface area value (35.10 m2/g), but this

catalyst was found to be less photoactive towards MG

degradation, among other Cu-doped catalysts.

It is also important to note that the photocatalytic effi-

ciency towards the degradation of MG with Zn0.95Cu0.05O

increased with increase in annealing temperature and for-

mation of a CuO phase on the surface. This clearly

demonstrates that photocatalytic activity depends on the

annealing temperature rather than particles size and surface

area. Similarly, it was shown that the photocatalytic

activity of a catalyst is related to its microstructure, such as

crystal plane, crystallinity, surface properties, BET specific

surface area, etc.. [50, 51]. Many studies have shown that

the difference in photocatalytic activity among all cata-

lysts, not only related to the surface adsorption ability, but

also to the type and concentration of oxygen defects on the
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surface and/or surface layers. Beside, two major parame-

ters can be affected by the annealing temperature: the

increase in crystallinity and decrease of surface OH groups.

Normally, since photocatalysis is a surface phenomenon,

the decrease in surface OH groups may cause a loss in

photocatalytic activity. However, the highest photoactivity

in terms of MG degradation rate or kinetic constant was

obtained from the catalyst annealed at the highest tem-

perature (TC = 550 �C) and with the lowest specific sur-

face area (8.66 m2/g). Therefore, an optimal quantity of

hydroxyl groups on the catalyst surface in combination

with a certain degree of crystallinity, and specific kinds of

oxygen defects on the surface and /or surface layers are

required to achieve optimal photoactivity [52]. In this

study, the increase in photocatalytic activity of Zn0.95-

Cu0.05O TC = 550 �C may be attributed to the good crys-

tallinity and oxygen defects as reported for pure ZnO

[53, 54]. However, the increasing crystallinity level with

annealing temperature and the introduction of the native

defects in the catalyst crystal in the form of neutral (VO),

singly charged (VO
?) or doubly charged (VO

??) oxygen

vacancies at higher annealing temperatures, may play a

major role in the enhancement of its photocatalytic effi-

ciency [55]. It is well known that these defects in the

nanoparticles reduce the electron-hole recombination;

hence increase the quantum yield and thus, enhance the

photocatalytic activity. Furthermore, a high concentration

of oxygen vacancies on the catalyst surface at higher

annealing temperature and CuO phase can also serve as

trap for electrons from the conduction band [56–58].

3.7.1 Photocatalytic degradation of MG mechanism

When mixtures of MG aqueous solution and a suspension

of photocatalyst were irradiated with VU light, the green

solution of MG markedly changed, as a result of the

decomposition of the free radicals formed in the solution.

The photocatalytic activity mechanism of Zn0.95Cu0.05O

can be understood as follows: The Cu5 % doped ZnO

resulted in the creation of intermediate energy levels,

which cause a delay in the recombination of charge carri-

ers, thereby enhancing the photocatalytic activity. More-

over, it can be noticed that the delay in the recombination

of charge carriers increases whenever the crystallinity of

Zn0.95Cu0.05O photocatalyst is improved by the annealing

temperature rise. In the mechanism of photodegradation of

MG in the presence of Zn0.95Cu0.05O photocatalyst. The

excitation of photocatalyst by UV light results to the for-

mation of electrons e�CBð Þ in both Cu/ZnO and CuO

Table 4 Photoluminescence

emission values of pure and Cu-

doped ZnO deduced from

deconvolution by Gaussian

function of PL spectra

Catalysts Near band edge NEB (nm) NEB intensity (a.u) Blue emission (nm)

ZnO pure

TC = 550 �C 373,389 30, 10 410 (violet)

Zn0.95Cu0.05O

TC = 550 �C 378 27, 87 423.45

TC = 450 �C 379 4, 89 429.46

TC = 350 �C 379 3, 44 429.46

TC = 250 �C 378 3, 13 419.45
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conduction bands e�CB;ZnO and e�CB;CuO respectively. In the

same time holes hþ
VBð Þ are formed in both Cu/ZnO and CuO

valence bands hþ
VB;ZnO and hþ

VB;CuO respectively. The elec-

trons e�CB;CuO are transferred to the Cu/ZnO conduction

band and then convert dissolved oxygen to super oxide

radical �O�
2 . While the holes hþ

VB;ZnO and hþ
VB;CuO from the

CuO valence band level react with water to form the

strongest oxidizing agent, hydroxide free radical �OH.

Both active species can decomposed MG completely. The

mechanism is schematically depicted in Scheme 1.

4 Conclusions

In summary, pure ZnO and Zn0.95Cu0.05O nanoparticles

were synthesized by a sol–gel method in the presence of

tartaric acid. The obtained powders were annealed at dif-

ferent temperatures. XRD studies confirmed the dominant

presence of hexagonal wurtzite ZnO with the formation of

monoclinic CuO phase on the surface of ZnO. In this study,

it was shown that specific surface area decreases with

annealing temperature due to the occurrence of the

aggregation phenomenon. The photocatalytic ability

showed that the catalyst activity was influenced by both

Cu5 % loading on ZnO and annealing temperature. The

Zn0.95Cu0.05O catalyst annealed at 550 �C exhibited the

highest photocatalytic activity due to the interlacing of

several factors such as the efficient charge separation as

proven by the PL spectra, the enhancement of crystallinity

and the introduction of the native defects in the catalyst

crystal in the form of neutral (VO), singly charged (VO?) or

doubly charged (VO??) oxygen vacancies. Furthermore,

the CuO phase on the surface resulted to delayed recom-

bination charge and increased the photocatalytic activity of

catalysts at higher temperature.
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