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Abstract
Cu–ZnO/TiO2 nanoparticles were prepared by entrapping copper ions into crystalline matrix of ZnO/TiO2 through sol–gel 
synthesis method. The photocatalyst matrix loaded with different copper concentrations was calcined at 500 and 700 °C. 
Thermal property, crystalline structure, surface morphology and absorption spectra of Cu–ZnO/TiO2 were characterized by 
thermogravimetric analysis, X-ray diffraction, scanning electron microscopy, transmission electron microscope and UV–Vis 
spectrophotometry. Besides, its specific surface area and band gap energy level were estimated through BET surface area 
method, Kubelka–Munk model and Planck’s equation. The results revealed that Cu–ZnO/TiO2 had a more thermally stable 
lattice compared to TiO2/ZnO and hence the phase transformation from anatase to rutile is retarded under higher calcina-
tion temperature in Cu–ZnO/TiO2 lattice. The photoactivity of Cu–ZnO/TiO2 was then evaluated through degradation of 
methyl orange under visible light irradiation. Among different samples, the samples that were calcined at 500 °C exhibited 
the highest photocactivity compared to those calcined at 700 °C. Cu–ZnO/TiO2 with a Cu content of 3 wt% was observed 
to have the maximum activity, giving C/C0 value of 0.03 after 150 min. This value was about 12 and 28.3 times higher than 
that of ZnO/TiO2 and TiO2, respectively.

1  Introduction

Titanium dioxide (TiO2), an n-type semiconductor, is one 
of the most applicable photo-catalysts which can be used 
for a wide range of applications such as H2 generation, 
self-cleaning, defogger, water purification, air purification, 
sterilization and etc [1–7]. TiO2 is non-toxic, abundant, 
economical, versatile and stable [8–10]. Generally, TiO2 
is a semiconductor with a wide band gap and it requires 
an excitation light with a wavelength lower than 400 nm 
(Eg = hc∕� ≅ 1240∕�) to begin a photo-reaction [11, 12]. 
When surface of TiO2 (or any other photo-catalyst) is irra-
diated with UV light irradiation, electrons (e−

CB
) and holes 

(h−
VB
) are created in conduction (CB) and valence bands 

(VB), respectively [13]. The generated electrons and holes 

are subsequently trapped and recombined with each other. In 
short, the photo-induced formation procedure follows four 
steps, which are photo-excitation (Eq. 1) charge-carrier trap-
ping of e− (Eq. 2), charge-carrier trapping of hν (Eq. 3) and 
electron–hole recombination (Eq. 4):

In the next step, the photo-induced electrons in the CB 
are trapped by aqueous adsorbed oxygen and participate in 
the reduction processes, producing superoxide radical anions 
(O−⋅

2
) (Eq. 5). The superoxides are protonated (Eq. 6) by H+ 

which is produced by ionization of water at the generated 
holes (h+) (Eq. 7). (HOO⋅) then traps another excited electron 
to produce HO2

− (Eq. 8), followed by protonation of HO2
− to 

generate hydrogen peroxide, as shown in Eq. 9. Finally, 
hydrogen peroxide is decomposed to produce hydroxyl radi-
cals (OH⋅) (Eq. 10). Meanwhile, the photo-induced holes in 
the VB diffuse to the surface of the photo-catalyst and then 

(1)TiO2(aq) + h� → e− + h+

(2)e−
CB

→ e−
TR

(3)h+
VB

→ h+
TR

(4)e−
TR

+ h+
VB

(

h+
TR

)

→ e−
CB

+ heat
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react with the adsorbed water molecules, generating another 
hydroxyl radical (Eq. 11) [14–17].

A variety of organisms, organic and inorganic pollutants 
can be deactivated, decomposed or transformed by the syn-
ergistic interaction of hydroxyl radicals, electrons, holes and 
other oxidating radicals [18, 19].

In TiO2 photo-catalyst, the CB energy level is 
slightly higher than the reduction potential of oxygen 
(ECB = − 0.51 V, EO = − 0.33V) which is a predominant 
electron acceptor (or oxidant) and it can ease the trans-
fer of e− CB to O2. On the other hand, its VB energy level 
(EVB = + 2.69 V) is much lower than the oxidation poten-
tials of most electron donors (either organic or inorganic 
compounds). Accordingly, the highly oxidative holes can 
be transferred to the surface-adsorbed hydroxide groups or 
water by devising the surface-bound hydroxyl radical [20]. 
Generally, it can be concluded that TiO2 encourages redox 
transformation of pollutants due to the positions of its bands.

In addition, TiO2 has three main crystalline structures; 
anatase (tetragonal), rutile (tetragonal) and brookite (ortho-
rombic). Anatase is the phase normally fabricated in the 
sol–gel process but brookite is mostly found as a by-product 
when precipitation is performed in an acidic medium at low 
temperature. Rutile is a stable structure while both brook-
ite and anatase are metastable and usually transfigured to 
rutile when heated. Generally, brookite is more reactive 
than anatase. However, preparing pure brookite without 
rutile or anatase is rather difficult and therefore it has not 
been widely investigated [21]. Besides, anatase has a higher 
photocatalytic activity compared to rutile because its higher 
ECB (~ 0.2 eV) results in higher driving force for transferring 
electron to O2. It is because ECB position affects electron 
transfer rate and subsequently, charge recombination rate. 
Therefore, it is a determining factor for efficiency of photo-
catalysis. It has always been reported that the photocatalytic 
activities of both anatase and rutile structures are highly 
influenced by the types of substrates applied [22–25].

Surface properties of TiO2, particularly the pH depend-
ence of the surface charge, are the other determinants for 

(5)
(

O2

)

ads
+ e− → − O2

−⋅

(6)O2
−⋅ + H+

→ HOO⋅

(7)H2O → OH− + H+

(8)HOO⋅ + e− → HO2
−

(9)HO2
− + H+

→ H2O2

(10)H2O2 + e− → OH− + OH⋅

(11)H2O + h+ → H+ + OH⋅

photocatalytic reaction. TiO2 is known to be diprotic 
acid due to the amphoteric nature of the surface hydroxyl 
groups. Accordingly, the surface titanol group of this 
photocatalyst follows the below acid–base equilibrium 
reaction:

The averaged pKa, is defined as the pH of zero point of 
charge (pHzpc), at which the surface charge of photocatalyst 
is null. For TiO2 photocatalyst, pKa1 = 4.5, pKa2 = 8 and 
the pHzpc value is estimated to be 6.2 [26, 27]. Therefore, 
protonation reaction takes place and the catalyst surface is 
positively charged at pH < 6.2, while the catalyst surface is 
negatively charged at pH > 6.2 due to deprotonation reaction.

Apart from the mentioned properties of TiO2, this pho-
tocatalyst is highly reactive during the photocatalysis for 
water treatment and it has a great response even under weak 
light irradiation. However, TiO2 is inappropriate for a mass 
processing system and is inactive and inapplicable in vis-
ible light. Numerous efforts have been proposed aiming to 
overcome such limitations and enhance the photocatalytic 
activity of TiO2, through surface modification/complexa-
tion, sensitization, impurity doping, hetero-junction with 
semiconductors of similar band gap, etc. The latter two were 
focused in this study.

In doping process, the fast charge recombination is 
retarded and visible light absorption is enabled by creating 
defect states in the band gap. In the first case, the recom-
bination is inhibited and the interfacial charge transfer is 
enhanced by trapping the VB holes or CB electrons in the 
defect sites. In the second case, the electronic transitions 
from the defect states to the CB or from the VB to the defect 
states are allowed under sub-band gap irradiation. Metal ions 
(transition metals and noble metals) and non-metal ions are 
the two main categories of dopants [28, 29]. Generally, 
selective metals are preferred since they have the potential 
to transfer electron and decrease the band gap energy level 
[30–32]. For doped catalysts, metal ions are activated in the 
presence of light source, generating electron–holes. There-
fore, the presence of metal ion dopants in the photocatalyst 
matrix improves the interfacial electron-transfer rates and 
charge carrier recombination rates significantly, followed 
by greater photoreactivity. Among different metallic dop-
ing elements, copper has been proven as an effective dopant 
to enhance visible light absorption. For example, Park et al. 
[33] modified TiO2 through Ni2+, Co2+, Zn2+, Cu2+ incor-
porations and reported that Cu-doped TiO2 was a promis-
ing photocatalyst in photo-decomposition of methylene blue. 
Sangpour et al. [34] modified TiO2 by doping it with Ag, 
Au, and Cu and found that doping increased the probabil-
ity of radical formation. The level of photo-activity of the 

(12)> Ti-OH2
+
↔ > Ti-OH + H+

(

pKa1

)

(13)> Ti-OH ↔ > Ti-O− + H+
(

pKa2

)
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investigated photocatalysts was reported to be in the follow-
ing order: Cu:TiO2 > Au:TiO2 > Ag:TiO2 > TiO2.

On the other hand, in hetero-junction process, the syn-
ergic effects of two semiconductors with similar band gap 
can result in low recombination rate and increase the life-
time of the electron–hole pair. For TiO2 photocatalyst, it 
can potentially be coupled with the other semiconductors 
i.e. SiO2, MoO3, CdS, MgO, WO3, SnO2, Cu2O, In2O3 and 
ZnO [35]. Among different semiconductors, the photocata-
lytic activity of ZnO is almost similar to TiO2 and found to 
be as reactive as TiO2 under sunlight. In other words, the 
band gap of ZnO (around 3.37 eV) is close to the energy 
level of titanium dioxide [36]. According to the literature, 
the energy level and surface area of TiO2 increase when it is 
mixed with another photocatalyst. Besides, the range of light 
absorption shifts towards visible light due to narrowing of 
band gap energy level as TiO2 is doped with a semiconduc-
tor catalyst [37].

TiO2/ZnO has been investigated by a number of research-
ers to improve the photodegradation efficiency of TiO2 cata-
lyst [38, 39]. The ability of copper in modifying the photoac-
tivity of TiO2 [40–42] and ZnO [43, 44] has been separately 
investigated in various works. Besides, the hybrid photo-
catalyst of TiO2/ZnO with some other metals has also been 
investigated in some studies [45, 46]. However, to the best of 
our knowledge, the hybrid photocatalyst of Cu–ZnO/TiO2has 
not been investigated yet. Accordingly, in the present work, 
the hetero-junction of TiO2 with ZnO with Cu integrated 
into the structure was investigated, aiming at narrowing the 
band gap energy of TiO2 and enhancing the hybrid photocat-
ayst’s photoactivity under visible light irradiation. Cu–ZnO/
TiO2 was fabricated through sol gel process and analysed 
in terms of thermal property, crystalline structure, surface 
morphology, specific surface area, wavelength absorption 
and band gap energy level. Finally, the photocatalytic activ-
ity of the synthesized catalyst was evaluated through methyl 
orange (MO) degradation under visible light.

2 � Materials and methods

2.1 � Materials

Titanium(IV) isopropoxide (TTIP, Ti[OCH(CH3)2]4, 
97%) used to synthesize titanium dioxide was pur-
chased from Sigma Aldrich. Zinc acetate dihydrate 
(Zn(CH3COO)2·2H2O, > 98%) and Copper(II) nitrate trihy-
drate (Cu(NO3)2.3H2O, 99%) were purchased from Chemi-
cal U.K. Acetic acid (CH3COOH, 98%) and hydrochloric 
acid (HCl, M = 36.45 g/mol) were also supplied by the same 
company. Ethanol (C2H5OH > 99.8%) and methyl orange 
(MO) were supplied by Merck.

2.2 � Samples preparation

In the present study, Cu–ZnO/TiO2 was synthesized using 
sol–gel method [47, 48]. Figure 1 shows a simplified dia-
gram of the synthesis. The process includes three main steps, 
which are gel preparation, drying and calcination.

In this study, the synthesis started with preparation 
of precursor A and B. For precursor A, a predetermined 
amount of TTIP was mixed with ethanol and stirred for an 
hour at room temperature to get a precursor solution. For 
precursor B, a predetermined amount of distilled water, 
ethanol, acetic acid and zinc acetate (according to the 
adequate weight ratio of TiO2:ZnO) were mixed together 
by continuous and tempestuous agitation. Meanwhile, 
the solution pH value was controlled between 2.0 and 3.0 
by adding certain quantity of hydrochloric acid solution. 
Afterwards, a certain amount of copper(II) nitrate trihy-
drate was added to precursor B with vigorous stirring for 
metal doping. Then, precursor B was dropped into pre-
cursor A at a speed of one drop per second under strong 
stirring. The produced mixture was continuously stirred 
for about 12 h to complete the sol–gel process and a trans-
parent sol was then created. It was aged for one day to 

Fig. 1   Diagram of Cu–ZnO/
TiO2 synthesis process

Precursor A:
(TTIP  mixed C2H5OH) 

Gel dried at 100 °C 

TGA analysis 

Solution stirred 

Gel aged    Grinded dry 

Calcination 

Grinded

Mixed A and B      12h            1day         1h     45min        2h         2h    45min 

Control pH and added copper nitrate 

Precursor B:
(H2O, C2H5OH, CH3COOH and Zinc acetate) 

Doped catalyst 
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finish the sol–gel transition and evaporate excess alcohol. 
After that, it was thermally-treated in an electric oven at 
100 °C for 1 h. In the next step, the catalysts went through 
the calcination process which was carried out in a furnace 
(Thermconcept KL 15/11) with a heating rate of 10 °C/
min to almost the maximum temperature determined by 
the TGA process. Calcination continued for 2 h to regu-
late the molecular network and structure of the photocata-
lyst and to remove excess solvent. It should be noted that 
heating process was conducted before calcination and the 
results were analysed in order to determine the thermal 
resistance of the synthesised samples and the calcination 
temperature. Moreover, 10 different samples with TiO2 
to ZnO weight ratio of 7:3 and Cu loadings of 1–5 wt% 
were generated. The samples were then calcined at two 
different temperatures (500 and 700 °C) and character-
ized subsequently. In order to evaluate and compare the 
photocatalytic activity of Cu–ZnO/TiO2, pure TiO2 and 
ZnO/TiO2 were also synthesized separately.

2.3 � Characterization

Thermo-Gravimetric Analyser (TG-Q500, Research instru-
ment, USA) was employed to analyse the thermal stability 
of the synthesized photocatalysts. Quantity of the synthe-
sized catalysts was subjected to heating process starting 
from the room temperature to the maximum temperature 
of 1000 °C, under a dynamic nitrogen atmosphere. Iden-
tification of the structures and phase purity of Cu–ZnO/
TiO2 samples were carried out by an X-ray diffractom-
eter (XRD) using an advanced X-ray diffraction (7602 EA 
Almelo, analytical Empyrean, Netherlands). A scanning 
rate of 0.026°s− 1 in 2θ ranging from 20° to 80° was used. 
Morphology studies of the samples were conducted using 
scanning electron microscope (SEM) (field emission scan-
ning electron microscope, FEI Quanta, The Netherlands). 
It operated at a beam energy level of 10.00 kV under high 
vacuum level and spot size of 3.0. Transmission electron 
microscope (TEM) images were used to observe the inter-
nal structure of sample (ORIUS SC1000). The microscope 
had accelerating voltage from 20 to 200 kV and standard 
magnification from ×22 to ×930K. The surface area of the 
samples was determined using Brunauer–Emmett–Teller 
(BET) surface area method (Micromeritics, tristar II 
3020). The UV–Vis (diffuse reflectance) spectra in the 
wave length range of 200–800 nm was obtained using a 
spectrophotometer equipped with an integrated sphere 
(UV–Vis–NIR spectrophotometer Uv-3600, Shimadzu, 
Japan). Accordingly, the band gap energy level was deter-
mined through the Kubelka–Munk’s model. The results 
were further compared with that estimated through Plank’s 
equation.

2.4 � Photocatalytic activity

The photocatalytic activity of the synthesized photocatalysts 
was evaluated through photocatalytic degradation of methyl 
orange (MO) solution as a test contaminant in aqueous solu-
tion under visible light irradiation [49]. The results were 
further compared to the photocatalytic ability of pure TiO2, 
and ZnO/TiO2.

The photocatalyst was suspended in methyl orange solu-
tion and the suspension was magnetically stirred in dark for 
30 min to reach adsorption–desorption equilibrium prior to 
irradiation. Then, the suspension was irradiated by visible 
light at λ > 400 nm (100W, Soft White, Philips) for 150 min 
and the photocatalysis was monitored within this duration. 
At the same time, the suspension was maintained by bub-
bling air continuously during the reaction. All photocatalytic 
tests were conducted at ambient temperature (25 ± 1 °C) and 
the reaction vessel was surrounded by a water jacket to keep 
the temperature stable. The first sample of each experiment 
was taken after 15 min and the subsequent samples were 
taken every 30 min. The degradation percentage of MO was 
assessed using Eq. (14).

where, C0 and Ct denote initial and instantaneous concen-
trations of MO (mg L− 1), respectively.

3 � Results and discussion

3.1 � Thermal stability of Cu–ZnO/TiO2

In order to clarify the thermal stability of the Cu–ZnO/TiO2 
composite powder, thermo-gravimetry analysis was con-
ducted using the dried composite gel with Cu mass fraction 
of 1, 3 and 5 wt%. The results of weight loss due to decom-
position and Derivative Thermogravimetric Analysis (DTG) 
are shown in Fig. 2. Three main phases of mass loss dur-
ing the whole thermal decomposition/combustion process 
were identified. The minor weight loss of 5.93–6.31 wt%, as 
observed in all the graphs at the temperature below 115 °C, 
was due to the loss of physically adsorbed water and sol-
vent [50]. This phase slightly decreased (around 1 wt%) as 
the Cu concentration increased. The decomposition phase 
started after solvent evaporation. Based on Fig. 2, this phase 
happened from 200 to 260 °C, resulting in a reduction of 
3.68, 6.28 and 6.34 wt% in the total mass. As observed, the 
mass reduction was dramatically lower at copper concen-
tration of 1 wt%. The third step, which occurred at about 
270 to 380 °C, was related to both the decomposition of 
the organic group’s residuals and the condensation of the 
TiO2 anatase phases. Similar results were also reported by 

(14)�% = [(C0 − Ct) × 100]∕C0
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Fig. 2   TGA curves of the Cu–
ZnO/TiO2 composite powder 
with Cu concentrations of solid 
lines Cu (0 wt%), dotted lines 
Cu (1 wt%), dashed dotted 
Cu (5 wt%). (heating speed of 
10 °C/min)
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Ramimoghadam et al. [51]. From the analysis, the temper-
ature assigned for this phase shifted to lower range with 
increasing Cu caused by compounds created by copper. Such 
results demonstrated the influence of copper and its corre-
sponding compounds on the thermal stability of Cu–ZnO/
TiO2.

3.2 � Structural characterizations of Cu–ZnO/TiO2

In addition, TiO2 has three main crystalline structures; 
anatase (tetragonal), rutile (tetragonal) and brookite (ortho-
rombic). Anatase is the phase normally fabricated in the 
sol–gel process but brookite is mostly found as a by-product 
when precipitation is performed in an acidic medium at low 
temperature. Rutile is a stable structure while both brook-
ite and anatase are metastable and usually transfigured to 
rutile when heated. Generally, brookite is more reactive 
than anatase. However, preparing pure brookite without 
rutile or anatase is rather difficult and therefore it has not 
been widely investigated [21]. Besides, anatase has a higher 
photocatalytic activity compared to rutile because its higher 
ECB (~ 0.2 eV) results in higher driving force for transferring 
electron to O2. It is because ECB position affects electron 
transfer rate and subsequently, charge recombination rate. 
Therefore, it is a determining factor for efficiency of photo-
catalysis. It has always been reported that the photocatalytic 
activities of both anatase and rutile structures are highly 
influenced by the types of substrates applied [22–25].

X-ray diffraction (XRD) clarifies the crystal structures 
of Cu–ZnO/TiO2 in different TiO2 and ZnO concentrations 
and calcination temperatures. Figure 3a and b displays the 
XRD patterns of the samples containing 1–5 wt% Cu, cal-
cined at 500 °C (Fig. 3a) and 700 °C (Fig. 3b), respectively. 
The standard JCPDS patterns of Zinc Oxide (reference code 
98-002-9272), crystal phases of TiO2 including Anatase 
(00-021-1272), Rutile (01-075-1750) and Brookite (00-029-
1360), Cu2O (00-05-0667) and CuO (00-48-1548) were used 
to analyse the obtained patterns in this study.

Generally, for Cu–ZnO/TiO2 with copper loading of 
1 wt% which was calcined at 500 °C, the crystal was rather 
amorphous. However, it crystalized well as the copper con-
tent increased in the matrix. Besides, as shown in Fig. 3a and 
Table 1, among TiO2 crystal structures, diffraction peaks of 
anatase and brookite showed the strongest intensities after 
calcination at 500 °C, indicating their major phases within 
the photocatalyst at this stage. Meanwhile, traces of rutile 
were also detected in Cu–ZnO/TiO2 calcined at 500 °C. As 
the calcination temperature rose to 700 °C, the crystalline 
phases changed accordingly. The strongest peaks in these 
samples were neither from brookite nor anatase, but rutile, 
indicating a crystal phase transfer towards rutile at the tem-
perature of 700 °C. These observations are in good agree-
ment with those obtained in the literature [52]. As reported 

by Paola et al. [21], anatase structure was normally gen-
erated in TiO2 synthesis through sol–gel method whereas 
brookite was normally found as a by-product when the pre-
cipitation was performed in an acidic medium at low tem-
perature. Rutile is the stable structure while brookite and 
anatase are metastable and can potentially transform to rutile 
when heated.

Besides TiO2 crystals, ZnO with strong diffraction peak 
intensities were found in these photocatalysts. However, a 
number of ZnO peaks on the basis of standard peaks were 
not identifiable in this study. Meanwhile, more ZnTiO3 were 
clearly detected, especially for those calcined at 700 °C, 
indicating an extensive reaction, Eq. (15) [55].

The results confirmed that photodeposition modified 
the basic crystal structure of ZnO and transformed it into 
ZnTiO3 or ZnTiO4. The phenomena may be due to the homo-
geneous dispersion of nanoscale copper deposits on the sur-
face of ZnO. On the other hand, presence of high quantity 
of zincite in samples calcined at 500 °C indicated that the 
aforementioned transformation was not fully achieved for 
photocatalysis at that temperature.

In terms of copper quantity, according to the XRD pat-
terns (Fig. 3) and Table 1, signals of Cu2O were clearly 
observed ( 2� of about 29.63°) and the intensity of these 
peaks increased with copper loading, which clarified that 
higher mass fraction of Cu2O was obtained with copper 
loading. Whereas, the diffraction pattern of CuO was not 
observed as CuO or small dimensions of Cu components 
were below the detection limit of XRD. The other possible 
reason might be high dispersion of CuO within the TiO2 
frameworks.

Furthermore, by comparing the XRD patterns of 
Cu–ZnO/TiO2 with that of pure TiO2 [56] and considering 
the Cu content in both the photocatalysts calcined at 500 
and 700 °C, it was found that the anatase phase increased 
initially with the Cu content up to 2 wt% and beyond that, 
the percentage of the anatase phase slightly reduced.

Meanwhile, the quantity of rutile phase was reinforced in 
both categories of the synthesised Cu–TiO2/ZnO. Accord-
ingly, it can be suggested that the dopant content beyond 
2 %wt promoted the phase transformation from anatase to 
rutile. The reason was that the surface oxygen vacancy con-
centration of anatase grains is enhanced with Cu, rearrang-
ing the ions favourably and reorganizing the structure into 
the rutile structure [57]. In other words, since the synthe-
sised photocatalyts were calcined at atmospheric condition, 
the chemical state of Cu is Cu+ (on the basis of XRD pat-
tern) which can be a substitute to Ti4+ transformed TiO2 into 
a denser rutile phase. The other possible reason was that the 
density of surface defects of the photocatalyst may increase 
as Cu content increased, resulting in phase transformation 

(15)ZnO + TiO2 → ZnTiO3
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since the surface defects were considered as the rutile nucle-
ation sites [58]. This finding was consistent with that of Fe-
doped TiO2 [59] or Al-doped TiO2 [60]. Besides, anatase 
phase percentage in Cu–TiO2/ZnO reduced with increasing 
the calcination temperature from 500 to 700 °C, which is 
opposite of the trend passed by ruitle phase in those calcina-
tion temperatures. Therefore, the rutile phase dominated the 
TiO2 structure when the calcinating temperature was 700 °C 
(Fig. 3).

On the other hand, a number of anatase phase peaks 
appeared stable at both 500 and 700 °C. It was attributed to 
thermodynamic stability of anatase. High thermodynamic 
stability of anatase, compared to rutile phase, is a proven 
phenomenon in smaller crystallites [61–63]. But the effect 
of doping should also be considered. During the sol–gel 
process, dopant significantly controls the crystallite growth 
(especially for crystallization of anatase phase). Although 
the dopant content increased the rutile nucleation sites or 

Fig. 3   XRD patterns of synthe-
sized Cu–ZnO/TiO2 calcined at 
a 500 °C, b 700 °C. Open circle 
anatase, filled circle rutile, filled 
triangle brookite, open triangle 
ZnO, right pointed filled trian-
gle ZnTiO3, filled square Cu2O, 
filled triangle Cu2HNO3
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transferred TiO2 into denser rutile, Cu2O and CuO molecules 
adsorbed on the surface of TiO2 made crystal growth slow. 
Therefore, the key is the balance between the amount of 
dopant that behaves as the rutile nucleation sites and the 
amount of Cu2O or CuO which is adsorbed on the surface 
of the photo catalyst.

3.3 � Crystal size and specific surface area of Cu–ZnO/
TiO2

The average crystal size of nanoparticles were determined 
from the full-width of the half maximum (FWHW) of the 
most intense peaks of the respective crystals using the 
Scherrer’s equation, D = Cs ⋅ k∕� ⋅ cos � , where D is equal 
to or smaller than the grain crystallite size, CS is the Scherrer 
constant, which has a value between 0.9 and 1.2, depending 
on the shape of the particles (in this study, Cs=0.94), k is 
the wave length of the incident X-ray, � is the Bragg diffrac-
tion angle and � is the full-width of the half maximum [64]. 
Accordingly, TiO2 peaks of (105) (211) (204) for anatase 
phase, TiO2 peaks of (110) (211) (220) for rutile phase and 
TiO2 peaks of (320) (151) (052) for Brookite phase, ZnO 

peaks of (002), (101) and ZnTiO3 peak of (103) were con-
sidered. However, brookite peaks of (320) (151) were only 
considered for calcination temperatures of 500 °C while 
rutile peaks of (211) (220) were only considered for calci-
nation temperatures of 700 °C. The specific surface area of 
the synthesized photocatalysts was also estimated through 
Brunauer–Emmett–Teller (BET) surface area method [65, 
66]. The results are presented in Table 1.

Generally, the mean crystallite size of Cu–ZnO/TiO2 was 
highly influenced by calcination temperature. As observed, 
when calcination temperature rose from 500 to 700 °C, the 
crystal size of Cu–ZnO/TiO2 increased gradually. It was 
mainly attributed to phase transformation from anatase to 
rutile and ZnO–ZnTiO3. In other words, the increase in 
calcination temperature induced phase transformation and 
accelerated the growth of crystallites. Increase of crystal 
size with calcination temperature has also been reported 
by many other researchers [61, 67–70]. The XRD patterns 
showed that the most intense anatase peak with the width of 
(101) plane at 2� = 25.6 appeared at calcination tempera-
ture of 500 °C and disappeared by increasing the calcina-
tion temperature to almost 700 °C. The XRD patterns also 
showed that the rutile phase peaks became broader and more 
intense at 700 °C (i.e. (200) plane at 2� = 39.5 , (111) plane 
at 2� = 41.5 , (210) plane at 2� = 43 , etc). To get a quan-
titative view, at 500 °C the crystallite size of rutile phase 
reached a maximum of 35.04 nm, but it became 39.93 nm as 
the temperature increased to 700 °C at a copper concentra-
tion of 5 wt%. At the same condition, the crystallite size of 
ZnO dropped from 33.17 to 28.73 nm. Meanwhile, ZnTiO3 
monotonically increased from 30.99 to 34.08 nm with cal-
cination temperature, showing the transformation of ZnO 
to ZnTiO3 through Eq. 15. From Table 1, it was observed 
that the average crystal size increased with dopant loading, 
which was attributed to phase transformation and in agree-
ment with other published works. For example, Inturi et al. 
[71] who investigated the effect of different dopants on TiO2 
crystals reported that, Ce, Y, Zr and Mo reduced anatase 
crystal size while other metals, i.e. V, Cr, Fe, Co, Mn, Ni 
and Cu increased crystal size.

The specific surface areas of the synthesized Cu–ZnO/
TiO2 along with pure ZnO and TiO2 are also listed in 
Table 1. From the table, it was noted that all Cu–ZnO/TiO2 
photocatalysts possessed a remarkably higher surface area 
than pure ZnO and TiO2, thus demonstrating higher ability 
to photoexcite the electron–hole pairs in the active sites and 
causing stronger absorption of reactants on the catalyst sur-
face [72]. However, as observed, the specific surface area for 
the synthesized photocatalyst was sacrificed as the dopant 
content or calcination temperature increased. Decrease in 
surface area by increasing the amount of copper doped with 
TiO2 was also reported by [73]. In other words, the slight 
increase in crystal size led to a small decrease in the surface 

Table 1   Crystallite size and surface area of the Cu-ZnO/TiO2 photo-
catalyst prepared at various calcination temperatures and compound 
concentrations

Photocata-
lyst

Cu 
content 
(wt%)

Calci-
nation tem-
perature 
(°C)

Crystal 
size 
(nm)

Surface 
area 
(m2/g)

Ref

ZnO – 500 33.0 – [53]
ZnO – 700 30.0 – [53]
TiO2 – 500 18.9 – [54]
TiO2 – 700 42.3 – [54]
Cu–ZnO/

TiO2

1 500 28.2 29.1 This study

Cu–ZnO/
TiO2

2 500 37.1 – This study

Cu–ZnO/
TiO2

3 500 37.6 71.2 This study

Cu–ZnO/
TiO2

4 500 38.2 – This study

Cu–ZnO/
TiO2

5 500 39.9 117.9 This study

Cu–ZnO/
TiO2

1 700 36.1 37.4 This study

Cu–ZnO/
TiO2

2 700 42.4 – This study

Cu–ZnO/
TiO2

3 700 50.8 80.1 This study

Cu–ZnO/
TiO2

4 700 53.3 – This study

Cu–ZnO/
TiO2

5 700 54.9 126.6 This study
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area on the Cu-doped photocatalysts. Therefore, the maxi-
mum crystal size along with the minimum surface area was 
observed in the samples with the Cu amount of 5 wt%, cal-
cined at 700 °C. It can be suggested different concentrations 
of Cu led to certain degree of stability of the specific surface 
area of Cu-doped photocatalysts.

3.4 � Morphology of Cu–ZnO/TiO2

Morphologies of the Cu–ZnO/TiO2 photocatalyst were 
investigated by SEM and the results are shown in Figs. 4 
and 5. Figure 4 shows the photocatalyst morphology as its 
copper doping increased (1, 2 and 5 wt%) whereas the effect 
of calcination temperature is demonstrated in Fig. 5.

As discussed earlier (in the XRD analysis), the photo-
catalyst with 1.0 wt% Cu synthesized at 500 °C mainly 
comprised amorphous crystals. That observation was also 
confirmed by the SEM image in Fig. 4a. As observed, the 
surface of the catalyst was smooth and crash free. Further-
more, according to the XRD analysis, the dopant concen-
tration played a dominant role by either behaving as the 
rutile nucleation sites or being adsorbed on the surface of 
the photo catalyst. The SEM images also showed that the 
crystalline lattice improved by increasing the dopant content 
in the matrix of the photocatalyst matrix (Fig. 4b). Figure 4c 
shows that the crystallinity was extended and improved nota-
bly as the dopant increased to 5 wt%.

Apart from the effects of the dopant content, the crystal-
linity became more regular as the calcination temperature 
increased to 700 °C, as shown in Fig. 5a and b. This result 
was also in line with that obtained by the XRD analysis. At 
this condition, Cu–ZnO/TiO2 contained approximately 100% 
of specific monodisperse abundant dumbbell or ball shaped 
particles and nano-pores. As observed, calcination tempera-
ture favourably affected the growth of nanophase crystals 
due to crystal phase transformation. For better analysis, the 
TEM images of Cu (3 wt%)–TiO2/ZnO calcined at 500 and 
700 °C are presented in Fig. 6. Figure 6a and c show a typi-
cal agglomeration of the powder proving the tendency of Cu 
ions to form the complex with the surface oxygen of TiO2 
and ZnO. As per images, the particles in the samples with 
dopant content of 3 wt% calcined at either 500 or 700 °C, 
have distributed uniformly. Figure of 6b also depicts that 
the Cu–TiO2/ZnO consists of a large number of particulates 
with a size of around 30–40 nm which is consistent with the 
results of XRD. Both single and accumulated particles were 
clearly observed in Fig. 6b. Corresponding results for the 
photocatalyst synthesized at 700 °C were also presented in 
Fig. 6d. In contrast, the samples calcined at 700 °C showed 
a slight larger particle size than that calcined at lower tem-
perature, which is in agreement with the results obtained 
by XRD. Furthermore, it is observed that by increasing the 

calcination temperature, crytallinity have increased too, 
however, the impact of dopant should not be eliminated.

3.5 � Analysis of optical absorption of Cu–ZnO/TiO2

The analysis of UV–Vis diffuse reflectance spectra (con-
verted to absorbance) for Cu–ZnO/TiO2 with different Cu 
content, calcined at 500 and 700 °C are shown in Fig. 7. 
Generally, incorporation of copper into TiO2/ZnO lattice 

Fig. 4   SEM images of Cu–ZnO/TiO2, a Cu = 1  wt%, calcined at 
500 °C, b Cu = 5 wt%, calcined at 500 °C, c Cu = 1 wt%, calcined at 
700 °C, d Cu = 5 wt%, calcined at 700 °C
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induced an optical absorption with a steep edge in the vis-
ible light region.

It was obvious that the absorption wave length of the 
new photocatalyst reached between 400 and 800 nm and 
hence the new photocatalyst was expected to have consid-
erable utilization of visible light for photocatalytic reac-
tions. Besides, the visible light absorption of catalysts at 

both calcination temperatures improved by increasing Cu 
content till 3 wt%. The origin of the visible light sensitiv-
ity in Cu-doped TiO2/ZnO can be observed by the appear-
ance of additional energy levels by the dopant orbitals (2p 
or 3d) and oxygen vacancies within the band gaps of TiO2 
and ZnO due to copper doping. The transition of excitation 
of 3d electrons from the Cu2+ ions to the conduction band 

Fig. 5   SEM images of Cu–ZnO/
TiO2, a Cu = 5 wt%, calcined at 
500 °C, b calcined at 700 °C

Fig. 6   TEM images of Cu–
TiO2/ZnO with Cu = 3 wt% 
calcined at 500 °C (a, b) and 
700 °C (c, d)
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of TiO2 plays an important role in this lattice. Apart from 
the Cu orbital levels, oxygen vacancies which are intro-
duced into the lattice of TiO2/ZnO by doping enhances the 
visible light absorption of the lattice. The oxygen vacancy 
states are at 0.75–1.18 eV below the minimum conduction 
band of TiO2 [74]. The band gap narrowing due to the 
formation of localized states or oxygen vacancies induces 
the visible-light absorption.

Besides, among the samples, Cu–ZnO/TiO2 with 2 and 
3 wt% Cu concentration showed the largest absorption 
intensity within the wavelength range of 400–800 nm in 
both groups of samples. In addition, as shown in Fig. 7, 
higher absorption intensity and a shift to long wavelength 
were observed for the samples which were calcined at 
500 °C which might be caused by noticeable presence 
of anatase phase in the photocatalyst lattice since the 
band gap of anatase (3.2 eV) is wider than that of rutile 
(3.0 eV).

It should be noted that, the absorption at wavelength 
of about or less than 380–388 nm is caused by the intrin-
sic band gap absorption of TiO2 (depend on its struc-
tures equilibrium) [54]. On the other hand, ZnO has an 
absorption edge at approximately 370–380 nm (band gap 
3.35–3.26 eV) [75]. The strong absorption bands at around 
400 nm contribute to the excitation of O 2p electron to 
the Ti 3d and/or Zn 3d level. The large absorption band 
between 400 and 800 nm is associated to the presence of 
Cu species. The visible light absorption bands might be 
due to metallic Cu absorption (225–590 nm), 3-d Cu3+ 
clusters (400–500 nm) 25, excitation of CuO electron from 
the valance band to the excition level (< 730 nm), d–d 
transition of Cu2+ (600–800 nm) 25 and Zn2+ 2p clusters 
(390 to 520 nm).

3.6 � Band gap energy level of Cu–ZnO/TiO2

In this study, the band gap was approximated through the 
model presented by Johnson [76]:

In this model, F is proportional to the absorption coef-
ficient known as Kubelka–Munk value (F= (1 − R)2/2R) 
where R is the is the reflectance of the semiconductor. A and 
Eg denote the constant parameter and band gap, respectively. 
m represents the type of transition which is equal to 1/2 for 
direct band gap semiconductor and 2 for indirect band gap 
semiconductor. hν is calculated by:

where, h is the Planck’s constant (6.626e− 34 Js− 1) and C 
is the speed of light (3.0e8 ms− 1). Therefore, band gap is cal-
culated by extrapolating the rising portion of the absorption 
spectrum to the abscissa at zero absorption. In other words, 
the intersection between the linear fit and photon energy axis 
(hν) gives the value of Eg (Johnson [76]):

Eventually, the band gap energy level of the synthesized 
photocatalysts is presented in Fig. 8. The results are also 
summarized in Table 2.

Extrapolation of the linear part of the curve to the hν-axis 
yielded a band gap of about 2.2–2.42 and 2.57–3.02 eV for the 
samples calcined at 500 and 700 °C, respectively. Undoped 
TiO2 and ZnO have the band gap values of 3.2 and 3.37 eV, 
respectively. It can be suggested that, the band gap of the 

(16)(Fh�)m = A(h� − Eg).

(17)h� =
hc

�

(18)A(h� − Eg)
m = 0 ⇒ h� = Eg

Fig. 7   The optical absorption curves of Cu–ZnO/TiO2, calcined at a 
500  °C b 700  °C, with different copper content of ― 1  wt%,---- 
2 wt%, - - - 3 wt%, ― ― 4 wt%, ―·― 5 wt%
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Fig. 8   (αhν)2 versus energy curve (Kubelka–Munk plots) to estimate 
the band gap energies of Cu–ZnO/TiO2 with different copper content 
and Calcined at (a) 500  °C (b) 700  °C and copper content of ― 
1 wt%,---- 2 wt%, - - - 3 wt%, ― ― 4 wt%, ―·― 5 wt%
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synthesized catalyst in this study was significantly less than 
that of TiO2 or ZnO separately. Narrowing of the band gap 
indicated incorporation of Cu into the lattice of ZnO/TiO2. 
Hence, the band gap decreased, resulting in applicability 
of visible light in transferring electron between the bands. 
Furthermore, a significant red shift of 0.21–0.45 eV in the 
main band gap was observed as the dopant content increased 
to almost 3 wt% under the temperature of 500 and 700 °C, 
respectively. More discussion will be presented at the next sec-
tion (Sect. “The photocatalytic mechanism of Cu–TiO2/ZnO 
under visible light irradiation”).

In the most recent work, Ganesh et al. [77] investigated 
the Cu-doped TiO2 (Cu = 0–50 wt%) powders and reported an 
initial increase in the band-gap energy with increase in copper 
content in TiO2 from 0 to 0.1 wt% and then a decrease upon 
further increase of the dopant content from 0.1 to 10 wt% in 
both direct and indirect band gap. In another work performed 
by Sahu and Biswas [78], the authors observed a band-gap 
energy reduction from 3.3 to 2.51 eV with the increase in Cu-
doping concentration in TiO2 from 0 to 15 wt%.

For calcination at 500 °C, the doped samples exhibited 
lower band gap energies which originated from either the pres-
ence of CuO and Cu2O at the surface of the photocatalyst and/
or from residual copper due to incomplete pyrolysis. Cupric 
oxide, CuO possesses 1.4 eV and cuprous oxide, Cu2O pos-
sesses 2.2 eV. These results, combined with the XRD graphs 
and morphology pictures, confirmed that the crystalinity of 
Cu–ZnO/TiO2 along with its band gap increased at calcination 
temperatures of 700 °C and above. Band gap increment with 
calcination temperature in the systems containing TiO2 and/
or ZnO with a metal dopant has also been reported by other 
authors [79, 80].

To quantitatively estimate the band gap energies (Eg) and 
in order to compare the absorption onsets of the Cu–ZnO/TiO2 
samples, Planck’s equation was used:

(19)Eg =
1240

�g

where, λg is the wavelength at the overlap of the vertical 
and horizontal portions of the spectra. As per Table 2, the 
band gap estimated by Planck’s equation was higher by about 
0.3 eV compared to the estimation by Kubelka–Munk’s 
method. However, similar trend was produced by both 
models.

3.7 � The photocatalytic mechanism of Cu–TiO2/ZnO 
under visible light irradiation

The possible diagram for charge transfer and energy band 
positions of Cu–TiO2/ZnO is schematically illustrated 
in Fig.  9. The relevant reactions were already listed in 
Eqs. (5–11).

Generally, the potential energy level of the conduction 
and valence band of Cu2O lie above than those of TiO2 and 
ZnO semiconductors, which assist the transfer of electrons 
toward valance band of ZnO or TiO2. Besides, the potential 
energy level of the conduction and valence band of both 
TiO2 and ZnO semiconductors, are more anodic and more 
cationic than those of CuO, respectively. This favors transfer 
of both e− and h+ from TiO2 and ZnO to CuO, hindering 
the partial recombination of e−/h+ in the TiO2 and ZnO. 
Accordingly, the reactions occurring at the TiO2cb, CuOcb 
and ZnOcb are facilitated.

It should also be noted that, under visible light irradia-
tion, Cu2O can reduce O2 via a multi-electron process and be 
re-oxidized to CuO [81]. Therefore, although CuO was not 
detected in XRD analysis, it may be generated under visible 
light irradiation and so its activity should be considered in 
photo catalytic reaction. Considering this assumption it can 
be discussed that, the conduction band of CuO has a more 
negative potential than required for one-electron oxygen 

Table 2   Band gap energies of Cu–ZnO/TiO2 with different copper 
content and calcined at two different calcination temperatures through 
Plank’s Equation and Kubelka–Munk equation

Model Kubelka–Munk equation Plank’s Equation

Calcination 
temperature

500 °C 700 °C 500 °C 700 °C

Cu content (wt%)
 1 2.41 3.02 2.48 2.7
 2 2.28 2.65 2.42 2.61
 3 2.2 2.57 2.44 2.53
 4 2.36 2.77 2.48 2.84
 5 2.42 2.91 2.52 2.92
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Fig. 9   Schematic diagram illustrating the charge-transfer process in 
Cu–TiO2/ZnO under simulated solar light irradiation
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reduction (O2 + H++e− → HO2°). Furthermore, Cu2
+ can 

react with e− (or O2
−) → Cu++(or O2). Cu+ can reduce O2 

consuming electrons or be oxidized to Cu-ions by the photo-
generated ZnO or TiO2 holes to Cu2

+ [82]. The ZnOvb or 
TiO2vb holes react with the surface −OH of the ZnO or TiO2 
releasing OH-radicals. On the other hand, the Cu2Ocb lies 
above the ZnOcb and TiO2cb. Accordingly, the excited pho-
toelectrons may be transferred from the Cu2Ocb towards 
the ZnOcb and then to TiO2cb, whereas the photogenerated 
holes traverse the opposite direction. In such situation, ZnO 
as an intermediate stage favors the electron hole transfer 
between the bands of Cu2O and TiO2 that would consider-
ably reduces the charge recombination rate, increasing the 
photocatalytic activity of Cu–TiO2/ZnO.

According to the energy band structure of both TiO2 and 
ZnO, the conduction band bottom and the valence band top 
correspond to mainly Ti/Zn 3d and O 2p states, respectively. 
The absorption edge of around 380 and 376 nm for un-doped 
TiO2 and ZnO results from the band-to-band transition (O 
2p → Ti/Zn 3d). In this study, the slight red shift in Cu–ZnO/
TiO2 can be mainly due to sp–d exchange interactions 
between the band electrons and the localized d-electrons of 
the Cu2+/Cu1+ substituted titania and/or zinc cations, result-
ing the formation of O-vacancies with concentration similar 
to that of added impurities. The sp–d exchange interactions 
causes an upward shifting of the valence band edge and a 
rise to downward shifting of the conduction band edge, even-
tuating a band gap narrowing.

Zuo et al. [83] discussed that the presence of a mini band 
closely below the conduction band was related to Ov associ-
ated with Ti3+, which narrowed the TiO2 band gap. A similar 
discussion related to Ov− induced band gap narrowing was 
presented by Wang et al. [84] in a system containing ZnO.

Furthermore, as the valance and conduction band of TiO2 
lie below than that of Cu2O and ZnO [85, 86], direct transfer 
of electron from both Cu2Ocb and ZnO towards the TiO2cb 
in parallel with direct transfer of photogenerated holes from 
TiO2vb to ZnOvb or Cu2Ovb, may be the other charge trans-
fer mechanism in Cu–TiO2/ZnO.

3.8 � Photocatalytic activity of Cu–ZnO/TiO2

Figure 10 shows the photocatalytic degradation curves of 
300 ml methyl orange 20 ppm with 0.5 g of photocatalyst at 
different durations. The degradation results were compared 
to that of pure TiO2 and TiO2/ZnO calcined at 500 °C.

Based on the figure, no significant degradation of MO 
solution was observed using pure TiO2 under visible light. 
Compared to that, TiO2/ZnO photocatalyst calcined at 
500 °C showed noticeable photodegradation of MO, giv-
ing a C/C0 value of around 0.36 after 150 min under visible 
light irradiation. However, the figure indicated that Cu–ZnO/
TiO2 could improve the photoactivity of TiO2/ZnO, yielding 

lower C/C0 values than that of TiO2/ZnO for almost all the 
reaction durations. As observed, Cu–ZnO/TiO2 with dif-
ferent Cu contents provided better results, except the one 
containing 5 wt%, calcined at 700 °C. Totally, the degrada-
tion efficiency was higher for the samples calcined at 500 °C 
compared to that at 700 °C, which should be attributed to the 
crystal structure of Cu–ZnO/TiO2 and its band gap energy 
level. Accordingly, the average final degradation efficiency 
was around 87% for the former and 64% for the latter. On 
the other hand, the results clarified that the photocatalytic 
degradation of the dye increased with copper content up to 
3 wt%. After that, the degradation rate reduced noticeably. 
Therefore, among different photocatalysts, the one with cop-
per content of 3 wt% calcined at 500 °C could reach the 
maximum degradation of 97% under visible light irradiation.

4 � Conclusion

In this study, a new hybrid photocatalyst, Cu-doped TiO2/
ZnO with a Ti to Zn weight ratio of 7:3 and copper con-
tent of 1–5 wt% was prepared via sol–gel process, followed 
by thermal calcinations in air at temperatures of 500 and 
700 °C. The prepared photocatalyst powder was charac-
terized in terms of thermal property, crystalline structure, 
surface morphology, specific surface area, wavelength 
absorption and band gap energy level. Its photocatalytic per-
formance was then assessed based on photodegradation of 
methylene orange under visible light irradiation. Compared 
to the pure TiO2/ZnO, the lattice of Cu doped TiO2/ZnO was 
found to be more thermally stable. It was also found that 
copper dopant delayed the crystalline phase transformation. 

Fig. 10   Photocatalytic degradation of methylene orange using dif-
ferent Cu–ZnO/TiO2 with copper concentrations of open square 
Cu (1  wt%), open diamond Cu (2  wt%), open triangle Cu (3  wt%), 
times Cu (4 wt%), open circle Cu (5 wt%). Empty bullets calcined at 
500 °C, solid bullets calcined at 700 °C, filled circle Pure TiO2, filled 
triangle TiO2/ZnO calcined at 500 °C
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Accordingly, anatase was the most dominant phase in the 
samples calcined at 500 °C and the phase transformation 
of anatase to rutile was well retarded at calcination tem-
perature of 700 °C. Therefore, higher amount of rutile was 
formed in samples calcined at 700 °C. The crystalline lattice 
improved by increasing the dopant content in the photocata-
lyst matrix and calcination temeperature. On the other hand, 
higher absorption intensity and a shift to long wavelength 
was markedly observed for the photocatalyst prepared under 
lower calcination temperature with 3 wt% amount of cop-
per dopant, presenting the lowest band gap values as well; 
which was about 2.2 and 2.57 eV for the samples calcined 
at 500 and 700 °C, respectively. Finally, the photocatalysis 
evaluation revealed an enhanced photocatalytic activity of 
Cu–ZnO/TiO2 compared to TiO2/ZnO and pure TiO2 under 
visible light irradiation. It was noticed that the photoactiv-
ity of Cu–ZnO/TiO2 was significantly influenced by the key 
operational synthesis factors, i.e. calcination temperature 
and dopant content. Accordingly, the highest degradation 
of 97% was obtained by the Cu–ZnO/TiO2 with 3 wt% cop-
per, calcined at 500 °C.
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