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Abstract TiO2 nanopowders doped with Cu and Zr were

prepared via process-controlled sol–gel method. The ef-

fects of Zr and Cu doping on the structural and photocat-

alytic properties of synthesized nanopowders have been

studied by X-ray diffraction (XRD), scanning electron

microscope, transmission electron microscope, FTIR, and

UV–Vis absorption spectroscopy. XRD results suggested

that adding dopants has a great effect on crystallinity and

particle size of TiO2. Titania rutile phase formation was

inhibited by Zr4? and promoted by Cu2? doping. The

photocatalytic activity was evaluated by degradation ki-

netics of aqueous methyl orange under visible spectra ra-

diation. The results showed that the photocatalytic activity

of the 15 % Zr-doped TiO2 nanopowder has a larger

degradation efficiency than 5 % Cu-doped and pure TiO2

under visible light.

Keywords TiO2 � Nanopowder � Sol–gel � Photocatalytic

activity � Zr and Cu dopant

1 Introduction

Titanium dioxide has been widely used in the field of

pollutant degradation and environment protection since

photocatalytic function of titania was discovered in 1972

[1, 2].

The titanium dioxide has the advantage of not only high

photocatalytic activity, but also good acid resistance, low

cost, and no toxicity, which makes the titanium dioxide one

of the best photocatalytic agents [3, 4].

Among various phases of titania, anatase shows better

photocatalytic activity with anti-bacterial performance [5–

9]. A stable anatase phase up to the sintering temperature of

the ceramic substrates is the most desirable property for

applications on anti-bacterial self-cleaning building mate-

rials (e.g., bathroom tile, sanitary wares.) These applications

require high-purity titania with a definite phase composition.

The production of highly photoactive material with high-

temperature anatase phase stability is one of the key chal-

lenges in smart coating technology [10–12]. For this pur-

pose, doping or combining TiO2 with various metals (Au, Pt,

Ir) or nonmetal ions has been considered [13, 14]. The metal

ions that are found to inhibit the anatase-to-rutile phase

transformation are Si, Zr [15–17], W, Nb, Ta, Cr [18], while

the metal ions that are reported to promote the phase trans-

formation are Ni, Co, Mn, Fe, Cu [19], V [18], and Ag [20].

Numerous reports are available regarding the shift of

wavelength corresponding to the onset of absorption from

UV to visible light in TiO2 as the result of doping with

cationic or anionic dopants. Anionic dopants such as nitro-

gen, sulfur, carbon, and fluorine lead to narrower band gaps

for TiO2, which results in visible light absorption and im-

proved photocatalytic activity [21–23].

Sensitization of Cu-doped TiO2 with eosin improved the

photocatalytic activity for water splitting under visible light
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irradiation [24]. In this case, CuO not only brings about the

charge separation but also provides active sites for water

splitting. Doping of TiO2 with 0.1 % Nd and impregnation

with Pt produced enhanced photocatalytic activity for wa-

ter splitting due to the prevention of phase transformation

of TiO2 from anatase to rutile and inhibition of particle

growth [25].

Some recent studies have revealed that the oxygen-defi-

cient sites play a crucial role in the visible light-induced

photocatalytic activity of TiO2. Ihara et al. [26] have re-

ported that the low-temperature H2 plasma-treated TiO2 and

nitrogen-doped TiO2 [27] showed visible light photocat-

alytic activity due to the presence of oxygen-deficient sites.

Prokes et al. [28] have proposed that the visible light ab-

sorption of titanium oxynitride is due to the oxygen hole

center created during the surface modification process by

nitrogen near the surface of the nanocolloid. The visible light

photocatalytic activity observed due to the oxygen vacancies

in TiO2 is found to decrease after an optimum value.

The mixed oxides of TiO2–ZrO2 have been extensively

used as catalysts and catalyst supports for a wide variety of

reactions. In addition to catalytic applications, these mixed

oxides have also been employed for various other purposes

such as photoconductive thin films and gas sensors in fuel

cell and ceramic technologies. The TiO2–ZrO2 composite

oxides exhibit high surface area, profound surface acid–

base properties, a high thermal stability, and strong me-

chanical strength applications [29–33].

In our previous research, we studied the effect of doping

Si (up to 20 mol%) and Zr (up to 20 mol%) on photocat-

alytic behavior of titania based nanopowders at high tem-

perature. We found that 20 % of Si and 15 mol% Zr shows

the most significant improvement on photocatalytic be-

havior of TiO2 under visible irradiation and also, we

checked stability of anatase phase up to 1000 �C [16].

In this paper, the TiO2 nanopowder, doped with

15 mol% Zr and 5 mol% Cu, was prepared by sol–gel

method. The effect of the dopant cations and calcination

temperature on the structure and optical properties was

studied in a systematic way. The efficiency of these sam-

ples as photocatalysts for the degradation of methyl orange

(MO), as organic compound model, under visible light, was

investigated.

2 Experimental procedures

2.1 Preparation of the pure and doped titania

nanopowders

The preparation of precursor solution for Zr- and Cu-doped

TiO2 nanopowder is described as follows: TiO2, ZrO2, and

CuO sols were prepared, separately. Titanium (IV)

butoxide [TBT = Ti(OC4H9)4, Aldrich] was selected as

titanium source. 10 ml ethanol (EtOH, Merck) and 4 ml

ethyl acetoacetate (EAcAc is as a sol stabilizer during

preparation of sol) were mixed, and then, 4 ml TBT was

added by the rate of 1 ml/min to the mixture at the ambient

temperature (25 �C). The solution was continuously stirred

for 1 h, followed by dropping of HNO3 as catalyst to the

solution until pH 3. Deionized water was added to the

solution slowly to initiate hydrolysis process. Solution was

kept for 24 h in order to complete all reactions. The che-

mical composition of the alkoxide solution was TBT:H2-

O:HNO3:EAcAc:EtOH = 1:8:3:0.05:5 in volume ratio. In

order to prepare ZrO2 and CuO sol, zirconyl nitrate hydrate

[ZrO(NO3)�2H2O, Aldrich], and [Cu(NO3)2�3H2O, Merck]

were dissolved in EtOH with volume ratio of ZrO(NO3)�
2H2O:EtOH = 1:20 and Cu(NO3)2�3H2O:EtOH = 1:6 at

ambient temperature with continuous stirring. Cu was

doped 10 min after Zr doping under continuous stirring at

room temperature. Then, mixtures of TiO2, ZrO2, and CuO

sols were made with different mol ratios at the ambient

temperature. The mol ratios of Zr and Cu in mixtures were

5 and 15 mol%, respectively. The formed gel was dried at

100 �C for 60 min. Samples finally, calcined at desired

temperatures (500, 600, 700, 800, 900, 1000 �C) for 2 h.

2.2 Characterization methods

Samples were recorded using X-ray diffraction (XRD)

analysis (Philips, MPD-XPERT, k:Cu Ka = 0.154 nm).

The samples were scanned in the 2h ranging of 20�–60�.
The average crystallite size of nanopowders (d) was de-

termined from the XRD patterns, according to the Scherrer

equation [16]

d ¼ kk=bcosh ð1Þ

where k is a constant (shape factor, about 0.9), k the X-ray

wavelength (0.154 nm), b the full width at half maximum

(FWHM) of the diffraction peak, and h is the diffraction

angle. The values of b and h of anatase and rutile phases

were taken from anatase (1 0 1) and rutile (1 1 0) plane

diffraction lines, respectively. The amount of rutile in the

samples was calculated using the following equation [16]

XR ¼ 1 þ 0:8 IA=IRð Þð Þ�1 ð2Þ

where XR is the mass fraction of rutile in the samples, and

IA and IR are the X-ray integrated intensities of (1 0 1)

reflection of the anatase and (1 1 0) reflection of rutile,

respectively. The diffraction peaks of crystal planes (101),

(200), and (105) of anatase phase in XRD patterns were

selected to determine the lattice parameters of the TiO2 and

doped TiO2 nanopowders. The lattice parameters were

obtained by using the Eq. 3 [16]
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Bragg’s lawð Þ : 2dðh k lÞsinh ¼ k ð3Þ

1=dh k lð Þ2¼ h=að Þ2þ k=bð Þ2þ l=cð Þ2 ð4Þ

where d(h k l) is the distance between the crystal planes of

(h k l); k is the wavelength of X-ray used in the experiment;

h is the diffraction angle of the crystal plane (h k l); h k l is

the crystal plane index; and a, b, and c are lattice pa-

rameters (in anatase form, a = b = c).

Morphology of the nanopowder was observed using

scanning electron microscope (SEM, XL30 Series) with an

accelerating voltage of 10–30 kV. Transmission electron

microscope (TEM) imaging was carried out using Zeiss-

EM10C-80 kV instrument. FTIR absorption spectra were

measured over the range of 4000–400 cm-1 at room

temperature.

Nitrogen adsorption isotherms were measured at 77 K

using a N2 adsorption analyzer (Micromeritics, ASAP

2020). The Brunauer, Emmett, and Teller (BET) model

was used to estimate the surface area of the samples ac-

cording to the N2 adsorption data.

2.3 Photocatalytic activity measurement

The photocatalytic activities of the catalyst were evaluated

by the degradation of organic dyes including MO under

visible light irradiation. Typically, approximately 0.08 g of

catalyst was added to 50 mL of aqueous MO solutions.

Prior to irradiation, the suspensions were stirred in the dark

for 1 h to obtain a colloidal solution. The photocatalytic

experiment was conducted at room temperature in a

cylindrical glass vessel equipped with magnetic stirrer

under an visible light positioned horizontally and 10 cm

above the colloid surface. The glass vessel was illuminated

by 150 W lamps (halogen, made in Iran). The entire ar-

rangement was placed in a box sealed with aluminum foil

to avoid the passage of light into the box. Prior to irra-

diation, the colloidal solutions were magnetically stirred in

the dark to establish the absorption equilibrium of MO in

solution. Under ambient conditions and stirring, the solu-

tion in the glass vessel was exposed to visible light. Then,

the solutions were the irradiated under visible light with

constant stirring rate of 450 rpm. After 40 min irradiation,

5 ml of supernatants were taken from the suspension by a

syringe filter unit to scan the UV–Vis absorption spectrum.

The UV–Vis absorption spectra of samples were measured

between 200 and 1000 nm UV–Vis spectrophotometer.

The extent of the MO decomposition was determined by

measuring the value of the absorbance value at 478 nm

[max absorption of (MO)] using a UV–Vis spectrometer.

The degradation rate [g (%)] of MO was calculated by the

following formula:

g ð%Þ ¼ ðA0 � AtÞ=A0 � 100 ð5Þ

where A0 and At represent the initial equilibrium absorption

and reaction concentration of reactant at 478 nm, respec-

tively [16].

3 Results and discussion

3.1 X-ray diffraction studies of the nanopowders

Figure 1 shows the XRD patterns of TiO2 (T), T–5 % Cu

(TC), and T–5 % Cu–15 % Zr (TCZ) samples calcined at

500 �C for 2 h. XRD peak at 25.3� corresponds to char-

acteristic peak of (101) plane in anatase and at 27.8� cor-

responds to characteristic peak of (1 1 0) of rutile in

nanopowders. According to the XRD pattern (Fig. 1), the

pure and doped TiO2 was crystallized in anatase phase.

Also, by comparing the relative intensity of the diffraction

peaks, it can be seen that the intensity of (101) plane de-

creased with changing peak position (2h) to lower degrees

with doping. Also, the diffraction peaks at 2h angle 37.63,

61, 47.93, 53.98, and 62.64 correspond to diffraction from

planes (103), (200), (105), and (213), respectively, of

anatase phase at temperature 500 �C decreased or removed.

The calculated crystallite sizes of anatase, calculated by

Scherrer formula, are reported in Table 1. The crystallite

size of TiO2 powder depends on the dopant. For pure TiO2,

the anatase crystallite size decreased significantly with the

presence of Cu- and Zr-co-doped relative Cu doped. The

decrease in crystallite size can be attributed to the presence

of Cu–O–Ti and Zr–O–Ti in the Cu- and Zr-co-doped TiO2

nanopowder which inhibits the growth of crystal grains

[16]. Also, the lattice parameters, surface area, and cell

volume of the TiO2 and doped TiO2 nanopowders are

Fig. 1 XRD spectra of the pure and doping TiO2 nanopowders at

500 �C a TiO2 (T), b TiO2–5 % Cu (TC), and c TiO2–5 % Cu–15 %

Zr (TCZ)
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summarized in Table 1. It is obvious that the lattice pa-

rameters, surface area, and cell volume of the doped TiO2

nanopowders increase with increasing amount of Zr and Cu

substitution for Ti4? in titania lattice.

The XRD patterns of Cu-doped TiO2 nanopowders

calcined at different temperatures are shown in Fig. 2. As

calcination temperature increased, broad peaks detected at

lower temperatures became sharper, indicating the evolu-

tion of a crystalline anatase phase until 700 �C, and then,

anatase phase transformed to the rutile phase. Samples

heated at 800–1000 �C crystallized only in rutile phase.

Results showed that the addition of Cu has a promoting

effect on the transformation of anatase to rutile crystalline

phase [16, 24]. All the samples were identified as the

mixture polymorphs of anatase (JCPDS: No. 21-1272) and

rutile (JCPDS: No. 21-1276), without any impurity phase,

which suggests the incorporation of Cu2? in TiO2 lattice.

Also, since the ionic radius of Cu?2 ion (0.58 Å, CN: 4) is

closer to Ti4? ion (0.66 Å, CN: 6) in TiO2, it is expected

that the Cu?2 ions will replace lattice Ti4? ions and thus

occupy lattice Ti4? positions during doping process.

It is clear from Table 2 that the crystallite size increased

but the surface area decreased with an increase of the

calcination temperatures for anatase (600, 700 �C) and

rutile (800–1000 �C) nanoparticles. The size of the anatase

crystallites increased from 8.35 to 10.19 nm when the

temperature is raised to 600 �C. As the temperature ele-

vates from 500 to 1000 �C, the crystallite size of the

powder greatly increases to *32.36 nm. Minimum surface

area of 44.1 m2/g was measured. It is common that the

surface area decreases with the elevating temperature due

to the degree of crystallinity. In the samples calcined at

1000 �C, higher crystalline structure led to a decrease in

surface area.

The XRD patterns of 15 mol% Zr- and 5 mol% Cu-

doped TiO2 nanopowders calcined at different tem-

peratures are shown in Fig. 3, anatase appeared as the main

phase, and rutile crystallization was inhibited by Zr4?

doping up to 800 �C like Cu2? doping (Fig. 2). Also, at

800 �C the percent of rutile phase found to be 26 % and

samples heated at 900–1000 �C showed only the rutile

phase. The results showed that the addition of 15 mol% Zr

into T–5 % Cu has an inhibition effect on anatase-to-rutile

crystalline phase transformation at 800 �C [16, 34]. The

crystal characteristics of all samples are reported at

Table 3. It is obvious that the lattice parameters and sur-

face area of the Zr- and Cu-co-doped TiO2 are higher than

Cu-doped nanopowders.

Average anatase crystallite sizes decreased from T–5 %

Cu, to Zr-doped T–5 % Cu. It showed that the Zr dopants

can inhibit the anatase grain growth. The Zr4? radius

(0.72 Å) is slightly bigger than Ti4? radius (0.66 Å), which

means Zr4? induces slight stress in TiO2 lattice, which may

hinder the growth of the TiO2 crystallites.

3.2 FTIR analysis of pure and doped TiO2

nanopowders

Figure 4 shows the FTIR spectrum of the nanocrystalline

TiO2 powder calcined at 500 �C in the range of

400–4000 cm-1. Metal oxides generally give absorption

bands in fingerprint region below 1000 cm-1 arising from

inter-atomic vibrations.

The infrared spectra (Fig. 4) of pure and doped TiO2

exhibited the following bands:

1. 3442.27 and 3332.02 cm-1 due to intermolecular

structure and the O–H band [35]

2. 511.02 and 511.04 cm-1 which can be attributed to the Ti–

O stretching and Ti–O–Ti binding stretching modes [36]

Fig. 2 XRD spectra of the T–5 % Cu (TC) nanopowders at different

temperatures a 600 �C, b 700 �C, c 800 �C, d 900 �C, and e 1000 �C

Table 1 Characterization of pure and doped TiO2 (TC, TCZ) at temperature 500 �C

Sample A (%) R (%) Crystallite size (nm) a = b (Å) c (Å) Cell volume (Å)3 S (m2/g)

dA dR

TiO2 (T) 100 – 9.47 – 3.767 8.944 126.917 183.2

T–5 % Cu 100 – 8.35 – 3.798 12.086 174.331 208.7

T–5 % Cu–15 % Zr 100 – 7.45 – 3.821 12.863 187.80 233.4
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3. 472.02 cm-1 which can be attributed to the vibrations

of Cu–O [35]

4. Band around 506.39 cm-1 corresponds to Cu–O–Ti or

Zr–O–Ti [36, 37]

3.3 Photocatalytic evaluation

The reported optical band gap (Eg) in Fig. 5 was calculated

using the UV–Vis spectra formula [34]:

aht ¼ A ht � Eg

� �n ð6Þ

where ht is the photon energy, and A and n are constants.

For allowed direct transition, n = 1/2; for direct forbidden

transition, n = 3/2; and for indirect allowed transition,

n = 2. The optical band gap energy (Eg) is found by ex-

trapolating the straight line portion of (aht)1/2 with the

abscissa axis (ht) in the vicinity of the fundamental optical

transition for pure and doped nanopowders. It can be seen

from Tauc plots (Fig. 5) that band gap of pure TiO2

nanoparticles is 3.12 eV. Also, the values of band gap

calculated from Tauc plots were found to be 2.65 and

2.42 eV for TC and TCZ, respectively, at 500 �C. It indi-

cates a decrease in the energy band gap (inset in Fig. 5). It

has been reported that metal doping could form a dopant

energy level within the band gap of TiO2 [16, 34, 37–39].

The largest reduction band gap is observed for co-doped

catalysts of 5 mol% of Cu- and 15 mol% of Zr-co-doped

TiO2. This large reduction band gap may be attributed to

those impurities incorporated into the host (TiO2) structure,

which create extra energy levels within the band gap. Due

to the creation of extra energy level within the band gap,

Fermi energy will shift away from the center of the band

gap toward valence band, since both metals create P-type

semiconductor [40].

The band gap energy of TC and TCZ calcined at

500–1000 �C are shown in Table 4. Band gap of samples

decreased with the increase of the calcination temperature.

A significant decrease can be assigned to absorption of

light caused by the excitation of electrons from the valence

band to the conduction band of titania. The band gap of the

Fig. 3 XRD spectra of the TCZ nanopowders at different tem-

peratures a 600 �C, b 700 �C, c 800 �C, d 900 �C, and e 1000 �C

Table 3 Characterization of T–5 % Cu–15 % Zr (TCZ) at different temperature

Calcination

temperature (�C)

A (%) R (%) Crystallite size (nm) a = b (Å) c (Å) Cell

volume (Å)3
S (m2/g)

dA dR

600 100 – 9.82 – 3.808 10.000 145.001 156.6

700 100 – 12.09 – 3.834 11.442 168.192 127.2

800 74 26 17.81 22.92 3.802 9.972 144.203 86.3

900 – 100 – 23.26 4.542 2.955 60.960 61.4

1000 – 100 – 29.92 4.666 3.001 65.331 47.7

Table 2 Characterization of 5 % Cu-doped TiO2 (TC) at different temperature

Calcination

temperature (�C)

A (%) R (%) Crystallite size (nm) a = b (Å) c (Å) Cell

volume (Å)3
S (m2/g)

dA dR

600 100 – 10.19 – 3.796 9.431 136.009 150.9

700 100 – 13.89 – 3.770 6.019 85.547 110.7

800 – 100 – 17.93 4.679 2.997 65.613 79.6

900 – 100 – 24.50 4.681 2.991 65.538 58.3

1000 – 100 – 32.36 4.664 3.000 65.258 44.1
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TC and TCZ had decreased to 2 and 2.12 eV with in-

creasing temperature up to 1000 �C.

Figure 6 shows the results of photocatalytic decompo-

sition of MO solution caused by degradation of MO in

contact with nanopowders with Zr and Cu dopants at dif-

ferent calcination temperatures. According to Fig. 6, pho-

tocatalytic activity of TiO2 nanopowders after 40 min

under the visible irradiation is increased, which suggests

that the doping enhances the photocatalytic activity of

Fig. 4 FTIR spectra of pure

and doped TiO2 nanoparticles

calcined at temperatures 500 �C
a T, b TC, and c TCZ

Fig. 5 Tauc plots of T, T–5 %

Cu (TC) and T–5 % Cu–15 %

Zr (TCZ) nanopowders calcined

at 500 �C

Table 4 Band gap energy of TC and TCZ at different temperature

Sample

temperature (�C)

TC (eV) TCZ (eV)

600 2.51 2.32

700 2.43 2.28

800 2.30 2.20

900 2.26 2.16

1000 2.12 2
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TiO2. This enhanced photocatalytic activity is due to sup-

pressed recombination of photogenerated electrons and

holes [41].

Figure 6 shows that the near 72 % of MO was decom-

posed at the presence of T–5 % Cu (700 �C) after visible

irradiation for 40 min, while the values in the presence of

T–5 % Cu–15 % Zr (800 �C) and T (500 �C) are 84 and

27 %, respectively. The highest photodegradation of MO

caused by TCZ sample calcined at a temperature of 800 �C
with anatase and rutile mixed structure.

The calcined samples at 900 and 1000 �C have rutile

structure and gave lower degradation efficiency compared

to the samples calcined at lower temperatures. Our results

are in good agreement with those obtained in a previous

study [16]. Some studies indicated that the photocatalytic

activity of TiO2 catalysts depends strongly on two factors:

adsorption behavior and the separation efficiency of elec-

tron–hole pairs [42]. On the other hand, the results showed

that the specific surface areas of the catalysts increased

from 183.2 m2/g for undoped TiO2 to 208.7 m2/g for Cu-

doped TiO2 and 233.4 m2/g for Cu- and Zr-co-doped TiO2

(shown in Table 1).

The larger specific surface area of doped TiO2 catalysts

would be beneficial to achieve better adsorption and

degradation of MO in aqueous suspension. Therefore, the

presence of dopant seems to be helpful for the photocat-

alytic activity. According to Fig. 6 and Table 1, the pho-

tocatalytic reactivity of doped TiO2 nanopowders is higher

than that of undoped TiO2, which is consistent with the

larger specific surface area of doped TiO2 than undoped

TiO2.

3.4 SEM–EDX and TEM analysis of pure and doped

TiO2 nanopowders

Figure 7 represents the SEM images of pure ad doped TiO2

sample calcined at 500 �C. The morphologies of the

powders are quite similar. Pure and Cu-doped TiO2

nanopowders calcined at 500 �C exhibited similar sphe-

rical particles with a wide diameter range from 100 to

300 nm.

However, a precise study of the images can reveal the

aggregation of crystallites. Also, it can be observed that the

aggregation of particles in the doped samples than the

undoped TiO2. Besides SEM analysis, EDX analysis was

performed on powders in order to investigate the elemental

structure. The analyses revealed the existence of Ti as the

main element. The EDX data of doped TiO2 in Fig. 8a, b

show two peaks around 4.5 keV.

The intense peaks are assigned to the bulk TiO2 and the less

intense one to the surface TiO2. The peaks of Cu and Zr are

distinct in Fig. 8 at 0–2.6 keV (Fig. 8a, b). The less intense

peak is assigned to dopant in the TiO2 lattices. These results

confirmed the existence of cations in the solid catalysts.

Figure 9 shows the TEM micrographs of pure and

doped TiO2 particles calcined at 500 �C. It could be

found that the pure TiO2 particles appeared as uniform

and agglomerated shapes. The doped sample had better

Fig. 6 Photocatalytic

degradation of MO determined

by pure and doped TiO2

nanopowders after 40 min

visible irradiation at different

temperature
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dispersibility than pure TiO2, and the particle size was

smaller (Fig. 9b, c). Additionally, the Cu- and Zr-co-

doped products were more and more dispersed (Fig. 9c).

The Cu–Zr-co-doped TiO2 nanocrystallite prepared in

nonaqueous system possessed little hydroxyl group

comparing to that synthesized in aqueous system; thus,

aggregation among nanocrystallites could decrease during

heating treatment. On the other hand, doped Cu and Zr

could prevent TiO2 nanocrystallite from aggregating.

Therefore, the particle size was smaller, and particle

dispersibility was higher than undoped TiO2.

4 Conclusion

In this research, Zr- and Cu-co-doped TiO2 nanopowders

with photocatalytic activities have been prepared via sol–

gel method. The anatase to rutile phase transformation was

promoted by Cu?2 doping but inhibited by Zr4? doping.

The photocatalytic activity of the doped nanopowders is

higher than that of pure TiO2 nanopowders. Zr4? and Cu2?

substitution for Ti4? in the titania lattice results in a de-

crease in the rate of photogenerated electron–hole recom-

bination that is responsible for the enhancement in

photocatalytic degradation rate. Photocatalytic activity of

the doped nanopowders under visible irradiation was im-

proved compared to undoped TiO2 nanopowders. Under

visible irradiation, T–5 % Cu–15 % Zr has larger decom-

position ability than T–5 % Cu.

Fig. 7 SEM-EDX images of pure and doped TiO2 (TC, TCZ)

nanopowders calcinations at 500 �C a T, b TC, c TCZ, c EDX–TC,

and d EDX–TCZ nanopowders

Fig. 8 EDX images of doped TiO2 (TC, TCZ) nanopowders

calcinations at 500 �C a TC, b TCZ
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