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Abstract

Visible light responsive zinc ferrite doped titania photocatalyst f{ADFe0,4)) was prepared by sol-gel method and was calcined at
different temperatures. Diffuse reflectance spectroscopy (DRS) results show that the absorption edg@0F&0,) has moved to the
visible spectrum range in comparison with the undoped titania. The photocatalytic experimental result demonstrateg Zn&eldR)
powder can effectively photodegrade methyl orange (MO) under visible light irradiation. Effect of calcination temperature on the pho-
tocatalytic activity of TiQ(ZnFeQ,4) was also investigated. Zeta potential measurements indicate that the isoelectric point (IEP) of the
TiO2(ZnFe04) powder shifts to lower pH units with the increase of calcination temperature. Brunauer—Emmett—Teller (BET) surface area
decreases with the rise of calcination temperature. It is concluded that the surface charge and BET surface area are the key factors for the
higher photoactivity of zinc ferrite doped titania photocatalyst calcined at@00
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Spinel zinc ferrite is a semiconductor (bandgap 1.9eV)
that has potential application in the conversion of sunlight.
In recent years, titania has been widely studied for its However, because of the lower valence band potential and
wide application in photocatalysis, solar cells and hydrogen poor property in photoelectric conversion, zinc ferrite can-
production because of its no toxicity, stability in aqueous not be used directly in the photocatalytic destruction of
solution, and no photocorrosion under bandgap illumina- toxic organic compound§l8]. Titania has high photoac-
tion [1]. However, titania is a wide bandgap semiconductor tivity and superior property in photoelectric conversion,
(3.03eV for rutile and 3.18 eV for anatase) and can only while zinc ferrite is sensitive to visible light. So the cou-
absorb about 5% of sunlight in the ultraviolet region, which pling of these two semiconductors may become a new
greatly limits its practical applications. Extensive efforts type of composite having high utility of sunlight, high
have been made in the development of titanium oxide pho- photoactivity and high efficiency of photoelectric conver-
tocatalysts that can efficiently utilize solar or indoor light. sion.
The approaches include the incorporation of metal ions into  In this paper, zinc ferrite doped titania powder (labeled
titania semiconductor powder or film by ion implantation as TiG(ZnFe04)) was prepared by sol-gel method with
or chemical dopind2—7]; the introduction of oxygen va- the aim of extending the light absorption spectrum toward
cancies by treating a photocatalyst with hydrogen plasmathe visible region. The photocatalytic activity under visible
or X-ray irradiation[8,9]; the incorporation of nonmetal light irradiation was evaluated using methyl orange (MO) as
ions (e.g. N, C, F, S) into titania crystal lattifE0—13] the a model organic compound. The effect of calcination tem-
coupling of titania and the other semiconductor with visi- perature on the photocatalytic activity of Ti@nFeO,)
ble light absorption, e.g. CdS, W0and SnQ systems by  has also been studied. The powders calcined at differ-
sol—gel process, co-precipitation or simply physical mixing ent temperatures were characterized by X-ray diffrac-

[14-17] tion (XRD), diffuse reflectance spectroscopy (DRS) and
Brunauer—-Emmett-Teller (BET) methods as well as zeta
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ble light irradiation and the sample calcined at 40Q0has out on Bl-ZetaPlus (Brookhaven Instruments Corp., USA)

the higher photoactivity than the ones calcined at 500 and which uses the Doppler shift resulting from laser light scat-

600°C. ter from the particles to obtain a mobility spectrum. Sam-
ples were prepared at solids concentration of 0.5wt.% in
deionized water, 10 M NaCl electrolyte, and dispersed for

2. Experimental 10 min using an ultrasonic probe. After dispersing, the so-
. _ . o lution was allowed to sediment for 20 min and the agglom-
2.1. Preparation of zinc ferrite doped titania powders erates were removed. The N HCI and 162N NaOH

solution were used to adjust pH to the desired values.
Zinc ferrite doped titania powder was prepared by sol-gel

process and the molar ratio of zinc ferrite to titania is 0.5%. 23, sat-up of photocatalytic reaction
Tetrabutyl titanate, zinc nitrate and ferric nitrate were used as
precursors of titania and zinc ferrite, respectively. First, zinc 11 photocatalytic activities of the samples were eval-
nitrate, ferric nitrate and citric acid in a 1:2:2.5 molar ratio uated by the decomposition of MO under visible light ir-
were dissolved together in the ethanol solution to produce a . jiation at natural pH value. A 250 W high pressure Hg
clear solution. _The concent_ration ofzin.c ion in the solution is lamp was used as the light source and 1 M NaN®lution
0.15M. The mixture was vigorously stirred for 2h and then 55 tilized for the purpose of excluding ultraviolet radi-
was dllufted to .get.the required stoichiometric proportion of iion The emission spectrum of the lamp (obtained from
zinc ferrite to titania. o o the manufacturer) as well as the transmission spectrum of
During the synthesis of tltanl_a sol, _hydrochlorlc amq Was 1M NaNO, solution (obtained spectrophotometrically) is
used as catalyst. The molar ratio of Ty®:HCI:CoH50H is presented irFig. 1(a) and 1(b), respectively. It can be seen

equal to 1:2.5:1:15. In order to avoid strong hydrolysis re- 4t the light from the Hg lamp includes beams from both
actions, Ti(OBU)4 was diluted with half of the prescribed  ,iraviolet and visible light regions. After filtered out by

amount of ethanol at first, then water and catalyst dissolved 1 ) NaNO, solution, the wavelength of light is larger than

in the remaining ethanol were added dropwise to the ethano-400 nm, The initial concentration of MO in a quartz reaction
lic solution of aIk_omde Wlth continuous stirring. Simultane- \,assel was fixed at 10 mg/l with a catalyst loading of 5 g/l.
ously, the prescribed diluted zinc ferrite solution was added The extent of MO decomposition was determined by mea-

drppwise to the titania_sql. Zinc ferrite/titania sol was ob- suring the absorbance value at approximately 465 nm using
tained after vigorous stirring for several hours. The gel was 5 756MC UV-Vis spectrometer. Prior to illumination, the

calcined at the temperature 400, 500 and @D@or 2h, re-  ggpension was magnetically stirred in the dark for 30 min

spectively, and then ground into fine powders. For compari- 1, egtaplish the adsorption—desorption equilibrium at room
son, pure titania and pure zinc ferrite nanopowders were also

prepared with the same procedures described previously.

2.2. Measurements and analysis methods

Intensity

The atomic contents in the final T{ZnFe04) powder
were determined by an inductively coupled plasma emission ’
|

(ICP) spectroscopy using an IRIS Advantage 1000 equip- L
ment (Thermo Jarrell Ash Corp., USA). The ICP analy- wh ks
ses for the final TiQ(ZnFe04) powder indicated that the
molar ratio of ZnFeO4 to TiO; is approximately 0.5%.
XRD patterns were made in a Rigaku D/max3A diffrac- @ A (nm)
tometer with Cu kv radiation over the 2 range of 10—-90 100t
to identify the phase structure of samples. The crystallite 9ot
size was determined using Scherrer’'s equation. The DRS 75|
spectra of the powders were performed in a TU-1901 dual,i
beam UV-Vis spectrometer, equipped with an integrating
sphere attachment for their diffuse reflectance in the range
of 230-850 nm. BaSpwas used as the standard in all mea- 30r
surements. The BET surface area was determined by nitro- 15}
gen adsorption—desorption isotherm measurements at 77 k
on a Micromeritics NOVA 1000 Enitrogen adsorption ap-
paratus. The samples were degassed af GUfefore each
measurement. The pH values of the solutions were measuregig. 1. (a) Emission spectrum of the high pressure mercury lamp; (b)
with a pH meter. Zeta potential measurements were carriedtransmission spectrum of 1M NaNGolution.

300 400 500 600 700 800

60
451

300 400 500 600 700 800
(b) A (nm)



P. Cheng et al./Journal of Photochemistry and Photobiology A: Chemistry 168 (2004) 97-101

temperature. During irradiation, stirring was maintained to
keep the mixture in suspension. At regular intervals, samples
were withdrawn and centrifuged to separate Jgarticles

for analysis.

3. Results and discussion
3.1. Photodegradation of MO

Fig. 2 shows the effect of calcination temperature on the
photocatalytic activity of the TiglZnFe0,4) photocatalysts
for the oxidative degradation of MO diluted in distilled water
under visible light irradiationX( > 400 nm).

After the adsorption equilibrium of MO onto the catalyst
was established in the dark, about 51, 10 and 2% of the initial
concentration of MO is absorbed onto the F{@nFe0,)
catalyst for the catalyst calcined at 400, 500 and6D0re-
spectively. Meanwhile, the pH of the suspension was mea-
sured immediately after the adsorption equilibrium. Itis to be
noted that the pH of the solution varied after the MO solution
was photodegraded. The extent of variation depends on th
irradiating time. However, in the entire time range studied,
variation found were very little. In addition, at the end of the
photocatalytic reaction, pH was recorded and the difference
was found negligible. As shown Fig. 3, the natural pH val-

ues of 4.0, 5.7 and 6.1 were obtained for the sample calcined

at 400, 500 and 60CC, respectively. The increase of the pH
value with the increase of calcination temperature is due to
the reduction of surface acidic groups in the T{EnFeO4)
powder, which were introduced during the preparation.

A blank experiment in the absence of irradiation but
with TiO2(ZnFe0Q4) demonstrates that no MO degrada-
tion occurs. Another blank experiment in the absence of
TiO2(ZnFe04) but under irradiation shows that MO cannot
be degraded under the present experimental condition.
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Fig. 2. The effect of calcination temperature on the photocatalytic activity
of TiO2(ZnFe04) for the degradation of MO under visible light irradi-
ation: (a) 400C; (b) 500°C; (c) 600°C; (d) TiO, 500°C; (e) ZnFeOq
500°C.
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Fig. 3. The variation of natural pH value for TiO2(ZnFe,O4) suspension
as a function of calcination temperature.

It can be seen that the photocatalytic degradation of
MO proceeded on the TiO2(ZnFe;O4) photocatalyst under
visible light irradiation (a—). After 3h photodegradation
reaction excited by visible light, 93% methyl orange were
destroyed on the TiO2(ZnFe,O4) samples, while only 13%
methyl orange were degraded on pure TiO, (d). The degra-
dation of methyl orange on pure TiO, under visible light
irradiation is attributed to the photosensitization process
[19]. Anatase titania cannot be directly excitated by visi-
ble light due to its 3.2eV bandgap, but the photobleaching
reaction still occurred under TiOo/dyelvisible-light system
due to dye molecule acting as photosensitizer. The elec-
tron from the excited dye molecule was injected into the
conduction band (CB) of the TiO,, and the cation radical
formed at the dye surface quickly undergoes degradation
reaction. Moreover, the TiO2(ZnFe>O4) powder calcined at
400°C showed a higher photocatalytic reactivity in com-
parison with the samples calcined at 500 and 600°C. It is
found that the photoactivity is closely related to the dark
adsorption amount of MO onto the samples. The more MO
is absorbed onto the catalyst, the higher is the photoactivity.

3.2. XRD and BET results

Fig. 4illustrates the XRD patterns of TiO2(ZnFexO4) cal-
cined at 400, 500 and 600 °C. It can be seen that the diffrac-
tion peaks at corresponding diffraction angles of anatase
phase become much sharper when the temperature increase
from 400 to 600°C. There appear no peaks for rutile in all
samples. It meansthat the phase transformation from anatase
to rutile did not take place when TiO2(ZnFexO4) powder
was calcined at temperatures below 600 °C. Meanwhile, zinc
ferrite peaks can be detected in the samples calcined at 500
and 600 °C although they are very weak.

The crystalite size of powders was determined from the
broadening of corresponding X-ray diffraction peaks by
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Fig. 4. XRD patterns of TiOz(ZnFe,O4) calcined at various temperatures:
(a) 400°C; (b) 500°C; (c) 600°C.

using Scherrer’s formula D = KA /B cos6, where A is the
wavelength of the X-ray radiation (A = 0.15418nm), K
the Scherrer constant (K = 0.9), 6 the X-ray diffraction
peak and 8 the full-width at half-maximum (FWHM) of the
(101) plane (in radians), which is corrected for the instru-
mental broadening (8o = 0.00122rad) prior to calculation
of its rea particle size broadening [20]. The estimated
anatase grain sizes of TiO2(ZnFexO4) calcinated at 400,
500 and 600 °C were 7.35, 11.97 and 14.62 nm, respectively
(shown in Table 1).

The BET specific surface areas of TiO(ZnFe;O4) pow-
ders calcined at different temperatures are also listed in
Table 1. The sample treated at 400°C shows specific sur-
face areas of 96m?/g. However, by increasing the thermal
treatment to 500 and 600 °C, the surface areanotably dimin-
ishes to 47 and 15 m?/g, respectively. This is obviously due
to progressive aggregation of small crystallites into larger
particles. It is concluded that the higher BET surface area of
TiO2(ZnFexO4) photocatalyst calcined at 400 °C provides a
larger adsorption site on the catalyst surface for MO, there-
fore the higher is the photoactivity. Similar findings were
aso reported. Photocatalysts having a larger BET surface
area have a higher conversion for organic compoundsin the
gaseous phase and phenol in the aqueous phase [21,22].

3.3. DRSresults

Fig. 5 shows the reflectance spectra of TiOz(ZnFexOy)
powders calcinated at 400, 500 and 600°C and pure

Table 1
Characteristics of the TiO(ZnFe;O4) photocatalyst calcined at different
temperatures

Temperature Crystal size Crystal phase BET surface
(°C) (nm) area (m?/g)
400 7.35 Anatase 9

500 11.97 Anatase 47

600 14.62 Anatase 15
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d 0.5nFe,0,/TiO, 600°C
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Fig. 5. DRS spectra for TiO,(ZnFe;O4) calcined at various temperatures.

TiO,. The energy bandgaps are 2.86, 2.82 and 2.70eV
for TiO2(ZnFexO4) powders calcinated at 400, 500 and
600°C, respectively, and 3.18 eV for pure TiO». It can been
seen that an redshift in TiO2(ZnFexO4) powders is ob-
tained in comparison with pure titania. This means that the
TiO2(ZnFexO4) powder is sensitive to visible light, which
accounts for the photoactivity of TiO2(ZnFexO4) under
visible light irradiation.

Furthermore, the redshift of the absorption edge is aso
seen in the TiO,(ZnFe;O4) powder when the annealing tem-
perature increases from 400 to 600°C. It has been reported
that the blueshift in the absorption band edge was claimed
as a consegquence of exciton confinement with decreasing
particle size (the so-caled quantum size effect) in titania
[23]. In the present study, the grain size of anatase titania
increases from 7.35 to 14.62 nm when the calcination tem-
perature increases from 400 to 600 °C. So the redshift of the
absorption edge from 400 to 600°C is believed to be mainly
due to the exciton confinement effect of zinc ferrite particles
embedded in the titania matrix.

It is generally accepted that the redshift of absorption
band can increase photon numbers by extending the energy
range of photoexcitation, which can be absorbed by catalyst
and utilized for the photocatalytic reaction. In this study, al-
though the TiO2(ZnFexO,4) catalyst calcined at 400°C has a
smaller absorption edge in the visible region, its photoactiv-
ity for MO degradation is higher. It can be inferred that light
absorption is not the only factor that determines the visible
light photoactivity of TiO2(ZnFexO4) catalysts calcined at
different temperatures.

3.4. Zeta potential

Fig. 6 shows the zeta potential data for TiO2(ZnFexOy)
photocatalyst calcined at different temperatures. The results
show a clear difference in isoelectric point (IEP) between
the three samples. The isoelectric point of TiO2(ZnFe;O4)
photocatalyst calcined at 400, 500 and 600°C is 6.6, 5.8
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Fig. 6. Zeta potential of TiO»(ZnFe,O4) powder as afunction of pH value.

and 5.4 pH units, respectively. As can be seen, the |EP of
TiO2(ZNnFexO4) powders shifts to lower pH values with the
increase of calcination temperature. When pH is less than
the IEP, the zeta potential for TiO2(ZnFexOy4) is larger than
0mV, which means the surface of TiO2(ZnFe;O4) powder
is of positive charge. As previously shown in Fig. 3, the
natural pH values for the sample calcined at 400, 500 and
600°C are 4.0, 5.7 and 6.1, respectively. So, for the catalyst
calcined at 400°C, the pH of 4.0 is far below the IEP of
6.6 and the catalyst is positively charged; However, for the
catalyst at 600°C, the pH of 6.1 isabovethe|EPof 5.4 and a
negative zeta potential is obtained, which impliesthe catalyst
is negatively charged; As for the powder at 500°C, 5.7 is
approximately equal to 5.8 and the obtained zeta potential
is zero, which indicates a neutral surface for the sample.
Consequently, for the sample calcined at 400°C, the pos-
itively charged TiO2(ZnFexO4) offers a suitable surface for
adsorption of MO anion [24]. However, increasing the cal-
cination temperature gradually increases the electrostatic re-
pulsion between the MO anion (pK1 = 3.46) and the ox-
ide surface, which reduces adsorption of MO onto the cat-
alyst. Therefore, the drastic decrease in degradation of MO
on TiOz(ZnFexO4) photocatalyst can be seen when the cal-
cination temperature increases from 400 to 600 °C.

4. Conclusion

1. The zinc ferrite doped titania photocatalyst was prepared
by sol—gel method. DRS results show that the absorption
edge of the photocatalyst has moved to the visible spec-
trum range, and alarge redshift occursin comparison with
the undoped titania. The photocatalytic experiment for
the degradation of MO indicates that the TiO2(ZnFexOy)
powders can effectively photodegrade MO under visible
light irradiation, while the reactivity was hardly observed
on the undoped origina TiO, or pure ZnFe;O4 photo-
catalyst. The photoactivity of TiO2(ZnFexOy4) decreases

with the increase of calcination temperature in the range
of 400-600°C.

2. With the increase of calcination temperature, not only
the decrease of BET surface area, but also the change in
|EP of the photocatalyst occurs. Both the surface charge
and the BET surface area affect the adsorption of MO
on the TiO2(ZnFexO4) photocatalyst, therefore account
for the higher photoactivity of TiO2(ZnFexO4) calcined
at 400°C.
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