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Abstract: Series of TiO,—ZnO heterojunction composite films with different n(Zn)/n(Ti) ratios were prepared by UDP450 magnetron
sputter ion plating equipment, and the mole ratio of Zn to Ti was controlled by adjusting the current values of sputtering target. The
effects of n(Zn)/n(Ti) on the microstructures of TiO,—ZnO films were investigated by SEM, AFM, Raman and XPS, and their
photocatalytic decomposition of methyl orange solutions was evaluated. The results show that an increase in n(Zn)/n(Ti) typically
results in a decrease in the grain size of composite films firstly and then an increase of grain size, while an increase in n(Zn)/n(Ti)
leads to an increase in film roughness firstly and then a decrease in film roughness. Both grain size and roughness of TiO,—ZnO films
reach the maximum and minimum at n(Zn)/n(Ti) of 1/9.3, respectively. The n(Zn)/n(Ti) shows little effect on the valences of Zn and
Ti elements, which mainly exist in the form of TiO, and ZnO phases. The n(Zn)/n(Ti) has influence on the amount of anatase/rutile
TiO, heterojunction in the film. With increase of the n(Zn)/n(Ti), the absorption intensity of the composite film increases and the
absorption region extends to 450 nm, which is redshifted as much as 150 nm in comparison with the pure TiO, films. However, the
photocatalytic abilities of heterogeneous composite films do not depend on the n(Zn)/n(Ti) but rather on the microstructures of the
TiO,—ZnO composite films. Degradation rate of the film reaches the maximum and the photocatalytic decomposition of pollutants

works best when n(Zn)/n(Ti)=1:9.3.
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1 Introduction

The TiO,—ZnO heterogeneous composite films have
received considerable attention due to their better
physical, chemical and photocatalytic properties
originated from the strong absorption of the ultraviolet
light of nano-ZnO particles in films [1—4] in comparison
with the pure TiO, or ZnO film. Therefore, the
incorporation of ZnO into TiO, matrix film can improve
the light absorption of TiO, film dramatically. Moreover,
ZnO and TiO, have similar band gap and staggered band
position. The molecule-level mixed ZnO-TiO,
heterojunction film possesses a narrower band gap as
compared with single-phase TiO, film, which makes the
light-absorption red-shift and photocatalytic activity
improve.

In addition, the sputtered films are amorphous, and
the post-annealing is necessary to make the films
crystallize. Unfortunately, grains grow and phase
transformation takes place at the elevated annealing

temperature, which results in the decrease of the
photocatalytic activity of semiconductors. Incorporation
of certain amount of ZnO into the TiO, film could not
only refine the TiO, grains during the annealing process
significantly, but also increase the anatase-to-rutile
transition temperature of TiO, phase and improve the
thermal stability of TiO,. It was reported that the
photocatalytic activities of some semiconductors are
enhanced by addition of ZnO into TiO, films [3—7].
However, there is an optimal value for the addition
of ZnO. KANMANI and RAMACHANDRAN [5],
TIAN et al [8], ZHANG et al [9] found that a small
amount of additive could promote the photocatalytic
degradation of methyl orange. The over-addition of ZnO
could significantly decrease the photocatalytic activity
because of the poor anti-light corrosion and chemical
stability of ZnO itself. It is also found that the amount of
ZnO phase has effects on the TiO, grain growth, phase
transformation and the film composition, which reflects
the photocatalytic activities of the films in return [10].
Therefore, precise and effective control of n(Zn)/n(Ti)
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of the films is the key factor to achieve the high
photocatalytic properties of TiO,—ZnO heterojunction
composite films.

At present, TiO,—ZnO heterojunction composite
film can be prepared by sol-gel, chemical vapor
deposition(CVD)  and  various  physical  vapor
deposition(PVD) methods [9,11,12]. The magnetron
sputter ion plating technique is well known for the
convenient preparation control and good repeatability of
film performance. The TiO,—ZnO composite film
obtained by magnetron sputter ion plating technique can
effectively avoid the formation of titanium zinc due to its
reactive sputtering process. Thus, the properties of
TiO,—ZnO films prepared by this technique are better
than those prepared by other techniques where titanium
zinc can be generated [13].

In this work, the closed field magnetron sputter ion
plating technology was used to prepare series of
TiO,—ZnO heterojunction composite films with different
n(Zn)/n(Ti). The contributions of addition of ZnO to
photocatalytic activity of the composite films were
studied by analyzing the effects of n(Zn)/n(Ti) on the
microstructures and photocatalytic activities of the
composite films.

2 Experimental

2.1 Preparation of TiO,—ZnO composite films

The TiO,—ZnO composite films were deposited on
slides by UDP450/4 equipment. The targets were
titanium and zinc with purity of 99.95%, and Ti target
and Zn target were placed oppositely. The glass substrate
voltage was —75 V. Working gas was Ar with a purity of
99.99%, and reactive gas was O, with a purity of
99.99%, the initial vacuum was 4 mPa, the deposition
pressure was controlled at 0.133 Pa, and the Ar/O, flow
volume ratio was 8/13. The different n(Zn)/n(Ti) ratios
were controlled by regulating the target current.

2.2 Characterization of TiO,—ZnO composite films
After deposition, the films were annealed at
500 °C for 2 h. The surface morphologies and element
content of the samples were observed by a scanning
electron microscope (SEM JSM—-6700) equipped with an
energy disperse spectroscope (EDS Oxford INCA). The
surface roughness was measured by an atomic
force microscope (AFM PI3800-SPA—400). X-ray
photoelectron spectroscopy (XPS) was conducted on an
AXIS ULTRA DLD spectrometer with an Al (mono) K,
(1486.6 eV) source operated at 15 kV and 120 W.
The phase identification of samples was conducted
with a micro-Raman spectroscope (JOBIN YVON
RAMANOR-V1000, Ar" laser wavelength 514.5 nm,

laser power 600 mW, temperature 25 °C).

2.3 Photocatalytic

composite films

Photocatalytic activity test of the TiO,—ZnO
composite films was carried out by degradation of
methyl orange solution under UV irradiation. The
concentration of methyl orange solution was measured
under irradiation by UV—756 spectrophotometer, and the
initial concentration was 10 mg/L. A 40 W UV light with
the wavelength of 253.7 nm was suspended above the
degradation system with a distance of 10 cm. The
solution was stirred during the reaction process. With
proceeding of photocatalytic reaction, the decoloration
occurred, and the absorption peak of methyl orange
solution at 465 nm gradually decreased and even
disappeared. The photocatalytic efficiency was evaluated
with the degradation rate (K) by testing the
corresponding  absorption  of  solutions  during
photocatalytic reaction process[9]. The degradation rate
K of methyl orange was calculated using the following
expression:

K=[In(co/c))/=In[(4o/A) )/t

experiments of TiO,—ZnO

where ¢ is the reaction time; ¢ is the concentration of
methyl orange after reacting; ¢, is the
concentration; A4 is the absorbance of methyl orange
solution after reacting; A, is the initial absorbance.

initial

3 Results and discussion

3.1 Effect of n(Zn)/n(Ti) on film surface structure

Generally, the grains of film grow and accordingly
the surface roughness change during the annealing
process. The grain size has an important effect on the
light absorption and band gap of the semiconductor and
further changes the photocatalytic properties of films.
Figure 1 shows the surface morphology of composite
films with different n(Zn)/n(Ti) ratios.

As shown in Fig. 1, the film surfaces are smooth
and dense, and the particle sizes of all TiO,—ZnO
composite films are smaller than that of TiO, film.
However, the particle sizes of the films with different
n(Zn)/n(Ti) ratios are different. With increasing the
n(Zn)/n(Ti), the particle size decreases firstly and then
increases until reaches a minimum value (Tablel). The
particle sizes are 30—35, 16—20, 8—10, 14—17 and 2025
nm, respectively. The film is the most uniform and the
grain size is the smallest when the n(Zn)/n(Ti) is 1/9.3.
ZnO is non-crystallized and exists as small cluster
dispersed in the composite film, which increases the
migration distance of Ti*" during the growth of TiO,
particles and inhibits the growth of the TiO, grains when
the content of ZnO is small. The higher the Zn content,
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the more obvious the inhibitory effect, but the smaller
the TiO, grains as well. However, ZnO begins to
crystallize when the ZnO content reaches a certain value.
Excess ZnO may reduce the migration distance of Ti*"
and accelerate the growth of TiO, particles, which leads
to the increased grain size in films. When the n(Zn)/n(Ti)
is 1/0.7, particle agglomeration appears. It is known that
the film roughness reflects the particle size of films.
Generally, a larger roughness leads to a bigger surface
area and hence a better photocatalytic activity.

Table 1 lists the R, values of the composite films
measured by AFM with different #n(Zn)/n(Ti) ratios (test
area: 10 pumx10 pm).

With increasing the n(Zn)/n(Ti), the film surface
roughness increases firstly, and then decreases. The
roughness of the composite films reaches the maximum
at n(Zn)/n(Ti)=1/9.3. This indicates that the grain growth
and the film surface roughness are partly influenced by
the n(Zn)/n(Ti). Such influence can play a certain role in
the recombination rate of photo excited carriers, and then
affect the photocatalytic property.

Fig. 1 Surface morphologies of composite
films with different #n(Zn):n(Ti) ratios:
(a) n(Zn):n(Ti)=0:1; (b) n(Zn):n(Ti)=1:35;
(¢) n(Zn):n(Ti)=1:9.3; (d) n(Zn):n(Ti)=
1:1.9; (e) n(Zn):n(Ti)=1:0.7

Table 1 Surface roughness of composite film with different
n(Zn)/n(Ti) ratios

n(Zn):n(Ti) R,/nm
0:1 1.138
1:35 1.670
1:9.3 2.455
1:1.9 1.865
1:0.7 1.670

3.2 Effect of N(Zn)/n(Ti) on film phase structure
Figure 2 shows Zn 2p and Ti 2p XPS spectra of the
composite films. As shown in Fig. 2(a), two intensity
peaks at the binding energies of 1044.8 and 1021.9 eV
are observed in all XPS spectra, which are assigned to Zn
2p** and Zn 2p'?, respectively. This indicates that the Zn
exists as ZnO only in the composite films [14,15]. Thus,
the addition of Zn increases the ZnO content and further
increases the TiO,—ZnO heterojunction number with
maintaining the valence state of the Zn element. Figure
2(b) shows the XPS spectra of Ti. Two asymmetrical
Ti 2p peaks are observed, which indicates that Ti element



3646 Li-jing BAI, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3643—3649

(a) Zn2p*? —— p(Zn):n(Ti)=1:35
== n(Zn)yn(Ti)=1:9.3
1:1.9

n(Zn):n(Ti)=1:

119

-\iagwww-ﬂ,'wﬁ’ %nﬂ-f "'bew

1020 1025 1030 1035 1040 1045 1050
Binding energy/eV

(b) 32 = n(Zn):n(Ti)=0:1
Zn 2"” - = n(Zn)n(Ti)=1:35
U — n(Zn):n(Ti)=1:9.3
- = n(Zn):n(Ti)=1:1.9

Zn 2p'?

450 455 460 465 470
Binding energy/eV

Fig. 2 Zn 2p and Ti 2p XPS spectra of composite films:
(a) Zn 2p; (b) Ti 2p

exists as two kinds of oxidation states in the films. One
corresponds to the Ti™2p*? (457.55 ¢V) and Ti™2p'?
(463.30 eV) and the other corresponds to Ti'V2p*?
(458.30 eV) and Ti'V2p"? (464.05 eV). The difference
of binding energy between Ti" and Ti" is similar (5.7
eV), which is consistent with the reported value in
references [16,17]. These results indicate that Ti exists
dominantly in the phases of TiO, and fewer in the phase
of the Ti,Oj; in the composite films.

It is well known that the anatase/rutile TiO, mixture
shows a higher photocatalytic activity than the single
anatase or rutile. The photocatalytic activity of anatase
TiO, is higher than rutile TiO, [18,19]. However, the
standard formation energy of rutile TiO, phase is always
lower than anatase phase at heat treatment temperature.
Thus, the anatase TiO, can easily transform into the
rutile structure during the annealing process, which
lowers the photocatalytic activity of the films. An
effective method to hinder the anatase-to-rutile
transformation of TiO, is the incorporation of ZnO into
the TiO, film [6].

Figure 3 shows the Raman spectra of the composite
films with different n(Zn)/n(Ti) ratios. From Fig. 3, when
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Fig. 3 Raman spectra of composite films with different
n(Zn)/n(Ti) ratios

Zn content is small, the diffraction peaks of ZnO phase
are not detected. But when the n(Zn)/n(Ti) is 1/9.3 or
more, the peaks of ZnO are observed and the peak
intensity gradually increases with increasing the
n(Zn)/n(Ti). Moreover, with increasing n(Zn)/n(Ti),
anatase TiO, gradually transforms into rutile TiO,. This
indicates that the phase composition of the mixed
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heterojunction films is dependent on the n(Zn)/n(Ti)
again. When n(Zn)/n(Ti) is less than 1/9.3, the existence
of ZnO can hinder the anatase-to-rutile transformation of
TiO,. Once the n(Zn)/n(Ti) is more than 1/9.3, this effect
becomes weak. As discussed above, a low content of
Zn*" decreases the probability of ZnO agglomerating
apparently, and the ZnO peaks cannot be detected in
Raman spectrometer shown in Fig. 3. In this situation,
Zn ions exist as small clusters dispersed in anatase/rutile
TiO, matrix, and generate the Ti—O—Zn bonds [4,6].
These weak bonds limit the diffusion and transportation
of atoms between TiO, grains, thus preventing the
formation of nucleation and the growth of the rutile
phase. Namely, the anatase-to-rutile transformation of
TiO, is inhibited by this way effectively. This brings
about the co-existence of anatase and rutile TiO, in the
films. With increasing the n(Zn)/n(Ti), the agglomeration
of Zn elements is gradually promoted, and it causes the
formation of ZnO phase. The number of Ti—O—Zn
bonds decreases and makes they difficult inhibit the
anatase-to-rutile transformation. Therefore, the more the
amount of ZnO, the weaker the capability of stabilizing
the TiO, phase transformation, and the more the amount
of rutile TiO, exists in the film. During annealing process,
the n(Zn)/n(Ti) has great influence on the phase
transformation of TiO,. When the n(Zn)/n(Ti) is 1/9.3,
the amount of TiO,—ZnO heterojunction shows the
maximum. In contrast, excessive ZnO has little effect on
the TiO, phase transformation.

3.3 Effect of n(Zn)/n(Ti) on film photocatalytic
activity
Figure 4 shows the effect of n(Zn)/n(Ti) on the
UV-vis absorption of the composite films. It can be seen
that the composite film has a wider UV-vis absorption
edge compared with TiO, film. The TiO, film shows the
smallest absorption edge, and the composite films with
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Fig. 4 UV-vis absorption spectra of composite films with
different n(Zn)/n(Ti) ratios

different n(Zn)/n(Ti) ratios have different absorption
edges. The red-shift can also be observed clearly in
Fig. 4. It shows that the larger the n(Zn)/n(Ti), the more
obvious the red-shift. The maximum absorption edge is
450 nm, and the UV-vis absorption wavelength is
increased by about 150 nm compared with the TiO, film.
This indicates that the addition of ZnO expands the light
response range. And more TiO,—ZnO heterojunction can
exhibit a wider light response range which makes the
film absorb much light, and improves its photocatalytic
activity significantly.

Figure 5 shows the relationship between In(cy/c) and
reaction time for composite films degrading methyl
orange with different n(Zn)/n(Ti) ratios.

1.0 b
v = = n(Zn):n(Ti)=0:1 .
B ---- p(Zn):n(Ti)=1:35
0.8F o — n(Zn):n(Ti)=1:9.3
A = p(Zn):n(Ti)=1:1.9 i
4 e n(Zn):n(Ti=1:0.7 e
<06 i
< - Wi
S et T
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0.4 g
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Time/h
Fig. 5 Relationship between In(co/c) and reaction time for
composite films degrading methyl orange with different
n(Zn)/n(Ti) ratios

As shown in Fig. 5 and Table 2, In(cy/c) vs reaction
time shows a good linear relationship. It is well accepted
that the photocatalytic decomposition of organic
pollutants fits the pseudo first-order kinetic rule. When
n(Zn)/n(Ti) is 1/9.3, the K of the composite film
degrading methyl orange is the largest. Whereas, when
n(Zn)/n(Ti) is 1/0.7, the degradation of methyl orange
evaluated by K is even lower than that of pure TiO, film.
The half-life, #ys, of film degrading methyl orange exerts
the same tendency as the K value. This indicates that the
expansion of light response range caused by the
TiO,—ZnO heterojunction is not the only factors which
influence the photocatalytic properties.

However, the regular of K value depending on
n(Zn)/n(Ti) is different from the relationship shown in
Fig. 4. The reason is possible that: 1) the roughness of
the composite film with the n(Zn)/n(Ti) of 1/9.3 is the
largest, and it can absorb more methyl orange molecule
on surface for photocatalysis reaction; 2) the high
chemical activity of ZnO makes the composite films
more easy corrode especially when the content of ZnO is
more.
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Table 2 First-order kinetic equation and parameter of film degrading methyl orange

n(Zn):n(Ti) Hydroxyl content/% First-order kinetic equation K™ Linear coefficient to.s/h
0:1 7.15 In(cy/c)=0.09502¢+0.06446 0.09502 0.96144 6.616
1:35 12.49 In(cy/c)=0.13204¢+0.00563 0.13204 0.98162 5.207
1:9.3 13.86 In(cy/c)=0.12516¢+0.01619 0.12516 0.99354 5.409
1:1.9 12.53 In(cy/c)=0.07704¢ +0.05093 0.07704 0.91545 8.336
1:0.7 10.67 In(cy/c)=0.08019¢+0.00475 0.08019 0.9991 8.585

As mentioned above, the grain size, surface
roughness, and the n(anatase)/n(rutile) ratio of TiO,
phase are influenced by n(Zn)/n(Ti). Films with small
grains and high surface roughness have an optimal
n(anatase)/n(rutile) ratio of the TiO, phase and a large
surface area, and both of them are conducive to
photo-induced carriers to move to the film surface and
increase the separation efficiency of the photoexcited
electron-hole pairs. Therefore, the efficiency of
photocatalytic activity can be improved.

From Table 2, it shows that the surface hydroxyl
content of the composite films is improved by the
addition of ZnO. With increasing n(Zn)/n(Ti), the surface
hydroxyl content increases to 13.86% (n(Zn):n(Ti)=
1:9.3). However, when n(Zn)/n(Ti) is more than 1/9.3, it
decreases with increasing n(Zn)/n(Ti). The composite
film with #n(Zn)/n(Ti) of 1/9.3 has the maximum
hydroxyl content. This is consistent with the film surface
particle size and the n(anatase)/n(rutile) ratio of the TiO,
phase, as well as the K value. Therefore, the key reason
that influences the photocatalytic activity of the
composite films is that ZnO affects the microstructure of
the composite films and the UV-vis absorption.

4 Conclusions

1) The grain size and surface roughness of TiO,—
ZnO films vary differently with change of n(Zn)/n(Ti).
With increasing the n(Zn)/n(Ti), the grain size of films
decreases firstly followed by a increase, whereas the
roughness of films first increases then decreases. Both
grain size and surface roughness reach a maximum and
minimum at n(Zn)/n(Ti) of 1/9.3, respectively.

2) The valence states of the Ti and Zn in the films
are not affected by n(Zn)/n(Ti). The Ti and Zn atoms
exist mainly as TiO, and ZnO, respectively. The
n(anatase)/n(rutile) ratio, however, is influenced by the
n(Zn)/n(Ti). Moreover, n(Zn)/n(Ti) of 1/9.3 leads to a
maximum amount of the heterojunction existing in the
Ti0O,—ZnO films.

3) The value of the n(Zn)/n(Ti) correlates positively

with the light response range and absorbance of the films.

The absorption edge of TiO,—ZnO films is ca. 450 nm,
which is redshifted as much as 150 nm in contrast to
TiO, film and moves from UV-light region to the

visible-light region. But the photocatalytic capacities of
composite films are not determined by the absorption
band only.

4) The microstructure of ZnO—TiO, films is the key
factor which determines the photocatalytic activity of the
composite films by the addition of ZnO to TiO,. The K
value of composite films reaches the maximum at
n(Zn)/n(Ti) of 1/9.3, and eventually results in the best
photocatalytic activity.
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