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Abstract

In order to compare the photocatalytic properties of TiO,, ZnO and their composite in the gas phase pollutant environment, nanocomposite with
different mole ratios of TiO,/ZnO were designed to degrade gaseous formaldehyde. The results showed that the rate constant of TiO, for
formaldehyde degradation was 0.05 min~' which was two orders of magnitude larger than that of ZnO in our experiment. Through comprehensive
analysis of UV-vis diffuse reflectance (UV-vis) spectra, photoluminescence spectra (PL) and energy band diagram, it was found that the
differences of photocatalytic properties between ZnO and TiO, may mainly originate from the increased recombination of photoinduced charges in
ZnO. The photocatalytic properties of TiO,/ZnO composite for formaldehyde degradation were much worse than those of TiO,, while better than
those of ZnO. The addition of a small amount of ZnO weakened the photocatalytic properties of TiO,. It may be attributed to that the recombination
action of photoinduced electron-hole pairs in ZnO.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

People spend most of their time indoors, while indoor air
pollution is one of the top risks to human health, which has been
validated by The Environmental Protection Agency [1,2].
Fortunately, a lot of work has been conducted to solve this
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problem. Photocatalysis has been proved to be a promising
method to remove gaseous pollutants [3-7]. To date, most
photocatalysis studies with valuable results were based on TiO,
and the modification of TiO, [8-13]. For example, Liu et al.
prepared TiO, hydrosols with high activity for photocatalytic
degradation of gaseous formaldehyde [14]. The N-doped TiO,
achieved high degradation reactivity for gaseous acetaldehyde
degradation under visible light irradiation [15]. The photo-
catalytic activity for formaldehyde degradation of N-doped
TiO, was enhanced markedly after being modified with NH4F
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[16]. As a semiconductor material, the band gap (E,) of ZnO is
close to that of TiO, [17]. Some research groups reported the
excellent photocatalytic property of ZnO in liquid pollutants
[18-25]. Also, it is reported that the photocatalytic properties of
TiO, and ZnO are very different in liquid [26-29]. However,
little is well known about the photocatalytic effect of ZnO to
degrade volatile organic compounds. Only Jing et al. compared
the differences of deactivation and regeneration of ZnO and
TiO, in the gas phase photocatalytic oxidation of n-C;H;¢ and
SO, [30]. Therefore, more investigations are needed to
investigate the photocatalytic property of ZnO for gaseous
pollutant degradation. Then how would their differences be in
gas phase pollutant environment? It is also significant to
explore the photocatalytic similarities and differences in gas
between TiO, and ZnO from other viewpoints.

As we know, both generation and recombination of
photoinduced electrons and holes are critical in photocatalysis
[18,31,32]. In order to approach high photocatalytic efficiency,
the recombination of photoinduced electrons and holes should
be suppressed, thus enhance the photocatalytic efficiency of
photocatalyst [33]. Specifically, some literatures pointed out
that the compounding of different materials was a promising
method to achieve efficient separation of photogenerated
charges and to improve the catalytic activity of the
photocatalysts [6,34-36]. For example, TiO,/ZnO composite
nanofibers exhibited much higher photocatalytic efficiency
than pure TiO, nanofiber in degrading Rhodamine B and phenol
molecules in water [37]. It is arisen the significance of
comparing the photocatalytic degradation of gaseous pollutant
by TiO,, ZnO and their composite, as it will be helpful to
understand their photocatalytic behavior in the gas phase.

In view of the issue mentioned above, nanocomposites with
different mole ratios of TiO,/ZnO were designed in this paper.
Photocatalytic properties for gaseous formaldehyde degrada-
tion by TiO,, ZnO and their composite films were presented. It
would be worth stating that we try to compare the
photocatalytic properties among TiO,, ZnO and their compo-
site from the two aspects of photocatalytic physics and
photocatalytic chemistry. X-ray diffraction (XRD), field
emission scanning electron microscopy (FE-SEM), UV-vis
diffuse reflectance spectra (UV-vis DRS), and photolumines-
cence spectra (PL) were applied to investigate the phase
structure, the grain morphology, the photocatalytic physical
factors and the photocatalytic chemical factors of TiO,, ZnO
and their composite, respectively.

2. Experimental
2.1. Sample preparation

TiO, (Degussa P25, the average grain size: 30 nm), ZnO (the
average grain size: 80 nm) and other chemicals used in the
experiment were purchased of analytically pure grade without
further purification. 11 ingredient points were designed with
Xzn0 increasing from O to 1 by the interval of 0.1. Herein, Xz,,0
denotes the mole fraction of ZnO in TiO,/ZnO composite. A
certain amount of organic solvent (with weight ratios of

terpineol/butyl carbitol/dibutyl phthalate/ethyl-cellulose/span
85/di-n-butyl phthalate at 55:30:10:4:1) was added to TiO,/
ZnO powders. The organic solvent was totally dissolved at
100 °C for 3 h before adding. The weight ratios of TiO,/organic
and ZnO/organic solvent were 5:11 and 5:3, respectively. Ball
milling (250 r/min, 3 h) was employed to mix them homo-
geneously, and the paste suitable for screen printing was
obtained. Then, the paste was printed onto the alumina substrate
by screen printing. The thickness of each film was controlled at
10 wm by the screen printing machine. The area of the quadrate
film was 50 mm x50 mm. The design parameters of the sample
were shown in Fig. 1. After laying aside at room temperature in
the clean room environment for 12 h, the samples were sintered
at 500 °C for 2 h in the air environment with heating rate of
1 °C/min, then was naturally cooled to room temperature in the
furnace. In addition, organic solvent was also sintered at 500 °C
for 2 h and it was found that the organic solvent was exhausted.
Therefore, in the follow-up tests, the organic solvent did not
exist in the samples. The more details of sample preparation
could be referred to our previous work [38].

2.2. Degradation experiment and sample characterization

Formaldehyde (HCHO), as a typical indoor pollutant, exists
widely in modern decorative materials, has been chosen as a
model contaminant to evaluate the photocatalytic properties of
materials. The degradation of gaseous formaldehyde was
carried out in a photoelectrocatalytic (PEC) reactor system. The
detailed descriptions of the PEC reactor system could be
referred to our previous work [38]. The sample was set in a gas
reaction chamber so that the whole photocatalytic film could be
irradiated by a flat-type LED-light (365 4 5 nm, 3.6 mW/cm?).
Formaldehyde gas held in a high pressure gas cylinder was fed
to the reaction chamber and was absorbed by the solution of
water and alcohol at the outlet. The concentration of gaseous
formaldehyde in the chamber was detected on line with a
Photoacoustic IR Multigas Monitor (Model 1412; INNOVA Air
Tech Instruments). The gaseous formaldehyde was allowed to
reach adsorption and desorption equilibrium for 30 min. After
equilibrium, the initial concentration of formaldehyde in
the chamber was about 50 £ 1 ppm (parts per million,
1 ppm = 40.9 wmol/m?). Then, the LED light was on to
irradiate the film. Each set of degradation experiment under
LED irradiation lasted for 60 min. All the tests were performed
at room temperature (25 °C) controlled by air-conditioner. Each

50 mm

Film

Al,O, substrate

Fig. 1. Schematic diagram of the sample (Al,Oz substrate and TiO,/ZnO
composite film from bottom to top).
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sample was conducted four times of the degradation experiment
at all. The tested sample was dried at 60 °C for 2 h and then laid
aside at room temperature in the dark for 12 h before the next
repeated test.

X-ray diffractometer (X’Pert PRO, PANalytical B.V.) was
employed to analyze the crystal structures of all samples
applying graphite monochromatic with Cu K1 radiation in the
26 range from 20 to 80°. The morphology and grain size of the
composite were observed through field emission scanning
electron microscopy (FE-SEM, Hitachi S-4800). Optical
properties of the material were characterized by UV-vis
diffuse reflectance spectrophotometer (UV-vis DRS, Lambda
35, PerkinElmer) and photoluminescence spectrometer (PL,
USB2000-FLG Ocean Optics spectrometer).

3. Results and discussion
3.1. Characterization of TiO»/ZnO composite

X-ray diffraction (XRD) patterns for nanocomposites with
different ingredient are shown in Fig. 2. The XRD peaks of the
TiO, samples are in good agreement with the anatase structure
TiO, (JCPDS 21-1272) and rutile structure TiO, (JCPDS 21-
1276). The TiO, sample used in the experiment is calculated to
consist of 80% anatase phase and 20% rutile phase by semi-
quantitative estimate [39], which is consistent with the product
information of TiO,. The XRD peaks of the ZnO samples are in
good agreement with the hexagonal wurtzite structure ZnO
(JCPDS 36-1451). From Fig. 2, it can be observed that TiO, and
ZnO are in good crystallization. The intensity of the XRD peaks
demonstrates that the anatase and the rutile phase TiO,
decreases with Xz,o increasing from O to 1, while the ZnO
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R:Rutile Ti0,
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Fig. 2. X-ray diffraction (XRD) pattern of different ingredient points of TiO,/
ZnO composite: (a) TiO,, (b) Xz,0=0.2 (Ti0:ZnO = 8:2), (¢) Xz,0=0.4
(TiO2:ZnO =6:4), (d) Xz,0=0.6 (Ti0:ZnO=4:6), (¢) Xz,0=0.8
(Ti0,:Zn0 = 2:8), (f) ZnO. Xz,0 denotes the mole fraction of ZnO in TiO,/
ZnO composite.

phase increases (Fig. 2(B)). Herein, X;,o denotes the mole
fraction of ZnO in TiO»/ZnO composite.

The SEM photographs of different ingredient points of TiO,/
ZnO composite are revealed in Fig. 3. It can be observed that

Fig. 3. SEM photographs of different ingredient points of TiO,/ZnO composite: (a) TiO,, (b) Xz,0 = 0.2 (Ti02:ZnO = 8:2), (¢) Xzu0 = 0.4 (Ti0,:ZnO = 6:4), (d)
X700 = 0.6 (TiO5:ZnO = 4:6), (e) Xz,0 = 0.8 (TiO,:Zn0O = 2:8), (f) ZnO. X,c denotes the mole fraction of ZnO in TiO,/ZnO composite.
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the TiO, particles are about 30 nm (Fig. 3(a)) and the ZnO
particles are about 80 nm (Fig. 3(f)), all uniformly distributed
with no obvious growth compared with as received raw
material. There are no other phases observed in the SEM
images of TiO, and ZnO. As shown in the SEM images, the
number of TiO, particles decreases while the number of ZnO
particles increases with Xz,0 increasing from O to 1. For
ingredient point with Xz,0 =0.2 and 0.4 (Fig. 3(b) and (c)), a
small quantity of ZnO particles are distributed among the
relatively numerous TiO, particles. As for ingredient point with
X7,0=0.6 and 0.8 (Fig. 3(d) and (e)), TiO, particles are
distributed among ZnO particles.

The UV-vis diffuse reflectance spectra of TiO, and ZnO
samples are displayed in Fig. 4. The TiO, and ZnO samples
exhibit two absorptions below 400 nm and 387 nm, which
correspond to their absorption edges (E, = 3.1 eV for TiO, and
E,=3.2eV for ZnO), respectively. The Kubelkka—Mulk
absorbance at 365 nm of ZnO is 40% higher than that of
TiO,, which means that the absorbability to UV light
(365 £ 5 nm) of ZnO is better than that of TiO,. The UV-vis
spectra of TiO,/ZnO composite display the common character-
istic of TiO, and ZnO, while the Kubelkka—Mulk absorbance at
365 nm of TiO,/ZnO composite is higher than that of TiO, and
ZnO. Photoluminescence (PL) spectra of TiO, and ZnO under
excitation at 300 nm are shown in Fig. 5. These PL results are
consistent with previous publications [40—44]. There are three
PL peaks of ZnO, and the first one corresponds to the intrinsic
recombination of photoinduced charges from the conduction
band to the valence band. PL peaks at 510 nm and 790 nm are the
signals of the defect levels of ZnO. As an indirect wide-gap
semiconductor, the band edge luminescence of TiO, is difficult to
be observed [45]. Hence, there is only one PL peak at 500 nm
which is corresponding to the defect level of TiO,.

3.2. Photocatalytic properties of TiO,, ZnO and their
composite for formaldehyde degradation

Previous studies revealed that the photocatalytic degradation
of formaldehyde was a pseudo-first-order reaction [4,46—48].
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Fig. 4. UV-vis diffuses reflectance spectra of TiO,/ZnO samples. X, denotes
the mole fraction of ZnO in TiO,/ZnO composite.
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Fig. 5. Photoluminescence (PL) spectra of TiO, and ZnO.

The kinetic equation can be expressed as follows:

A (1)
€o
where k is the apparent rate constant, ¢, is the concentration of
formaldehyde at time #, and c is the initial concentration of
formaldehyde. Our degradation results are consistent with the
above reaction. The photocatalytic properties of TiO,/ZnO
composite and their rate constants for formaldehyde degrada-
tion are shown in Fig. 6. The photocatalytic degradation does
not take place in the absence of either photocatalysts or UV
light, indicated by the blank data in Fig. 6. As can be seen, the
photocatalytic property of TiO, for formaldehyde degradation
is observed stable under our experimental treatment, and
50 ppm formaldehyde is degraded to 1 ppm within 60 min
(Fig. 6(a)). The degradation rate constant of TiO, is 0.05 min !
1 fitted by formula (1) (Fig. 6(c)). In contrast, there is no
significant degradation of formaldehyde by ZnO (Fig. 6(b)).
The degradation rate constant of ZnO is 0.0006 min~'
(Fig. 6(c)). Obviously, the rate constant of TiO, is two orders
of magnitude larger than that of ZnO under the same conditions.
Previously, Wang et al. compared the dye degradation
efficiency using ZnO powders with various size scales, and
found that the size was not the most important factor for the
photocatalytic activity of ZnO nanoparticle [20]. According to
their results we can make sure that the size differences between
TiO, and ZnO is not the main reason which results in the very
different photocatalytic properties of TiO, and ZnO. Generally
speaking, after the absorption of reactants at the surface of the
catalyst, the photocatalysis reaction in the absorbed phase
involves photocatalytic physical and photocatalytic chemical
process [49,50]. We try to explore the reason of the differences
of photocatalytic properties between TiO, and ZnO from the
viewpoint of photocatalytic physics and photocatalytic
chemistry. Photocatalytic physics mainly contains two pro-
cesses: (1) absorption of light, (2) the generation and
recombination of photogenerated electrons and holes. Mean-
while, in photocatalytic chemistry, the driving force of
electrons and holes transfer is a measure of the oxidoreduction
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Fig. 6. Photocatalytic degradation of formaldehyde by TiO, (a) and TiO,/ZnO
composite (b) under ultraviolet LED (365 &+ 5 nm, 3.6 mW/cm?) illumination
at room temperature (298 K). ¢, is the concentration of formaldehyde at time ¢,
and c is the initial concentration of formaldehyde. Here we do not show the
error bar in (b) because of the finite space. The rate constants of TiO,/ZnO
composite for formaldehyde degradation (c). Xz,,0 denotes the mole fraction of
ZnO in TiO,/ZnO composite.

ability of photoinduced electrons and holes of the material. The
driving force for organic degradation can be expressed as
follows [6,51]:

AE(&‘i) = EC — ELUMO (2)

AE(h*) = Ev — Enomo 3)

where, AE(e™) and AE(h*) are the driving force of electrons
transfer and holes transfer between the semiconductor catalyst
and the organic molecules, respectively. E- and Ey are the
energy level of the conduction band and valence band of the
semiconductor, respectively. E; a0 and Epoao 18 the energy
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Fig. 7. Schematic diagram for the flat-band potentials of TiO,, ZnO and
HCHO.

level of the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO) of the organic
molecules.

In terms of the calculating of the energy band structure of
metal oxide semiconductor [17,40,41,43,44,46], combined
with our characterization results of UV-vis and PL spectra,
schematic diagram for the flat-band potentials of TiO,, ZnO and
HCHO is displayed in Fig. 7. According to formulae (2) and (3),
the driving force of electrons and holes transfer between TiO,
and HCHO are: AE(e”, TiO,)=1.55eV and AE(h",
TiO,) = 1.35eV. The driving force of electrons and holes
transfer between ZnO and HCHO are: AE(e , ZnO) = 1.48 eV
and AE(h*, ZnO) = 1.38 e¢V. Clearly, the differences of the
driving forces of electrons and holes transfer between them are
tiny. In other words, the oxidoreduction ability of photoinduced
electrons and holes of TiO, for formaldehyde degradation is
close to that of ZnO. Thus, there are few differences between
TiO, and ZnO in photocatalytic chemistry, implying that
photocatalytic chemistry has little influence on the differences
of photocatalytic properties between ZnO and TiO,. As
photocatalysis process involves photocatalytic physical process
and photocatalytic chemical process, the very inferior photo-
catalytic property of ZnO to TiO, may result from the
differences of photocatalytic physical processes between them.
Photocatalytic physical process contains absorption of light and
the generation and recombination of photogenerated electrons
and holes. From the aspect of the absorption of light, the
absorbability to UV light (365 & 5 nm) of ZnO is higher than
that of TiO, (as shown in Fig. 4). In our previous work, it has
been found that the photocurrent of ZnO was four orders of
magnitude larger than that of TiO, under external electric field
at the same conditions [39]. On the basis of the definition of
IPCE (incident photon-to-electron conversion efficiency), the
formula is given as below [52,53]:

AN eiectron
IPCE — Nelecm (4)
Nphot(m
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where, Ny, denotes the number of the incident photons,
AN jectron denotes the number of the photogenerated electrons.
Obviously, the IPCE of ZnO is larger than that of TiO, under the
same conditions, which means that ZnO generates much more
photoinduced charges than TiO,. Therefore, the very inferior
photocatalytic property of ZnO to TiO, may essentially come
from the recombination of photoinduced charges. Fortunately,
the radiative recombination of photoinduced charges can be
reflected by photoluminescence (PL) signals [54,55]. In gener-
al, high PL intensity originates from large quantities of recom-
bination of photoinduced electron—holes. It can be seen that the
intensity of ZnO’s PL peak is much larger than that of TiO,. The
first PL signal of interband (band-to-band) of ZnO is especially
intensive (Fig. 5), which indicates that the recombination of
photoinduced electrons and holes of ZnO is more excessive
compared with TiO,. Meanwhile, as well known, defect level
close to the conduction band or valence band is shallow level
that cannot play the effective role of recombination center.
Nevertheless, the deeper level located in the center of forbidden
band is the most effective recombination center. For TiO,, the
PL peak intensity of defect level is weak to some extent that
displays the characteristic of the shallow level. As for ZnO, the
two defect peaks are of little difference, both of which display
the characteristic of the deep level. Thus, most photoinduced
electrons and holes of ZnO may have recombined before they
react with gaseous formaldehyde. Therefore, there are inade-
quate photoinduced electrons and holes to react with gaseous
formaldehyde which results in the inferior photocatalytic prop-
erty of ZnO. In addition, many studies have elaborated the
eximious photocatalytic property of TiO, [56,57]. The stable
charge separation by electron transfer from conduction band of
rutile to that of anatase slows the recombination of photoin-
duced electrons and holes, which results in the eximious
photocatalytic property of TiO, catalysts with mixed rutile
and anatase phase [56]. All in all, the very inferior photoca-
talytic property of ZnO to that of TiO, may essentially result
from the much excessive recombination of photoinduced
charges of ZnO in the photocatalytic physical process. To
obtain higher photocatalytic property of ZnO, the recombina-
tion of photoinduced charges needs to be suppressed. Relevant
research will be carried out in the near future.

The photocatalytic properties of TiO,/ZnO composite for
formaldehyde degradation are far worse than TiO,, while better
than ZnO (Fig. 6(b) and (c)). The addition of a small amount of
ZnO weakens the photocatalytic property of TiO,. The more
amount of ZnO, the more weakened effect it demonstrates. In
order to clearly explore the photocatalysis effect of TiO,/ZnO
composite for formaldehyde degradation by quantitative
analysis, we calculated the composition effect of TiO,/ZnO
composite according to our previous definition of composition
effect (CE) [39]:

k

CE =
Xrtio, - ktio, + Xzo - kzno

®)

where, k is the apparent rate constant of the composite. Xtio,
and Xz,o denote the mole fraction of TiO, and ZnO of the
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Fig. 8. The composition effect of TiO,/ZnO composite for formaldehyde
photocatalytic degradation. Xz, denotes the mole fraction of ZnO in TiO,/
ZnO composite.

corresponding ingredient point in TiO,/ZnO composite, re-
spectively. krio, and kz,o represent the apparent rate constant
of TiO, and ZnO under the same conditions, respectively. Here,
if 0 < CE < 1, the composite weakens the properties of the
matrix. If CE = 1, the composite does not change the properties
of the matrix obviously. If CE > 1, the composite enhances the
properties of the matrix. As shown in Fig. 8, CE is much less
than 1, thus the photocatalytic property of TiO, matrix was
largely weakened. These results can also be explained from the
two aspects of photocatalytic physics and photocatalytic
chemistry. First, the driving force in the photocatalytic chem-
istry of TiO,/ZnO composite will not be changed obviously
compared to TiO, and ZnO, because of their slight differences
in driving force of electrons and holes transfer. Second, the
absorbability to UV light (365 &+ 5 nm) of TiO,/ZnO compos-
ite is better than that of TiO, and ZnO (Fig. 4). According to our
previous work, the IPCE of some ingredient point of TiO,/ZnO
composite is larger than that of TiO, and ZnO under external
electric field at the same conditions [39], which means some
ingredient point of TiO,/ZnO composite could generate more
photoinduced charges than TiO, and ZnO alone. Therefore, the
inferior photocatalytic properties of TiO,/ZnO composite may
mainly result from the differences of the recombination of
photoinduced charges in the photocatalytic physical process.
Some studies found that the transferring of photoinduced
electrons and holes between the energy levels of TiO, and
ZnO could achieve effective separation of photoinduced
charges and reduce the recombination rate significantly within
the TiO,/ZnO composite, which consequently enhanced the
photocatalytic properties of them in liquid [32,58]. However,
on the basis of our results of the inferior photocatalytic
properties of TiO,/ZnO composite, we found that the separa-
tion effect of electrons and holes transfer between TiO, and
ZnO was not being obvious in our experiment. This may be
ascribed to that the recombination action of photoinduced
electron—hole pairs in ZnO surpasses the charge separation
of electrons and holes transfer between TiO, and ZnO. There-
fore, the composition effect of TiO,/ZnO composite for form-
aldehyde degradation is less than 1.
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4. Conclusion

The photocatalytic property of TiO, for formaldehyde
degradation is stable under our experimental treatment, and
50 ppm formaldehyde is degraded to 1 ppm within 60 min. The
degradation rate constant of TiO, is 0.05min~'. The
photocatalytic property for formaldehyde degradation of
ZnO is very inferior to TiO, under the same conditions.
Through comprehensive analysis of UV-vis spectra, PL
spectra, the energy band diagram and the photocatalytic
properties of TiO, and ZnO, we consider that the differences of
photocatalytic properties between ZnO and TiO, may
essentially originate from the photocatalytic physical process,
i.e., the recombination of photoinduced electrons and holes of
ZnO.

The photocatalytic properties of TiO,/ZnO composite for
formaldehyde degradation are much worse than that of TiO, but
better than that of ZnO. The addition of a small amount of ZnO
weakens the photocatalytic property of TiO,. The more amount
of TiO,, the weaker effect it demonstrates. The composition
effect of TiO,/ZnO composite for formaldehyde degradation is
less than 1. This may be attributed to that the recombination
action to photoinduced electron-hole pairs of ZnO surpasses the
charge separation of electrons and holes transfer between TiO,
and ZnO.
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