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Abstract

Two series of nano-sized N-containing M&ZnO (M: Fe, W) composite powders were synthesized by spray pyrolysis. The nitrogen
content was controlled from 500 to 2100 ppm by changing the powder ingredients and spray pyrolysis temperature. Ultraviolet-visible
(UV-Vis) spectraindicated that the N-containing M&ZnO powders absorbed not only ultraviolet light£¢ 387 nm) like pure ZnO powder,
but also part of visible light < 650 nm). Acetaldehyde decomposition was used as a probe reaction to evaluate the photocatalysis of
these composite powders. The photocatalytic activity of the N-containing ZnO powder was pronouncedly enhanced byaithdi i
under both UV and visible-light irradiation. However, that of the N-containing ZnO powder was suppressed byQheadidition. A
model of the semiconductor energy-band structure is proposed to explain the enhancement and suppression of photocatalytic activity.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Fe, W) composite powders with the goal of obtaining novel
ZnO-based materials with visible-light photocatalysis. We
The development of a photocatalyst that can work effi- had previously used spray pyrolysis to prepare Ry@3land
ciently under visible-light irradiation has attracted consid- Ru/TiO, thermocatalysts, and these catalysts demonstrated
erable attention for hydrogen production by water splitting better performance than those prepared by conventional im-
and the mineralization of environmental pollutarits-4]. pregnation in the C@hydrogenatior{15,16] A distinctive
The approaches include the incorporation of transition metal feature of sprayed catalysts is the homogeneous distribution
ions (e.g. V or Cr ions) into a semiconductor powder or of the ingredients throughout the entire particle, which oc-

film by ion implantation or co-precipitatiofB,5]; the in- curs because all ingredients are formed from a homogeneous
troduction of oxygen vacancies by treating a photocatalyst solution. By taking advantage of this feature, we have also
with hydrogen plasma or X-ray irradiatide,7]; the cou- synthesized deep-orange N-containing ZnO photocatalysts
pling of two semiconductors—one generally being i@ that can work efficiently under visible-light irradiati¢h7].

ZnO and the other semiconductor with visible-light absorp- ~ Photocatalytic decomposition of acetaldehyde is of great
tion, e.g. CdS-Ti@, WO3-TiO,, and Sn@-ZnO systems—  significance from the viewpoint of practical application be-

by sol-gel process; co-precipitation or simply physical mix- cause acetaldehyde is one of the typical bad odor-causing
ing [8—11], and nitrogen doping into the substitutional sites gases in indoor aif18,19] Also, acetaldehyde is among
in the crystal structure of a photocatalyst, e.g. ZiN,, the most abundant carbonyl compounds in the atmosphere
TaON, LaTaON, and LaTiGN—Dby calcination in an am-  [20]. Moreover, the use of ethanol-fueled vehicles popularly
monia atmospherf2,4,12—14] Obviously, the coupling of  lead to the high levels of atmospheric acetaldehyde since the
two semiconductors and nitrogen doping are likely to be the combustion of ethanol in spark-ignition engines is a primary
simplest methods. source of acetaldehyde emissi@1,22]

In this study, we combined these two approaches by us- This paper describes two series of N-containing
ing spray pyrolysis to prepare N-containing MZnO (M: MO,—~Zn0O composite powders (F®3—Zn0 and WQ@-ZnO)

that were synthesized by spray pyrolysis. The pow-

" Corresponding author. Tek+81-298-51-3354x727; ders were characterized _by scanning ele_ctron microscopy
fax: +81-298-55-1196. (SEM), elemental analysis, X-ray diffraction (XRD), and
E-mail address: li.di@nims.go.jp (D. Li). ultraviolet-visible (UV-Vis) diffuse reflectance spectroscopy.
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Acetaldehyde photodecomposition was used to evaluatenitrogen/oxygen determinator (LECO Corporation, USA,
their photocatalysis. The relationship between the charac-TC-436) by heating the sample in inert gas and then us-
teristics of the N-containing ME-ZnO composite powders ing a thermal conductivity detector to analyze the obtained
and their photocatalysis under both UV and visible-light nitrogen.
irradiation is discussed.

2.3. Photocatalytic system

2. Experimental Photocatalytic decomposition of acetaldehyde was carried
out in a closed circulation system interfaced to a gas chro-

2.1. Yynthesis of N-containing MO,—ZnO powders by matograph (Hitachi G-35A) with a TCD and a PID detector

spray pyrolysis for CH3CHO and CQ analysis, respectively. Prior to the

catalytic experiments, the ZnO samples (0.0500 g) were out-

High-purity ZnO (High Purity Chemicals, Japan, gassed under vacuum of 10Pa at 398K for 2.0h. A gas
99.999%) was used as the zinc source. First, the ZnO wasmixture of 88.0 kPa CEICHO-He (790 ppm) and 13.3kPa
dissolved in an ammonia aqueous solution to prepare aO, was then introduced. The samples were irradiated from
0.1 M zinc—ammonia complex solution. Next, Fe(®&or outside of the reactor. A 200 W Hg—Xe lamp (LA-300UV,
(NH4)10W12041 was added to the zinc—ammonia complex Amax = 365nm) and a 150 W Xe lamp (LA-254X&max =
solution. A transparent solution was obtained by ultrasonic 470 nm, Hayashi Watch-Works. Co., LTD, Japan) were used
mixing for 30 min. The mixed solution was then misted by as the UV and visible light sources, respectively. The wave-
a nebulizer, and passed through a high-temperature quartdength of the visible light was controlled through a 390 and
tube under the suction of an aspirator. The pyrolysis pro- 420 nm cut filter (L39, L42, Kenko, Japan). The incident in-
ceeded quickly (within a second) as mists passed throughtensity to the sample surface for both light sources was set
the high-temperature tube. The generated powder was col-up to be 20 mW cm?.
lected with a glass filter at the end of the quartz tube.

Two series of N-containing ME-ZnO composite pow-
ders were prepared by changing the powder ingredients and3. Results and discussion
spray pyrolysis temperatures. We call these two series as
Fe-series (N-containing E®3—ZnO composite powders) 3.1. Characterization of N-containing MO,—ZnO
and W-series (N-containing WISZnO composite powders)  powders
and designated them as FexxNZnO-yyy and WxxNZnO-yyy,
respectively. Additionally, a series of N-containing ZnO 3.1.1. Morphology
powder without MQ, designated as NZnO-yyy, was also  The SEM images of some typical samples are shown in
prepared. The “xx” indicates the amount of iron or tung- Fig. 1 A similar morphology was observed irrespective of
sten added in weight percent, and the “yyy” represents thethe addition of MQ. These were hollow spherical parti-
pyrolysis temperature in degrees Celsius. cles with open, microscopic surface porosity, and the shells

For comparison, pure E®3 and WQ powders were  of the hollow particles consisted of nano-sized crystallites
prepared by spray pyrolysis with a fixed pyrolysis tem- (primary particles). However, for the Fe0.7NZnO-800 and
perature of 1027 K from Fe(N§)s and (NHy)10W12041, W5.8NZn0-800 samples, the particles had a more regularly
respectively. Commercial ZnO (nanofine P-2, Sakai Chem- spherical shape and the size of the primary particles was
ical Industry Co., Ltd.) with a BET surface area of 5&/m much smaller than for the NZnO-800 (with no M@dded).
was used as a reference standard ZnO powder for the evalQbviously, the MQ inhibited the primary particle growth
uation of the characteristics and photocatalytic performance of ZnO. The sizes of the primary particles were about 31 nm
of the sprayed N-containing ZnO and M&ZnO powders.  for Fe0.7NZnO-800, 15 nm for W5.8NZnO-800, and 45 nm
This ZnO is designated as com-ZnO. for NZnO-800.

2.2. Characterization 3.1.2. Nitrogen content and BET surface area
The chemical composition of the synthesized powders

The particle morphology was observed with a JEOL was determined by elemental analysis. Prior to the elemental
S-5000 SEM at an acceleration voltage of 10kV. The XRD analysis, all as-sprayed samples were calcined at 873K for
patterns were recorded using a Philips PW1800 X-ray 2h to ensure that any possible residual precursors would
diffractometer with Cu K radiation. The UV-Vis spec- decompose completely. The nitrogen atoms in the calcined
tra were obtained from a Jasco V-550 spectrophotometer.samples were considered as site-nitrogen; i.e. nitrogen atoms
The BET surface area of each ZnO sample was deter-that were doped into the oxygen sites of the ZnO crystal
mined by N adsorption and desorption at 77 K using an lattice[17].
automatic surface area analyzer (Model 4201, Beta Scien- The results of the elemental analysis and the BET sur-
tific Corp.). Nitrogen elemental analysis was done with a face area of some samples are listedale 1 Firstly, the
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Fig. 1. SEM images of NZnO-800 (a, b), Fe0.7NZn0O-800 (c, d), and W5.8NZnO-800 (e, f) powders.

pyrolysis temperature had a great effect on the nitrogen con-81% (from 5.8 to 10.5%). This indicates that the increased
tent irrespective of the MQaddition. Secondly, by compar-  nitrogen content caused by the Wantroduction did not

ing the nitrogen contents of NZnO and W-series samples originate from the formation of tungsten nitride or oxyni-
prepared at the same pyrolysis temperature, e.g. NZnO-800ride. On the contrary, the nitrogen content almost did not
and W5.8NZn0O-800, we can conclude that the nitrogen con- change at all when R®3 was added, even when the iron
tent was greatly increased by W@ddition. The nitrogen  was increased to 1.7%. Accordingly, the nitrogen contents
content also increased monotonically with increasing tung- ranged from 1200 to 2100 ppm for W-series powders and
sten additive amounts, but the extent of the increase wasfrom 500 to 1000 ppm for Fe-series powders.

significantly smaller than the increase in the Waddi- The WG; or FeOs3 addition to ZnO induced an appre-
tive amount, e.g. it increased only by 11% (from 1900 to ciable change in the surface area, and the BET surface
2100 ppm) when the tungsten additive amount increased byarea increased with increasing additive amount. Kwon et al.
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Table 1

Summary of elemental analysis (wt.%), BET surface area, and water content of N-containirgZMD composite powders

Sample N (ppm) Fe or W (wt.%) O (wt.%) Zn (wt.%) 2B (wt.%) BET (wt.%)
Fe0.7NZn0O-600 1000 0.72 215 77.6 2.3 55
Fe0.7NZnO-800 700 0.69 21.0 78.2 1.6 45
Fe0.7NZn0O-1000 500 0.70 20.7 78.6 1.1 37
Fe0.4NZnO-800 700 0.35 20.6 78.9 1.2 51
Fel.7NZn0O-800 600 1.7 215 76.9 1.8 30
W5.8NZn0O-600 1500 5.9 21.2 72.5 1.2 58
W5.8NZn0O-800 1900 5.8 20.4 735 1.0 49
W5.8NZn0O-1000 1200 5.7 20.2 73.9 0.7 39
W3.2NZn0O-800 1600 3.2 20.2 76.3 0.8 42
W10.5NZn0O-800 2100 10.5 20.7 68.5 13 53
NZnO-600 1100 21.0 78.3 1.8 50
NZnO-800 600 20.5 79.4 0.7 39
NZn0O-1000 400 20.3 79.7 0.7 33
observed a similar tendency in the WO, system[23]. as a ZnO phase with a hexagonal wurtzite crystal structure.

Note that the BET surface area of some of our sprayed Peaks related to iron or tungsten oxides were not observed
samples exceeded that of com-ZnO (5bgn'), which is in MO,-added sampled=(g. 2a and l suggesting that the
generally regarded as the commercial ZnO powder with the MO, was well dispersed in the ZnO particles. As mentioned
highest BET surface area. This indicates that spray pyroly- above, this is a distinctive feature of the sprayed powders.
sis should be a feasible method for preparing N-containing Additionally, no nitrogen-related compounds (e.g.3Xp)

powders with high surface areas. were found; their content was too low to allow detection of
their reflection peaks. Moreover, the formationcoFe,O3
3.1.3. Sructure (Fig. 28 and WQ; (Fig. 2f) phases was confirmed from their

XRD patterns of some selected samples are shown incorresponding precursor Fe(NY2 and (NH;)10W12041 by

Fig. 2 All diffraction peaks inFig. 2a—dcould be identified spray pyrolysis. This would indicate that the added iron ex-
isted in the form ofv-Fe,0O3 and the tungsten was in the form

of WOj3. The ZnFeO4 or ZnWO, new phase did not appear
until the spray pyrolysis temperature was up to 1473 K (we
did not show their XRD results for the sake of brevity).

The crystallite sizes obtained from the 102 peak of the
XRD pattern were about 29.8nm for Fe0.7NzZn0O-800,
13.5nm for W5.8NZn0O-800, and 41.2 nm for NZnO-800.
These values are almost identical to those of the observed
primary particlesfig. 1).
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4000 3.1.4. Optical property

The UV-Vis spectra of the sprayed N-containing
d MO,—-ZnO composite powders, and, for comparison, those
of the NZnO, com-ZnO, W) and FeOs, were recorded

by the diffuse reflectance technique. BaSfas used as a

4
c reference to measure all the samples.
Figs. 3 and 4show the dependence of the absorption

3000

Intensity / cps

2000
spectra of the N-containing M@ZnO powders on pyroly-

sis temperature and M@dditive amount, respectively. Two
absorption edges were observed for all N-containing sam-

1000 ples. The UV absorption edge at about 385 was ascribed to
a the fundamental absorption of ZnO. Obviously, nitrogen in-
troduction and MQ addition did not remarkably affect the

0 1 1 . ] 1 UV absorption of ZnO. The other absorption edge was in the
2030 40 5060 70 80 visible range at about 500 nm and changed very little with
20 /deg the pyrolysis temperature. We attribute this absorption edge

Fig. 2. XRD pattems of some typical samples and references. (a) to nitrogen introduction rather than M@ddition, although

WS5.8NZn0-800; (b) Fe0.7NZnO-800; (c) NZnO-800; (d) com-znO; () the coupling of MQ-ZnO can also extend the spectral re-
Fe0s; and (f) WGs. sponse of ZnO into the visible region. This conclusion was



D. Li, H. Haneda/Journal of Photochemistry and Photobiology A: Chemistry 160 (2003) 203-212 207

1 1 I 1 1 1 L 1
. Fe0.7NZnO-yyy

e o e —————

Fe,0, . _ 7
(22eV,564nm) S~

yyy=600

com-ZnO

WS5.8NZnO-yyy

Absorbance /a.u.
Absorbance /a.u.

300 400 500 600 700 800

300 400 500 600 700 800 Wavelength / nm

Wavelength / nm
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Fig. 3. UV-Vis adsorption spectra of Fe0.7NZnO and W5.8NZnO powders powders with different additive amounts of iron or tungsten.

prepared at different pyrolysis temperature.

made based on the following experimental results: this ab-
sorption edge does not agree with that of the spraye®4-e

or WOz powders Fig. 3); the band-gap was 2.2V for the
Fe,O3 and 2.8 eV for the W), and these values are consis-
tent with those reported in the literat g,25]. This absorp-
tion edge corresponds to a band-gap of about 2.5 eV, which
falls within the range of that observed for a zinc oxynitride
(Zn,OyNy,) thin film, where the optical band-gap decreases
from 3.26 to 2.30 eV when the nitrogen concentration in the ' ' ' '
filmsis increased from 0 to 10 at.pa6]. For our synthesized |r

N-containing MQ-ZnO composite powders, the nitrogen \ Zif;g';z;:g'ggg
atoms are considered to be doped into the part of ZnO lat- C;Nzl;o_mo T
tice sites instead of oxygen atoms since these samples are 4 : NZoO-800
deep-orange, and the color is slightly changed even after the

samples were calcined at 873K for 2 h.

It also can be concluded froRig. 3that the optimal pyrol-
ysis temperatures for obtaining the maximum visible-light
absorption were 873K for Fe-series powders and 1073K
for W-series powders. The highest nitrogen content was -
also achieved at this temperatui@le 1), indicating that comZnG ~ =TT T T T T T T
visible-light absorption is closely related to nitrogen con- , , . ,
tent. Moreover, the results iRig. 4 indicate that the iron 300 400 500 600 700 800
or tungsten additive amount had a pronounced effect on the
visible-light absorption, except in the sample with higher
tungsten content. Fig. 5. UV-Vis adsorption spectra of some selected samples and references.

The absorption spectra of Fe0.7NZn0O-600, NZnO-600,
W5.8NZn0-800, NZnO-800, and com-ZnO are summarized
in Fig. 5for comparison. Our results indicate that M@d-
dition significantly improves the visible-light absorption of
NZnO powder. Here, it is worth noting that this improve-
ment originated from the increase of the nitrogen content
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Fig. 6. CQ evolution from the UV photocatalytic decomposition of ac- Fig. 7. CQ evolution from the UV photocatalytic decomposition of
etaldehyde on Fe0.7NZnO and W5.8NZnO powders prepared at different acetaldehyde on FexxNZnO-800 and WxxNZnO-800 powders.
pyrolysis temperatures.

5.8% for the W-series photocatalysts. These optimal con-

caused by W@introduction and the added V4Qxself for ditions did not agree with the ones at which the maximum
the W-series powders and only from the added@zefor nitrogen contents were obtained for both series of powders,
the Fe-series powders, since the nitrogen content kept Un-ngjcating that the nitrogen content perhaps has no direct
changeable after the ®; addition. relationship with the UV photocatalysis of ZnO powders.

In general, the catalytic activity of a photocatalyst should
3.2. Photocatalysis of N-containing MO,—ZnO composite be closely related to its crystal structure, crystallinity, BET
powders surface area, surface hydroxyl group density, oxygen va-

cancies, and so of27-29] The dependence of the pho-

3.2.1. Photocatalytic activity under UV irradiation tocatalytic activity of N-containing M@-ZnO powders on

The dependence of the UV photocatalysis of sprayed pyrolysis temperature seems to be a synthetic result that
N-containing MQ—-ZnO powders on the pyrolysis tem- reflects these factors. On one hand, the improvement in
perature and the iron or tungsten additive amount were crystallinity with increasing pyrolysis temperature should
investigated in order to determine the optimal conditions enhance the photocatalytic activity since the concentration
for sample preparation. The observed results are shown inof crystal defects, which may act as centers of charge car-
Figs. 6 and 7We concluded that both the pyrolysis temper- rier recombination, falls as the level of crystallinity rises
ature and the iron or tungsten additive amount significantly [30,31] On the other hand, at higher pyrolysis tempera-
affect the photocatalytic activity of N-containing M&@nO tures, the morphology and surface properties of the particles
photocatalysts, and that, if the G@oncentration 2h after  might change due to sintering, and this would result in the
the reaction began is representative of the photocatalyticdecrease not only in the BET surface argable J but also
activity, the highest photocatalytic activity can be ob- in the surface hydroxyl group densii$2]. The decrease in
tained on Fe0.7NZn0O-800 for the Fe-series powders andthe BET surface area might reduce the reactant adsorption,
W5.8NZn0-1000 for the W-series powders, i.e. the optimal while that of the surface hydroxyl group would seriously
pyrolysis temperature and additive amount were 1073 K affect the formation of hydroxyl radical$@H) since this
and 0.7% for the Fe-series photocatalysts, and 1273 K andactive species is generated via hole capture by the surface
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Fig. 9. CQ evolution during the visible-light(( > 390 nm) photocatalytic

Fig. 8. UV photocatalytic activities over some selected photocatalysts and -
9 P y P y decomposition of acetaldehyde on some selected samples and references.

references.

hydroxyl[33,34] The suppression of photocatalytic activity nor effect on the UV photocatalysis of ZnO. Moreover, the
for the samples prepared at higher pyrolysis temperaturesFe,O3 or WO3 powder had a lower photocatalytic activity
should be associated with decreases of both the BET surfacdor acetaldehyde decomposition, suggesting that the oxida-
area and the surface hydroxyl. As for the optimab®g tive ability of the MOQ,—ZnO composite powders seems to
and WQ additive amounts, other researchers also observedbe governed by ZnO, and the M@erves as an associated
a similar resul{9,35]. An optimal charge carrier separation photocatalyst.
distance was proposed to explain it by Sadeghi €38l. With regard to the UV photocatalytic activity of some
Additionally, the shapes of the GAime-course curvesin  samples, we also calculated the initial rates of,Cfor-
Fig. 6obviously differ. For some samples prepared at a lower mation, CQ yields, and quantum yields 1 h after the reac-
pyrolysis temperature (e.g. at 873K), the £Ebncentra- tion began through the time-course curve of G®olution.
tion increased exponentially with irradiation time, especially These are summarized Trable 2
within 1.0 h after the reaction started. However, for some
samples prepared at a higher pyrolysis temperature (e.g.3.2.2. Photocatalytic activity under visible-light irradiation
at 1273K), the CQ concentration increased linearly. This Fig. 9shows the C@evolutions over some samples with
distinctive difference in the shape of the €@me-course the visible-light irradiation longer than 390 nm. These sam-
curves probably means that the acetaldehyde decompositiorples were prepared at a fixed pyrolysis temperature of 1073 K
occurred through different reaction mechanid8% 37] for comparison. The photocatalytic activity of NZnO-800
The photocatalytic activities of the optimal N-containing was much higher than that of com-ZnO, indicating that
MO,—ZnO composite powders and those of some refer- visible-light photocatalysis of ZnO was greatly improved by
ence samples are summarizedFig. 8 These results in-  the nitrogen introduction. This differs from the UV case.
dicate that W@ addition significantly enhanced the photo- Nevertheless, such improvement was further enhanced by
catalytic activity of N-containing ZnO powders (comparing the WG; addition, confirming that the coupling of ZnO with
W5.8NZn0O-1000 with NZnO-1000). On the contrary,Bs WOs3 is an effective way to prepare ZnO-based materials
addition suppressed the photocatalytic activity (comparing with visible-light photocatalysis. However, a contrary result
Fe0.7NZn0O-800 with NZnO-800). We will later propose a was observed for the F©®3 addition.
model of the semiconductor energy-band structure to explain  The photocatalytic activities of some samples under
this. In addition, an obvious change in photocatalytic activ- visible-light irradiation longer than 420 nm were also ex-
ity was not observed between NZnO-800 or NZnO-1000 and amined and showed iRig. 10 but the results were similar
com-ZnQ, indicating that nitrogen introduction has a mi- to those for the 390 nm case.

Table 2

UV photocatalytic activities of some selected samples

Photocatalytic activity Fe0.7NZn0O-800 W5.8NZn0O-1000 NZnO-800 NZnO-1000 com-ZnO 3 WO FeOs3
Ro (10~" molmin~1) 1.1 3.9 1.6 1.4 1.8 0.59 0.11
CO, yield (%) 39.7 78.4 50.1 43.3 51.0 131 45

Quantum yield (%) 2.0 3.9 2.4 2.1 2.5 0.65 0.22
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30T T T T T T 19 catalytic activity of NZnO powder through W{addition to
A>4200m two factors. One is that W§addition increases the nitrogen
g 250F & W5.8NZnO-800 E content in the samples and further improves the absorption
& ® NZnO-800 of visible light. This is a prerequisite for a photocatalyst to
S 200} 4 Fe0.7NZnO-800 - be able to catalyze a reaction under visible-light irradiation.
& o com-Zn0 However, it should be noted that even though a photocata-
E; 150 lyst can absorb a greater quantity of visible light, it does not
§ mean it will have good visible-light photocatalytic perfor-
g 100 mance; the suppression of photocatalytic activity of NZnO
© powders by FgOs addition supports this conclusion. The
50 second is that the Wfaddition facilitates effective sep-
aration of photo-generated electrons and holes as we will
0 IS T TR N I discuss below.
0 50 100 150 200 250 300 350
Visiblelight irradiation time/min 3.2.3. Photocatalytic mechanisms of N-containing ZnO
powders by MO, addition
Fig. 10. CQ evolution during the visible-lightA( > 420 nm) photocat- The coupling of two semiconductors possessing differ-
alytic decomposition of acetaldehyde on some selected samples and ref-ent redox energy levels for their corresponding conduction
erences. bands (CB) and valence bands (VB) is an attractive ap-

proach to achieve more efficient charge separation, increase
the lifetime of charge carriers, and enhance the efficiency of
the interfacial charge transfer to adsorbed reactants. How-
ever, the relative positions of the CBs and VBs of the two
selected semiconductors are vitally important for obtaining
the expected results.

The principle of charge separation is illustratedrig. 12
by our proposed energy-band structure models for the
N-containing MQ-ZnO composite photocatalysts. The
relative positions of the CBs and VBs of ZnO, W@nd
FeO3 were determined from the following values versus
NHE at pH 7: CB of+0.2V and VB of+2.4V in FeOs3
(Eg = 2.2eV) [38], CB of 0.4V and VB of+3.2V in
WO3 (Eg = 2.8eV) [39], and CB of -0.5V and VB of
+2.7V in ZnO (Eg = 3.2eV) [40]. Fujii et al. [24] and
Serpone et al[25] also summarized these values in their
publications.

For the UV irradiation, we only considered the coupling
effect of MO,—ZnO since nitrogen introduction has a minor
influence on the UV photocatalytic activitfig. 129. The
electrons in the VB of ZnO can first be excited to the CB of
0s b W5.8NZnQ | ZnO by UV irradiation, and then the excited electrons will

' transfer to the CB of W@ since the CB of W@ is lower
than that of ZnO. On the other hand, the holes in the VB
04 NZnO - of excited WQ can transfer to the VB of ZnO since the
VB of ZnO is higher than that of W& This means that the
03k J WOs3 acts as a sink for the photogenerated electrons. Ten-
nakone et al. reported that the W(VI) in W®@an be easily
Fe0.7NZnO reduced to W(V)[41]. Therefore, the electrons transferred
0.2 ] from the CB of ZnO to the CB of W@will prefer to re-
duce W(VI) to W(V). Furthermore, the W(V) is oxidized

0.1 ke 1 1 1 1 L | to the original W(VI) by the adsorbed oxygen on the sur-
773 873 973 1073 1173 1273 1373 face of WQ. Through these redox reactions, the electrons
Spray pyrolysis temperature /K that originated from the VB of ZnO are indirectly trans-
Fig. 11. Dependence of the GQuantum yields on pyrolysis temperatures ported to the adsorbed qugen on the surface ofs\iDd
over Fe0.7NZnO-yyy (a), W5.8NZnO-yyy (b), NZnO-yyy (c) powders therefore the recombination of photogenerated electrons and
under visible-light { > 390 nm) irradiation. holes is avoided. On the contrary, the,Pg—Zn0O system

The quantum vyields for C®formation 6h after the
visible-light irradiation longer than 390 nm were calculated
for the NZnO-, Fe0.7NZnO-, and W5.8NZnO-series pho-
tocatalysts prepared at different pyrolysis temperature in
order to fully investigate the effect of pyrolysis tempera-
ture on the visible-light photocatalytic activity. The results
are summarized ifrig. 11 The photocatalytic activity of
NZnO powders was enhanced through the j\&dldition
and suppressed through theBg addition no matter what
pyrolysis temperature was used. The optimal quantum yield
was obtained on Fe0.7NZn0O-600 for Fe-series photocata-
lysts, and on W5.8NznO-800 for W-series photocatalysts.
These results are quite consistent with the corresponding
nitrogen contents, suggesting that the visible-light photo-
catalysis of these powders is closely related to nitrogen
doping. We ascribe this enhancement of visible-light photo-

0.6 F

CO, quantum yields / %
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Fig. 12. Proposed principles of the charge separation for the coupleg-¥¥® (a, ¢) and Fg€3-ZnO (b, d) systems under both UV (a, b) and
visible-light (c, d) irradiation.

(Fig. 12b is rather unique in that both CB and VB of f&&; In our proposed medal, we mainly considered the transi-
are sandwiched between the corresponding bands of ZnOtions of the excited electrons and holes located in the VB
Thus, simultaneous excitation of both components can leadof the ZnO semiconductor since they governed the oxida-
to a one-way transfer of both electrons and holes from ZnO tive ability of the composite photocatalysts. Additionally,
semiconductor to F®3; the latter is a less efficient photo- the electrons in the DES could be excited to the CB of
catalyst than its counterpart under identical conditions. Ac- ZnO by adsorbing visible lighthy > 2.5eV), then trans-
cordingly, the FeOs acts as a sink for both photogenerated ferred to the CB of W@ or FeOs, however, a high ox-
electrons and holes, and cannot improve the separation ofidative ability was not expected for these excited electrons
charge carrier originated from ZnO excitation. since the DES level is higher than the VB of ZnO with
For the visible-light case, we considered not only the 0.7eV.
coupling effect of MQ—ZnO but also the N-doping effect.
Firstly, the doped nitrogen content is too low to change the
band-gap of ZnO; instead a new absorption band appears id. Conclusions
the visible-light rangeKigs. 3-5. Hence, we believe that
a defect energy state (DES) is newly formed by N-doping  The feasibility of spray pyrolysis for preparing nano-sized
between the VB and CB in the ZnO band structure, and the N-containing MQ—-ZnO powders with large surface area
DES should be close to the VB of ZnO since the energy has been demonstrated. These sprayed powders comprised
levels of the nitrogen 2p orbitals is higher than that of oxy- hollow spherical particles with open, microscopic surface
gen Fig. 129 [42]. The electrons generated in the VB of porosity, and the shells of the sprayed particles consisted of
ZnO by visible-light irradiation v > 0.7 eV) could have nano-scale crystallites. The concentration of nitrogen signif-
been first excited to the DES, and then further transferred icantly depended on the pyrolysis temperature and ranged
to the CB of ZnO by absorbing more energyw (> 2.5eV) from 500 to 2100 ppm. The N-containing M&nO com-
than that of the first step transition. This means that, since posite powders absorbed not only ultraviolet light like pure
a DES is formed, the electron transition from VB to CB in  ZnO powder but also part of visible light. The photocatalytic
a ZnO semiconductor, generally produced by UV irradia- activity of the N-containing ZnO powder was greatly en-
tion (hv > 3.2eV), can be achieved through two-step tran- hanced by the Weaddition under both UV and visible-light
sitions even with the lower energy of visible-light irradia- irradiation. This enhancement was ascribed to the;\&€-
tion. The DES acts like an “energy supply station” for the ing as a sink for photogenerated electrons in the UV case,
excited electrons. Secondly, the excited electrons in the CBand to a synergistic effect of N-doping and \34ZnO cou-
of ZnO would have been transferred to the CB of Yy@nd pling in visible-light case. On the contrary, the photocatalytic
the WQ; would still act as a sink for the photogenerated activity of the N-containing ZnO powder was suppressed by
electrons. For the KL©3-Zn0O systemKig. 129, the FeOs the FeO3 addition since Fg03 acts as a center of photo-
works as in its UV case. generated electron and hole recombination.
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Consequently, N-containing W©ZnO composite pho-

tocatalysts were developed that are capable of working

efficiently under visible-light irradiation. The practical ap-

plication of these novel materials, such as in photocatalytic
deodorization systems and antibacterial agents, is of further

interest.

Acknowledgements

This research is part of the Millennium Project “Search
and Creation of a Catalyst for Removing Harmful Chemical
Substances” from the Ministry of Education, Culture, Sports,
Science and Technology (MEXT), Japan. We thank Dr. Y.
Yajima for the elemental analysis.

References

[1] G. Hitoki, T. Takada, J.N. Kondo, M. Hara, H. Kobayashi, K. Domen,
Chem. Comm. (2002) 1698.

[2] T. Ohno, F. Tanigawa, K. Fujishima, S. lzumi, M. Matsumura, J.
Photochem. Photobio. A. Chem. 118 (1998) 41.

[3] M. Anpo, Pure Appl. Chem. 72 (2000) 1787.

[4] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, Y. Taga, Science 392
(2001) 269.

[5] D. Dvoranova, V. Brezova, M. Mazur, M.A. Malati, Appl. Catal. B:
Environ. 37 (2002) 91.

[6] I. Nakamura, N. Negishi, S. Kutsuna, T. lhara, S. Sugihara, K.
Takeuchi, J. Mol. Catal. A: Chem. 161 (2000) 205.

[7] S. limura, H. Teduka, A. Nakagawa, S. Yoshihara, T. Shirakashi,
Electrochem. 69 (5) (2001) 324.

[8] K.R. Gopidas, M. Bohorquez, P.V. Kamat, J. Phys. Chem. 94 (1990)
6435.

[9] X. Li, F. Li, C. Yang, W. Ge, J. Photochem. Photobiol. A: Chem.
141 (2001) 209.

[10] A. Fuerte, M.D. Hernandze-Alonso, A.J. Maira, A. Maez-Arias,
M. Fernandze-Gaira, J.C. Conesa, J. Soria, G. Munuera, J. Catal.
212 (2002) 1.

[11] C. Wang, J. Zhao, X. Wang, B. Bai, G. Sheng, P. Peng, J. Fu, Appl.
Catal. B: Environ. 39 (2002) 269.

[12] S. Sato, Chem. Phys. Lett. 123 (1986) 126.

[13] M. Jansen, H.P. Letschert, Nature 404 (2000) 980.

[14] A. Kasahara, K. Nukumizu, G. Hitoki, T. Takada, J.N. Kondo, M.
Hara, H. Kobayashi, K. Domen, J. Phys. Chem. A. 106 (2002)
6750.

D. Li, H. Haneda/Journal of Photochemistry and Photobiology A: Chemistry 160 (2003) 203-212

[15] D. Li, N. Ichikuni, S. Shimazu, T. Uematsu, Appl. Catal. A: Gen.
172 (1998) 351.

[16] D. Li, N. Ichikuni, S. Shimazu, T. Uematsu, Appl. Catal. A: Gen.
180 (1999) 227.

[17] D. Li, H. Haneda, J. Photochem. Photobiol. A: Chem. 155 (2003)
171.

[18] G. Leonardos, D. Kendall, N. Barnard, J. Air Pollut. Control Assoc.
19 (1969) 91.

[19] H. Wakeham, in: I. Schmeltz (Ed.), The Chemistry of Tabacoo
Smoke, Plenum Press, New York, 1972, p. 1.

[20] L.G. Anderson, J.A. Lanning, R. Barrell, J. Miyagishima, R.H. Jone,
P. Wolfe, Atmos. Environ. 30 (1996) 2113.

[21] D. Grosjean, A.H. Miguel, T. Tavares, Atmos. Environ. 24B (1990)
101.

[22] J.S. Gaffney, N.A. Marley, R.S. Martin, R.W. Dixon, L.G. Reyes,
C.J. Popp, Environ. Sci. Technol. 31 (1997) 3053.

[23] Y.T. Kwon, K. Song, W. Lee, G. Choi, Y. Do, J. Catal. 191 (2000)
192.

[24] M. Fuijii, T. Kawai, S. Kawai, Chem. Phys. Lett. 106 (6) (1984) 517.

[25] N. Serpone, P. Maruthamuthu, P. Pichat, E. Pelizzetti, H. Hidaka, J.
Photochem. Photobio. A: Chem. 85 (1995) 347.

[26] M. Futsuhara, K. Yoshioka, O. Takai, Thin Solid Films 317 (1998)
322.

[27] D. Li, H. Haneda, Chemosphere 51 (2003) 129.

[28] M.A. Fox, M.T. Dulay, Chem. Rev. 93 (1997) 341.

[29] B. Ohtani, Y. Ogawa, S. Nishimoto, J. Phys. Chem. B 101 (1997)
3746.

[30] G.R. Bamwenda, H. Arakawa, Appl. Catal. A: Gen. 210 (2001) 181.

[31] T. Hirakawa, H. Kominami, B. Ohtani, Y. Nosaka, J. Phys. Chem.
B 105 (2001) 6993.

[32] L. Jing, Z. Xu, X. Sun, J. Shang, W. Cai, Appl. Surf. Sci. 180 (2001)
308.

[33] Y. Ohko, D.A. Tryk, K. Hashimoto, A. Fujishima, J. Phys. Chem.
B 102 (1998) 2699.

[34] M.I. Litter, Appl. Catal. B: Environ. 23 (1999) 89.
[35] S. Sakthivel, S.-U. Geissen, D.W. Bahnemann, V. Murugesan, A.
Vogelpohl, J. Photochem. Photobiol. A: Chem. 148 (2002) 283.
[36] M. Sadeghi, W. Liu, T.-G. Zhang, P. Stavropoulos, B. Levy, J. Phys.
Chem. B 100 (1996) 19466.

[37] I. Sopyan, M. Watanabe, S. Murasawa, K. Hashimoto, A. Fujishima,
J. Photochem. Photobiol. A: Chem. 98 (1996) 79.

[38] A.J. Nozik, Ann. Rev. Phys. Chem. 29 (1978) 189.

[39] D.E. Scaife, Solar Energy 25 (1980) 41.

[40] G. Redmond, A. Okeeffe, C. Burgess, C. MacHale, D. Fitzmaurice,
J. Phys. Chem. 97 (1993) 11081.

[41] K. Tenakone, O.A. Heperuma, J.M.S. Bandara, W.C.B. Kiridena,
Semicon. Sci. Technol. 7 (1992) 423.

[42] R. Marchand, F. Tessier, A. Le Sauze, N. Diot, Inter. J. Inorg. Mater.
3 (2001) 1143.



	Photocatalysis of sprayed nitrogen-containing Fe2O3-ZnO and WO3-ZnO composite powders in gas-phase acetaldehyde decomposition
	Introduction
	Experimental
	Synthesis of N-containing MOx-ZnO powders by spray pyrolysis
	Characterization
	Photocatalytic system

	Results and discussion
	Characterization of N-containing MOx-ZnO powders
	Morphology
	Nitrogen content and BET surface area
	Structure
	Optical property

	Photocatalysis of N-containing MOx-ZnO composite powders
	Photocatalytic activity under UV irradiation
	Photocatalytic activity under visible-light irradiation
	Photocatalytic mechanisms of N-containing ZnO powders by MOx addition


	Conclusions
	Acknowledgements
	References


