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Abstract

The activity of silica-supported zinc oxide containing from 0.01 to 5 mol% of Zn was investigated in the photoepoxidation of propene by
molecular oxygen at room temperature. With an increase in the Zn loading amount, the conversion of propene increased monotonically, while
the yield of propene oxide (PO) increased up to 1 mol% of Zn and then decreased. The selectivity to PO was almost constant up to 0.1 mol?
of Zn and then decreased. By means of XRD, UV-vis, and XANES/EXAFS spectroscopy, it was found that the highly dispersed (isolated)
tetrahedral zinc oxide species were predominant in the/&iQ, samples of low Zn loading amounts, while the aggregated species such
as [ZnO]}, clusters were dominant in the ZiHSIO, samples of higher Zn loading. The former species were found to be responsible for the
photoepoxidation of propene.

0 2003 Elsevier Inc. All rights reserved.

1. Introduction the silica surface or silica matrix for design of photoepox-
idation catalysts is implied. Thus, we examined 50 kinds

Propene oxide (PO) is an important chemical intermedi- of silica-supported samples and revealed some potentially

ate for industry. Although the direct epoxidation of propene interesting systems [17]. Furthermore, 3j&iO, [17-19],

by molecular oxygen is the most desirable, only indirect TiO,—SiO, [18-20], and CrQ/SiO, [21] were found to pro-

processes of propene epoxidation have been industriallymote the photoepoxidation of propene catalytically, and it

employed [1]. The development of heterogeneous catalytic was revealed that the isolated metal oxide species in these

systems for this reaction is still required. Recently, sev- systems were effective for the photoepoxidation of propene.

eral systems have been reported for the direct epoxidation The ZnQySiO, system was found to be one of the best

of propene by only molecular oxygen, for example, het- candidates for photocatalyzing this reaction [17,22], al-

erogeneous catalytic systems employing modified Ag cata-though bulk ZnO did not show such high PO selectivity

lysts [1-3], metal nitrate-modified Ti-MCM catalysts [4], [10,17,22]. This means that the dispersed zinc oxide species

zeolite-supported Ti@ catalysts [5] and NaCl-modified on silica would be suitable for photoepoxidation in contrast

VCe;—.Cu, oxide catalysts [6], in addition to noncatalytic ~with bulk ZnO. However, the structure and properties of

radical reaction systems [7,8]. dispersed zinc oxide species have not been clarified yet. In
Photocatalysis is one possible system for selective oxida-the present study, we investigated the activity for the direct

tion [9]. As for the photoepoxidation of propene, several sys- propene photoepoxidation and the structure of zinc oxide

tems have been reported [10-16]. Among the metal oxidesspecies on a series of ZiSiO, samples of various Zn load-

of semiconductors, Ti@was found to be most active [10].  ings ranging from 0.01 to 30 mol%.

However, the selectivity to PO was still low; the main prod-

uct was CQ. In other systems such as Ba-Y-type zeolites

[11-13], NOs/SiO; [14], MgO/SiO;, and SiQ [15,16], 2. Experimental

selectivity to PO was relatively high, but the activity was

quite low. From these reports, however, the importance of 2 1. Materials

* Corresponding author. Amorphous silica was prepared from Si(OEty the
E-mail address: yoshidah@apchem.nagoya-u.ac.jp (H. Yoshida). sol-gel method followed by calcination in a flow of air
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at 773 K for 5 h [17]. Silica-supported zinc oxide sam- X-ray an ionization chamber (31 cm) filled withoN50%)—

ples, ZnQ'SiO,, were prepared by an impregnation method; Ar (50%) was used. As for the sample of low Zn loading
calcined silica was impregnated by aqueous solutions of (< 1.0 mol%), the fluorescence mode was employed by us-
Zn(NQg)», dried at 383 K for 12 h, and calcined at 773 K ing the Lytle detector for fluorescent X-rays [25], whose

in a flow of air for 5 h [17,22]. The Zn content (mol%) ionization chamber (30 mm) was filled with Ar (100%). It
was defined a®/z, (mol)/(Nzn (mol) 4+ N'sj (mol)) x 100. was confirmed that the 1.0 mol% Zi6iO, sample gave al-

A ZnO sample was commercially obtained (Kishida, 99.0%) most the same spectra in both transmission and fluorescence

and calcined in air at 773 K for 5 h. mode. The sample was treated in the same way as before
the photoreaction test and then transferred into polyethylene
2.2. Photoreaction test packs in a dry M atmosphere. Normalization of XANES and

data reduction on EXAFS were carried out as described else-

Before each photoreaction test, the sample was heated inVere [26]-
air up to 673 K and then evacuated. Subsequently, the sam-
ple was treated with 100 Torr of oxygen at 673 K for 1 h,
followed by evacuation at 673 K for 1 h. The photooxidation
of propene was carried out in a closed reaction vessel made N
of quartz (123.6 c¥) for 2 h. The temperature of the cata- 3.1. Photooxidation of propene
lyst bed was measured to be ca. 310 K, which was elevated
from room temperature by photoirradiation. The reactants
were propene (100 pmol, 15 Torr) and oxygen (200 pmol,

3. Resultsand discussion

Table 1 shows the results of the photooxidation of
propene by molecular oxygen on Si@n0O/SiOp, and ZnO
30 Torr). The catalyst (200 mg) was spread on the flat bot- samples. The detected products were propene oxide, ethanal,
propanal, acetone, acrolein, alcohols (methanol, ethanol, and

tom (12.6 cm) of the vessel [23]. A 200 W Xe lamp was
used( as a Iigf)1t source. Prod[uct]s in the gas phasepwere anpropan-z-ol), hydrocarbons (ethene and butenes; HC), and

CO, (CO and CQ). On the SiQ sample, propene conver-
alyzed by gas chromatography (GC-FID and GC-TCD). In _
addition, adsorbed products on the catalyst were collected>O" Was low (0.76%), although PO was produced to some

0 0 o v
by heating at 573 K, followed by GC analysis. The results extent (18.7% selectivity, 0.14% yield). ZnO showed low

presented here are the sum of each product yield conversion of propene (1.25%), which may be due to the low
' surface area of ZnO. More than a half of converted propene

was completely oxidized into CQ51.9%), and the selectiv-
ity to PO was very low. The main product in partial oxidation
was acetone (20.8%). It was therefore confirmed that ZnO
Specific BET surface area was calculated from the has some photooxidation activity but it is not suitable for
amount of 'y adsorption at 77 K. Powder X-ray diffraction  epoxidation [10,17,22].
patterns were recorded on a Rigaku diffractometer RINT  On the other hand, all of the ZnGiO, samples showed
1200 using Ni-filtered Cu-K radiation (40 kV, 20 mA).  higher PO yield than either SiOor ZnO. As for the prod-
Diffuse reflectance UV-vis spectra were recorded at room yct distributions, the main product was PO over most of
temperature on a JASCO V-570 equipped with an integrat- ZnQ/SiO, samples. The complete oxidation to C(6.2—
ing sphere covered with BagOBefore recording a UV-vis 12 5% selectivity) occurred much less than over ZnO. The
spectrum, the sample was treated in the same manner as thghotooxidation activity of the ZnZ8i0, samples varied
before the photoreaction test, and transferred to the opticalwith loading amount of Zn. The highest PO selectivity
cell without exposure to the atmosphere by using a specially was 48.7% on the Zn®iO, sample containing 0.01 mol%
designed in situ cell. of Zn, although propene conversion (0.47%) was low on
Zn K-edge XAFS (XANES/EXAFS) spectra were mea- this sample. The highest PO yield was obtained on the
sured on BL-7C [24] of the Photon Factory in High En- ZnO/SiO, sample containing 1.0 mol% of Zn.
ergy Accelerator Research Organisation in Tsukuba (Japan), Fig. 1 graphically depicts the variation of propene con-
with a ring energy of 2.5 GeV and a stored current of version and the yields of representative products with load-
300-430 mA. The spectra were recorded at room temper-ing amounts of Zn. Among these Zi6i0O, samples, the
ature with a Si(111) double-crystal monochromatér={ conversion of propene increased with increasing Zn content
3.13551 A). High-energy X-rays from high-order reflections (Fig. 1a). The yield of PO increased up to 1.3% with in-
were removed by tuning the double crystals to 60% of maxi- creasing Zn loading up to an amount of 1 mol%, and then
mum intensity. The energy was defined by assigning the first decreased (Fig. 1b). The yields of ethanal (Fig. 1c), propanal
shoulder of the Cu foil spectrum to 8980.3 eV. The spectrum (Fig. 1d), and CQ (Fig. 1e) increased monotonically with
of the ZnQ/SiO, sample of high Zn loading=( 1.0 mol%) increasing Zn content.
was recorded in transmission mode. For determination of in-  Fig. 2 shows the product selectivity over the Zt8)0,
cident X-ray intensity, an ionization chamber (17 cm) filled samples. The samples having less than 0.1 mol% of Zn all
with N2 (85%)—-Ar (15%) was used, and for transmission showed high PO selectivity (Fig. 2a). The samples contain-

2.3. Characterization methods
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Table 1

Results on the photooxidation of propene on the,SZhO/SiO,, and ZnO samples

H. Yoshida et al. / Journal of Catalysis 220 (2003) 226-232

Zn contergt sSAP Propene conversion  PQield Selectivity (%)

(mol%) (Mg (%) (%) PG  Ethanal  Propanal Acetone  Acrolein  Alcohols HC CO.°
od 670 Q76 014 187 110 56 100 138 0.0 331 7.8
0.01 672 047 023 487 144 40 126 32 0.0 83 89
0.05 610 13 0.57 453 138 7.6 118 58 1.0 86 6.2
0.1 607 19 0.87 453 167 88 113 47 1.2 57 6.2
0.2 683 23 0.83 358 154 144 132 5.6 1.4 72 6.9
1.0 613 48 13 271 1638 172 116 59 3.6 75 103
5.0 682 67 11 167 180 205 136 56 5.5 75 125

10¢° 12 13 0.02 19 6.2 0.0 208 81 6.9 42 519
Catalyst, 200 mg; propene, 100 pmol;, @00 pumol; the reaction time (irradiation time), 2 h.

& Zn content (mol%) was defined a&z,, (mol)/(Nzn (mol) + Nsj (mol)) x 100.

b BET specific surface area.

¢ PO stands for propene oxide; HC, hydrocarbons; 000 and CQ.
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Fig. 1. Propene conversion (a) and product yield of propene oxide (b), Fig. 3. X-ray diffraction patterns of the Sjda) and the Zn@SiO, samples

ethanal (c), propanal (d), and GJe) in the photooxidation of propene
by molecular oxygen over Zn(iO, samples with varying Zn contents.

Fig. 2. Product selectivity for propene oxide (a), ethanal (b), propanal (c),
and CQ (d) in the photooxidation of propene by molecular oxygen over
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Zn0O/SiO, samples with varying Zn content.

10

whose Zn contents were 0.1 (b), 1.0 (c), 5.0 (d), and 30 mol% (e) and that
of pure ZnO (f).

(Fig. 2b—2d). In the separated reaction experiment on the
Zn0/Si0O,; samples containing 0.05 and 5 mol% of Zn, al-
most the same PO selectivity (43 and 15%) at lower con-
version (0.5 and 4.0%) was observed, respectively, implying
that consecutive oxidation would not be a serious issue in
this system. These results suggest that the variation of PO se-
lectivity would mainly originate from the structure and elec-
tronic features of the active sites. Furthermore, highly dis-
persed zinc oxide species on the low Zn loading Z8({@,
samples seem to be suitable for PO formation in the pho-
tooxidation of propene by molecular oxygen.

3.2. The structure of ZnO/S O, samples

For a better understanding of the structure of zinc oxide
species, a ZngsiO, sample containing 30 mol% of Zn was
additionally employed for the characterization study. Fig. 3
shows XRD patterns of the S0ZnO/SiOy, and ZnO sam-

ing more than 0.1 mol% of Zn exhibited lower selectivity ples. The pure silica and Zn/@iO, samples containing up to
to PO; on these latter samples the selectivity to other prod-5 mol% of Zn exhibited only very broad diffuse diffraction

ucts such as ethanal, propanal, and,G@s relatively high

around 22 (Fig. 3a—3d). The 30 mol% Zn@iO, sample
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Fig. 4. Specific surface area (BET) of the Z®)O, and ZnO samples. The 5
closed square (solid line) shows the specific surface area per unit weight of
the sample, while the open circles (broken line) shows the specific surface g
area per unit weight of Si©support in the sample. B
=
&
showed an additional very broad diffraction feature around E
35° (Fig. 3e) which is possibly assignable to some kinds of E
zinc oxide species such as very small particles of ZnO. =
Fig. 4 displays the variation of BET specific surface area 2
of the ZnO and Zn@SiO, samples with increasing Zn load- =
ings. Both specific surface areas per unit weight of the
Zn0O/Si0; sample and per weight of SiOsupport up to 0 |
5 mol% of Zn were almost the same as that of the pure sil- 200 300 400
ica (670 nf g~1). The 30 mol% ZnQ@SiO, sample exhibited Wavelength / nm

a very low value. These results suggest that the zinc oxide
species on the §gmples of |0VY Zn cqntgpt were well QIS- Fig. 5. Diffuse reflectance UV-vis spectra of SiQa) (broken line), the
persed on the silica surface without significantly changing zno/sio, samples whose Zn contents were 0.05 (b), 0.1 (c), 0.2 (d),
the surface area of silica support. However, the zinc oxide 1.0 (), 5.0 (f), and 30 mol% (g) and that of ZnO (h) (broken line). Spectra
species on the highest loading samples (e.g., 30 mol% Zn)(d) and (e) are shown in both figures for the sake of comparison.

would reduce the porosity of silica support.

14

3.3. The structure of the dispersed zinc oxide specieson
silica ©
Fig. 5 shows the diffuse reflectance UV-vis spectra of the @)
samples, which reflect the electronic structure of photoab-
sorption sites. The pure silica exhibited a very small absorp-
tion band around at 240 nm (Fig. 6a, note that the scale is
very small), which would be assignable to surface sites such
as silanol and/or defect sites [27,28]. Bulk ZnO showed a ®)
large absorption band below the band gap at ca. 390 nm 0200 T 250 T 300
(Fig. 5h). The Zn@SiO, samples (Fig. 5b—5g) showed dif-
ferent spectra from the bulk ZnO, meaning that the electronic Wavelength /nm
structure of the Zn species on silica was completely different rig ¢ piffuse reflectance Uv-vis spectra normalized by the intensity at
from that of Zn within bulk ZnO. 200 nm of the Zn@SiO, samples whose Zn contents were 0.1 (a), 0.2 (b),

Both 0.05 and 0.1 mol% ZnGBiO, samples exhibited 1.0 (c), 5.0 (d), and 30 mol% (e).
a similar sharp absorption band around 200 nm along with
a broad band at 240 nm that is due to silica surface sitesto a longer wavelength region (Fig. 5 d-5g). To clarify the
(Fig. 5b and 5c). Since the sharp band around 200 nm be-variation of spectral line shape, the spectra were normalized
came larger with increasing Zn loading, this band should be at 200 nm and shown in Fig. 6. Both samples containing
assigned to dispersed zinc oxide species on the silica surface0.1 and 0.2 mol% showed a similar spectral shape due to

With Zn content more than 0.2 mol%, the band inten- the dispersed zinc oxide species, except for the existence of
sity increased considerably, and the band edge was extendethe broad band centered around 250 nm on the 0.1 mol%

e
W
1

Normalized intensity
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ordination symmetry of the absorbing atom. Fig. 7 shows Zn
K-edge XANES spectra of the ZnGiO; and ZnO samples.
The main features of the XANES spectrum of ZnO (Fig. 7h)
were a clear shoulder (9666 eV) around the absorption edge
and the main peak (9672 eV) at the post edge. In bulk ZnO,
the zinc atom is surrounded by 4 oxygen atoms in tetrahedral
coordination as the [Zn£®~ unit [33]. There is no preedge
peak due to—d transitions since thé-orbital of the Zrf*+
cation is occupied.
The energy position of the absorption edge of XANES
spectra of the Zn@8iO, samples (Fig. 7a—7g) is the same
as that of ZnO, indicating that the Zn was in an oxidized
form and existed as a divalent cation. The spectral shape of
XANES of the ZnQ'SiO, samples was different from that
— T of ZnO bulk, indicating that the local structure, especially
9660 9670 9680 9690 the coordination symmetry, of zinc oxide species on silica

X-ray energy / eV is quite different from that in the bulk ZnO. The XANES

Fig. 7. Zn K-edge XANES spectra of the Zn@iO, samples whose Zn speptra of the ZngBiC, samples were entirely featureless
contents were 0.01 (a), 0.05 (b), 0.1 (c), 0.2 (d), 1.0 (e), 5.0 (f), and 30 mol% having only two broad_maX|.murr_1$ _at 9668 and 9672 eV.
(g) and that of ZnO (h). The spectrum feature is quite similar to the reported Zn
K-edge XANES of the Zn-containing glasses [34] and Zn-

sample. The band due to zinc oxide species on the sam-€xchanged zeolite [35]. In addition to the fact that théZn

. . S ion i o 6— -

ples containing more than 0.2 mol% obviously varied in line €&tion in bulk ZnO is in the [Zng]®" tetrahedral unit [33],
shape with Zn loading amount. It is clear that the electronic It IS known that the Zn cation is tetrahedrally coordinated
structure of the zinc oxide species on the ZSID, samples ~ PY 0xygen in crystalline Zn silicates where Zn@trahe-
depends on the loading of Zn; the low Zn loading Z/88D, dra link to surrounding silicate tetrahedra [34,36—38]. Thus,
sample & 0.2 mol% of Zn) has a distinguishable electronic IS0 in the present Zn(3iO, system, it would be quite rea-
structure from the others. sonable to expect that Zn exists as a divalent cation in a

These variations of spectra with Zn content were simi- tetrahedral environment, ZnQetrahedra, on a silica sur-

lar to the case of Ti@-SiO, systems [18,20,29-32], where ~ face. The spectral features of the Zf&I0, samples are
it was realized that the highly dispersed (isolated) tetra- Quite similar to the reported Mg -edge XANES of Mg
hedral TiQ; species exhibit a sharp absorption band be- oxide species dispersed on silica [15] and in zeolite [39].
low 250 nm due to ligand-to-metal charge transfer (LMCT) This featureless shape of XANES might be typical of diva-
while the band is extended to a longer wavelength region aslent cations tetrahedrally coordinated with oxygen without
oligomers/clusters such as [Tif) are formed. Analogous ~ @d-orbital vacancy such as Zn@nd MgQ; in/on silica or
to this, it is proposed that the ZnQiO, samples with low  Zeolites consisting of a Siaetrahedra network.
Zn content (typically less than 0.2 mol%) would have highly ~ Comparing the spectra carefully, the relative intensity
dispersed zinc oxide species (possibly isolated), while the Of the maximum at 9672 eV to that at 9668 eV increases
higher Zn content samples (typically more than 0.2 mol%) Slightly with an increase of Zn loading, suggesting that the
would have some aggregates such as oligomers/clusteréocm structure of zinc oxide species varied with Zn loading
species. amount although the coordination symmetry remains tetra-
The band around 240 nm due to the silica surface van- hedral. As noted above, the results from UV spectroscopy
ished in the spectrum of the ZnSiO, sample containing  (Figs. 5 and 6) show that the ZpSIO, samples of low Zn
0.2 mol% of Zn (Fig. 5d). It was demonstrated that the dis- content have predominantly highly dispersed (isolated) Zn
persed zinc oxide species on the samples containing less thagPecies while the samples with high Zn conten(2 mol%
0.2 mol% of Zn would be formed at the expense of the silica Zn) also have aggregates such as oligomers/clusters species.
surface site. Since the photoabsorption sites on silica would The slight increase of the relative intensity of the maximum
probably be well scattered on the surface, it is expected thatat 9672 eV could be related to the increase of the second
the formed zinc oxide species on the low loading samples neighboring Zn atom, which might bring about slight dis-
(< 0.2 mol% of Zn) would be highly dispersed species (pos- tortions of the ZnQtetrahedra, since the intensity increased

Normalized absorbance

sibly isolated). with increasing Zn loading amount samples and was clearly
observed as a main peak in the XANES of bulk ZnO. This
3.4. Local structure of zinc oxide species interpretation is consistent with the results in the M @D,

system [15].
X-ray absorption spectroscopy reveals the local structure  Fig. 8 shows thé&3-weighted EXAFS oscillations of the
of the target atom. XANES spectra generally reflect the co- ZnO/SiO, and ZnO samples. The difference between the



H. Yoshida et al. / Journal of Catalysis 220 (2003) 226-232 231

' ' ' ' same Zn—0 bond length and coordination number as those
/\/\ I’/\/\ /\ /\ /\ ;\6) in the bulk ZnO, i.e., Zn@tetrahedra.
7 U \] VALY As for the second shell corresponding to a Zn—-Zn dis-
V tance around 2.5-3 A, only small peaks were exhibited on
:C N N d) Zn0O/Si0, in comparison with bulk ZnO, indicating that the
= v VvV ~ coordination number of neighboring Zn atoms would be very
e /\\//\\/A © low in the ZnQySiO, samples, or the of Zn-Zn distances
NN () would not be uniform. For the 30 mol% sample which ex-
S W hibited very broad diffractions due to small ZnO crystallites
AN AN NN () (Fig. 3), there was only a small peak around 2.5-3 A. This
N YT indicates that the ZnO crystallites would be in the minor-
— IIs,'O ity, and other kinds of zinc oxide small aggregates such as
4 6 g 10 12 oligomers/clusters would be in the majority. On the other
Wavenumber / A™! hand, the 0.2 mol% sample showed no appreciable peaks

Fig. 8. k3-weighted EXAFS spectra of the ZnSiO, samples whose Zn around 2'5._3 A mean'”g that the m«':-l.JOI’ Zinc oxide species
contents were 0.2 (a), 1.0 (b), 5.0 (c), and 30 mol% (d) and that of ZnO (e). WOUIdl be highly dispersed (isolated) in very low Zn-loaded
samples.

From the results derived from UV-vis spectra and XAFS
(XANES/EXAFS) spectra, the structures of the zinc oxide
species dispersed on the silica surface are suggested as fol-
lows: on low Zn content ZngBiO, samples (typically less
than 0.2 mol%) the major zinc oxide species are atomi-
cally isolated tetrahedral Znispecies, while in the higher
content ZnQSiO; samples (typically over 0.2 mol%) there
are some kind of aggregated zinc oxide species such as
oligomers/clusters consisting of Zp@etrahedra.

Magnitude of FT

3.5. Active sites for the photoepoxidation of propene

AR VAN U From the results of the photooxidation tests, XRD, UV-
0 1 2 3 4 5 6 vis, and XAFS spectroscopy noted above, it may be con-
r/A cluded that the active zinc oxide species showing high PO

Fig. 9. Fourier-transformed EXAFS spectra of the 78D, samples selectivity on the ZnQSi0, samples are atomically isolated

whose Zn contents were 0.2 (a), 1.0 (b), 5.0 (c), and 30 mol% (d) and that tetrahedral ZUQSpECieS- .
of ZnO (e). As shown in Table 1, silica itself also can produce PO.

In this case, the active sites might be the special photoactive
sites exhibiting the band around 240 nm in the UV spectrum
Zn0/Si0; and ZnO samples is obvious. Supported zinc ox- (Fig. 5). By loading with Zn, these species are replaced with
ide SDECiES dispersed on silica have a differentlocal structurethe isolated Zn@ SDECiES, and the PO Se|ecti\/ity increases
from that in the bulk ZnO, such as distances to neighbor- fyrther. This means that the isolated Zn€pecies exhibit
ing atoms in the first and second shells, and their COOI’dina-higher selectivity than the active sites of silica.

tion numbers. Unfortunately, the EXAFS of the 0.1 mol% The PO selectivity on the 0.2 mol% ZnSi0, sample
ZnO/Si0, sample was too noisy to analyze. However, the was a little lower than those on the samples containing less
EXAFS of even the 0.2 mol% Zn(3iO, sample exhibited  than 0.1 mol% of Zn, although the band due to zinc ox-
a small but obvious difference around 5.5-6%rom other ide species (less than 210 nm) seemed similar. However,
ZnQ/SiO; samples. XANES spectra varied slightly and continuously with vari-
These EXAFS were Fourier-transformed as shown in ation of Zn loading. This indicates that some slight dif-
Fig. 9. In the spectrum of ZnO, two distinct large peaks are ferences on the local structure of the dispersed zinc oxide
observed around 1.5 and 2.9 A; the former is assigned tospecies affect the PO selectivity. However, at this moment
the neighboring oxygen atoms in the first shell and the lat- the possibility is not denied that the photoabsorption sites of
ter is due to the Zn atoms in the second shell. The spectra ofthe silica support that give rise to the broad band in Fig. 5
the ZnQ/SiO, samples showed a clear main peak at 1.5 A, might also take part in the reaction.
which is at the same position as bulk ZnO and similarly =~ On the other hand, the aggregated zinc oxide species,
assignable to neighboring oxygen atoms. The peak intensitywhich is the majority species on the high loading Z1880,
was also similar to that of bulk ZnO. These results indicate samples, would show low PO selectivity and produce also
that the zinc oxide species on these samples have almost théhe other products such as ethanal, propanal,,G@d so
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