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Change in bulk and surface structure of
mixed Mo0O3-ZnO oxide by heat treatment in
air and in hydrogen
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The mixed MoO3-ZnO oxides with various mole fraction of Mo, Xy, obtained by the
impregnation method were heated in air and in hydrogen. As for the mixed oxide heated in
air, MoOj3 reacted stoichiometrically with ZnO to give ZnMoQO, at Xy, < 0.5, while at

Xmo > 0.5, the reaction did not proceed completely. On the other hand, for the mixed oxide
heated in hydrogen, at Xy, < 0.5 ZnMoOQO, was reduced to ZnMoO3 with the anion vacancy,
while at Xy, > 0.5, MoO3 was reduced to MoO, and ZnMoO, was difficult to be reduced to
ZnMoOs;. The structure of the surface and/or near the surface was different from the bulk
structure. © 2001 Kluwer Academic Publishers

1. Introduction in hydrogen atmosphere, and studied the difference in
Supported molybdenum oxide catalysts are widely usethe composition and structure of the mixed MpZnO
in various catalytic processes [1]. The structure of theoxide by the treatment in air and in hydrogen. In both
supported molybdenum oxide species is depended eases, the solid state reaction took place. We will dis-
function of the specific support, the extent of surfacecuss the difference in the composition and structure of
hydration and dehydration, the surface molybdenunthe bulk and the surface.
oxide coverage, the surface impurity, and the calcina-
tion temperature [2-5]. Most of molybdenum oxides
are supportedon ADz [6, 7], Si0;[8, 9], TiO»[10,11], 2. Experimental
ZrO;[12, 13], and NbOs [14, 15]. Usually the reaction  2.1. Preparation of the mixed
between Mo@ and the support did not take place [16]. MoO3-Zn0O oxide
On the other hand, in the case of Mg6upported The mixed MoQ-ZnO oxide (denoted as Mo-Zn oxide)
on MgO, most of Mo ions are thought to be stabilizedwas prepared by the usual impregnation technique. Zinc
in a tetrahedral Mo@unit of the magnesium molyb- oxide (Sakai Kagaku), ZnO, calcined in air at 673 K
date (MgMoQ) phase formed by calcination [17-19]. for 1 h wassuspended at room temperature in the de-
Aritani et al.[20, 21] studied the structure of the mixed sired amountbl M ammonium paramolybdate (Wako
MoO3-MgO oxide by changing the Mo/Mg ratio and Junyaku) solution (pH=5.89) and was stirred with ul-
found that when the binary Mo&MgO oxide was cal- trasonic wave. After filtration the sample was dried
cined in air the reaction between Mg@nd MgO took completely in air at 393 K for 24 h. The dried sam-
place to give a mixture of MgO andtMgMoQ, atlow  ple was calcined in air at 673 Kf@ h and reduced at
Mo/Mg ratio, and of Mo@ and MgMo30;1 at high 673 Kwith hydrogen for 2 h. The sample was analyzed
Mo/Mg ratio. By reduction with hydrogen MoQap- by atomic absorption analysis using the 313.26 nm line
peared on the surface. for Mo and the 213.86 nm line for Zn on a SEIKO
ZnO is well known [22—24] to be a n-type semicon- INSTRUMENTS SAS 7500A atomic absorption spec-
ductor and is applied as a photo chemical device. Thergrophotometer. Fig. 1 shows the result of analysis which
fore, the mixed Mo@-ZnO oxide is expected to give is a good agreement within 0.02 percentage error with
a new catalytic function. Nakamuet al. [25] found  the mole fraction in the starting solution.
the catalytic activity for 1-butene isomerization on the
mixed MoG;-ZnO oxide, which was obtained by the
impregnation method. However, the composition and
structure, and the surface structure of the Me&dO  2.2. Characterization
mixed oxide had not been so much studied. ThereforeThe Mo-Zn oxide was examined by a powder
we prepared the mixed MaZnO oxide by the im- X-ray diffraction (XRD) method using a RIGAKU
pregnation method and treated them at 673 Kin airandRINT 1200 X-ray diffractometer with Cu kg
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Figure 1 The mole fraction of MoXyq, of the mixed MoQ-ZnO ox-

ide obtained by the impregnation method. (—) represents the theoretica
land value and®), the observed one obtained by an atomic absorption
analysis.

(A=1.45056,&) radiation (40 kV, 40 mA). The be-
havior of paramagnetic species in the oxide was stud- 10 20 30 40 50 60
ied by a JEOL TE300 ESR spectrometer with X-band 20 / deoree

at liquid nitrogen temperature, 77 K. Thgvalue g

was determined by using Mn marker as a refer- Figure 2 XRD patterns of the mixed Mo§ZnO oxide heated in air at
ence. Mo I3-edge X-ray Absorption Near Edge Struc- 673 K for 2 h; Xwo = (a) 0.2, (b) 0.5, and (c) 0.9. Symbols a®)(
ture (XANES) spectrum was measured on BL-7A of ZnO, @): ZnMoOy, and (A): MoOs, respectively.

UVSOR at Institute of National Laboratory for Molec-
ular Science, Okazaki, Japan, using a Ge (111) two-
crystal monochrometer. The spectrum was measure . .
in total electron yield mode at room temperature. Spe . [ s
cific surface area (SA, ffg) of the Mo-Zn oxide was 08 L S |
determined by using a QUANTASORB Jr. : \ S

t
)
>

3. Results

3.1. XRD studies of the mixed
MoO3-Zn0O oxide

The dried sample after impregnation was studied by

XRD, which showed the mixture of (NDsM07026

and ZnO atXyo (mole fraction of Mo)= 0.5, and ) ;

that of an unknown ammonium molybdate and ZnO 45 | 4

at Xyo <0.5. The dried samples with variou¥y, 4 ) )

were heated at 673 K in air for various heating time.

There was no large change in intensity of XRD patterns 0 . :

though it was calcined for more than 1 h. Therefore, 0 0.2 0.4 0.6 0.8 1

all the samples were treated for 2 h. XRD patterns of X

the calcined sample witiXy, =0.2, 0.5, and 0.9 are Mo

shown m_ Fig. 2. XRD_ pattern oKy = 0.2, 0.5, and Figure 3 The relative diffraction intensity ratio of the mixed Mg&ZnO

0.9 consists of the mixture of ZnO and ZnMpf oxide heated in air at 673 K for 2 h. The solid and dotted lines show the

Zn0O, ZnMoQ, and MoQ;, and of ZnMoQ, MoOs and  observed and theoretical values, respectively. Symbols@yeZnO,

a trace amount of ZnO, respectively. Fig. 3 shows thel): ZnMoOy, and (A): MoOg., respectively.

change in the relative diffraction intensity ratil/ I,

of the Mo-Zn oxide, wherd; is the diffraction inten- 0.5, took a maximum aXy,, = 0.5, and then decreased

sity of each component anld, the total intensity of with the increase ifXyo. While, Iyeo3/ 1t increased

all componentslzno/ | decreased steeply at first from monotonously fromXy, =0.4 to 1.0. This suggests

Xmo=0.1 to 0.5 and then gradually decreased to Ghat MoG; and ZnO reacted easily with each other to

at Xmo =1. lznmoos/ It increased fromXy, =0.1 to  give ZnMoQ, in solid phase.
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Figure 5 The relative diffraction intensity ratio of the mixed MgO

ZnO oxide reduced at 673 K with hydrogen for 2 h. The solid and dotted
lines show the observed and theoretical values, respectively. Symbols are
(@): ZnO, @M): ZNnM0Oy, (0): ZNMoO3, (#): MoO,, and (A): MoOs3,
respectively.

10 20 30 40 50 60 T T T 1 |
o =1.960
20 / degree =) 3) ZnO

Figure 4 XRD patterns of the mixed Mo£ZnO oxide reduced at 673 K
with hydrogen for 2 hXue = (&) 0.2, (b) 0.5, and (c) 0.9. Symbols are
(@): ZnO, M): ZNMoOy, (0): ZNMoO;3, (#): MoO,, and (A): MoOs.,
respectively.

| 6¢ (gL)=1.942
lde (g-+)=1.927

b) ZnMoO ’

2.003

=
7S

The Mo-Zn oxide was treated at 673 K with hy-
drogen for various treating times. There was no large
change in XRD pattern of the samples treated for 1-
5 h. Fig. 4 shows the XRD pattern of the mixed Mo-Zn
oxide reduced at 673 K for 2 h. In addition to ZnO, the
new pattern due to ZnMofappeared aXyo, = 0.2. At
Xmo = 0.5, the XRD pattern consisted of four phases
of ZnO, ZnMoG;, ZnMoOy, and MoG. At Xue =0.9,
the pattern was due to M@OMoO,, and ZnMoQ.
Fig. 5 shows the intensity ratio of each component of
the reduced mixed oxidézno/|; decreased gradually
from Xyo = 0to 0.4, sharply decreased to about 0.05 ai
Xwmo = 0.6, and gradually decreased to 0. On the othe
hand,l znmoo4/ 1t Was 0 fromXy, =010 0.5, increased,
and took the maximum aXy, =0.6. At Xyo=0.5,
MoO, also began to appedio02/1; took the maxi-
mum atXy =0.7, but did not exceed 0.4. We should
note that ZnMoQ@ and MoQ were newly produced in L 1 L L I
the reduced oxide. These results suggest that ZnMoC319 320 330 340 350 360 370
and MoQ were reduced to ZnMo9and MoQ, re-
spectively. HoweverXyo > 0.5, the reaction process

differs from that in the rang&, < 0.5. Figure 6 ESR Spectra of (a) ZnO, (b) ZnMaQ(c) ZnMoOs, and
(d) MoG;s as a standard material.

60‘6&:_1-)946

208« ¢

g=

T
5c(gl)

Sc(gL) =1.957

Magnetic field / mT

3.2. ESR studies of the mixed

Mo0O3-Zn0O oxide as a standard material. The ESR spectrum of ZnO gave
ESR study gives us a very important information aboutonly a sharp signal ay = 1.960, which resulted from
the coordination state and the ligand field. Fig. 6 showsn™. ZnMoO, gave a very complicated signal with
ESR spectra of ZnO, ZnMaof) ZnMoO3, and MoQ g=2.003, 1.960, 1.952, 1.942, 1.927, and 1.874. In
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addition, at the lower magnetic field, a hyperfine struc-
ture, hfs, was detected. The spectrum of ZnMe@s
broad and simple with a sharp signabat 2.003. The
g-value at the top of the broad signal was 1.946. The
spectrum of Mo@as well as ZnMoQ@gave a very com-
plicated spectrum witly =1.998, 1.979, 1.957, 1.943,
1.927,1.895, and 1.872.

Fig. 7a shows ESR spectra of the mixed Mo-Zn ox-
ide, which are very complicated. Especially, the spec-

trum of Xy, = 0.2 is complicated and gives the peaks T: 1 delgh)
atg=2.003, 1.972, 1.960, 1.956, 1.942, 1.927, 1.893 o © 2 (gl

1.879, and 1.778. The line shape is apparently simila § 2 j

to that of ZnMoQ as shown in Fig. 6, though the each ' X, =05

signal intensity is different. The spectra ¥fjo = 0.5

and 0.9 give a similar anisotropic line shape. Fig. 7b 3 n

shows the ESR spectra of the reduced Mo-Zn oxide 2 éi T el

At Xmo = 0.9, the line shape of the reduced oxide give - T Tscgh)

no significant difference from the unreduced one. How- " ? 6 (gl)

ever, the line shapes &€y, =0.2 and 0.5 are simple § 1

and differ largely from those of the unreduced one. )X 0.9
C = U,

The spectrum 0fXy, = 0.5 is very similar to that of
Xmo = 0.2, but little noisy and no peak gt= 1.960.

We tried to assign thg-value obtained in the unre-
duced and reduced Mo-Zn oxides by considering thato
the standard material and the reporedalues [26—34]. 1
ZnO showed only the signal aj=1.960 [30-32], | | 6e (g )
which was assigned to Zn The signal aig=2.003
appeared clearly in the standard ZnMp®hich pos- 310 320 330 340 350 360 370
sessed the anion vacancy [33] and also appeared in bo Magnetic field / mT
the unreduced and reduced oxides. According to liter-
atures [26-29], it is assigned to oxygen species and/or
lattice defects like anion vacancies. In this case, the ac-
tive oxygen species can not be formed on the oxide, bu
it is reasonable that the signal results from the defec
such as the anion vacancy.

Another complicated signals should be due to Mo
species. Chet al. [26] proposed three Md species
with tetra-, penta-, and hexa-coordination. According
to Cheet al. and other workersg=1.956, 1.927,
and 1.941-1.943 was assigned to the vertical compc
nent @ L) of the g-value of penta-, tetra-, and hexa-
coordinated M&" ions [26-29, 34], respectively. The
signals alg=1.893, 1.870-1.879, and 1.778 were as-
signed to the parallel componentg/A) of the g-value
of hexa-, penta-, and tetra-coordinatedWdons, re-
spectively [26—29, 34]. The signal gi=1.972—-1.980
[34] was not assigned yet, but this was closely relatec
to the amount of Mo@ since the signal intensity in-
creased with the increase in the content of Matthe
mixed oxide.

The intensity was determined by comparing the ares
of the sample with one of the standard #pwhich was hfs  hfs *°
calculated by integration of the spectrum. The intensity |
should contain the totalamount of the radicals. Therela
tive intensity of the unreduced and reducd Mo-Zn oxide
is shown in Fig. 8. AtXu, = 0.2 the relative intensity
of the reduced Mo-Zn oxide is about five times of that T
of the unreduced oxide. The dotted line is obtained by L | [ Gelgh) I
subtracting the intensity of the unreduced Mo-Zn 0x-319 320 330 340 350 360 370
ide from that of the reduced one and clearly shows the Magnetic field / mT
increase in the intensity by the reduction. The increase
in the intensity is mostly due to M6 species, because Figure 7 ESR Spectra of the (a) unreduced and (b) reduced Mz
the intensity due to the defect andZion is assumed  oxide. (a)Xwmo = 0.2, (b) Xm0 = 0.5, and (c)Xumo = 0.9.
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oxide increased more than two times of that of the
unreduced one and a&yo = 0.5, more than 20 times
(70.0 nt/g). At Xmo = 0.6, it kept constant at about
10.0 nt/g. The (c) in Fig. 9 is the difference obtained
by subtracting SA of the unreduced oxide (a) from
that of the reduced one (b) and is very similar to that
of Iznmoeo3/lt- This suggests that the change in SA
4 largely depends on the formation of ZnMg®y the
reduction.

x10* 10

3.4. Mo L3-edge XANES studies
Fig. 10a shows Mo ¢-edge XANES spectra of Mog)
ZnMoQy, and MoQ as a standard material. For MO
the peak height of the lower energy side is more in-
- tense than that of the higher one and, for ZnMpO
vice versa. The spectrum of Me@s broad and looks
like to give a single peak. The energy gayp, which
is the difference in the peak-to-peak width between the
higher and lower energy sides reflects directly the d
orbital splitting. ThereforeA is a measure of the lig-
and field splitting of the final state 4d orbitals. The
Figure 8 The relative intensity ratio of Md™ of the (a) unreduced®) peak-to-peak width obtained from the second deriva-
and (b) reduced) MoOz-ZnO oxide (c) Q) is the difference of (b)  tive is more precisely than that directly obtained from a
and (a). XANES spectrum. The second derivative is also shown
in Fig. 10b.A of MoOgz, ZnMoQ;,, and MoQ obtained

) . ~ from the second derivative was 3.4, 2.4, and 2.5 eV,
to be very small. The line shape of (c) is very similar respectively. It is well known that Moghas an octahe-
to the increase ithznmoo3/ It @s shown in Fig. 5and to g (MoQs) unit [Mo®* (d©)], ZnMoO,, a tetrahedral
the decrease ibynmoo4/ |+ Of the reduced Mo-Zn oxide. (MoOy,) one [M&+ (d°)], and MoG, an octahedral one
Therefore, the intensity mainly results from the Mo [Mo** (d2)]. According to literatures [21, 35-39) of

ESR intensity of Mo™ / a.u.

species. the octahedral unit is 3.1-4.5 eV and the tetrahedral
one, 1.8-2.4 eV. Therefore, the observedf MoOs
3.3. Surface area and ZnMoQ just falls on these ranges. On the other

SA of ZnO and MoQ was 6.1 and 1.5 &g, respec- hand, in spite of the symmetry of the Mg@ctahe-
tively. SA of the unreduced mixed Mo-Zn oxide was dron, A of MoO; is 2.4 eV, which agrees well with the
about 7.0 Mg at Xy, <0.4 and about 3.0 g at  reported value of 2.5 eV [21].
Xmo > 0.4 as shown in Fig. 9. SA of the reduced Mo-Zn  Fig. 11a shows the Mo4-edge XANES spectra of
the mixed Mo-Zn oxide. The peak height of the higher
70 energy side is more intense than that of the lower one

’ at Xy £ 0.5 and atXy,, = 0.5, the peak is vice versa.
This result suggests that the spectrum consists of at least
. two components. On the other hand, Fig. 11b shows
the spectrum of the reduced Mo-Zn oxide which gives
a single like broad line shape, except the spectrum at
Xwmo = 0.8 which is very similar to that of the mixed
Mo-Zn oxide atXy, =0.8.

The second derivatives of the unreduced and reduced
Mo-Zn oxide are shown in Fig. 12. For the unreduced
oxide, it is clear that aKyo < 0.5 the spectrum con-

- sists of one component and 4, = 0.5, of two com-
ponents, respectively. While for the reduced one, at
Xwmo £ 0.5, the spectrum consists of two components, at
Xwmo > 0.6, of three components, andéf;,, = 0.8, two
components, respectivelx obtained from the second
derivatives is summarized in Table | in addition to the
values of literatures [21, 35, 39].

BET surface area / m°g"'
[\ W W
S =) 5 S 3
T T T T T

—_
o

4. Discussion
4.1. Surface and/or near the surface

structure of the mixed Mo0O3-ZnO oxide
Figure 9 BET Surface Area of the (a) unreduces)(and (b) reduced We recorded the Mo i—'edge XANES spectrum ina
(O) Mo03-ZnO oxide. (c) {) is the difference of (b) and (a). total electron yield mode, which was constituted by
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Figure 11 Mo Lgz-edge XANES spectra of the (a) unreduced

Figure 10 Mo L3-edge XANES spectra (a) and the second derivativesand (b) reduced Mo®ZnO oxide (a) Xmo =0.1, (b) Xmo =0.4,
(b) of standard materials; (a) MaQ(b) ZnMoQy, and (c) MoQ. (¢) Xmo =0.5, (d)Xmo =0.6, and (e)Xmo =0.8.

Auger electrons and low energy secondary electrongegion. It is well known that Mo atom takes a MO
[40]. The penetration range into the bulk is possiblyoctahedral coordination and a Mg®trahedral coor-
several tens angstroms. Therefore, the spectra may rdination. MoQ gives the typical octahedral coordina-
flect the structure of the surface and/or near the surfacgon. While ZnMoQ, and ZnMoQ show the tetrahedral
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TABLE | The d-orbital splitting,A, of the unreduced and reduced
Mo0O3-Zn0O oxide which was obtained from the second derivatives

d-orbital splitting,A/eV

unreduced Xmo=0.1 2.2
0.4 2.2
0.5 2.2
0.6 2.2 3.5
0.8 2.4 3.4
reduced Xmo =0.1 2.3 1.9 7}
04 22 2.0 e
0.5 2.3 1.8 =
06 21 20 35 S
0.8 2.4 33 'E
MgMoO4 tetranedral 22 1.8% =
PbMoQy tetrahedral 1% "g
NapMoOy tetrahedral 24 2.1%% o
ZnMoOy tetrahedral 24 8
MoOs octahedral 34 341 40%® 75!
HxMoOs(H-bronze)  octahedral 3132 314
CoMoQy octahedral 3%
(NH4)sM07024 octahedral 29 3.6%
BaxCaMoQy octahedral 4%
MoO, octahedral 25 2.421

*: present work.

coordination [33, 41]. For Mo®with octahedral co-
ordination, the peak height of the lower energy side
is more intense than that of the higher one. While for
ZnMoOQ, with tetrahedral coordination, the peak height
of the higher energy side is more intense than that of the
lower one. The peaks are attributed to the electron tran-
sition from 2p» to a vacant 4d statejg (dyy, k., and

dy,) andey (dxo—y2 and d,) for MoO; (octahedral sym-
metry), and (dyy, Ok,, and g,) ande (dyo—y2 and g»)

for ZnMoO; (tetrahedral symmetry). The peak heights
of the lower and higher energy sides of Mp&e there-

fore different from those of ZnMo® This difference

in the peak intensity is due to the difference in the tran-
sition cross section of the molecular orbital of Mo(4d)-
O(2p). Theoretically, the intensity ratiotig, : g;=3:2

for octahedron and: t, =2 : 3 for tetrahedron. Indeed,
MoOs gives the octahedral coordination structure and §
the peak height of the lower energy side is more intens«2
than that of the higher one. ZnMq®ith the tetrahe-

dral coordination structure gives vice versa. Though'g
MoO; has a Mo@ octahedral symmetry, the spectrum =
is different from that of MoQ@. The energy gap between
tog andey in MoO; giving Mo** ion should be smaller
than that giving M&* ion, because of the less effect of
perturbation by the ligand field of six O ions.

As mentioned above, the spectrum of the Mo-Zn ox-
ide as shown in Fig. 11a consists at least of two com:
ponents and suggests a superposition of componen
of Mo ions. Therefore, we can analyze the spectrurr
of the Mo-Zn oxide by considering the combination of
Gaussian and Lorentzian, which consists of octahedre
and tetrahedral components. Fig. 13a shows the decon
posed curves of the Mo-Zn oxide, which is best fitted
by using the synthesized waves of the octahedral an
tetrahedral components. The parameters of the decon.
posed peaks are summarized in Tablalls calculated

va

Second

t I I I
(a)
a) XMO = O].
b) Xy, = 04
) XMo =0.5
d) XMO = 0.6
) Xy, = 0.8
! | | i
2520 2524 2528 2532
Photon energy / eV
(b) | i 1

W

b) X, =04

2520

2525 2530 2535
Photon energy / eV

Figure 12 The second derivatives of Mostedge XANES spectra of

tO be 3.0_3.6 eV fOf the OCtahedrOﬂ and 2.1_2.4 eV fOEhe (a) unreduced and (b) reduced '\ALQD']O oxide. (a)XMO :Ol’
the tetrahedron, which is in good agreement wikh  (b) Xyo =0.4, (¢)Xmo = 0.5, (d) Xmo = 0.6, and (e)Xmo = 0.8.
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TABLE |l The decomposed parameters of XANES spedctra of the unreduced and reduceeZMO@Xxide

octahedron tetrahedron MeO ratio of area
lower higher/eV A lower higher/eV A lower higher/eV A tetra/total octa/total Mogtotal
ZnMoOy(NapyMoOy) — — — 25241 2526.4 23 — — — 1.00 0.00 —
MoO3 2524.5 25275 3.0 — — — — — — 0.00 1.00 —
unreduced Xmo=0.1 2524.3 2527.7 3.4 2524.3 2526.4 21 — — — 0.50 0.50 —
0.4 2524.3 2527.6 3.3 2524.2 2526.3 21 — — — 057 0.43 —
0.5 2524.4 2527.9 3.5 2524.2 2526.4 22 — — — 0.64 0.36 —
0.6 2524.6 2527.7 3.1 2524.1 2526.4 23 — — — 0.35 0.65 —
0.8 25245 25275 3.0 2524.1 2526.4 23 — — — 0.18 0.82
reduced Xmo=0.1 25245 2527.9 3.4 2524.0 2526.2 2.2 2522.1 2524.0 1.9 0.55 0.25 0.20
0.4 2524.4 2527.9 3.5 2524.1 2526.3 2.2 2522.1 2524.1 2.0 045 0.31 0.24
0.5 2524.3 2527.8 3.5 2524.0 2526.1 2.1 2522.0 2524.0 2.0 0.38 0.30 0.32
0.6 2524.2 2527.8 3.6 2524.0 2526.1 2.1 25219 2523.9 2.0 0.36 0.33 0.31
0.8 2524.6 2527.6 3.0 2524.0 2526.4 24 — — — 0.20 0.80 —

obtained from the second derivative curves. The ratialecreases to 0 &y, = 1 andlznmoo4/ It is sSmall com-
of each component vs the total component also is calcysared with the theoretical onéyo3/ 1t is larger than
lated as shown in Table Il and in Fig. 14. This gives thethat of the theoretical one. This means tha{gt = 0.5
surface or near the surface structure. According to théhe reaction between Ma@nd ZnO does nottake place

results, atXpo < 0.5, ZnMoQ, is dominant on the sur-
face, while atXpo > 0.5, MoO3, dominant. This indi-

completely.
As shown in Fig. 9, SA of ZnO is 6.1 fg~* and

cates that the surface structure is largely different fronthat of MoQ;, 1.4 nfg—t. When ZnO is impregnated

the bulk structure.

in an ammonium molybdate solution a desired amount

On the other hand, the XANES spectrum of the re-of molybdenum is loaded on or covers ZnO. SA of the
duced Mo-Zn oxide is remarkably broad and simplesample aXyo < 0.3 is very similar to that of ZnO, while

except the spectrum o€y, = 0.8. Therefore, it is diffi-
cult to clarify the d-orbital splitting. XRD results show
the presence of Mo§) ZnMoQy, ZnMoO; and MoG.

at Xymo = 0.4 SAis close to that of Mo® This suggests
that the designed amount of molybdenum is loaded the-
oretically on ZnO. XRD, ESR, and BET results show

The XANES spectrum, therefore, may consist atleast othe change in their behavior &y, =0.4. When the
two or three components. We also tried to simulate thémpregnated sample is heated in aingj, < 0.4, the
spectrum of the reduced Mo-Zn oxide by consideringammonium molybdate (denoted as AMMOo) is at first

the octahedral, the tetrahedral, and the M@®mpo-

oxidized to MoQ and the reaction between Mg@nd

nents. The decomposed spectra are well fitted as showAnO takes place stoichometrically withil h to give

in Fig. 13b. The spectrum ofy,, = 0.8 has clear two

ZnMoQOy. On the other hand, aXyo > 0.4, AMMo

peaks and the decomposed spectrum consists of twoaded thick on ZnO is oxidized by calcination to
component as well as that of the unreduced Mo-Zn oxMoO3. The MoQ; layer increases in thickness with the
ide of Xuo =0.8. The parameters of the decomposedncrease irXpoo3, 0f which SAis very similar to that of
peaks and the calculated ratio of each component vs tHdoOs. In this case, when an adequate thickness layer of
total componentis also shown in Table Il and in Fig. 14,ZnMo0O; is produced, the further reaction is difficult to

show the presence of MaCeven at lowXp,. This
suggests that Mofis also formed at lowXy,, on the
surface by reduction, even though Mp®as only de-
tected atXyo > 0.4. At Xpo £ 0.5 M0oO; keeps nearly
constant value on the surface, but@j, > 0.5 MoOs

take place. In order to proceed further reaction to give
ZnMoQy, Mo and/or Znions should diffuse through the
ZnMoQ, layer. But no large change in XRD pattern
was observed though the Mo-Zn oxide was calcined
for 5 h. Therefore, the diffusion should be very slow to

become dominantly. XANES results are different fromgive ZnMoQ,. It is reasonable to conclude as follows;
XRD results. This means that the surface structure dif{1) When MoQ is loaded on ZnO as anisland or covers
fers extensively from the bulk structure. It is expectedby a thin MoQ layer, which directly contacts to ZnO,
that this difference may produce a new function forthe reaction between Ma{and ZnO takes place easily

catalytic reaction.

4.2. Solid phase reaction between MoO3

and ZnO heated in air
If the reaction between Mofand ZnO proceeds stoi-
chiometrically to produce ZnMo§)the change in the-

to give ZnMoQ. (2) In the case of heavy coverage of
MoO3 on ZnO, when an adequate amount of ZnMoO
is formed between the Mofand ZnO layers, the fur-
ther reaction is difficult to occur, because of no direct
contact between Mogand ZnO and/or of no easy dif-
fusion of Mo and/or Zn ions. Those can be illustrated
as the model in Fig. 15.

oretical intensity of each component can be calculated

as shown by a dotted line in Fig. 3. Auo < 0.5 the
change inlznmoo4/ It @andlzno/ 1t is very similar to that
of the theoretical ones exceptdi;, =0.1. At Xy =

4.3. Formation of ZnMoO3; and MoO,
XRD result of the reduced Mo-Zn oxide is dif-

0.5 the observed each component shows a different béerent from that of the unreduced Mo-Zn oxide.

havior with that of the theoretical onkno/ |t gradually
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As mentioned above, a new product of ZnMpO
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Figure 14 The intensity ratio of surface component calculated from the
decomposed spectrum; (a) tetrahedral Mo component of the unreduced
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Photon energy / eV oxide (@) and reduced onéeX), (b) octahedral Mo component of the
| . . unreduced oxide&) and reduced oney), and (c)MoQ component of
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Figure 13 The decomposed curves of Ma4edge XANES spectra of  reduced with
the (a) unreduced and (b) reduced MeZnO oxide. —— :the observed ~ hydrogen at
spectrum————- :tetra coordination- ——— : octa coordination,and 673 K
————— : MoO:s.

. 1 Zn0O ‘ . ZnMoO4 : ZnMoO3 . : MoO2 O : MoOs3

and MoQ appeared. According to Manthiram and O : Ammosivm malybasee

Gopalakrishnan [33], ZnMo®is a cubic crystal and g e 15 Model of the mixed MoG-ZnO oxide.

gives the defect spinel structure with an anion vacancy

like Zn[Mog4/3Zny,3001/3]04, WhereD represents the

vacancy. It can be written as ZnO[M@Zn;301/3]O3

or (4/3)(ZnMch/403) ZnMoO; with the vacancy SA, lznmoo3/ |t and the intensity of M@" of the reduced
should give M8* species. Indeed, according to ESR Mo-Zn oxide. This change in SA is very similar to that
results, ZnMoQ and the reduced Mo-Zn oxide give the in Izhvoo3/ It. It Suggests that the increase in SA results
strong signal due to Mg and the lattice defects like from the formation of ZnMo@with the anion vacancy.
the anion vacancy [26—29]. Fig. 16 shows the change iwhen ZnMoQ begins to appear by the reduction a
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[x10"10 ‘ ' ' ‘ 10" [x10] amount of MG*. At Xuo > 0.5 the reaction proceeds
as  ZnO[May3Zny/301/3]03 + M0oOz — ZnMoO;, +
8 - 8 MoO,.
g (3) The surface and/or near the surface structure is
8 oo very different from the bulk structure. MgCappears
o 6T 16 & — onthe surface at lowy,, but does aXy, > 0.4 in the
= = 2
e N o S_ bulk
° \ 5 2
2 PO
3 4 F \ 4 4 5
0 -
£ z
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