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SnOt-Moo3 mixed oxide catalysts were characterized by X-ray photoelectron spectroscopy 
coupled with ESR, ir, Mossbauer, and X-ray diffraction analysis. The dehydrogenation and 
dehydration activities of the catalysts for sec.-butyl alcohol were measured at 190°C in an air 
stream. As for the surface composition of the catalysts calcined at 55o”C, the surface enrichment of 
MO was observed in the region of MO/MO + Sn < 0.75 and that of Sn in the other region. On the 
basis of the catalytic properties, Snot-Moo3 catalysts can be classified into two groups; catalyst I 
with the surface composition of Mo/Mo + Sn < 0.5 and catalyst II with that of MO/MO + Sn > 0.5. 
In the former catalyst group, when contacted with alcohols, Mo(VI) was found to be easily reduced 
to MO(V), which was stable against a H2 treatment at 400°C. With catalyst II, it was revealed that 
on contact with alcohols, Mo(V1) was relatively ditlicult to reduce to lower valence states and that 
part of Mo(V1) was easily reduced to Mo(IV) by the Hz treatment. These results suggest that the 
reactivities of lattice oxygen are enhanced by combining SnOz and MOO, and that the activation 
modes of lattice oxygen and the catalytic properties of activated lattice oxygen are significantly 
altered with the composition of the catalyst. A surface model of SnO*-Moo, catalysts is proposed 
on the basis of these results. 

INTRODUCTION 

It is well known that multicomponent 
oxide catalysts show much better catalytic 
activity and selectivity than the component 
oxide catalysts in a variety of reactions. 
However, the roles of the component ox- 
ides in the reactions are not fully under- 
stood. This is due to the lack of the knowl- 
edge on the surface state of the catalysts, 
such as surface composition, chemical 
states of component oxides, and surface 
structure, particularly during the reactions. 
To characterize the surface state of the 
catalysts, X-ray photoelectron spectros- 
copy (XPS) has already been found to be an 
excellent technique, since it provides in- 
valuable information on the surface layers 
of solid materials. For instance, it has been 
demonstrated by using XPS that the cata- 

lytic activity and selectivity correlate 
strongly to the surface composition of the 
catalysts for Sn-Mo (I), Sn-Zr (2), Bi-Mo 
(3), and Sn-Sb (4, 5) mixed oxide cata- 
lysts. According to thermodynamic consid- 
erations (6), the surface composition must 
be different from the bulk one. Cimino and 
his co-workers (7) demonstrated clearly 
these phenomena for the Mg-Zn oxide 
system. Such XPS evidence has been accu- 
mulated for several catalyst systems (I- 
5, S-12). Of particular interest are the 
changes in the surface composition of the 
catalysts and in the chemical states of the 
component oxides with various treatments 
and reactions (I, 9, 13-1.5). XPS informa- 
tion on the dynamic behavior of the catalyst 
surface is rapidly increasing now. In this 
report, surface characterization of SnOz- 
MOO, catalysts was conducted utilizing 
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XPS and compared with catalytic activity 
and selectivity for sec.-butyl alcohol con- 
versions. 

SnO,-Moo, catalysts show high activi- 
ties and selectivities for partial oxidations, 
such as the oxidations of propylene to 
acrolein (16, 17) and to acetone in the pres- 
ence of H,O (Z8-24), butene to butadiene 
(25), butadiene to maleic anhydride (25), 
and methyl alcohol to formaldehyde (26). 
In SnO,-Moo, catalysts, SnOz shows high 
deep oxidation activities, while MOO, is 
selective, although its activity is relatively 
low. Combination of these component ox- 
ides leads to higher activities and selectivi- 
ties for partial oxidations as observed for 
other mixed oxide catalysts. However, the 
roles played by Sn and MO in catalysis have 
not been well understood. On the basis of 
the Mossbauer study on Sn, Margolis (17) 
suggested redox cycles including Sn(II)- 
Sn(IV) and Mo(VI)-MO(V) for the oxida- 
tion of olefins. On the other hand, Niwa et 
al. (26) proposed a MO(V)-Mo(IV) redox 
cycle for the methyl alcohol oxidation by 
using ESR. Takita et al. (19) and Ai 
(25, 27) stressed the importance of the 
acid-base properties of the catalysts. Sur- 
face characterization of SnOz-Moo3 cata- 
lysts by XPS would shed important light on 
the behavior of Sn and MO, since XPS 
provides the chemical states of both Sn and 
MO, in contrast to ESR and Miissbauer. 
The XPS results were combined here with 
complementary techniques; ESR, ir, XRD, 
and Mijssbauer spectroscopy. 

We carried out the reaction of sec. -butyl 
alcohol in an air stream over SnOz-MoOB 
catalysts having various compositions, 
since (oxidative) dehydrogenation to 
methylethylketone and dehydration to bu- 
tenes would provide information both on 
the oxidation activity and on solid acid- 
base properties. Reductions of the catalyst 
with several kinds of alcohol and Hz were 
also investigated to reveal the redox behav- 
ior of the catalyst and the reaction mecha- 
nism of the oxidative dehydrogenation of 
alcohols. 

EXPERIMENTAL 

Catalysts 

Sn02-Moo3 catalysts were prepared us- 
ing stannous chloride and ammonium para- 
molybdate. The tin hydroxide precipitate 
obtained by adding an aqueous ammonium 
solution was filtered and washed with dis- 
tilled water. Required amounts of an 
aqueous ammonium paramolybdate solu- 
tion were added to the precipitate to obtain 
Sn-Mo oxide catalysts with desired Sn/Mo 
ratio, followed by evaporation to dryness at 
90°C drying at 110°C for 16 h, and calcining 
at 550°C for 5 h in air. Pure SnO, was 
obtained by the same procedures except for 
the addition of ammonium paramolybdate. 
Pure MOO, was prepared by evaporating an 
aqueous ammonium paramolybdate solu- 
tion to dryness, followed by the same pro- 
cedure as for the catalysts. All the catalysts 
were used in fine powders as prepared. 

Procedures 

(I) Catalytic conversion of sec.-butyl al- 
cohol. The reaction of sec. -butyl alcohol (2- 
BA) was carried out over the Sn02-MoOa 
catalysts at 190°C in a dry-air stream using 
a conventional fixed-bed flow reactor in a 
differential mode (2-BA/O,; 1.16, air flow 
rate; 18 ml/min). The alcohol was fed into 
the air stream by utilizing a mechanically 
controlled microfeeder. The products were 
methylethylketone (MEK), butenes, and a 
small amount of di-sec.-butyl ether. The 
formations of carbon oxides were not de- 
tected. All the products were analyzed by 
gas chromatography. A steady-state activ- 
ity was attained after ca. 30 min and usually 
measured at 1.5-h reaction time. 

(2) XPS measurements. X-Ray photo- 
electron spectra of the catalysts were mea- 
sured at room temperature on a Hitachi 507 
photoelectron spectrometer using AlKa ra- 
diation (50 mA, 10 kV). The catalyst sam- 
ples were mounted on double-sided adhe- 
sive tape. All the binding energies were 
referenced to the C, level (285.0 eV) of 
contaminant carbon. The accuracy in the 
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determination of the binding energy values 
was within +-0.2 eV. The XPS peak area 
intensities were measured by planimetry of 
the graphic displays of the spectra by as- 
suming linear baselines. Mechanical mix- 
tures of the pure SnO, and MOO, catalysts 
were used to obtain relative atomic sensi- 
tivities of Sn,d5,2 and Mogd levels. From a 
linear correlation between Mo,,&Sn,d,,, 
peak area intensity ratios and Mo/Sn 
atomic ratios, the atomic sensitivity ratio of 
0.52 was obtained, this value being in good 
agreement with 0.59 reported by Wagner 
(28). The surface composition of the cata- 
lyst was calculated by using the atomic 
sensitivity ratio thus obtained. 

The X-ray photoelectron spectra of the 
catalysts which had reached steady states 
or which had been reduced with alcohols or 
hydrogen were measured without exposing 
the catalysts to air or moisture using a NP- 
filled glovebox. The detailed procedures 
were described elsewhere (29). 

(3) Other procedures. ESR spectra of the 
catalysts were measured in the X-band at 
room temperature using a JEOL spectrom- 
eter (JES-ME- 1X). Reduction of the SnO,- 
MoOB catalysts with 10 Torr of 2-BA and 
subsequent oxidation with ca. 150 Torr of 
0, were carried out using an in situ cell with 
a sidearm for ESR measurements. 

To examine the properties of MO oxide in 
the catalyst, the ir intensity of Mo=O band 
(990 cm-‘) was measured (Hitachi grating 
infrared spectrometer, EPI-G). The absorp- 
tion intensities of the Mo==O band were 
normalized for the strong signal (u,; 1100 
cm-‘) of MgC03 which was mechanically 
mixed with the catalyst (catalyst/MgCO, = 
2/l by weight) as a standard. Mixed sam- 
ples were pressed into disks using KBr 
powder. 

X-Ray diffraction analyses of the cata- 
lysts were carried out using a Cu anode 
with a Ni filter (Shimazu VD-1). To obtain 
relative crystallinities of MOO, and SnOz, 
mechanical mixtures of silicon and the cata- 
lysts were used and peak area intensities 
due to silicon (28 = 28.4”), MOO, (25.5”), 

and SnOz (26.5”) were obtained. No new 
XRD peak was observed, indicating the 
absence of definite Sn-Mo mixed oxide 
compounds. 

Mossbauer spectra of Sn were obtained 
using llQmSn in CaSnO, at room tempera- 
ture. The spectra of reduced catalysts were 
obtained by covering the samples with ep- 
oxy resin in the N,-filled glovebox to pre- 
vent the reduced catalysts from contact 
with air. 

The BET surface areas of the catalysts 
were measured at 77 K using Nz after 
evacuating the catalysts at 300°C for 1 h. 
They are summarized in Table 1. 

RESULTS AND DISCUSSION 

Shown in Fig. 1 are the X-ray photoelec- 
tron spectra of the MoQd, Snsd,,,, and Sn 
Mf14,,N4,5 Auger levels for the calcined 
catalysts. The binding energies of the 
MO%,z and Sn3dglZ bands were 233.1 and 
486.9 eV, respectively and the kinetic en- 
ergy of the SnM,N,,sN,,, Auger line was 
428.5 eV. The modified Auger parameter 
(30) of Sn was calculated to be 919.0 eV. 
These values were independent of the cata- 
lyst composition and consistent with those 
for pure SnO, and MOO, catalysts within 
the accuracy of kO.2 eV. 

The surface composition of the catalyst 
was obtained from the XPS area intensities 
of the Mo3d and Sn3d5,2 bands and summa- 
rized in Table 1. Figure 2 shows the surface 
composition of the catalyst as a function of 
the bulk one. Although the surface compo- 
sition is not equilibrated with the bulk one 
under the present preparation conditions, it 
is evident that the surface enrichment of 
MO occurs in the region of R,’ = MO/MO + 
Sn < 0.75, whereas the superficial segrega- 
tion of Sn occurs in the other region. A 
relationship similar to that in Fig. 2 has 
been previously reported for SnO,-Moo, 
catalysts prepared by calcining mixtures of 
SnOz and MOO, ( I). Although no datum on 

'R, and R, denote MO/MO + Sn atomic ratios in 
bulk and in surface of SnO,-Moo, catalysts, respec- 
tively, hereafter. 



102 OKAMOTOETAL. 

TABLE 1 

Surface Properties of SnO*-MoOa Catalysts 

Bulk composition0 Surface area 
(RB = MO/MO + Sn) W/g) 

0 8.2 
0.05 30.5 
0.1 33.4 
0.2 74.1 
0.3 45.8 
0.4 83.5 
0.5 9.7 
0.6 17.5 
0.7 13.2 
0.8 21.8 
0.9 12.1 
1.0 1.6 

Surface composition (Rs = MO/MO + Sn)a 

Freshb After reactionc After reductiond 

0 0 0 
0.15 0.17 0.15 
0.23 0.26 0.26 
0.35 0.40 0.38 
0.45 0.53 
0.47 0.56 
0.60 0.60 0.63 
0.69 0.71 0.79 
0.71 0.72 
0.75 0.78 
0.88 0.89 
1.0 1.0 

a Atomic ratio. 
b Calcined at 550°C for 5 h in air. 
c sec.-Butyl alcohol conversion at 190°C in an air stream for 1.5 h (alcohol/O,; 1.16). 
d Reduced with sec.-butyl alcohol at 190°C for 1.5 h (alcohol flow rate; 0.109 mol/h . g cat.). 

Sn L3M45M45 

“bol 

240 230 535 530 525 
Binding Energy (eV ) 

FIG. 1. X-Ray photoelectron spectra of the M03d, 

0 18, Sna%% levels and Auger spectra of the Sn 
MJV4JN,,I level for Snot-Moo, catalysts calcined at 
550°C; (a) R, = 0.2, fresh; (b) R, = 0.2, after the 
reaction ofsec.-butyl alcohol in an air stream at 190°C 
for 1.5 h; (c)R, = 0.9, fresh or after the sec.-butyl 
alcohol reaction in an air stream; (d)R, = 0.9, reduced 
with Hz at 4OO’C for 1 h. 

the surface free energy of SnOz is available, 
it is deduced that the MO enrichment in the 
surface is induced by thermodynamic re- 
quirements, taking into consideration the 
extremely low surface free energy of MOO, 
(50-70 ergs/cm2) (6) compared to other 
metal oxides, such as PbO (130-150 
ergs/cm2), and GeO, (ca. 200 ergs/cm2) (6). 
In contrast, the surface enrichment of Sn in 
the Mo-rich catalysts may be a conse- 
quence of exclusion effects due to the crys- 
tallization of Moos, which develops rapidly 
in this composition range as shown below 

Mo/Mo+Sn in Bulk 

FIG. 2. Correlation between surface and bulk com- 
positions of SnOz-MoOs catalysts calcined at 550°C. 
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(Figs. 8 and 9). Similar observations were 
made for CO-MO (8) and Sn-Zr (2) mixed 
oxide catalysts. A small concavity around 
R, = 0.4 is due to a change in the surface 
structure of the SnOz-Moo, catalysts with 
the catalyst composition, accompanied by 
an abrupt surface area change of the cata- 
lyst as shown in Table 1. Since no mixed 
oxide compound is found, it is assumed that 
the surface enrichment of MO or Sn in the 
catalysts with R, > 0.4 indicates the larger 
fraction of surface area of MO or Sn oxide 
than that expected from the bulk composi- 
tion. More surface-sensitive techniques, 
such as ISS, would provide more precise 
surface structure, if combined with scan- 
ning AES techniques. 

The catalytic conversion of sec.-butyl 
alcohol (2-BA) was carried out over the 
SnO,-Moo, catalysts at 190°C in an air 
stream. After the catalyst had reached a 
steady activity, X-ray photoelectron spec- 
tra of the catalyst were measured without 
exposing it to air. Figure 1 shows typical 
Mow, Sn3d5,2y Sn MNN Auger, and O,, 
spectra. The binding energies of the Mo3d5,2 
and sn3dgjz bands and kinetic energy of the 
Sn MNN Auger lines did not show any 
appreciable shifts. However, the linewidth 
of the Mosd level showed some broadening, 
indicating a slight reduction of Mo(V1) dur- 
ing the reaction. On the other hand, no such 
change was observed for the Sn spectra. 
The surface composition of the catalyst was 
found to be slightly altered by the reaction 
as shown in Table 1, that is, slight surface 
enrichments of MO are evidently induced 
by the reaction. The reduction and 
superficial enrichment of MO imply that MO 
is responsible for the reaction. As for the 
O,, spectra, a weak shoulder at ca. 533 eV 
appeared after the reaction (Fig. l), indicat- 
ing the formation of surface hydroxyl 
groups, since the shoulder at ca. 533 eV 
was also observed when SnO,-Moo, cata- 
lysts were reduced with H2 at 400°C. 

Figure 3 shows the catalytic activities of 
the SnO,-Moo, catalysts for the forma- 
tions of the ketone and butenes as a func- 

0 
^- 
U.3 I.6 

Mo/Mo+Sn in Surface 

FIG. 3. Catalytic activities of SnOz-MoOa catalyst to 
the formations of butenes and methyletbylketone 
(MEK) in the conversion of sec.-butyl alcohol as a 
function of the surface composition (R,) of the fresh 
catalyst. Reaction temperature: 19OT, sec.-butyl 
alcohol/Oz = 1.16, feed rate of the alcohol: 1.09 x 1OP 
mol/h. I and II show two groups of the catalyst; 
catalyst I and catalyst II. 

tion of the surface composition of the fresh 
catalyst. Of interest in Fig. 3 are the facts 
that the catalyst shows two activity maxima 
for both the dehydrogenation and dehydra- 
tion of the alcohol atR, = 0.25 and 0.70 and 
that in the Sn-rich region, the activities for 
both reactions are comparable, while in the 
MO-rich region, the dehydration is much 
more prominent. In contrast to the present 
observations, Okamoto et al. (I) reported 
with the Snq-Moo, catalysts prepared by 
calcining mechanical mixtures of SnO, and 
MoOa catalysts prepared by calcining me- 
chanical mixtures of SnOz and MOO, that a 
single maximum was present around the 
surface composition of R, = 0.5 and that 
the dehydration activity was much higher 
than the dehydrogenation activity for the 2- 
BA conversion. The differences in the cata- 
lytic behavior among previous and present 
catalyst systems, that is, preparation ef- 
fects are discussed below in terms of the 
catalyst structure. 

For convenience, we classify the SnO,- 
MOO, catalysts into two groups in terms of 
the surface composition as shown in Fig. 3; 
catalyst-I (R, < 0.5 or RB < 0.4) and 
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catalyst-II (R, > 0.5 or R, > 0.4). The 
catalytic conversion of 2-BA in a Nz stream 
(in the absence of oxygen) revealed that the 
dehydrogenation activity of catalyst I de- 
creased by 80% or more after 1.5-h reaction 
compared to that in the air stream, whereas 
that of catalyst II only by ca. 20%. In both 
catalyst systems, the dehydration activity 
decreased by ca. 20%. These results indi- 
cate that the dehydrogenation activity of 
catalyst I is mainly oxidative (>80%), while 
that of catalyst II is nonoxidative and at- 
tributable to a simple dehydrogenation over 
basic and acidic sites. 

To examine these differences further, the 
reduction of the catalyst with 2-BA was 
carried out at 190°C by replacing the air 
stream with a Nz stream. After the reduc- 
tion for 1.5 h, the XPS spectra of the 
catalyst were measured without exposing it 
to air or moisture. Some typical Mosd spec- 
tra are shown in Fig. 4. The binding ener- 
gies of the Mo3dg,2 band for catalyst I shifted 
from 233.1 to 23 1.9 eV, while the Mosd 
bandwidths remained rather narrow 
(FWHM = ca. 5.8 eV compared to 5.3 eV 

2LO 230 
Binding EnergykV ) 

FIG. 4. X-Ray photoelectron spectra of the Mq, 
level for Sn02-Moos catalysts reduced with sec.-butyl 
alcohol (0.109 mol/h . g cat.) at 190°C for 1.5 h. (a) 
Pure Mo03, (b)R, = 0.6, (c)R, = 0.2, (d)R. = 0.1, 
and (e) R, = 0.05 catalysts. 

for the fresh catalysts). Accordingly, the 
resultant MoQd spectra cannot be under- 
stood in terms of simple superpositions of 
MoVI) (M~ai~,~; 233.1 eV) and Mo(IV) 
(229.9 eV) spectra, implying the formation 
of a new MO species with the binding 
energy of 231.9 eV. On the contrary, the 
Mosd spectra for catalyst II became unre- 
solved when exposed to the alcohol, while 
the M%dsR energies were still ca. 233 eV. 
This indicates that only a small fraction of 
Mo(V1) was reduced to lower valent states. 

The new MO species having the binding 
energy (23 1.9 eV) intermediate between 
Mo(V1) and Mo(IV) is undoubtedly ascrib- 
able to MO(V). According to Patterson& al. 
(311, the M%S,2 binding energies for 
Mo(VI), MO(V), and Mo(IV) in reduced 
Mo03/A1203 catalysts were reported to be 
233.0, 231.9, and 229.9 eV, respectively. 
Ward and co-workers (32) showed the 
same values for MOO, supported on SiO,. 
Nikishenko et al. (33) also reported the 
MO(V) binding energies of 23 1.8 and 23 1.6 
eV for reduced Moo3 and COO-MOO, cata- 
lysts supported on A1203, respectively. Ve- 
drine et al. (34) showed 1.4 eV lower 
M”3ds,, energy for MO(V) compared to that 
for Mo(V1) with MO dissolved in TiOz lat- 
tice, Our assignment is strongly supported 
by their results. 

It is noteworthy that on contact with 2- 
BA, a substantial amount of Mo(V1) in 
catalyst I is reduced almost exclusively to 
MO(V), while only a small part of Mo(V1) in 
catalyst II to MO(V) and/or Mo(IV). This is 
in good agreement with the fact that the 
oxidative dehydrogenation of 2-BA occurs 
in catalyst I, whereas the nonoxidative one 
takes place in catalyst II. As for the pure 
Moo3 catalyst, neither chemical shift nor 
broadening of the Mo3d level were observed 
when contacted with 2-BA in the air or Nz 
stream. This indicates that MO oxide in the 
mixed catalysts is activated by the presence 
of SnOz. 

To characterize further the properties of 
surface MO in the catalyst, Hz reductions of 
the catalysts were undertaken in flowing Hz 
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FIG. 5. X-Ray photoelectron spectra of the Mosd 
level for SnOZ-Moo3 catalysts reduced with H, at 
400°C for 1 h. (a) Pure MOO,, (b) R, = 0.9, CC) R, = 
0.6, (d) Ri = 0.4, (e) R, = 0.1, and (0 R,: = 0.05 
catalysts. 

at 400°C and atmospheric pressure. The X- 
ray photoelectron spectra of the Mosd level 
are shown in Fig. 5 for the catalysts re- 
duced for 1 h. It is surprising that the 
oxidation state of MO in catalyst I (R s < 0.5 
or R, < 0.4) is still mainly pentavalent in 
spite of the Hz reduction. These findings 
lead us to the conclusion that in catalyst I, 
MO(V) is easily produced under the mild 
reduction conditions (at 190°C with 2-BA), 
whereas it is very stable for further reduc- 
tion even under the rather severe condi- 
tions (at 400°C with HJ. In contrast, a 
considerable amount of Mo(IV) (229.9 eV) 
was formed in the case of catalyst II (R, > 
0.5 or R, > 0.4) when reduced with HP, as 
shown in Fig. 5. Some Mo(V1) species 
remained intact after the Hz reduction. The 
unreduced MO oxide is unambiguously at- 
tributable to crystalline Moos not activated 
by SnOz, since pure MOO, catalyst did not 
suffer any appreciable reduction by Hz un- 
der the same conditions. Therefore, it is 
concluded that catalyst II consists of two 

kinds of MO phase; crystalline MOO:, phase 
which is reduced by neither 2-BA nor H2 
and MO oxide phase which is easily reduced 
by H, but slightly by 2-BA. The crystalline 
MOO, phase would be reduced by Hz on a 
prolonged exposure after a well-known in- 
duction period. Consequently, the lattice 
oxygens in these two groups of the SnO,- 
MOO, catalysts are significantly different in 
their reactivity, this resulting in the appar- 
ent differences in their catalytic behavior. 

With the behavior of Sn in these cata- 
lysts, neither the chemical shift of the 
Sn3ds,z band nor the change in the modified 
Sn Auger parameter were observed when 
the catalysts were contacted with 2-BA in 
the air or Nz stream (Fig. l), suggesting that 
only the lattice oxygen attached to MO is 
responsible for the dehydrogenation of the 
alcohol. Hydrogen reduction of the MO-rich 
catalyst (catalyst II) showed that the bind- 
ing energy of the Sn3dgi2 level shifted to 
lower value by ca. 0.4 eV and that the 
modified Auger parameter changed to 920.0 
eV, indicating clearly the reduction of 
Sn(IV) to Sn(I1) (1, 30, 35, 36). However, 
in the case of Sn-rich catalysts (catalyst I), 
no appreciable reduction of Sn was ob- 
served. To confirm the XPS observations, 
Mossbauer spectra of the catalysts were 
measured. As shown in Fig. 6 (Rs = 0.6 
catalyst), a new weak peak appeared at ca. 

B ‘. .:;, ., :.; . : 
‘.: ;,. ‘..,” 

..’ 
,.: “..’ ‘! 

: 

‘. : 
. . ...’ 

0 2 4 

Velocity (mmkec) 

FIG. 6. Mijssbauer spectra of Sn for Sn02-Moo, 
catalyst (Rs = 0.6); (A) fresh or contacted with sec.- 
butyl alcohol at 190°C for 1.5 h in a Nz stream, and (B) 
reduced with He at 4OOT for 1 h. 
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2.7 mm/set only for catalyst II when re- 
duced with Hz at 400°C. The new peak is 
apparently attributable to Sn(I1) (17). Com- 
bining the XPS and Mossbauer results, it is 
suggested that only the superficial reduc- 
tion of Sn oxide phase occurs in catalyst II 
when reduced with Hz. Accordingly, the 
reactivities of lattice oxygens in both Sn 
and MO oxide phases are greatly enhanced 
by combining the two component oxides. 

ESR spectra of the SnO,-Moo, catalysts 
(RB = 0.1 and 0.7 catalysts for typical 
catalyst I and II, respectively) were mea- 
sured to access the behavior of MO(V) in 
the reduction with 2-BA and compared with 
the XI’S results. The ESR signal due to 
MO(V) species were observed at g = 1.930 
(AH 9 100 G) for the fresh and reduced 
catalysts. Figure 7 illustrates the changes in 
the MO(V) ESR intensity with the reduction 
time at 250°C. Since the line width of the 
signal did not vary with the reduction, a 
peak-to-peak intensity was taken as a 
MO(V) concentration in the catalyst. In Fig. 
7, the ESR intensities for reduced catalysts 
are normalized to those for the correspond- 
ing fresh catalysts. Unexpectedly, the ESR 
intensity for catalyst I (Ra = 0.1) decreased 

5 xi 25 
n 0 I 2 3 L 

Reductmn Time (h) 

FIG. 7. Changes in the relative ESR intensity of 
MO(V) with the reduction time (h) for Sn02-Moos 
catalysts (0, R, = 0.1; and 0, R, = 0.7). ESR 
intensities for the reduced catalysts are normalized to 
those for the corresponding fresh catalysts. Reduction 
was carried out at 250°C with 10 Torr of sec.-butyl 
alcohol, followed by evacuation before ESR measure- 
ments. Vertical lines indicate the ESR intensities for 
the reduced catalysts treated successively with 150 
Torr of 0, at the indicated temperatures for 30 min. 

with increasing the contact time with the 
alcohol after taking a maximum at a very 
short reduction time. After the 3-h contact, 
the XPS spectra of the catalyst showed a 
considerable formation of MO(V), There- 
fore, these results may imply strong inter- 
actions between MO(V) ions (37-39). With 
catalyst II the ESR intensity decreased 
more rapidly on the reduction with 2-BA 
compared to catalyst I. In this case, some 
reduction of MO(V) to Mo(IV) cannot be 
excluded in addition to the interactions 
between MO(V) ions, since Mo(IV) is rela- 
tively easily produced in catalyst II. In both 
catalyst systems, no ESR signal ascribable 
to Sn(II1) (40) was detected. 

As for the interactions between gaseous 
0, and reduced MO, the ESR signal inten- 
sity of MO(V) in catalyst I immediately 
recovered to the original value when 150 
Tot-r of 0, was introduced into the reduced 
catalyst at room temperature, as shown in 
Fig. 7. In contrast, the MO(V) signal in 
catalyst II reached the value of the fresh 
catalyst only when treated with 0, at 
400°C. These differences in the redox prop- 
erties of MO between catalyst I and II 
would result from the differences in the 
catalyst structure. 

In order to examine the structure of the 
SnO,-Moo, catalysts, the ir intensity of 
the Mo=O band and XRD intensities of 
crystalline MOOR and SnOz were measured. 
The position of the Mo=O band (990 cm-‘) 
did not change with the catalyst composi- 
tion within +3 cm-’ and was identical to 
that for pure MOO,. The Mo=O band in- 
tensity was referenced to the u1 band (1100 
cm-‘) of MgC03. The Zggo/Z1loo values are 
plotted in Fig. 8 as a function of the bulk 
composition of the catalyst. Figure 9 shows 
the crystallinities of MOO, and SnO, rela- 
tive to the reference, silicon. The crystallite 
size of MOO, calculated from XRD line 
broadenings was 36 + 4 nm for the catalysts 
with RB 2 0.6 and decreased with decreas- 
ing the MOO, content (20 nm at R, = 0.3), 
while that of SnOz decreased sharply from 
15 nm (pure SnO,) to 4 nm (R, I 0.2) and 
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FIG. 8. Relative u-band intensity of Mo=O for 
Sn02--Moo3 catalyst as a function of MO/MO + Sn 
atomic ratio in bulk. Dashed line indicates a Mo=O 
band intensity expected from the bulk composition of 
the catalyst. 

was maintained constant for further in- 
crease in the MOO, content. 

From Figs. 8 and 9, it is evident that the 
Mo==O double bond comes from crystalline 
MoOa and that the crystallinity of MOO, in 
the catalyst, particularly in catalyst I, is 
significantly decreased by the presence of 
Sn oxide compared to that expected from 
the catalyst composition (dashed line). Tak- 
ing into account the differences in the re- 

0 0.5 1.6 

MO/MO+% in Bulk 

FIG. 9. Relative crystallinities of MOO, (0) and 
SnO, (0) in SnO,-Moo, catalyst as a function of 
MO/MO + Sn atomic ratio in bulk. Dashed lines 
indicate the correlations expected from the bulk com- 
position of the catalyst. 

duction and oxidation behaviors of Mo(V1) 
and MO(V) among catalyst I, II, and pure 
MOO,, as well the results in Fig. 8 and 9, it 
is considered that in catalyst I, MO is dis- 
solved into substitutional positions of SnOz 
lattice, whereas in catalyst II, the crystal 
structure of MOO, is considerably disturbed 
by the contact with Sn oxide to form amor- 
phous MO oxide in the boundary layers. 
The abrupt decrease in the crystallinity of 
SnOz at a low MOO, content (catalyst I, 
Fig. 9) would be resulted from the dissolu- 
tion of MO into substitutional positions in 
the SnOz lattice. 

The possibility of MO dissolution into 
substitutional positions in SnOz lattice was 
claimed by Meriaudeau et al. (41) using 
ESR. They also showed the MO(V) in the 
SnOz lattice was stabilized for further re- 
duction. This behavior of MO(V) is com- 
pletely consistent with our observations. 
SnO*-Moo3 mixed oxide catalysts pre- 
pared by calcining the mixtures of SnOz and 
MOO, showed only the catalytic properties 
of catalyst II (I). These facts provide fur- 
ther evidence for the activation processes 
in the combination of two composite 
oxides. 

In the dissolution model, the charge bal- 
ance may be achieved by the delocalization 
of the extra electrons in conduction band 
and partly by the localization in Mo(V1) 
ions to form MO(V), since no detectable 
amounts of Mo(IV), Sn(III), and Sn(I1) 
were observed by means of XPS, ESR, and 
Mossbauer spectroscopies. The latter pos- 
sibility is evidenced by lo- 15 times higher 
MO(V) ESR intensities per MO for R B 5 0.1 
catalysts compared to those for R, > 0.2 
catalysts. The possibility of the former 
process was claimed by Portefaix et al. (42) 
for Sb(V) in SnO, lattice. 

With increasing the MO content up to R, 
= ca. 0.1, the amount of MO dissolved in 
substitutional positions of SnOz lattice in- 
creases and reaches the maximum, where 
25% of Sn ions in the surface are replaced 
by Mo(V1) ions (R, = 0.25). This value may 
indicate the maximum capacity of MO dis- 
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solution into SnO, lattice in the surface, 
forming a stable surface phase. Cross and 
Pike (1 I) have suggested for Sb-Sn mixed 
oxide catalysts that Sb(V) is dissolved into 
the substitutional positions of SnO, lattice 
up to Sb/Sb + Sn = 0.25 in surface. The 
maximum capacity for Sb dissolution is 
identical to that for MO. This agreement is 
not surprising, since the ionic radii for 
Mo(V1) and Sb(V) are the same (0.062 nm) 
(43). 

Further increase in the surface MO con- 
tent up to R, = ca. 0.5 would induce the 
segregation of MO from the SnO, lattice to 
form biphasic mixtures; pure MO and Sn 
oxides. This is clearly evidenced by the 
increase in the crystallinity of SnOz as 
shown in Fig. 9. This process is accompa- 
nied by the decrease in the oxidative dehy- 
drogenation activity of the catalyst. Never- 
theless, the properties of catalyst II is not 
yet developed around R s = 0.5 because of a 
small amount of MOO, phase compared to 
SnOz. In the composition range corre- 
sponding to catalyst II, the maximum activ- 
ity and thus maximum acidity and basicity 
are determined by the maximum contact 
area between SnOz and Moo3 particles, 
which depends strongly both on the relative 
particle or crystallite sizes of SnOz and 
MOO, (about 4 and 36 nm, respectively, in 
the present catalysts) and on the amounts 
of the component oxides. Accordingly, the 
activity and selectivity of the SnO,-Moo, 
catalyst for the 2-BA conversion in Fig. 3 
can be understood in terms of the transfor- 
mations of the surface structure with the 
catalyst composition. 

In order to examine the reaction mecha- 
nism of the oxidative dehydrogenation of 
alcohols over catalyst I, the reduction ex- 
periments of the R, = 0.1 catalyst were 
carried out using C,-C, alcohols (C,; 
methyl alcohol, C,; ethyl alcohol, C3; n- 
propyl alcohol, Ca; ZBA, and C,; n-pentyl 
alcohol). Figure 10 shows the X-ray photo- 
electron spectra of the Mead and O,, levels 
after a 1.5-h reduction in the flowing alco- 
hol at 190°C. It appears that with increasing 

240 230 535 530 525 
BInding Energy (eV) 

FIG. 10. X-Ray photoelectron spectra of the Mofd 
and O,, levels for the R B = 0.1 catalyst after reduced 
with the alcohol (O.l09mol/h . g cat.) in a N2 stream at 
190°C for 1.5 h; (a) n-pentyl alcohol, (b) sec.-butyl 

alcohol, (c) n-propyl alcohol, (d) ethyl alcohol, and (e) 
methyl alcohol. 

carbon number of the alcohol, the extent of 
reduction of Mo(V1) to MO(V) increases, 
while the intensity of the new O,, XPS peak 
(ca. 533 eV), which is ascribable to surface 
hydroxyl groups, and probably, to alkoxide 
groups, decreases. The reactivity of the 
alcohol increased with the carbon number. 
These results suggest the reaction mecha- 
nism in Fig. 11, where the cr-H abstraction 
from the alkoxide group is assumed to be a 
rate-determining step. In this reaction 
scheme, the structure of active sites is 
supposed to be paired Mo(V1) atoms sur- 
rounded by Sn(IV) atoms. The Mo(V1) 
atoms are finally reduced to the MO(V) 
state upon the dehydrogenation of the alco- 
hol. In this reaction mechanism, the role of 
Sn is restricted to provide active MO spe- 
cies by dissolution into the SnOz lattice. 
However, it cannot be ruled out that the 
redox cycle of Sn, such as Sn(IV)-Sn(II), 
participates to some extent in the reaction, 
although no reduction of Sn(IV) to Sn(I1) 
was explicity detected here on the contact 
with the alcohol or H,. Such redox process 
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FIG. 11. Possible reaction mechanism for the oxida- 
tive dehydrogenation of alcohol over catalyst I. 

might catalyze the reoxidation of MO(V) to 
Mo(V1) with gaseous OZ. 

As shown above, the reactivity of lattice 
oxygen in catalyst I and II are considerably 
different for the conversion of 2-BA. The 
lattice oxygen in catalyst I is active for the 
oxidative dehydrogenation of alcohols. 
These results remind us the dependencies 
of the activities of SnO,-Moo, catalysts 
for the oxidative dehydrogenation of bu- 
tene to butadiene and for maleic anhydride 
formation in butadiene oxidation upon the 
composition of the catalyst (25). The 
former reaction showed a maximum at ca. 
10% MO in bulk, whereas the latter at ca. 
60% MO. Ai (25) explained the results in 
terms of the acid-base properties of the 
catalyst. However, it is interesting to con- 
jecture that these selectivities of the cata- 
lyst result from the differences in the reac- 
tivity of lattice oxygen toward the 
dehydrogenation and the oxygen-additive 
reactions as well as the solid acid-base 
properties of the catalyst, since these activ- 
ity maxima correspond to good catalyst I 
and II, respectively. Nevertheless, the ex- 
planation is hypothetical now and needs 
further verification. 

CONCLUSIONS 

Characterization of SnOz-Moo, cata- 
lysts were undertaken using XI’S, ir, XRD, 
ESR, and Mossbauer spectroscopy and 

compared with the reaction of sec.-butyl 
alcohol over the catalysts. SnOz-MoOa cat- 
alysts were classified into two groups in 
terms of the catalytic properties; catalyst I 
(MO/MO + Sn < 0.5 in surface) and cata- 
lyst II (MO/MO + Sn > 0.5). The salient 
findings in this study are as follows: 

(1) a surface enrichment of MO was ob- 
served in the bulk composition of MO/MO 
+ Sn < 0.75 and a Sn enrichment in the 
other region, 

(2) catalyst I shows comparable dehydro- 
genation and dehydration activities, 
whereas catalyst II much higher dehydra- 
tion activity than dehydrogenation, 

(3) Mo(V1) in catalyst I is easily reduced 
to MO(V) on a contact with the alcohol at 
190°C and the MO(V) is stable against fur- 
ther reduction by a Hz treatment at 4oO“C, 

(4) in contrast, Mo(V1) in catalyst II is 
hardly reduced with the alcohol but par- 
tially reduced to Mo(IV) with H,, 

(5) MO(V) in catalyst I is easily oxidized 
to Mo(VI), whereas MO(V) and Mo(IV) in 
catalyst II are difficult to be oxidized with 
gaseous 02, 

(6) in catalyst I, MO is suggested to be 
dissolved into substitutional positions in 
SnOz lattice, and 

(7) in catalyst II, MO and Sn oxides are 
suggested to be activated by mutual con- 
tacts between them, forming active amor- 
phous phases in the grain boundaries. 

In this study on SnO,-Moo, catalysts, 
two activation modes of lattice oxygen 
were suggested to interpret the synergetic 
effects between SnOp and MOO, and correl- 
ated with catalytic properties. These acti- 
vation processes of lattice oxygen would 
operate in other mixed oxide systems as 
well as mixed compound formations. 
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