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Solid State Chemistry of Tungsten Oxide Supported 
on Alumina 

S. SOLED, L. L. MURRELL, I. Ε. WACHS, G. B. McVICKER, L. G. SHERMAN, S. CHAN, 
N. C. DISPENZIERE, and R. T. K. BAKER 

Exxon Research & Engineering Company, Annandale, NJ 08801 

The strong interaction between WO3 and a γ-Αl2O3 

support is monitored under high temperature 
reducing and oxidizing conditions by a combination 
of physical and spectroscopic techniques. Below 
monolayer coverage a difficult to reduce highly 
dispersed surface tungsten oxide complex exists, 
whereas at higher coverages a more easily reduced 
bulk like WO3 species is also present. Dynamic 
structural changes of the supported phase occur 
during high temperature treatment. 

Supports can no longer be considered inert carriers which act 
solely to disperse a metal or metal oxide and thereby increase 
effective surface area. In many cases the reactivity and the 
catalytic properties of supported and bulk phases dif fer 
dramatically. A plethora of work has appeared over the last few 
years describing the strong metal support interaction (SMSI) of 
Group VIII metals with a t i tania support (I). In the "SMSI" 
state, metals display a dramatically reduced H 2 and CO 
chemisorption a b i l i t y . Controversy exists about the basis of SMSI 
and such diverse explanations as electron transfer and T i 0 2 

migration onto the metal are being argued (1,2). 
Examples of supports modifying the properties of transition 

metal oxides have also appeared in the l i terature . Recent work 
points to iron oxide phases as important species in Fischer-
Tropsch synthesis (3). Iron oxide supported on S i0 2 (4) and T i 0 2 

(5) resist reduction under conditions in which bulk iron oxide 
easily reduces. Thus supported iron oxide catalysts are 
potentially interesting Fischer-Tropsch catalysts. The extensive 
studies on ethylene polymerization catalysts suggests that 
chromium (VI) species exist on a S i0 2 surface at temperatures 
above which bulk chromic anhydride (Cr0 3) decomposes (6). 

Recent evidence points to a strong interaction between WO3 
and γ - Α 1 2 0 3 (7-10). The interaction alters the physical and 
chemical properties of both WO3 and γ - Α Ι ^ . In this review, we 

0097-6156/85/0279-0165$06.00/0 
© 1985 American Chemical Society 

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

4,
 2

01
5 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

01
0

In Solid State Chemistry in Catalysis; Grasselli, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



166 SOLID STATE C H E M I S T R Y IN CATALYSIS 

d e s c r i b e s t u d i e s of WO3 on γ - Α 1 2 0 3 u s i n g such d i v e r s e t e c h n i q u e s 
as c o n t r o l l e d atmosphere e l e c t r o n microscopy (CAEM) ( 1 1 ) , x - r a y 
p h o t o e l e c t r o n spectroscopy (XPS or ESCA) ( 1 2 ) , thermaT~gravimetry 
(TG) ( 1 3 , 1 4 ) , and l a s e r Raman spectroscopy~Tl5) t o examine the 
nature of the tungsten o x i d e - a l u m i n a i n t e r a c t i o n . 

Experimental 

In t h e s e s t u d i e s , both powder samples and f i l m s were p r e p a r e d . 
Powder samples of nominal 4 , 6, 10, 25 and 60 wt.% tungsten o x i d e s 
on γ - Α 1 2 0 3 (Engelhard I n c . , reforming grade, 180 nr/gm, 325 mesh) 
were prepared by the i n c i p i e n t wetness impregnation method by 
adding an aqueous s o l u t i o n of ammonium m e t a - t u n g s t a t e t o the 
alumina powder, d r y i n g at 100°C and c a l c i n i n g i n a i r at 500°C f o r 
16 h r s . For the Raman e x p e r i m e n t s , γ - Α ^ Ο ο o b t a i n e d from Harshaw 
(A1-4104E, 220 m /gm) or E n g e l h a r d , I n c . , ( r e f o r m i n g grade, 180 
nr/g) were used as s u p p o r t s . The impact of c a l c i n a t i o n and 
steaming as a f u n c t i o n of temperatures was s y s t e m a t i c a l l y 
s t u d i e d . Samples of pure WO3 and Al 0^0^)3 were o b t a i n e d from 
C e r a c . For the CAEM e x p e r i m e n t s , f i l m specimens of a l u m i n a , 
a p p r o x i m a t e l y 50 nm i n t h i c k n e s s , were prepared a c c o r d i n g t o the 
method d e s c r i b e d p r e v i o u s l y ( 1 6 ) . E l e c t r o n d i f f r a c t i o n 
examination of s e l e c t e d areas of the alumina f i l m showed the 
predominant phase t o be γ-Α1 2 0ο. Tungsten was i n t r o d u c e d onto the 
alumina as an atomized spray of a O.1% aqueous s o l u t i o n of 
ammonium m e t a - t u n g s t a t e . The tungsten l o a d i n g s ranged between 4 -
20 micromoles/nr (which corresponds t o 10 t o 50 wt.% t u n g s t e n on a 
γ - Α 1 2 0 3 of 100 m Z /g). 

TG measurements were conducted on a M e t t l e r TA-2000C as 
d e s c r i b e d elsewhere ( 1 3 ) . For TG r e d u c t i o n s t u d i e s , samples of 
WOo on γ - Α 1 2 0 3 were heated t o 970°C (at 1 0 ° / m i n ) i n He and then 
h e l d i s o t h e r m a l l y u n t i l c o n s t a n t weight was o b t a i n e d . This p r e -
c a l c i n a t i o n step minimizes o v e r l a p p i n g r e d u c t i o n and 
d e h y d r o x y l a t i o n weight l o s s e s . A f t e r c o o l i n g t o room t e m p e r a t u r e , 
H 2 was i n t r o d u c e d , and the samples were reheated t o a temperature 
between 600° and 900°C (at 10°/min) and h e l d i s o t h e r m a l l y f o r two 
h o u r s . The s e n s i t i v i t y and s t a b i l i t y of the thermobalance (O.05 
mg) e s t a b l i s h e s a d e t e c t i o n l i m i t of 1 t o 2% W0j r e d u c t i o n t o W. 
S l i g h t gray d i s c o l o r a t i o n s i n d i c a t e small amounts of WO3 r e d u c t i o n 
below the TG d e t e c t i o n l i m i t . 

In s i t u x - r a y p h o t o e l e c t r o n s p e c t r a (XPS or ESCA) were 
c o l l e c t e d on a m o d i f i e d Leybold Heraeus LHS-10 e l e c t r o n 
s p e c t r o m e t e r . A moveable s t a i n l e s s s t e e l block a l l o w e d sample 
t r a n s f e r i n vacuum from a r e a c t o r chamber t o the ESCA chamber. 
The i n t e n s i t i e s and b i n d i n g e n e r g i e s of the 
W 4 f 5 / 2 7/0 s i g n a l s ( Α Ι Κ α r a d i a t i o n ) were monitored and 
r e f e r è n d e d t o the A l 2p peak at 74.5 eV. The 10% W0o and 60% WO3 
on γ - Α 1 2 0 3 powder samples were c a l c i n e d i n a i r at 500°C and at 
950°C r e s p e c t i v e l y f o r 16 hrs and then pressed (at 30 Mpa) onto a 
gold s c r e e n , which i n t u r n was mounted on a moveable s t a i n l e s s 
s t e e l b l o c k . These samples were c a l c i n e d i n s i t u at 500°C t o 
c l e a n the s u r f a c e s p r i o r t o a n a l y s i s . For the r e d u c t i o n 
t r e a t m e n t s , the samples were heated f o r f i v e minutes at the 
d e s i r e d temperature i n f l o w i n g H 9 (25 c c / m i n . ) , c o o l e d t o 250°C i n 
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10. SOLED ET AL. Tungsten Oxide Supported on Alumina 167 

H 2 , evacuated and then t r a n s f e r r e d i n t o the ESCA chamber. Three 
samples were i n v e s t i g a t e d ; a bulk W03 f o i l , 60 wt.% WO3 on γ -
A1 2 0 3 , and 10 wt.% WO3 on γ - Α 1 2 0 3 . 

The Raman spectrometer c o n s i s t e d of a t r i p l e monochromator 
(Instruments SA, Model DL203) equipped w i t h h o l o g r a p h i c g r a t i n g s 
and F4 o p t i c s . The spectrometer was coupled t o an o p t i c a l 
m u l t i c h a n n e l a n a l y z e r ( P r i n c e t o n A p p l i e d Reseach, Model 0MA2) 
equipped w i t h an i n t e n s i f i e d photodiode array d e t e c t o r c o o l e d t o 
1 5 ° C . Each spectrum r e p o r t e d here was accumulated f o r about 100 
sec or l e s s . The d i g i t a l d i s p l a y of the spectrum was c a l i b r a t e d 
t o g ive 1.7 cm" 1 /channel w i t h the o v e r a l l s p e c t r a l r e s o l u t i o n at 
about 6 c m " 1 . An argon i o n l a s e r ( S p e c t r a P h y s i c s , Model 165) was 
tuned t o the 514.5 nm l i n e f o r e x c i t a t i o n . A p r i s m monochromator 
(Anaspec Model 300S) w i t h a t y p i c a l band width o f O.3 nm removed 
t h e l a s e r plasma l i n e s ( 1 6 ) . A O.2 gm sample was p e l l e t i z e d under 
60 MPa p r e s s u r e i n t o a lTlnm diameter wafer f o r mounting on a 
s p i n n i n g sample h o l d e r . The l a s e r power at the sample l o c a t i o n 
was set i n the range o f 1-40 mW. The s c a t t e r e d l i g h t was 
c o l l e c t e d by a l e n s ( F / 1 . 2 , f/55 mm) h e l d at about 45° w i t h 
r e s p e c t t o the e x c i t a t i o n . 

R e s u l t s 

CAEM. C o n t r o l l e d atmosphere e l e c t r o n microscopy (11) was used t o 
observe the behavior of tungsten oxide p a r t i c l e s supported on χ. 
A1 2 0 3 f i l m s when heated at temperatures up t o 1150°C i n O.7 kPa 
oxygen. The two specimens d e s c r i b e d i n the Experimental s e c t i o n 
were heated at i n c r e a s i n g temperatures and the specimen changes 
were recorded i n r e a l t ime on video tape ( 1 5 ) . The d e t a i l e d 
o b s e r v a t i o n s of the dynamic behavior of the d i f f e r e n t tungsten 
o x i d e phases on t h e γ - Α 1 2 0 3 f i l m as a f u n c t i o n of temperature and 
t u n g s t e n ox ide content w i l l be d e s c r i b e d i n the D i s c u s s i o n 
s e c t i o n . 

Thermal g r a v i m e t r y . γ-Α1ο0 3 on programmed h e a t i n g ( 1 0 ° / m i n ) t o 
1100°C i n the presence o f oxygen, c o n t i n u o u s l y l o s t weight as a 
r e s u l t of d e h y d r o x y l a t i o n : t h e weight l o s t between 200 and 1100°C 
equaled about 3 . 5 % . In a d d i t i o n , a weak exotherm w i t h an onset 
near 1050°C o c c u r r e d d u r i n g the t r a n s i t i o n of γ-Α1 2 03 t o or 
A1 2 0 3 . A 10% W03 on .γ-Α1 2 0 3 sample showed d i f f e r e n t b e h a v i o r . 
When t h i s sample was heated i n an oxygen atmosphere, a l a r g e r 
exotherm o c c u r r e d at 1050°C as a f r a c t i o n of the A1 2 0 3 support 
r e a c t e d w i t h W03 t o form A1 2 ( W 0 4 ) 3 . The f o r m a t i o n of A l 2 ( W 0 4 ) j was 
confirmed by X-ray d i f f r a c t i o n measurements. Alumina not u t i l i z e d 
i n t u n g s t a t e f o r m a t i o n t r a n s f o r m e d predominantly t o θ -Α1 2 0 3 : only 
a t r a c e o f o r A l 2 0 3 was p r o d u c e d . Thus, the presence of the 
t u n g s t e n oxide s u r f a c e phase i n h i b i t s the t r a n s i t i o n of θ-Α1 2 0 3 t o 
α - A i 2 0 3 . 

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 2

4,
 2

01
5 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

13
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
27

9.
ch

01
0

In Solid State Chemistry in Catalysis; Grasselli, R., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



168 SOLID STATE C H E M I S T R Y IN CATALYSIS 

TG experiments i n d i c a t e t h a t a s u r f a c e t u n g s t e n oxide phase 
on alumina i s d i f f i c u l t t o r e d u c e . Table I shows the degree of 
r e d u c t i o n (expressed as percent WO3 reduced t o W°) as a f u n c t i o n 
of WO3 l o a d i n g a f t e r two hour r e d u c t i o n s at 600 or 9 0 0 ° C A 10% 
WO3 on alumina sample was reduced at s e v e r a l i n t e r m e d i a t e 
temperatures as w e l l . A m b i g u i t i e s r e s u l t i n g from simultaneous 
weight l o s s due t o water were minimized by i n i t i a l l y c a l c i n i n g 
these samples i n He t o 9 7 0 ° C This p r e - t r e a t m e n t y i e l d s t u n g s t e n 
o x i d e on a t r a n s i t i o n a l alumina (mostly θ) p o s s e s s i n g a s u r f a c e 
area o f -30 m /gm. The r e t a r d a t i o n of WO3 r e d u c t i o n depends on 
l o a d i n g l e v e l s . At low l o a d i n g l e v e l s (<o%), l i t t l e or no 
r e d u c t i o n o c c u r s . The 10% WO3 on Al 20o showed the f i r s t s i g n o f 
r e d u c t i o n at 8 0 0 ° C . Although no weight l o s s was d e t e c t e d by TG, a 
s l i g h t g r e y i s h d i s c o l o r a t i o n i n d i c a t e d some r e d u c t i o n had 
o c c u r e d . In c o n t r a s t , bulk WO3 i s completely reduced a f t e r 2 
hours at 6 0 0 ° C . F o l l o w i n g 850 and 900°C r e d u c t i o n s , 10% WO3 on 
A l w a s e x t e n s i v e l y reduced and the presence of tungsten metal 
was confirmed by x - r a y d i f f r a c t i o n measurements. 

ESCA. ESCA measurements a l s o reveal the r e d u c t i o n r e s i s t a n c e of 
the tungsten ox ide s u r f a c e phase on A l 2 ° 3 « A n o x i d i z e d t u n g s t e n 
f o i l serves as a standard f o r the ESCA r e d u c t i o n e x p e r i m e n t s . The 
ESCA W 4 f 5 / 2 η 12 s p e c t r a f o r the o x i d i z e d , p a r t i a l l y reduced and 
f u l l y reduced tungsten f o i l are presented i n F i g u r e 1. The ESCA W 
4fy/2 b i n d i n g energy f o r the o x i d i z e d f o i l occurs a t -36 eV and 
corresponds t o tungsten i n the +6 o x i d a t i o n s t a t e ( 1 7 - 1 9 ) . The 
c o m p l e t e l y reduced f o i l e x h i b i t s an ESCA W 4 ^ 2 peak a t -32 eV 
c o r r e s p o n d i n g t o m e t a l l i c t u n g s t e n ( 1 7 - 1 9 ) . the p a r t i a l l y reduced 
tungsten f o i l d i s p l a y s a very broad W 4 f 5 / 2 7/2 E S C A spectrum. 
Deconvolut ion of the ESCA W 4f s i g n a l from the p a r t i a l l y reduced 
sample r e v e a l s the presence of f i v e o x i d a t i o n s t a t e s of t u n g s t e n 
(W+t), W + b , W + 4 , W"̂  and W°) ( 1 7 , 2 0 ) . Thus, the r e d u c t i o n of bulk 
tungsten o x i d e t o m e t a l l i c tungsten proceeds through ESCA 
o b s e r v a b l e i n t e r m e d i a t e o x i d a t i o n s t a t e s of W , W , and W . 

The r e d u c t i o n behavior of a 60% WO3 on A l 2 0 3 sample as shown 
i n F i g u r e 2 was very s i m i l a r t o t h a t observed f o r the o x i d i z e d 
tungsten f o i l . The ESCA W 4 f 7 / 2 b i n d i n g energy f o r the o x i d i z e d 
sample occurs at ~36eV and r e v e a l s t h a t tungsten i s present as 
W + b . During p a r t i a l r e d u c t i o n of the 60% WO3 on AI2O3 sample t h e 
ESCA W 4f s i g n a l broadens i n d i c a t i n g t h a t i n a d d i t i o n t o W+b and 
W° o t h e r o x i d a t i o n s t a t e s are p r e s e n t . However, the tungsten 
o x i d e i n the 60% WO3 on A l 2 0 3 sample r e q u i r e s h i g h e r temperatures 
t o c o m p l e t e l y reduce the tungsten oxide than tungsten oxide on t h e 
f o i l . 

F i g u r e 3 presents the ESCA W 4f s p e c t r a f o r t h e 10% WO3 on 
AI0O3 sample. Note the h i g h e r temperatures r e q u i r e d t o i n i t i a t e 
r e d u c t i o n f o r the supported tungsten oxide compared t o the 
o x i d i z e d tungsten f o i l or the 60% WOo on A l 2 0 3 sample. The W 
4 f 7 / 2 b i n d i n g energy f o r the o x i d i z e a sample occurs at -36 eV and 
r e v e a l s t h a t tungsten i s present as W . The t u n g s t e n oxide 
c o m p l e t e l y reduces t o m e t a l l i c tungsten at 9 0 0 ° C . F o l l o w i n g t h i s 
r e d u c t i o n the t o t a l i n t e n s i t y of the ESCA W 4f s i g n a l decreases by 
about 70%. X-ray d i f f r a c t i o n shows the growth of l a r g e tungsten 
metal p a r t i c l e s c o n s i s t e n t w i t h the decrease i n the ESCA s i g n a l 
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10. S O L E D E T A L . Tungsten Oxide Supported on Alumina 169 

Table I. Reduction Behavior of Tungsten Oxide on Alumina 

A f t e r 9ÛÛÔC H 9 Treatment (2 h r ) 
% W03

 ά 4 6 10 100 
% Reduction -0- 2.5% 49%a 85%b B l a c k 
(W03 + W) 
C o l o r White L t . Gray Bla c k Bla c k Bla c k 

A f t e r 6ÛÛ°C H 9 Treatment (2 h r ) 
t WO. * 4 6 10 25 100 
% Reduction 
(W03 + W) 
C o l o r 

-0- -0-

White White 

-0-

White 

~22%a 

Black 

-100-

B l a c k 

10% WO 3 /Y-AI 2 O 3 

Temperature ^C 
(2 hr at Reduction Temperature) 

% Reduction W0o > W C o l o r 
~m ^ 3 CTHTti 
700 -0- White 
800 - 0 - c T i n t of G r a y - S l i g h t 

D i s c o l o r a t i o n 
850 17%a Gray 
900 49%a Black 

a . Reduction s t i l l c o n t i n u i n g a f t e r 2 h r . 
b. Some α-Α1 2 0 3 p r e s e n t . 
c . D e t e c t i o n l i m i t of 1 t o 2%. 
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170 SOLID STATE CHEMISTRY IN CATALYSIS 

F i g u r e 1. ESCA W 4f§/o 7/? s p e c t r a f o r a tungsten f o i l , o x i d i z e d 
and r e d u c e d . X i n d i c a t e s n a i f width of o x i d i z e d sample; X* 
i n d i c a t e s h a l f width of p a r t i a l l y reduced sample. 

INTENSITY 

BINDING ENERGY (eV) 

F i g u r e 2 . ESCA s p e c t r a f o r 60 Wt.% WOo on γ - Α ^ Ο ο , o x i d i z e d and 
r e d u c e d . X i n d i c a t e s h a l f width of o x i d i z e d sample; X' i n d i c a t e s 
h a l f width of p a r t i a l l y reduced sample. 
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i n t e n s i t y . For the p a r t i a l l y reduced 10% W03 on AI0O3 sample the 
ESCA W 4 f7 /2 peak does not broaden s u g g e s t i n g the absence of 
W + b , W + 4 , and W + z s t a t e s . Deconvolution of the ESCA W 4f s p e c t r a 
f o r the p a r t i a l l y reduced 10% WO3 on A l 2 0 3 sample only r e v e a l s the 
presence of W + b and W ° . Thus, the high temperature r e d u c t i o n of 
10% WO3 on A l d o e s not proceed through ESCA o b s e r v a b l e 
i n t e r m e d i a t e tungsten o x i d a t i o n s t a t e of W , W + 4 and W . 

RAMAN. The Raman s p e c t r a of WO3, A 1 2 ( W 0 4 ) 3 , and 10% WO3 on A 1 2 0 3 

are presented i n F i g u r e 4 . C r y s t a l l i n e WO3 c o n t a i n s a d i s t o r t e d 
o c t a h e d r a l W0g network w i t h the major v i b r a t i o n a l modes at 808, 
714 and 276 c m ' 1 . These modes have been a s s i g n e d t o W=0 
s t r e t c h i n g , W=0 bending and W-0-W d e f o r m a t i o n , r e s p e c t i v e l y 
(21). Minor bands appear at 6 0 8 , 327, 243, 218, 185 and 136 
cm . A 1 2 ( W 0 4 ) 3 ( d e f e c t CaWO^ s t r u c t u r e ) c o n t a i n s d i s t o r t e d , 
i s o l a t e d t e t r a h e d r a l tungsten groups. The major Raman peaks of 
A l 2 ( W 0 4 ) o were assigned by comparison w i t h t e t r a h e d r a l l y 
c o o r d i n a t e d t u n g s t e n i n a aqueous s o l u t i o n of W0^ z" as w e l l as 
w i t h s o l i d Na2W0^ ( 2 2 ) . In Na 2 W0 4 , the WO42" groups are r e q u i r e d 
t o s i t at £ r y s t a T l o g c a p h i c a l l y c o n s t r a i n e d t e t r a h e d r a l s i t e s 
(symmetry 42m). WO42" ( a q . ) and NaoWO* e x h i b i t major v i b r a t i o n a l 
modes at 933 and 928 cm" 1 (symmetric W=0 s t r e t c h ) . 830 and 813 
cm" 1 ( a n t i s y m m e t r i c W=0 s t r e t c h ) , 324 and 312 cm" 1 iW=0 b e n d i n g ) , 
r e s p e c t i v e l y . Thus, the A 1 2 ( W 0 4 ) 3 peak at 1052 cm" 1 i s a t t r i b u t e d 
t o the W=0 s t r e t c h i n g mode and the doublet at 378-394 cm" 1 i s 
a s s i g n e d t o the W=0 bending mode. D i s t o r t i o n i n the t e t r a h e d r a 
d r a m a t i c a l l y a f f e c t s the p o s i t i o n of the bands. 

The major Raman peak f o r 10% WO3 on AI9O3 o c c u r s around 970 
c m " 1 , and has been assigned t o the W=0 symmetrical s t r e t c h of the 
s u r f a c e t u n g s t e n oxide s p e c i e s ( 1 9 , 2 3 ) . The i n t e n s i t i e s of the 
major Raman band f o r WO3 {808 c m " 1 ) , A 1 2 ( W 0 4 ) 3 (1052 c m " 1 ) , and 
10% W0o on A l 2 0 o (970 cm" 1 ) were compared a f t e r n o r m a l i z a t i o n w i t h 
respect t o the Taser power a p p l i e d . The r e l a t i v e Raman i n t e n s i t y 
r a t i o s f o r t h e s e peaks are 1600:40:1 f o r n o r m a l i z e d l a s e r power. 
These Raman i n t e n s i t y r a t i o s were f u r t h e r s c a l e d f o r the d i f f e r e n t 
t u n g s t e n oxide contents and y i e l d e d r e l a t i v e r a t i o s of 1 6 0 : 5 : 1 
( 1 5 ) . 

The s t a t e s of tungsten oxide on alumina depend on the 
tungsten ox ide content and the temperature of c a l c i n a t i o n . The 
e f f e c t of tungsten oxide content i s shown i n F i g u r e s 5 and 6 f o r 
15 and 25% WO3 on AI9O3, whereas the e f f e c t of changing 
temperatures w i t h constant WO3 content i s shown i n F i g u r e 7. 
F i g u r e s 5a and b show Raman s p e c t r a of 15% and 25% WO3 on A l 2 0 j 
c a l c i n e d (with 8% steam p r e s e n t ) at 7 6 0 ° C . Both m a t e r i a l s e x h i b i t 
s u r f a c e areas of 120 m2/gm. The 15% WO3 on A ^ O ^ sample, F i g u r e 
5 a , e x h i b i t s Raman bands of both a s u r f a c e t u n g s t e n oxide s p e c i e s 
on the alumina support and a t r a c e amount of c r y s t a l l i n e WO3. The 
25% W0j on AI0O3 sample, F i g u r e 5b, however, shows very i n t e n s e 
c r y s t a l l i n e WO3 Raman bands which dominate the spectrum due t o t h e 
l a r g e Raman c r o s s - s e c t i o n of t h i s phase. The i n t e n s i t i e s of the 
Raman bands r e s u l t i n g from s u r f a c e tungsten oxide s p e c i e s are 
s i m i l a r f o r both of t h e s e samples as shown i n F i g u r e 6 a f t e r 
s c a l i n g f o r the d i f f e r e n t a p p l i e d l a s e r powers over the r e g i o n 
850-1150 cm" 1 ( 1 5 ) . 
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INTENSITY 

. . i W î t 
1 I I -

10% WO,7AI20, 

— X — H 

«Π — Oxidized 

P\ '\ 
\ Completely 

. — — ^ Reduced 
(900 °C) 

•—χ—Λ 

\ Partially 
Reduced 

1 1 1 ι ι I 
(820°C) 

I I I I 
44 42 40 38 36 34 32 30 28 26 

BINDING ENERGY (eV) 

F i g u r e 3 . ESCA s p e c t r a f o r 10 Wt.% W03 on γ - Α 1 2 0 ο , o x i d i z e d and 
r e d u c e d . X i n d i c a t e s h a l f width of o x i d i z e d sample; X' i n d i c a t e s 
h a l f width of p a r t i a l l y reduced sample. 

10% W03/Al203 

40 mW 

0 200 400 600 800 1000 1200 

Freq Shift ( c m 1 ) 

F i g u r e 4 . Laser Raman s p e c t r a of 10% W03 on A l 2 0 3 , aluminum 
t u n g s t a t e and tungsten o x i d e . 
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10. S O L E D E T A L . Tungsten Oxide Supported on Alumina 

F i g u r e 6. Laser Raman s p e c t r a from 850 t o 1150 c m ' 1 of 25 Wt.% 
W03 on γ - Α 1 2 0 3 and 15 Wt.% W03 on γ - Α 1 2 0 3 d e - s u r f a c e d t o 120 nT/g 
s u r f a c e a r e a . 
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v(cm-1) 

F i g u r e 7. Laser Raman s p e c t r a of 10% W03 on γ-ΑΙοΟο c a l c i n e d at 
450, 800, 950, 1000 and 1050°C. 
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The s t a t e s of tungsten oxide on alumina were i n v e s t i g a t e d 
over a wide temperature range ( 6 5 0 - 1 0 5 0 ° C ) f o r 10% W03 on A l 2 0 3 . 
The 10% WOo on AI0O3 sample c a l c i n e d at 650°C e x h i b i t s Raman peaks 
at 972, 809 and 718 c m " 1 . The peak near 970 cm" 1 i s a s s o c i a t e d 
w i t h a tungsten oxide s u r f a c e complex ( 8 , 1 9 , 2 3 ) . The p o s i t i o n of 
t h i s Raman peak s h i f t s m o n o t o n i c a l l y from 970 t o about 1000 cm" 
as the c a l c i n a t i o n temperature i s i n c r e a s e d t o 9 5 0 ° C . S i m i l a r 
s h i f t s are observed when tungsten oxide l o a d i n g i s i n c r e a s e d f o r 
samples c a l c i n e d at 500°C ( 7 , 1 9 ) . 

Samples c a l c i n e d at 1000 and 1050°C d i s p l a y bulk t u n g s t e n 
o x i d e WO3 and A l 2 ( W 0 4 ) j p h a s e s . Raman peaks at 8 1 1 , 717, 273 and 
137 cm" 1 are c h a r a c t e r i s t i c of c r y s t a l l i n e WO3. These peaks 
decrease i n i n t e n s i t y as the c a l c i n a t i o n temperature i n c r e a s e s 
from 650-950°C., so t h a t at 950°C the c r y s t a l l i n e WO3 Raman peaks 
at 8 1 1 , 717 and 273 cm" 1 are a b s e n t . At 1000°C t h e s e peaks appear 
a g a i n , and then d i s a p p e a r f o l l o w i n g a c a l c i n a t i o n at 1050°C. 

The major Raman peak of the Al 2 (W0J.)o at 1055 cm" 1 i s f i r s t 
observed f o l l o w i n g a c a l c i n a t i o n at 100U°C and dominates the Raman 
s p e c t r a a f t e r a 1050°C c a l c i n a t i o n . The θ - Α 1 2 0 3 Raman peak at 253 
cm" 1 i s present i n the s p e c t r a of samples c a l c i n e d at 9 5 0 - 1 0 5 0 ° C 
and agrees w i t h X-ray d i f f r a c t i o n . This s e r i e s of Raman s p e c t r a 
r e v e a l s the dynamic nature of the WO3 on AI9O3 system and i t s 
dependence upon c a l c i n a t i o n t e m p e r a t u r e . 

D i s c u s s i o n 

The s t r o n g i n t e r a c t i o n of WO3 w i t h a γ - Α 1 2 0 3 s u r f a c e m o d i f i e s the 
behavior of both tungsten o x i d e and a l u m i n a . 7-AI0O3 w i l l 
t r a n s f o r m from a s e r i e s of c l o s e l y r e l a t e d t r a n s i t i o n a l alumina 
phases p o s s e s s i n g a d e f e c t s p i n e l s t r u c t u r e , c o n t a i n i n g both 
t e t r a h e d r a l and o c t a h e d r a l aluminum i o n s , t o or-Al 2 Oo, a corundum 
s t r u c t u r e c o n t a i n i n g only o c t a h e d r a l aluminum i o n s ( 2 4 ) . The γ t o 
o r A l 2 Û 3 t r a n s f o r m a t i o n occurs by the condensation of s u r f a c e 
hydroxyl groups and the e l i m i n a t i o n of H 2 0 . TG s t u d i e s on powder 
samples, as w e l l a s , CAEM s t u d i e s on model f i l m systems i n d i c a t e 
t h a t WO3 i n h i b i t s t h e γ t o crAloOo phase t r a n s f o r m a t i o n . The 
presumed bonding of WO3 w i t h the hydroxy1 s u r f a c e of γ - Α 1 2 0 ο 
b l o c k s the t r a n s f o r m a t i o n t o o r A l ^ ( 8 ) . At s u f f i c i e n t l y n igh 
temperatures (~1150°C) and high WO3 c o n c e n t r a t i o n s , approximately 
3X monolayer coverage ( 1 9 ) , CAEM d e t e c t s the r e a c t i o n of 
t u n g s t e n oxide w i t h alumina forming A l ^ W O ^ . Monolayer coverage 
i s d e f i n e d as 4 . 3 x l 0 1 8 W atoms/m2 or 7 micromoles/m . A monolayer 
of WOo on y - A l o O j s imply r e f e r s t o the s u r f a c e phase oxide 
s t r u c t u r e at maximum p a c k i n g of the alumina s u r f a c e b e f o r e 
c r y s t a l l i t e s of WO3 are formed ( 1 5 , 1 9 ) . The o b s e r v a t i o n of the 
s e q u e n t i a l f o r m a t i o n of WO3 f o l l o w e d by A l 3^04 )3 i s supported by 
t h e Raman s t u d i e s ( 1 0 , 1 5 , 1 9 ) . 

Bulk WOo c r y s t a l l i z e s i n a d i s t o r t e d v e r s i o n of the ReÛ3 
s t r u c t u r e w i t h W06 octahedra l i n k e d v i a c o r n e r - s h a r i n g w i t h 
n e i g h b o r i n g W0^ o c t a h e d r a . Some t h i r t y y e a r s ago, Magneli 
d i s c o v e r e d t h a t d u r i n g r e d u c t i o n , WO3 behaves i n a n o n c l a s s i c a l 
manner. As oxygens are removed, the WO3 s t r u c t u r e rearranges 
m a i n t a i n i n g the metal c o o r d i n a t i o n at s i x . During t h i s p r o c e s s , 
t h e octahedra r e s t r u c t u r e along c r y s t a l l o g r a p h i c shear planes t o 
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share edges i n p l a c e of c o r n e r s . This t i g h t e n e d p a c k i n g a l l o w s 
the s t r u c t u r e t o r e t a i n i t s metal c o o r d i n a t i o n number at s i x even 
though the c a t i o n - t o - a n i o n r a t i o i n c r e a s e s . In t h i s way, 
p a r t i a l l y - r e d u c e d WO3 e x i s t s over a wide c o m p o s i t i o n a l range (25) 
w i t h formal tungsten o x i d a t i o n s t a t e s of 5 and 6 and tungsten 
c o o r d i n a t i o n of 6. F u r t h e r r e d u c t i o n produces a d i s c r e t e (WOo) 
phase which d i s p l a y s a d i s t o r t e d r u t i l e s t r u c t u r e . W0 2 , whicn 
c o n t a i n s a d i s t o r t e d o c t a h e d r a l c o o r d i n a t i o n about tungsten a l s o 
reduces v i a a s e r i e s of shear planes w i t h tungsten assuming formal 
valence s t a t e s of 3 and 4 . Thus d u r i n g the r e d u c t i o n of bulk WO3, 
i n t e r m e d i a t e o x i d a t i o n s t a t e s o c c u r . C o n s i s t e n t w i t h t h i s 
mechanism ( 2 0 ) , ESCA observes s e v e r a l i n t e r m e d i a t e o x i d a t i o n 
s t a t e s (+5, +4 and +2) d u r i n g the r e d u c t i o n of bulk WOo, see F i g . 
1. 

The r e d u c t i o n behavior of tungsten ox ide supported on γ - Α Ι ^ 
d i f f e r s s i g n i f i c a n t l y from t h a t of bulk WOo. TG s t u d i e s of WO3 on 
γ - Α 1 2 0 3 show t h a t below a coverage of 6% WO3, the s u r f a c e tungsten 
oxide phase i s e s s e n t i a l l y i r r e d u c i b l e ( 1 0 ) . At i n t e r m e d i a t e 
l o a d i n g s ( - 1 0 % ) , WO3 p a r t i a l l y r e d u c e s ; wFTile, at h i g h e r l o a d i n g s 
(25%), the a d d i t i o n a l WO3 behaves l i k e bulk WO3, see Table I. We 
would suggest t h a t the i s o l a t e d s u r f a c e t u n g s t a t e groups 
( 8 , 1 6 , 1 9 , 2 6 ) on the low loaded samples do not reduce through 
i n t e r m e d i a t e s t r u c t u r e s b u t , as our ESCA r e s u l t s i n d i c a t e , the 
r e d u c t i o n proceeds d i r e c t l y t o tungsten m e t a l . S i n c e r e d u c t i o n 
a l s o occurs only at high t e m p e r a t u r e , the t u n g s t e n metal formed 
r a p i d l y s i n t e r s i n t o l a r g e p a r t i c l e s . 

Our high temperature r e d u c t i o n experiments u s i n g ESCA agree 
w i t h both our TG s t u d i e s and the recent low temperature r e d u c t i o n 
experiments reported by S a l v a t i , et a l . ( 1 9 ) . S a l v a t i and c o 
workers found a l o a d i n g l e v e l dependence on r e d u c t i o n and the 
presence of b u l k - l i k e WO3 s p e c i e s above a c r i t i c a l coverage. Our 
study (see F i g . 3) i n d i c a t e s t h a t at the temperature necessary t o 
reduce the s u r f a c e phase of tungsten oxide on AI0O0 t h e reduced 
tungsten r a p i d l y s i n t e r s t o m e t a l l i c p a r t i c l e s ( 1 0 ) . A p p a r e n t l y , 
t h e h i g h l y - d i s p e r s e d s t a t e of the tungsten oxide complex on the 
alumina s u r f a c e ( 8 , 1 9 , 2 6 ) p r e c l u d e s the f o r m a t i o n of 
n o n s t o i c h i o m e t r i c tungsten oxide phases which form d u r i n g the 
r e d u c t i o n of unsupported WO3. 

For WOo on AI0O3 samples c o n t a i n i n g more than a monolayer the 
a d d i t i o n a l tungsten o x i d e i s present as WO3 c r y s t a l l i t e s . These 
WO3 c r y s t a l l i t e s are not i n d i r e c t c o n t a c t w i t h the alumina 
support and are i n d i s t i n g u i s h a b l e from bulk WO3 i n t h e i r r e d u c t i o n 
b e h a v i o r ( 1 9 , 2 0 ) . The WOo c r y s t a l l i t e s reduce at m i l d 
temperatures and e x h i b i t tSCA o b s e r v a b l e i n t e r m e d i a t e 
t u n g s t e n o x i d a t i o n s t a t e s . D e t a i l e d a n a l y s i s (20) of the 10% 
WO3 on AI0O3 ESCA W 4 f 5 y 2 η,2 s p e c t r a i n Figure~T only r e v e a l s t h e 
presence of W b and W° on'tne alumina support a f t e r p a r t i a l 
r e d u c t i o n . W i t h i n the experimental l i m i t s of ESCA, the high 
temperature r e d u c t i o n of the tungsten oxide s u r f a c e complex on the 
alumina support does not proceed through o b s e r v a b l e i n t e r m e d i a t e 
t u n g s t e n o x i d a t i o n s t a t e s of W + b , W + 4 and W , but r a t h e r d i r e c t l y 
from W b t o W ° . The d i f f e r e n t r e d u c t i o n behavior of the WO3 
c r y s t a l l i t e s and the t u n g s t e n oxide monolayer can be used t o 
d i s t i n g u i s h between these two forms of tungsten oxide on 
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10. S O L E D E T A L . Tungsten Oxide Supported on Alumina Ml 

a l u m i n a . S a l v a t i et a l . a l s o used t h i s approach t o d i s t i n g u i s h 
between the tungsten ox ide s u r f a c e complex and the WO3 
c r y s t a l l i t e s ( 1 9 ) . Below monolayer coverage, t u n g s t e n oxide on 
alumina i s not reduced a f t e r 12 hours at 550°C., but above 
monolayer coverage r e d u c t i o n of W + b t o W° at t h i s temperature i s 
observed w i t h ESCA. 

The TG and ESCA t e c h n i q u e have shown evidence f o r a s t r o n g 
metal o x i d e - s u p p o r t i n t e r a c t i o n between WOo and under high 
temperature reducing c o n d i t i o n s . As we w i l l now d i s c u s s CAEM and 
Raman spectroscopy suggest a s t r o n g i n t e r a c t i o n between WO3 and y 
A l u n d e r high temperature o x i d i z i n g c o n d i t i o n s , as w e l l . 
Dynamic s t u d i e s by CAEM of WO3 on γ - Α Ι ^ at high temperature have 
been c a r r i e d out f o r o n e - h a l f and 3X monolayer l o a d i n g s (19) of 
WO3 on a model γ - Α Ι ^ f i l m s u p p o r t . F o l l o w i n g an i n s i t u 
decomposit ion i n oxygen of the ammonium m e t a - t u n g s t a t e at 500°C on 
the 4 micromole/m loaded f i l m (about o n e - h a l f monolayer) e l e c t r o n 
d i f f r a c t i o n confirmed t h e presence of only t r a n s i t i o n a l alumina 
phases (no α-phase was p r e s e n t ) . Heating t h i s f i l m t o 1050°C 
shows no c r y s t a l l i z a t i o n of the s u p p o r t ; whereas w i t h pure alumina 
f i l m s CAEM d e t e c t s r e s t r u c t u r i n g of the f i l m t o form o r - A l ^ at 
t h i s t e m p e r a t u r e . The p a r t i c l e s i z e of the t u n g s t e n oxide phase 
f o r the o n e - h a l f monolayer covered f i l m at 500°C l i e s below t h e 
r e s o l u t i o n l i m i t ( 2 . 5 nm) of the m i c r o s c o p e . Even upon c o n t i n u e d 
h e a t i n g t o 1050°C WO3 p a r t i c l e s are s t i l l not v i s i b l e , and the 
support does not t r a n s f o r m t o o-AloOo. This r e s u l t suggests the 
presence of a h i g h l y - d i s p e r s e d WOo phase s t a b i l i z e s the alumina 
support from r e s t r u c t u r i n g t o 0ΓΑΤ0Ο3. 

When the more h i g h l y loaded WO3 on alumina specimen, i . e . 3X 
monolayer coverage, was heated i n oxygen, p a r t i c l e s were d e t e c t e d 
by CAEM at 5 0 0 ° C . Because the s i z e of these p a r t i c l e s (3 nm) are 
near the r e s o l u t i o n l i m i t of the CAEM, we c o u l d not determine a 
d e t a i l e d p a r t i c l e s i z e a n a l y s i s . As the temperature was r a i s e d t o 
700°C the WO3 p a r t i c l e s grow i n diameter t o between 5 and 10 nm. 
D e t a i l e d examination shows a n e a r l y uniform d i s t r i b u t i o n of t h e 
p a r t i c l e s across the s u p p o r t . The p a r t i c l e s have i r r e g u l a r 
a n g u l a r shapes, but i n many cases remained t h i n enough t o a v o i d 
masking the s t r u c t u r a l f e a t u r e s of the u n d e r l y i n g s u p p o r t . T h i s 
morphology i s s i m i l a r t o t h a t proposed f o r FeO " r a f t " s t r u c t u r e s 
on S i 0 2 ( 2 7 ) . The p a r t i c l e s do not change s i z e , shape or p o s i t i o n 
upon f u r t h e r h e a t i n g at 1050°C f o r 1 h r . Maintenance of p a r t i c l e 
i d e n t i t y i n d i c a t e s a s t r o n g i n t e r a c t i o n between p a r t i c l e s and 
support ( 2 7 , 2 8 ) . 

As the temperature was r a i s e d from 1050°C t o 1150°C the 
specimen w i t h the h i g h e r WO3 l o a d i n g changes d r a m a t i c a l l y i n 
appearance. I n i t i a l l y , the e l e c t r o n s c a t t e r i n g d e n s i t y of the 
p a r t i c l e s i n c r e a s e s . While m a i n t a i n i n g t h e i r 5 t o 10 nm l a t e r a l 
d i m e n s i o n s , the p a r t i c l e s a p p a r e n t l y become t h i c k e r . As the 
change p r o c e e d s , the area of the alumina support s u r r o u n d i n g the 
t u n g s t e n ox ide p a r t i c l e s becomes p r o g r e s s i v e l y more t r a n s p a r e n t t o 
the e l e c t r o n beam, s u g g e s t i n g t h a t A I0O3 p r e f e r e n t i a l l y l e a v e s 
t h e s e areas and forms A l o ^ W O ^ . Subsequent examination of 
specimens i n the high r e s o l u t i o n t r a n s m i s s i o n e l e c t r o n microscope 
(where d e f o c u s i n g and t i l t i n g experiments were performed) c o n f i r m 
t h i s phenomena and e l i m i n a t e any q u e s t i o n of o v e r - f o c u s or phase 
c o n t r a s t a r t i f a c t s ( 2 9 , 3 0 ) . 
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In summary, at s u f f i c i e n t l y high temperatures and high WO3 
c o n c e n t r a t i o n s , the CAEM f o l l o w s the agglomeration of WO3 i n t o 
t h i n ox ide c l u s t e r s t r u c t u r e s (26,27), which subsequently r e a c t 
w i t h A l f o r m i n g A1 2 (W0 4 ) 3 . F i g u r e 8 o u t l i n e s the proposed 
s t e p w i s e i n t e r a c t i o n of t u n g s t e n oxide w i t h t r a n s i t i o n a l γ - Α Ι ^ 
f i l m s . 

L a s e r Raman s p e c t r o s c o p i c s t u d i e s of a l u m i n a - s u p p o r t e d WO3 
c a t a l y s t s have shown t h a t t h r e e d i f f e r e n t tungsten oxide phases 
are p r e s e n t : WO3, Alo^WO^, and a s u r f a c e tungsten oxide s p e c i e s 
(8,19), F i g u r e 4. The c o n c e n t r a t i o n s of these phases i n WO3 on 
Al2^3 c a t a l y s t s depend on t u n g s t e n oxide l o a d i n g and temperature 
of c a l c i n a t i o n (8). P r e v i o u s s t u d i e s have shown t h a t Raman 
s p e c t r o s c o p y i s more s e n s i t i v e t o WOo and A12(W04)3 than t o the 
s u r f a c e tungsten oxide complex (8,19). No a t t e m p t , however, had 
been made t o e s t i m a t e the r e l a t i v e Raman c r o s s s e c t i o n s of t h e s e 
tungsten oxide p h a s e s . This i n f o r m a t i o n would be u s e f u l t o 
develop a model f o r the WOo on AI0O3 system (15). 

The dynamic changes of tungsten ox ide t h a t occur on the 
s u r f a c e of γ - Α Ι ^ as a f u n c t i o n of c a l c i n a t i o n temperature and 
tungsten ox ide content were f o l l o w e d by Raman spectroscopy f o r 
10%, 15% and 25% W03 on γ - Α 1 2 0 3 as d e s c r i b e d i n the R e s u l t s 
s e c t i o n . The Raman s p e c t r a of 15% WO3 and 25% WO3 on yAlo03 
c a l c i n e d at 760°C., F i g u r e 5 and 6 e x h i b i t s s i m i l a r i n t e n s i t i e s f o r 
the bands of the s u r f a c e t u n g s t e n oxide complex although the band 
i n t e n s i t i e s f o r c r y s t a l l i n e WOo d i f f e r d r a m a t i c a l l y . Since the 
15% WO3 on γ -Α1 2 03 sample c a l c i n e d at 760°C c o n t a i n s near 
monolayer coverage (19,26) t h e 25% WOo on τ - Α 1 2 0 3 sample at t h i s 
same temperature must c o n t a i n c r y s t a l l i t e s of WO3. Raman 
s p e c t r o s c o p y conf i rms t h a t the s u r f a c e phase t u n g s t e n oxide 
complex w i l l form WOo c r y s t a l l i t e s as the tungsten oxide content 
i n c r e a s e s (at a constant s u r f a c e area) beyond monolayer coverage 
(19,26). 

The study of the 10% WO3 on γ -Α1 2 03 as a f u n c t i o n of 
temperature a l s o r e v e a l s changing s t a t e s of tungsten o x i d e , F i g u r e 
7. I n i t i a l l y t h i s sample c o n t a i n s tungsten oxide below monolayer 
coverage, but as the temperature i s r a i s e d and the s u r f a c e area 
c o l l a p s e s , the tungsten o x i d e c o n c e n t r a t i o n exceeds monolayer 
coverage (19,26). The c r o s s o v e r p o i n t of approximate monolayer 
coverage occurs between 60 t o 100 m /gm and i s generated by 
c a l c i n a t i o n temperatures between 850 and 950°C. 

Below monolayer coverage ( l e s s than -25-30% WO3 on AI0O3 o f 
200 m /g) tungsten oxide i s p r i m a r i l y i n a h i g h l y d i s p e r s e d and 
amorphous s t a t e on the alumina s u r f a c e and remains so at low 
c a l c i n a t i o n temperatures (500-800°C) (8,19,23,26). For 10% WO3 on 
AloOo, F i g u r e 7, the s u r f a c e tungsten oxide complex i s present up 
t o 9bO°C In a d d i t i o n , Raman peaks f o r c r y s t a l l i n e WOo are a l s o 
observed i n t h i s temperature range. The WO3 c r y s t a l l i t e 
c o n c e n t r a t i o n i s low s i n c e they are not d e t e c t e d by X-ray 
d i f f r a c t i o n . The amount of tungsten oxide present as c r y s t a l l i n e 
WO3 f o r 10% WOo on r A l 2 0 3 , F i g u r e 7, i s e s t i m a t e d t o be l e s s than 
1% of the t o t a l tungsten ox ide content present i n t h e 10% sample 
c a l c i n e d at 650 and 800°C (16). As the c a l c i n a t i o n temperature 
i n c r e a s e s , the r e l a t i v e amount of c r y s t a l l i n e WO3 i n i t i a l l y 
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10. SOLED ET AL. Tungsten Oxide Supported on Alumina 179 

d e c r e a s e s , as measured by the i n t e n s i t y r a t i o I (811 cm" 1 )/ I 
(965-1000 c m " 1 ) , (JL5). Thus, at the h i g h e r c a l c i n a t i o n 
temperatures a s u b s t a n t i a l decrease i n the s u r f a c e area of the 
alumina support occurs and s i m u l t a n e o u s l y the WOo p a r t i c l e s 
d i s p e r s e t o form the t u n g s t e n oxide s u r f a c e compfex. As the 
s u r f a c e area decreases the d i s t a n c e between the tungsten o x i d e 
s u r f a c e s p e c i e s decreases and the tungsten oxide s u r f a c e d e n s i t y 
on the alumina support i n c r e a s e s ( 1 9 , 2 6 ) . The i n c r e a s e i n t h e 
i n t e n s i t y of the ESCA W 4 f 5 yo 7/2 s i g n a l (19,26) and the s h i f t 
from -965 t o -1000 cm" 1 i n the Raman band a s s o c i a t e d w i t h the 
t u n g s t e n oxide s u r f a c e complex (16) r e f l e c t t h i s change. These 

F i g u r e s 9a and 9b. Thus, Raman s p e c t r o s c o p y conf i rms t h a t t h e 
s u r f a c e phase tungsten oxide complex w i l l form WO3 c r y s t a l l i t e s as 
the alumina d e s u r f a c e s (at a c o n s t a n t t u n g s t e n o x i d e c o n t e n t ) , and 
monolayer coverage i s exceeded. 

A c l o s e - p a c k e d monolayer of tungsten oxide on alumina 
a p p a r e n t l y forms when the minimum d i s t a n c e between n o n - p o l y m e r i c 
t u n g s t e n oxide c e n t e r s i s achieved ( 8 , 1 9 , 2 6 ) . The f o r m a t i o n of 
the c l o s e - p a c k e d tungsten o x i d e monolayer, however, does not 
p r e c l u d e the alumina from a d d i t i o n a l l o s s i n s u r f a c e area at s t i l l 
h i g h e r t e m p e r a t u r e s . The c l o s e - p a c k e d tungsten o x i d e monolayer 
accommodates f u r t h e r d e - s u r f a c i n g by forming bulk tungsten oxide 
phases WOo and A12(W04)3 (see F i g u r e s 9c and 9 d ) . The f o r m a t i o n 
of WOo and Al 2̂ 0̂ )3 c r y s t a l l i t e s at h i g h e r temperatures i s 
d e t e c t e d by l a s e r Raman s p e c t r o s c o p y , F i g u r e 7. 

The CAEM s t u d i e s i n d i c a t e t h a t at high temperatures the 
s u r f a c e tungsten oxide phase t r a n s f o r m s t o t h i n WO3 p a r t i c l e s . 
These i n t u r n r e a c t at high temperatures w i t h the u n d e r l y i n g 
alumina support t o form Al2^64)3. Thus both CAEM and Raman 
s p e c t r o s c o p y p o i n t t o the same model f o r the t r a n s f o r m a t i o n of the 
tungsten oxide s u r f a c e phase; f i r s t t o form tungsten o x i d e 
p a r t i c l e s and then t o form subsequently A12(W04)3 a t high 
temperature c a l c i n a t i o n c o n d i t i o n s . 

C o n c l u s i o n s 

The s t r o n g i n t e r a c t i o n between WO3 and γ-ΑΙοΟ^ m a n i f e s t s i t s e l f 
under both high temperature reducing and o x i d i z i n g c o n d i t i o n s . 
Under r e d u c i n g c o n d i t i o n s , TG and ESCA demonstrate t h a t the 
c r i t i c a l coverage f o r v i r t u a l n o n - r e d u c i b i l i t y of WO3 on an 
alumina s u r f a c e (which has been exposed t o high temperature and 
d e - s u r f a c e d t o -80 m /gm) i s 6-8 wt.%. Above t h i s monolayer 
coverage more e a s i l y reduced b u l k - l i k e WOo s p e c i e s are p r e s e n t . 
For l o a d i n g s o f 10 wt.%, where p a r t i a l r e d u c t i o n occurs at h i g h 
t e m p e r a t u r e , the tungsten oxide appears t o reduce d i r e c t l y from 
W b t o W° wi thout a c c e s s i n g the i n t e r m e d i a t e o x i d a t i o n s t a t e s t h a t 
bulk WOo passes t h r o u g h . 

Under high temperature o x i d i z i n g c o n d i t i o n s , l a s e r Raman 
s p e c t r o s c o p y and CAEM demonstrate the dynamic behavior of the 
amorphous and c r y s t a l l i n e s t r u c t u r a l t r a n s f o r m a t i o n s o c c u r i n g i n 
the WO3 on AI2O3 system. Below monolayer coverage of t u n g s t e n 
oxide on a l u m i n a , the t u n g s t e n oxide phase i s present as a h i g h l y 
d i s p e r s e d and amorphous s u r f a c e complex on the s u p p o r t . Above 

s t r u c t u r a l changes system are d e p i c t e d i n 
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10 nm , 

W0 3 700 °C 

(a) Initial Particle Morphology 

r A I 2 0 3 - 7 ^ — α.ΑΙ 20 3 1050°C 

(b) Suppression of Alumina Phase Transition 

AMWCMa 1150°C 

(c) Proposed Route to Aluminum Tungstate Formation 

F i g u r e 8 . Model of the t r a n s f o r m a t i o n s observed f o r tungsten 
oxide on an alumina f i l m by c o n t r o l l e d atmosphere e l e c t r o n 
m i c r o s c o p y . 

ο ο ο jo ον ρ 
\ / ν \ / 

a) ο ' \ ο / Νο ο / χο 
a ) L 

Y-WA 

ο, Ρ ο ρ V V ν \/ ν 
Ο /> Q 

Θ - Α Ι 2 0 3 

0 0 0 0 
J I I L 

Θ-ΑΙ203 

f Al2(W04)3 

Θ-ΑΙ203 

F i g u r e 9. Model of the s t r u c t u r e / t r a n s f o r m a t i o n s of tungsten 
oxide on high s u r f a c e a r e a γ - Α ^ Ο β as a f u n c t i o n of c a l c i n a t i o n 
t e m p e r a t u r e . 
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monolayer coverage, both a surface complex and discrete WO3 
crystal l i tes are present. During high temperature de-surfacing a 
portion of the surface complex converts f i r s t to WO3 and then 
reacts with the alumina to form Al 2^0^)3. 
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