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The effects on structure and chemical composition of adding silver and cerium oxide to vanadium 
oxide catalysts with the general formulae Agl.zV3CeyOs+x, were investigated by measurements 
with BET, XRD, ESCA, SIMS, and titration of vanadium valence states. These properties were 
correlated with the catalytic performance in oxidation of toluene. The addition of silver results in 
multiphasic systems and in a considerably increased V 4+ concentration of both fresh and used 
catalysts. The catalysts consist of the/3, e, and 6 silver-vanadium oxide bronzes. With reduction 
during use, x varies from 0 to -0 .5  and transformations of these phases occur. The surface is 
considerably more reduced than the bulk. The degree of reduction of used catalysts increases with 
the addition of cerium oxide. No cerium phase is identified by XRD for used catalysts, but possibly 
CeVO 4 is present in fresh catalyst. The surface cerium concentration is considerably higher than 
the nominal bulk composition when Ce/V -< 0.02, but lower at higher Ce/V ratios. Activity for 
toluene oxidation increases with the addition of silver. This is also generally the case for cerium 
oxide additions. However, surface enrichment of cerium upon use at high temperatures gives lower 
activity. Selectivity for mainly benzaldehyde increases with the addition of silver, while oxidative 
coupling products are almost absent. Cerium addition further increases selectivity for benzaldehyde 
and benzoic acid, the latter almost linearly with cerium concentration. © 1991 Academic Press, Inc. 

INTRODUCTION 

Addition of promoters to vanadium oxide 
catalysts can increase both activity and se- 
lectivity for oxidation of hydrocarbons. 
Among these, silver oxide has been men- 
tioned in a number of cases for oxidation of 
aromatic hydrocarbons to phthalic anhy- 
dride (1-8), oxidation of CO (9), and for 
oxydehydrogenation of alcohols (10). It has 
also been shown that the properties for oxi- 
dation of toluene to benzaldehyde is im- 
proved by silver additions (l l ,  12). Optimal 
selectivity for both toluene (12) and o-oxy- 
lene (6) oxidation is obtained at about 20-30 
at.% silver. The composition of the active 
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phase has not been identified, which is not 
surprising in view of the fact that Ag20 and 
V205 may form a variety of compounds and 
bronzes (13-15). Three different AgxV205 
homogeneity regions, the orthorhombic ©z- 
phase with 0 < x < 0.01,the monoclinic/3- 
phase with 0.29 < x < 0.45, and the mono- 
clinic 8-phase with 0.60 < x < 0.86, analo- 
gous to those present in alkali-vanadium 
bronzes are known (15-17). A fourth homo- 
geneity region, the e-phase, is obtained at 
1 < x < 1.15 (17). Not much is known about 
homogeneity regions regarding nonstoichi- 
ometry in the oxygen content, which plausi- 
bly may arise during catalytic operation. 

Recently it has been shown that cerium 
addition can further improve the properties 
of the V-Ag-O catalyst (18, 19). In both 
cases supported catalysts were studied. In 
one case the catalyst was prepared by im- 
pregnation and with silica as support. It 
showed good selectivity for benzaldehyde 
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in the absence of steam and to benzaldehyde 
and benzoic acid in the presence of steam 
(18, 20). In the other case it was prepared 
from the molten state and with SiC as sup- 
port and this catalyst also showed an en- 
hanced performance (19). Cerium oxide is 
also a well-known promoter for oxidation 
catalysts such as molybdates (21-23), cobalt 
oxide (24), and precious metals (25). For 
the latter examples the properties for CO2 
production are enhanced whereas for the 
former, and V-Ag-O catalysts, the selec- 
tive properties are improved. The effects of 
cerium oxide additions, in general, and the 
reason for this apparent contradiction are 
not well known. Not much is known about 
the combined system C e O z - A g z O - V 2 0 5  ex- 
cep t  that CeO 2 and V205 react at high tem- 
peratures with formation of CeVO4 (26). 

The purpose of this study was to investi- 
gate the effects of cerium additions on the 
structure and chemical composition of vana- 
dium-silver oxide catalysts and to correlate 
these properties with the effects on the cata- 
lytic performance in selective oxidation of 
toluene. 

EXPERIMENTAL 

The catalysts were prepared by melting 
mixtures of V205 (Aldrich Chemie, 99.6%), 
Ag20 (BDH, >97%) and CeO 2 (Janssen 
Chimica, 99.9%) in quartz crucibles at 750°C 
for 2 h followed by crushing and sieving. 
The atomic ratio WAg was kept constant at 
2.5, while the CeO2 addition was varied. 
The various catalysts are denoted by their 
nominal composition, not to be confused 
with the phase composition. Short form no- 
tations such as Ag-V-O, Ag-V-Ce-O,  and 
Ag-V-Ce-X,  where x represents the Ce 
content, are also used. 

Activity tests were carried out in a con- 
ventional flow microreactor at atmospheric 
pressure (27). The gas, containing 1.3 vol% 
toluene, 20.0 vol% O2, and balance N2, was  
dosed at a flow rate of 13.7 dm3h 1. The 
temperature was varied between 360 and 
400°C and in some cases 400-460°C. The 
reactor contained 1 g catalyst of 100-300/xm 
particle size mixed with 1 g of inert quartz to 

avoid adverse thermal effects. The on-line 
GC analytical method has been described 
elsewhere (28). The reactor was operated 
isothermally with conversions of 0.1-10%, 
and the reaction rates were calculated di- 
rectly from the differential data. 

The surface areas were measured with a 
Micromeritics flowsorb 2300 instrument 
after degassing at 350°C for 0.5 h. 

Chemical analyses of the vanadium va- 
lence states were performed by titration 
with MnO) and Fe 2+ and with diphenyl- 
amine as indicator (29). The samples were 
first dissolved in dilute HzSO 4 (4 M) under 
heating and stirring for 1.5 h, followed by 
the addition of some drops of dilute HC1 to 
precipitate AgC1 and thereby eliminate any 
possible interference with Ag + during titra- 
tion. CeO 2 did not dissolve under these con- 
ditions. 

Secondary ion mass spectroscopy (SIMS) 
results were obtained with a Kratos 
XSAM800 PCI SIMS instrument equipped 
with a Minibeam II ion gun, Balzers 511 
quadrupole and charge neutralizer, and us- 
ing 2-kV Ar + and 100-nA ion current. 

ESCA measurements were performed on 
a Kratos XSAM800 instrument. An A1- 
anode (1486.6 eV) was used. The slitwidth 
was set at 40 ° and the analyzer was operated 
at 40-eV pass energy and at high magnifica- 
tion. Analysis of the spectra was performed 
with the DS800 data system. No charging 
effects could be observed for any of the cata- 
lysts, and hence no corrections were made. 
Sensitivity factors were O ls = 1, V 2p3/2 = 
1.86, Ce 3d5/2 = 6.35, and Ag 3d5/2 = 4.6. 
These were obtained by measurements on 
V205 (Aldrich Chemie, 99.6%), AgO (BDH, 
>99), and CeO 2 (Janssen Chimica, 99.9%). 
The factor for K 2p3/2 = 1.88 was as supplied 
by Kratos. 

RESULTS 

CATALYST CHARACTERISATION 

Specific Surface Area 
The surface areas of the different cata- 

lysts are shown in Table 1. The addition of 
silver to vanadium oxide does not result in 
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T A B L E  1 

Surface Area  of  the  Different Catalys ts  

Cata lys t  Surface area  (mE/g) 

Fresh  Used  

V205 0.36 - -  
Agl.2V3Os+x 0.36 0.6 
Agl2V3Ce0.0308 +x 0.69 0.9 
Agi.2V3Ce0.0608+ x 0.65 0.8 
Agl.2V3Ce0.1508+x 0.58 0.7 
Agl.2V3Ce0.isOs+x 0.47 0.7 
CeO z 3.32 - -  

any change in the surface area. Cerium ox- 
ide, however, gives an increased surface 
area with a maximum at about Ce = 
0.03-0.06. For all catalysts, slightly larger 
surface areas were obtained after use in the 
catalytic reaction. 

Bulk Titration 

The result of titration for the vanadium 
valence states is shown in Table 2. Silver- 
containing catalysts contain an amount of 
V 4+, both before and after reaction, sub- 
stantially larger than that of V205 . For fresh 
samples about 7.7% V 4+ is obtained, which 

closely corresponds to the composition 
A g l . 2 V 3 0  8 containing 7.1% V 4+. For fresh 
catalysts the V 4+ concentration decreases 
slightly with increasing cerium concentra- 
tion. After use of the catalysts the V 4+ con- 
centration increased, an effect which ap- 
pears larger with higher cerium oxide 
addition. The degree of reduction is almost 
doubled after use at high temperatures. In 
this case the formal composition corre- 
sponds closely to Agl.2V307. 5 or  Ag0.8V205 
containing 19% V 4+ . 

XRD Data 

The phase composition was studied by 
X-ray diffraction analysis. The system 
seems to be mainly constituted of various 
silver-vanadium bronzes. It was not possi- 
ble to assign any lines for any of the samples 
to Ag, any vanadium oxide, CeO2, Ce203, 
or CeVO 3. 

Table 3 shows data for fresh and used 
samples of the Ag-V-O catalyst. The main 
lines occur for fresh Ag-V-O catalyst and 
used at 320-360°C and 400-460°C at d-val- 
ues between 3.1 and 2.9 A, which also is 
the case for the/3-, 8-, and e-phases. In the 
references,/3-Ag035V205 (30), Ag2V4OI1 (13, 
31), Ag2VaOll_ ~ (30), and Ag0.68V20 5 (32), 
only normalized intensity data are given. 

T A B L E  2 

Concent ra t ion  of Different Vanad ium Valence States Determined  by Chemical  Titrat ion 

Cata lys t  VX+/(V 5+ + V 4+ + V 3+) (%) 

Fresh  U s e &  

V 5+ V4+ W3+ W5+ V4+ W3+ 

V205 100.0 
Agl.2V3Os+ x 91.0 
Agl.2V3Os+x b 
Agl.2V3Ce0.03Os+ x 93.4 
Agl.2V3Ce0.0608 + x 93.4 
Agl.zV3Ce0.06Os+x b 
Ag1.2V3Ce0.1508 + x 93.9 
Agl.2V3Ce0.1808 + x 93.9 

0 0 98.0 2.0 0 
7.7 1.3 84.6 10.3 5.1 

82.4 17.6 0 
6.6 0 88.4 10.2 1.4 
6.7 0 88.2 t l . 0  0.8 

76.6 20.8 2.6 
6.1 0 88.4 10.4 1.2 
6.1 0 84.4 15.4 0 

a U s e d  at low tempera ture ,  320-360°C. 
b U s e d  at high tempera ture ,  400-460°C. 
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TABLE 3 

X-Ray Powder Diffraction Data for the V - A g - O  Catalyst 
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As prepared 

d (A) I/I o 

Used at Used at References 
320-360°C 400-460°C 

Ha eb ec (~d 
d (~.) 1/lo d (A) I/Io 1/lo I/Io I/Io I/Io 

3.96 3 
3.843 11 
3.761 14 
3.719 21 
3.548 9 
3.460 8 

3.378 5 

3.209 7 
3.125 8 
3.056 100 
3.020 36 
2.923 23 

2.784 12 
2.728 6 
2.676 6 
2.557 6 
2.478 35 
2.413 5 
2.368 9 
2.341 10 
2.227 7 
2.205 10 
2.168 24 
2.013 5 
1.979 5 
1.95 2 
1.879 9 
1.860 6 
1.841 6 
1.808 12 
1.794 7 
1.722 6 
1.682 9 

3.969 7 
3.884 14 3.870 12 40 

- -  tr 70 46 
3.740 11 30 70 
3.583 8 3.55 10 20 
3.493 12 3.482 12 12 5 
3.424 14 3.418 9 70 10 
3.361 24 20 
3.268 6 3.259 26 100 
3.222 7 
3.112 26 3.111 17 
3.071 100 3.064 100 100 70 98 
3.034 21 - -  tr 60 100 
2.943 21 2.933 60 55 100 52 20 
2.837 5 2.840 8 
2.80 3 2.792 18 80 38 80 
2.743 10 2.742 20 38 50 

4O 10 2O 
2.569 7 2.561 18 100 
2.487 17 40 90 
2.431 8 2.430 13 12 50 
2.382 8 2.379 9 12 
2.337 6 2.34 2 70 31 
2.24 2 20 
2.21 3 60 22 
2.178 22 2.175 22 17 

10 
1.99 4 1.97 3 25 50 
1.95 2 1.956 8 10 10 80 
1.88 4 22 
1.86 4 1.86 7 12 40 
1.84 3 1.835 11 10 
1.814 8 1.815 10 30 

70 14 

1.69 2 1.69 6 24 

a fl.Ago.35V205 ' Ref. (30). 
b e-phases, Ag2V4Otl, Ref. (13, 31). 
c e-phase, Ag2V4OII_~, Ref. (30). 
d &phase, Ago.68V205, Ref. (32). 

The overall patterns for these phases agree 
with that for the catalysts, but the d-values 
deviate somewhat, indicating differences in 
stoichiometry in Ag and O. 

The as-received A g - V - O  catalyst mainly 
contains/3- and e-phases as indicated in Ta- 

ble 3. For used catalysts the pattern has 
changed, with shifts in both intensity and 
line positions. For example, lines at d-val- 
ues of 3.761, 3.719, 3.020, 2.676, 2.478, 
2.341,2.227, 2.205, and 1.879 A (all assigned 
to the e-phase) have after use of the catalyst 
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at 320-360°C strongly decreased, while lines 
at 3.96, 3.46, 3.378, 2.728, and 2.413 A (all 
assigned to the B-phase) have increased. 
Thus, it appears that a mild treatment of the 
catalysts results in the formation of more/3- 
phase, while the e-phase decreases. Use of 
the catalyst at 400-460°C results in further 
changes in these lines. The appearance of 
new lines at 3.259 and 2.274 ,~ and the in- 

creased intensity of lines at 3.55, 3.482, 
2.933, 2.792, 2.742, 2.561, 2.430, and 1.956 

indicates formation of a &phase, 
Ag0.68V205, the structure of which has been 
reported (32). 

The effect of adding cerium oxide to the 
catalyst is shown in Tables 4 and 5. Table 4 
shows a comparison of fresh catalysts with 
different concentrations of cerium. The ceri- 

TABLE 4 

X-Ray Powder Diffraction Data for theV-Ag-Ce-O Catalyst 

A g - V - O  Ag-V-Ce-0 .03  Ag-V-Ce-0 .06  Ag-V-Ce-0 .18  Assign. 

d (.&) I/Io d (A) I/I o d (A) I/I o d (~_) I/I o 

3.96 3 3.933 18 3.936 14 3.946 16 
3.843 11 3.829 13 3.839 11 3.843 18 a 
3.761 14 3.758 26 3.761 22 3.769 28 b,c 
3.719 21 3.714 34 3.712 24 3.725 38 b,c 

3.66 9 3.663 14 3.687 23 d 
3.548 9 

3.507 43 3.513 39 3.525 36 
3.460 8 3.439 18 3.445 12 3.455 15 a 
3.378 5 3.38 3 3.38 2 a 
3.209 7 3.200 13 3.206 7 3.20 4 
3.125 8 3.081 63 3.091 36 3.087 63 
3.056 100 3.045 100 3.050 100 3.055 100 a,b,c 
3.020 36 3.028 50 3.027 39 3.027 67 b,c 
2.923 23 2.925 30 2.923 23 2.929 38 a,b,c 
2.784 12 2.780 20 2.780 11 2.787 23 b,c,d 
2.728 6 2.725 12 2.735 9 2.742 10 a 
2.676 6 2.671 12 2.674 9 2.675 12 b,c 
2.557 6 2.578 10 2.576 9 2.57 8 
2.478 35 2.475 42 2.476 35 2.480 45 b,c 

2.440 9 2.440 7 2.448 8 d 
2.368 9 2.36 5 2.36 3 2.36 1 a 
2.341 10 2.342 41 2.342 32 2.348 41 b,c 
2.227 7 2.23 9 2.221 8 2.22 9 c 
2.205 10 2.206 16 2.206 9 2.208 14 b,c 
2.168 24 2.168 15 2.173 10 2.171 12 a 
2.013 5 2.022 12 2.02 8 2.02 7 b 
1.979 5 1.971 19 1.972 16 1.975 12 a 
1.95 2 b,c 

1.935 8 1.934 6 1.935 8 
1.879 9 1.877 14 1.879 14 1.882 18 c,d 
1.860 6 1.86 9 1.86 7 1.859 13 a,b, d 
1.841 6 1.838 11 1.838 13 1.843 13 b 
1.808 12 1.805 14 1.810 12 1.805 10 a 
1.794 7 1.790 14 1.790 11 1.791 13 b,c 
1.722 6 1.719 11 1.735 10 1.735 10 d 
1.682 9 1.683 13 1.683 9 1.682 11 c 

Note.  (a)/3-Ag0.35V205, Ref. (30); (b) e-phases, Ag2V4Oll , Ref. (13, 31); (c) 8-phase, Ag2V4Oll_e, Ref. (30); (d) 
CeVO4, tetragonal, Ref. (33). 
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TABLE 5 

X-Ray Powder Diffraction Data for the V-Ag-Ce-0.06 Catalyst 
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As prepared Used at Used at Ref. 
320-360°C 400-460°C I/Io e 

d (A) I/I o d (A) I/I o d (A) I/I o 

Assignments 

4.279 19 
3.936 14 3.971 18 3.967 21 
3.839 11 3.872 13 3.879 16 
3.761 22 3.786 13 
3.712 24 3.728 20 3.705 41 
3.663 14 100 

3.576 26 3.570 39 
3.513 39 
3.445 12 3.475 10 3.473 10 
3.38 2 3.368 34 

3.259 49 
3.206 7 

3.151 26 3.153 28 
3.091 36 
3.050 100 3.061 100 3.060 100 
3.027 39 
2.923 23 2.934 21 2.936 72 
2.780 11 2.789 9 2.791 31 
2.735 9 2.746 11 2.745 39 65 
2.674 9 2.68 6 
2.576 9 2.600 8 2.60 6 20 

2.559 25 
2.476 35 2.484 19 
2.440 7 2.430 21 6 
2.36 3 2.379 21 2.377 38 
2.342 32 2.34 5 2.33 11 
2.221 8 2.22 4 
2.206 9 2.21 4 
2.173 10 2.174 11 2.175 23 
2.02 8 
1.972 16 

1.934 6 
1.879 14 1.891 
1.86 7 
1.838 13 
1.810 12 1.812 
1.790 11 
1.735 10 
1.683 9 

10 

1.953 17 10 

1.834 21 

a 

b,c 
b,c 

a, d 
a 

d 

a,b,c 
b,c 

a,b,c,d 
b,c,d 

a d 
b,c,d 

a 

d 
b,c 

d 
a 

b,c 
c 

b,c 
a 

b 
a, d 

b,c,d 

c 

a , b  

b 
a 

b,c 

Note.  (a)/3-Ag0,35V2Os, Ref. (30), (b) e-phases, A g z V 4 O l i  , Ref. (13, 31), (c) e-phase, Ag2V4OlI_~ ,  Ref. (30), (d) 
8-phase, Ag0.68V205, Ref. (32), (e) CeVO4, tetragonal, Ref. (33). 

urn-conta in ing  samples  cons i s t  main ly  o f  

phases  the  same  as those  o f  the  A g - V - O  

ca ta lys t .  Al l  s amples  s h o w  a main  c o m b i n e d  

l ine at abou t  3 .0 -3 .1  A,  cons i s t ing  o f  th ree  

d i f fe ren t  l ines at abou t  3.02, 3.05, and 3.08 

A. The  last  one  inc reases  s t rongly  in in ten-  

sity wi th  the C e O  2 addi t ion.  This  is a lso the 

case  for  l ines at abou t  3.94, 3.66, 3.51, and 
2.44 A,  all o f  u n k n o w n  origin.  Poss ib ly ,  the  

l ine at 3.663 A,  shift ing to 3.689 A wi th  in- 
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TABLE 6 

Binding Energies ~ and Half-Widths (eV) for Core Levels of  Fresh  V - A g - C e - O  Catalysts 

Sample O ls V 2p3/2 Ce 3d5/2 Ag 3d5/2 

VaAg1.2Os+ x 529.6 516.6 - -  367.3 
(1.7) (2.0) (1.5) 

V3Agl.zCeo.o308+ x 529.6 516.6 883.6 367.3 
(1.7) (1.9) - -  (1.5) 

V3Agl.ECeo.o6Os+x 529.6 516.6 883.6 367.3 
(1.7) (1.9) - -  (1.5) 

V3Agl.2Ce0.~508 + x 529.6 516.6 883.7 367.2 
(1.7) (1.9) - -  (1.5) 

V3Ag1.2Ce0.18Os+ x 529.6 516.6 883.6 367.2 
(1.7) (1.9) - -  (1.5) 

CeO 2 529.0 888.5b--882.2 
(1.5) (3.5) 

Ag20 367.7 
(1.6) 

Ag20 (Ref. (34)) 529.0 367.7 
AgzO (Ref. (35)) 529.2 367.7 
AgO (Ref. (34)) 528.4 367.4 
AgO (Ref. (35)) 528.5 367.3 
Ag o (Ref. (34)) 368.1 
Ag o (Ref. (36)) 368.2 

a No charging effects for V - A g - C e - O  catalysts. CeO 2 and Ag20 were corrected for charging effects by 
C ls = 284.5 eV. 

b Strong satellite. 

creased Ce content, is caused by the strong- 
est line of C e V O  4 (33). Various other lines 
(see Table 4), could also fit if one allows for 
small shifts in position by, for example, solid 
solution of Ag ÷ in the C e V O  4 phase. 

After use of the Ce-containing catalyst, 
illustrated here with V-Ag-Ce-0.06 (see 
Table 5), considerable changes occur, some 
as obtained for the V-Ag-O catalyst. Main 
effects are that lines for the fl-phase in- 
crease, lines for the e-phase decrease, and 
lines for the 8-phase, Ag0.68V2Os, appear in 
catalysts used at high temperatures. Lines 
possibly due to C e V O  4 in as-received cata- 
lysts disappear after use. 

ESCA Measurements 

Fresh catalysts. The surface composition 
of the catalysts was investigated with 
ESCA. Binding energies (B.E.) and half- 
widths for the various core levels are shown 
in Table 6 for fresh catalysts and in Table 7 
for used catalysts. A V 2p3/2 B.E. of about 

516.6 eV for all catalysts indicates the pre- 
dominance of the pentavalent state of vana- 
dium (37). 

For the Ag 3d5/2 line a B.E. of about 367.3 
eV is obtained. Comparing with the refer- 
ence data given in Table 6, it is seen that Ag o 
is not present in any of the fresh catalysts. It 
is more difficult to make any definite conclu- 
sions about the presence of Ag ÷ or Ag 2÷ 
from the Ag 3d5/2 B.E. data, the difference 
of which is quite small. However, Ag(II) is 
an unusual valence state and most stable Ag 
compounds are based on Ag(I), so we can 
likely consider a B.E. of 367.3 eV significant 
for Ag(I). This value, slightly lower than 
that of Ag20, can be caused by the different 
matrix of AgO) when dissolved in the V205 
bronze structures. 

Ce 3d spectra are quite complex due to 
various final state effects (38). The low ce- 
rium concentration prevented these mea- 
surements except for the strongest line. This 
is a broad feature centered at about 883.6 
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TABLE 7 

Binding Energies a and Half-Widths (eV) for Core Levels of Used V-Ag-Ce-O Catalysts 
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Sample  O ls  V 2P3/2 Ce 3d5~ Ag 3d5/2 

V3Agi.208+x b 529.6 516.6 - -  367.4 
(1.7) (2.2) (1.5) 

V3Agl.zOs+x c 529.6 516.6 - -  367.4 
(1.7) (2.5) (1.5) 

V3Agl.2Ce0.0308 +x b 529.6 516.6 883.2 367.3 
(1.8) (2.1) - -  (1.5) 

V3Ag 1.2Ce0.0608 +x b 529.7 516.6 883.4 367.3 
(1.8) (2.1) - -  (1.5) 

V3Agi.2Ce0.06Os+ f 529.6 516.7 883.4 367.3 
(1.8) (2.2) - -  (1.5) 

V3Agl.zCeo.1508 +x b 529.6 516.7 883.7 367.4 
(1.7) (2.3) - -  (1.5) 

V3Agl.zCe0.i808+x b 529.6 516.6 883.4 367.4 
(1.8) (2.2) - -  (1.5) 

a No  charging effects.  
b U s e d  at low tempera tures ,  320-370°C. 
c Used  at high tempera tures ,  400-460°C. 

eV, which is slightly higher than observed 
for C e O  2 a t  882.2 eV. Due to the compli- 
cated origin of  the various components ,  
which need not be elaborated here,  a slight 
reduction of C e O  2 at 900°C in Hz with forma- 
tion of  some Ce 3 + results in a complex spec- 
trum centered at slightly higher B.E. values 
(38). Thus,  our  data for the catalysts could 
possibly be interpreted as a mixture of 
mainly Ce 4+ and some Ce 3+. 

Used catalysts. After use of the catalysts 
in oxidation of  toluene, changes in the 
ESCA spectra are observed mainly for the 
V 2P3/2 c o r e  line (see Table 7). The Ag 3d5/2 
line indicates that silver is present  as Ag + 
also after use; a difference is not observed 
for cerium. The changes in the V 2p3/2 line 
are mainly seen as an increased half-width 
caused by reduction of  some V 5+ to V 4+. 
Some representat ive spectra for fresh and 
used catalysts as well as difference spectra 
are shown in Fig. 1. The contribution of  both 
valence states was estimated from differ- 
ence spectra and by curve synthesis. The 
latter was done by fitting one component  for 
V 5+ and one for V 4+, at B.E.  about 1 eV 
lower than that of  the V 2p3/2 spectra. Also 

components  for the V 2pv2 line and for the 
O ls line excited by the A1Kc~3, 4 satellite are 
included in the curve-fitting procedure.  The 
results for a representat ive fresh and a used 
catalyst are shown in Fig. 2 over  the V 2p 
B.E.  region. The curve fit is not perfect  
since the natural and Gaussian curve shapes 
used are not quite equal. The results of  the 
quantitative estimations of V4+/(V 4 + V 5+) 
by curve synthesis and from difference 
spectra are shown in Table 8. The curve 
synthesis gives a V 4+ concentrat ion higher 
than that given by the difference method. 
Both methods give a V 4+ concentrat ion 
higher than that obtained by chemical titra- 
tion, as shown in Table 2. This indicates 
strongly that the surface is more highly re- 
duced than the bulk. 

Quantitative analysis. The ESCA data 
were quantified to obtain elemental ratios 
and these are presented in Table 9. The data 
suggest that the surface concentrat ion of sil- 
ver is slightly higher than the nominal bulk 
composition. An effect on the surface Ag 
concentrat ion by the addition of  cerium is 
only observed for catalysts A g - V - C e - 0 . 0 3  
and A g - V - C e - 0 . 0 6 ,  giving a lower value. 
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535 530 525 520 515 510 

BINDING ENERGY (eV) 

FIG. 1. ESCA spectra of the O ls and the V 2p binding 
energy region of some fresh and used Agl.zV3CeyOs+ x 
catalysts with different cerium content, y. (a) y = 0, 
used at 320-370°C; (b) y = 0, Fresh; (c) difference 
spectrum, (a)-(b); (d) y = 0.06, used at 320-370°C; (e) 
y = 0.06, fresh; (f) difference spectrum (d)-(e); (g)y = 
0.18, used at 320-370°C; (h)y = 0.18, fresh; (i) differ- 
ence spectrum, (g)-(h). 

However,  by using the catalysts at low tem- 
perature a decreased surface silver concen- 
tration results. 

The surface cerium concentration as ob- 
tained by ESCA is larger than the nominal 
bulk concentration at cerium stoichiometry 

I I I 
525 520 515 

BINDING ENERGY (eV) 

FIG. 2. ESCA spectra of the V 2p binding energy 
region of used and fresh Agl.2V3Ce0.18Os+x catalyst re- 
solved in components by curve synthesis. (a) Natural 
and synthetic envelope for used catalyst; (b) synthetic 
envelope and Gaussian components for used catalyst; 
(c) natural and synthetic envelope for fresh catalyst; 
(d) synthetic envelope and Gaussian components for 
used catalyst. 

up to 0.06 (see Table 9). At higher cerium 
additions, the surface concentration is lower 
than the bulk. Figure 3 shows the Ce/V atom 
ratio by ESCA as a function of the nominal 
bulk ratio. Also included in the figure are 
data for used catalysts and it is evident that 
for these even higher Ce/V ratios are ob- 
tained. 

The O/V ratio, also given in Table 9, is for 
several of the fresh catalysts close to the 
nominal values, and upon use decreased val- 
ues are obtained because of the reduction of 
pentavalent vanadium to tetravalent vana- 
dium with concomitant oxygen loss. The ox- 
ygen content corrected for the amount of 
V 4+ according to the chemical titration is 
also given in Table 9. Excessive O/V values 
by ESCA indicate surface segregation of ce- 
rium compounds. 
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T A B L E  8 

Binding Energies  and Half-Widths  (eV) for V 2p3/z Obtained by Curve  Synthes is  of  Spectra  for U s e d  
V - A g - C e - O  Catalys ts  
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Sample V 2p3/2 V4+/(g 4+ q- V 5+) (%) 

g 4 + V 5 + Curve  Difference 
synthes is  spect ra  

V3Agl.zOs+x a 516.0 516.7 38 15 
(2.4) (2.0) 

V3Aga.208+x b 515.9 516.8 40 24 
(2.5) (2.2) 

V3Ag~ 2Ce0.0308+x ~ 516.0 516.7 34 23 
(2.4) (1.9) 

V3Ag 1.2Ce00608 +x ~ 516.0 516.7 36 19 
(2.5) (1.9) 

V3Agl.zCe0.0608 +x b 515.9 516.7 34 24 
(2.4) (1.9) 

V3Agi.zCe0.1508 +x a 515.9 516.8 34 28 
(2.4) (2.0) 

V3Ag 1.2Ce0.1808+x a 515.9 517.0 36 36 
(2.0) (1.8) 

Used  at low tempera tures ,  320-370°C. 
b U s e d  at high tempera tures ,  400-460°C. 

SIMS Measurements  

The catalysts were also investigated by 
SIMS and the results are presented in Fig. 

4. The positive ion spectra mainly contained 
peaks for V + , VO + , V~,  V20~,  Ag + , Ce + , 
and CeO +, and the only combined peak de- 
tected was for AgV + . The latter is an indica- 

T A B L E  9 

Composi t ion  of  Ag~.2V3C%O8+ x Catalysts  as Measured  by E S C A  

Ce content ,  y A t om ratios a O/3V 

V Ag Ce O Nomin.  Calc b 

O, F resh  
O, U s e d  C 
O, U s e d  d 

0.03 Fresh  
0.03 U s e d  c 
0.06 F resh  
0.06 U s e d  ¢ 
0.06 U s e d  d 
0.15 F resh  
0.15 U s e &  
0.18 F resh  
0.18 U s e &  

3 1.41 0 7.89 8.10 7.95 
3 1.36 0 6.98 8.10 7.79 
3 1.36 0 6.97 8.10 7.84 
3 1.27 0.053 8.08 8.16 8.06 
3 1.22 0.067 7.84 8.16 7.97 
3 1.31 0.11 8.55 8.22 8.12 
3 1.27 0.13 8.15 8.22 8.03 
3 1.35 0.15 8.41 8.22 7.83 
3 1.40 0.12 8.20 8.40 8.31 
3 1.31 0.16 7.88 8.40 8.21 
3 1.41 0.12 8.23 8.46 8.37 
3 1.36 0.10 8.29 8.46 8.23 

The  base  for ratios is V = 3 as in the s toichiometric  formulae.  
b The calculation is based on the  amoun t  of  V 3+ and V 4+ as de termined by the  chemical  titration. 
c U s e d  at low tempera tures ,  320-370°C. 
d U s e d  at high tempera tures ,  400-460°C. 
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FIG. 3. The Ce/V atom ratio determined by ESCA 
analysis as a function of the nominal bulk composition. 
(a) Fresh catalyst; (b) catalyst used at 320-370°C. Solid 
symbol denotes catalyst used at 400-470°C. 

tion of  the proximity of  Ag and V ions in 
the bronzes.  Main contaminations found by 
SIMS were potassium and sodium. Lo w  
concentrat ions of  the former  were also 
identified by ESCA analysis. F rom the 
(14°Ce+ + 142Ce+ + 156CEO + + 158CEO+)/ 

51V + intensity ratio as a function of  nominal 
bulk Ce/V atom ratio, presented in Fig. 5, it 
is seen that a constant  cerium concentrat ion 
appears to have been obtained at above Ce/ 
V -- 0.06, as also found in the ESCA analy- 
sis. The ( l°7Ag+ + 1°9Ag+)/51V+ and the 
~60-/5W+ intensity ratios, as a function of 
the Ce/V bulk atom ratio, show a maximum 
at Ce/V = 0.06. 

V + V0 + 

v + 

A< 

vo + 

L_ 

iAg + 

A 

v2o  

V2 0+ AgV + 

x~g+ B v2°~ Ce0+~ 

| I I I  I I I I I I 
50 60 70/I00 110 120 130 140 150 160 

A M U  

FIG. 4. SIMS spectra for some Agl.2V3CeyOs+x catalysts. (a) y = 0; (b) y = 0.06. (Inserts are magni- 
fied x 10. AMU region 100-170 is in (a) magnified 265 x and in (b) magnified 202 × .) 
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FIG. 5. Some peak intensi ty ratios obtained from 
SIMS spectra  for AgI.2V3CeyOs+ x catalysts.  (a) 
(107Ag+ + I°gAg+)/51V+ ; (b) (14°Ce+ + 142Ce+ + 156CEO + 
+ 158CeO+)/51V+; (c) 160-/5IV+. 

C A T A L Y T I C  PROPERTIES  

Activity Measurements 

The rate of oxidation of toluene at 370°C 
over the different catalysts is shown in Fig. 
6, both as activity per gram and per square 
meter. In both cases the rate over the vana- 
dium oxide used is considerably increased 
by the introduction of silver. The addition 
of cerium also increases the rate per gram 
of catalyst. However, the rate per square 
meter shows a minimum at low cerium con- 
centration. Rates based on surface areas 
measured after use give essentially the same 
result. The rate for oxidation of toluene over 
CeO2 is lower than that for any of the 
Agl.2V3CeyOs+ x catalysts, but considerably 
higher than that for the V205 catalyst. 

Arrhenius plots of the rate data showed 
that for Agl .2V3CeyOs+ x catalysts at temper- 
atures of 320-370°C almost parallel lines are 
obtained, giving apparent activation energ- 
ies of about 164 --- 5 kJ/mole. The increased 
rate with increased Ce content corresponds 
with an increase in the preexponential factor 
from 1.3 x 10 ~2 to 1.1 x 1014, suggesting 
that the rate increase is caused mainly by an 
increase in the number of active sites. 

The behavior is quite different at tempera- 
tures as high as 400-460°C, where the rate 
over Agl.2V308+ x increases considerably 
more than the rate over the cerium-pro- 

moted catalyst Agl.2V3Ce0.0608+ x. This is 
probably due to the pronounced structural 
changes at high temperatures, as shown 
above. Therefore no attempts were made 
to derive Arrhenius parameters from these 
data. 

Selectivity Measurements 

Selective oxidation of toluene occurs 
mainly along parallel reaction routes of side- 
chain oxidation and oxidative coupling 
(39-41). Selectivities to benzaldehyde (BA), 
benzoic acid (BzA), the side-chain oxidation 
products (including BA and BzA), and oxi- 
dative coupling products are shown in Fig. 
7 as a function of the cerium content of 
A g l . z V 3 C e y O 8  +x catalysts. The figure also in- 
cludes data for CeO2 and V205. 

CeO2. This pure oxide gives total combus- 
tion almost exclusively; selective oxidation 
products benzene (B), benzaldehyde, meth- 
yl-diphenylmethane (MDPM), and o-meth- 
yl-diphenylmethanone (o-MDPM) together 
amounted to less than 0.8%. 

V205. The V205 catalyst used, melted and 
well crystallized, gives a selectivity for side- 
chain oxidation products of 30% and of oxi- 
dative coupling products of 29%. The side- 
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FIG. 6. Rate of toluene oxidation over  AgI.2V 3 
CeyOs+ x at 370°C. (a) Rate per  gram of catalyst;  (b) rate 
per  square meter  of catalyst.  Surface area measured  on 
fresh catalysts;  (c) rate per  square meter  of catalyst.  
Surface area measured on used catalysts. Rates over  
V2Os; (O) per  gram of catalyst,  (11) per  square meter.  
Rates over  CeO:; (~)  per  gram of catalyst,  (~)  per  
square meter.  
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FIo. 7. Selectivity of toluene oxidation over  Agl.2V 3 
CeyOs+ x at 370°C. (a) Benzaldehyde (BA); (b) benzoic 
acid (BzA); (c) side-chain oxidation products, including 
BA and BzA; (d) oxidative coupling products. S electiv- 
ities over V205: (*) Benzaldehyde and (+)  oxidative 
coupling products. Selectivities over CeO2: (II,) Sum of 
selective products. 

chain oxidation products are dominated by 
benzaldehyde, 28.5%, and benzoic acid, 
1.5%, while remaining products, benzoqui- 
none (BQ) and maleic anhydride (MA) are 
low. The oxidative coupling products are 
mainly phthalic anhydride (PA), MDPM, o- 
MDPM, p-methyl-diphenylmethanone (p- 
MDPM), diphenyl-ethanedione (DPED), 
and anthraquinone (AQ). 

Ag-V-O. The introduction of silver to 
the vanadium oxide, catalyst Agl .2V308+x,  

results in an almost complete disappearance 
of the coupling products, traces of PA being 
detected only (see Fig. 7). The sum of selec- 
tive products has decreased from 60% for 
V 2 0 5  to 46% for Agl.2V3Os+x,  but benzalde- 
hyde selectivity has increased from 29 to 
40%. The introduction of silver to the sys- 
tem also results in the appearance of ben- 
zene as a product and a small increase in 
selectivity for BzA. 

Ag-V-Ce-O. The addition of CeO 2 to the 
Agl.2V3Os+ x catalyst gives a strongly in- 
creased selectivity for side-chain products, 
i.e., up to as much as 80% (see Fig. 7). The 
main increase is in BzA with less in BA, 
while coupling products are almost negligi- 
ble, around 1%. The selectivity for BzA in- 
creases with decreasing temperature. It is 

known (42) that benzoic acid decomposes 
homogeneously above 370°C at atmospheric 
pressure, but the rate is many orders of mag- 
nitude lower than that required to explain 
this effect. However,  in oxidation of benzal- 
dehyde over V205, a similar temperature 
dependence of the selectivity for benzoic 
acid was obtained (41). This dependence is 
due to its further catalytic oxidation to car- 
bon oxides. 

Mixed product feed. Experiments with 
oxidation of a mixed product feed were per- 
formed with two catalyst beds in series. The 
first bed, upstream, consisted of the V205 
catalyst producing an outlet feed containing 
all the various products. This bed was fol- 
lowed by a second catalyst bed, down- 
stream, consisting of one of the catalysts 
Agl .2V308+ x o r  Agl.2Ceo.06V308+ x. Thus, it 
is possible to follow the conversion of the 
various products over each one of these cat- 
alysts by comparing overall yields. 

Figure 8 shows the conversion of toluene 
and the yield of products of the three main 
routes, i.e., carbon oxides, side-chain oxi- 
dation products, and oxidative coupling 
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o o 

CONV. COx S-Ch.P. C.P. 

FIG. 8. Comparison of oxidation of mixed product 
feed o v e r  V 2 0 5 ,  Agl.2V308+ x and Agl.2V3Ceo.06Os+ x cat- 
alysts. Conversion of toluene and yield of carbon ox- 
ides (COx), side-chain oxidation products (S-Ch.P.) and 
oxidative coupling products (C.P.). Blank bars; single 
bed, 2.0 g VzO 5. Horizontal lined bars; two beds, first 
bed 2.0 g VzO 5 followed by a second bed of 0.4 g 
Agl.2V3Os+ x. Speckled bars; two beds, first bed 2.0 g 
V205 followed by a second bed of 0.4 g 
Agl zV3Ce00608+x. 
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FIG. 9. Comparison of oxidation of mixed product 
feed over V205, Agl.zV308 +x and Ag~.2V3Ce0.0608 + x  cat- 
alysts. Yield of (BA) benzaldehyde, (BzA) benzoic 
acid, (PA) phthalic anhydride, (MDPM) methyl-diphe- 
nylmethane. (A) Sum of biphenyl-methanone (BPM), 
o-methyl-diphenylmethanone (o-MDPM) and p-meth- 
yl-diphenylmethanone (p-MDPM). (B) Sum of diphen- 
yl-ethanone (DPE), dipfienyl-ethandione (DPED), and 
anthraquinone (AN). Bar definitions as in Fig. 8. 

products. Clearly, in this experiment, the 
conversion of toluene over the second bed 
is considerable, compared with the first bed, 
and effects on product oxidation, if im- 
portant, should appear. Thus, catalyst con- 
taining silver as the second bed, gives an 
almost negligible effect on the sum of the 
yield of coupling products. For catalysts 
that also contain cerium, a small increase in 
the sum of coupling products is observed, 
due to a small activity for formation of these. 
Neither of these catalysts, therefore, pro- 
duces or facilitates combustion of coupling 
products. 

Figure 9 shows yields of products and 
product groups, mainly concerning the cou- 
pling products. The promoting effect of ce- 
rium for benzaldehyde and benzoic acid for- 
mation is evident. The sum of coupling 
products is hardly affected by the silver and 
cerium additions, but there are changes 
within this group seen by decreased yields 
of MDPM and (A). Thus, these additions 
do facilitate oxidation of the hydrocarbons, 
toluene, MDPM, and the methanone prod- 
ucts as summed in group (A), consisting of 
methyl substituted and nonsubstituted di- 
phenyl-methanones (biphenyl-methanone 

(BPM), o-methyl-diphenylmethanone, and 
p-methyl-diphenyl-methanone). Due to oxi- 
dation of these products, with the excep- 
tions BPM and p-MDPM that give primary 
products belonging to the side-chain oxida- 
tion route (41), other more oxidized cou- 
pling products summed in (B) and phthalic 
anhydride occur in higher yield. This group 
(B) consists of diphenyl-ethanone (DPE), 
diphenyl-ethanedione and anthraquinone 
(AN) and these are apparently not com- 
busted over catalysts with silver and cerium 
additions. 

DISCUSSION 

Catalyst Composition and Structure 

Effects of Ag20 addition. The catalysts 
were prepared from Ag20, V205, and CeO 2 
by melting at 750°C in air. Under these con- 
ditions it is known that CeO2 and V205 react 
with formation of tetragonal C e V O  4 (26), 
whereas Ag20 and V205 may form a variety 
of compounds and bronzes (13-15). Refer- 
ring to Ag~V205 stoichiometry, the present 
catalysts have a composition corresponding 
to x = 0.8, i.e., close to the upper limit of 
the 3-phase region. There is no information 
concerning reactions for the complete sys- 
tem, but it may be interesting to consider 
published phase diagrams for parts of the 
system. For A g z O - V 2 0  5 in oxygen (13), it 
appears that the phases formed during solid- 
ification are  AgzV4On,  belonging to the e- 
phase, and AgV7OI8. For AgzO-V205  in air 
the e-phase is also formed although the 
phase diagram appears different (14). The 
second phase, however, was identified as 
the/3-phase A g 0 . 3 5 V 2 0  5 . This phase was also 
found for A g - V 2 0  5 in vacuum (15). 

The results from the present study show 
that the Agl.zV308 catalyst is multiphasic, 
initially consisting of several silver vana- 
dium bronzes, i.e., the/3-phase and e-phase 
mainly. The main valence states identified 
by ESCA are Ag + and V 5+ , although these 
catalysts contain about 7% V 4+ as deter- 
mined by titration. The ESCA data suggest 
that the surface Ag concentration is slightly 
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higher than nominal. The surface composi- 
tion probably reflects the heterogeneous dis- 
tribution of phases of different silver content 
and particle sizes, but surface segregation 
cannot be excluded. 

The use of the catalyst at low tempera- 
tures (320-370°C) results in changes in the 
phase composition. These are probably in- 
duced by oxygen loss due to reduction of 
the materials during use, which also results 
in a small increase in the surface area. Titra- 
tion indicates a small increase to about 10% 
V 4÷ , whereas by ESCA a considerable sur- 
face reduction appears with formation of 
about 15-35% V 4÷. Silver is still identified 
as Ag + and its surface concentration has 
decreased. These differences may be con- 
nected with the changes in the phase compo- 
sition, i.e., an increased amount of the B- 
phase and decreased e-phase. 

Use of the catalyst at high temperatures 
(400-460°C) results in a further increase in 
the B-phase and decrease in the e-phase, but 
also in the appearance of lines suggesting 
formation of the ~-phase Ag0.68V20 5. The 
mean valence state, as determined by titra- 
tion, corresponds to an overall composition 
of Ag0.sVzO 5 or Ag 1.2V307.5 after use at high 
temperature. Although the V 4+ concentra- 
tion by titration has almost doubled from 10 
to 20% V 4+ , the surface V 4+ concentration 
by ESCA has only changed marginally. The 
presence of the B-, e-, and 8-phases has been 
reported earlier (6, 10, 12), but we do not 
find specific compounds of composition 
Agl. 12V307 or Agl.2V3Os, nor can we identify 
any metallic Ag, as suggested elsewhere 
(10-12). The latter difference may depend 
on the considerably higher silver concentra- 
tion used in those studies, but perhaps more 
important, considerably more reducing en- 
vironment with higher hydrocarbon partial 
pressure. 

The initial presence of/3- and e-phases is 
mainly in accordance with decomposition of 
the 8-phase into the /3- and e-phases (17) 
during catalyst preparation. The reappear- 
ance of a 8-phase after high temperature use, 
where the catalyst is considerably reduced, 

is interpreted on the basis that the reversed 
reaction is possible under reducing condi- 
tions, i.e., 

2/3 + e ~ 4 8  + ½"O2, 

which almost exactly fits the Ag stoichi- 
ometries in Ago.35V20 5 and  Ago.68V20 5 . Con- 
sidering that the surface reduction deter- 
mined by ESCA is higher than the bulk re- 
duction, as determined by titration, it is 
reasonable to assume that this reaction is 
complete in the surface layer. Furthermore, 
since surface reduction of low- and high- 
temperature used catalysts is similar, this 
probably holds for all used catalysts. 

Effects of CeO2 additions. The Agl.2V3 
CeyO8+x catalysts are also multiphasic sys- 
tems, initially consisting of several silver 
vanadium bronzes, the B-phase and e-phase 
mainly. The only difference from the 
A g - V - O  catalyst is the presence of some 
C e V O  4 as analyzed with XRD. It should be 
emphasized that this identification was not 
definite and there are also unidentified lines, 
possibly due to the presence of some other 
cerium compound. Both ESCA and SIMS 
data show that the surface Ce concentration 
is considerably higher than nominal, at 
Ce/V -< 0.02, whereas at higher Ce/V ra- 
tios, values lower than nominal are ob- 
tained. These appear almost constant above 
Ce/V = 0.02, so additional quantities do not 
change the surface coverage much. The data 
may indicate that at low concentration the 
cerium compounds are highly dispersed on 
the surface of the silver-vanadium bronze. 
This is in correspondence with a decrease 
in the Ag/V ratio by ESCA in this concentra- 
tion range. At higher cerium concentration, 
the reversed situation indicates a lower dis- 
persion of the cerium phase, possibly of a 
different composition. 

The phase transformations occurring in 
the bronze phases of the cerium-containing 
catalysts during use are similar to those ob- 
tained for the A g - V - O  catalyst. All lines 
ascribed to CeVO4, initially present, have 
disappeared after use and any Ce-containing 
phase could not be identified in used cata- 
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lysts. With ESCA analysis Ag + is still pres- 
ent, and increased amounts of V 4+ a r e  

found, apparently higher at higher cerium 
concentration. ESCA data show a de- 
creased Ag and increased Ce surface con- 
centration, and apparently the C e V O  4 ini- 
tially present forms better dispersed 
amorphous surface phases upon reduction 
of the catalyst. Since the surface then is 
better covered, Ag intensities decrease. 
Also the increased concentration of the/3 
bronze, after use, suggests a decreasing Ag 
concentration. The further transformations 
during use at high temperatures is as de- 
scribed for the Ag-V-O catalyst, namely 
appearance of XRD lines for the g-phase, 
Ag0.68V205 • 

One obvious and important effect of the 
CeO2 addition is a considerable increase in 
surface area. This is largest at the lowest 
concentration of cerium oxide. It may be 
caused by a different crystallization behav- 
ior upon solidification during preparation 
because of the impurity present. The surface 
area of CeOz alone, assuming it is a separate 
phase, could not contribute more than 0.04 
mZ/g to this sample, if calculating with the 
surface area of the original CeO2. 

Model surfaces. It seems reasonable to 
assume that the various phases detected are 
present at the surface as well as in the bulk. 
The crystal structures of these phases are 

not all known. The/3 bronze is isotypic with 
the alkali/3 bronzes (16). The structure con- 
sists of three distinct distorted VO6 octahe- 
dra sharing edges and corners, two forming 
double chains interconnected by the third. 
The dodecahedral spaces forming a tunnel 
structure may hold two Ag ÷ ions, mainly 
coordinated to the double-bonded oxygens 
of the VO6 octahedra. In the g-phase, 
Ag0.68V205, the structure also consists of 
distorted VO6-octahedra sharing edges and 
corners, but forming double layers (32). The 
Ag atoms are placed between the layers in 
positions of fivefold coordination with the 
double-bonded oxygens of the VO6 octahe- 
dra. Also notable is that the V~--O distances 
are about 1.49 and 1.54 A, slightly shorter 
than 1.585 A for V205 (43). The crystal struc- 
ture of the e-phase is not known, but the 
structure is possibly built up in a similar way 
with Ag + coordinated to mainly double- 
bonded oxygens. The structure of the work- 
ing catalyst is thus rather complex, but con- 
tains as essential elements distorted VO6- 
octahedra with V--O bonds shorter than in 
V205 and Ag + ions coordinated to the V--O 
oxygens. As a first approximation we may 
assume that the situation at the surface is 
similar to that in the bulk, and contains 
V--O species, both coordinated to Ag + ions 
and due to a fractional occupancy of its site, 
also uncoordinated V~---O species. Figure 10 

z 
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FIG. 10. Structure  of  Ago.68V20 5. 
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FIG. 11. Structure of V205. 
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shows such a possible surface configuration. 
An important difference from the structure 
of V205 concerns the (010) plane exposing 
arrays of V--O and VS+-cations (see 
Fig. 11). It is thought that these structural 
differences can explain the various catalytic 
properties. 

Catalytic Performance in Relation to 
Structure 

V-Ag-O catalyst. The catalytic effects of 
the addition of Ag are an increased selectiv- 
ity for side-chain oxidation products and a 
complete lack of oxidative coupling prod- 
ucts (CP). The activity per unit surface area 
also increases considerably. Experiments 
on oxidation of a mixed product feed 
showed that an increased part of initial inter- 
mediates reacts toward side-chain oxidation 
in preference over oxidative coupling, ex- 
plaining the lack of coupling products. 

The effects can be rationalized on the ba- 
sis of the structural differences (see Figs. 10 
and 11). Earlier observations suggest that 
formation of the CP is enhanced over well- 
crystallized V205 (44, 45) containing a con- 
siderable fraction of exposed (010) crystal 
planes, whereas amorphous and highly dis- 
persed V205 produces much less CP, if any 
(46). An important ingredient for their for- 
mation is thought to be surface properties 
such as production of the initial intermedi- 
ates at high concentration and facilitation 
of their interaction. This situation may arise 

at the (010) plane where arrays of V = O  
species and V 5+ cations are exposed (see 
Fig. 11). In the initial adsorption step of 
toluene, a coordination of the ring system 
to the cations could activate the molecule 
for the subsequent step. A partial or full 
charge-transfer would considerably reduce 
the methyl-hydrogen bond energy, greatly 
facilitating the hydrogen abstraction pro- 
cess (40). The latter function is fulfilled by 
the strongly nucleophilic V--O oxygen, and 
for geometric reasons, may occur while the 
molecule is still coordinated to the cation 
center. The reaction may continue along 
two directions; either the intermediate is re- 
tained on the cation center or else it reacts 
with another V--O oxygen. In the last case 
further reactions lead to benzaldehyde and 
benzoic acid. In the former case, encounter 
with a second intermediate or molecule 
leads to coupling products. 

Based on this model, one may account 
for the effect of the Ag addition with the 
structure of the a-phase. In this surface (see 
Fig. 10), coordinatively unsaturated Ag ÷ 
ions are present, bonded to V--O oxygens. 
Depending on the Ag content of the phase, 
these sites will be only partially occupied, 
and both Ag ÷ ions and V--O species are 
available for the reaction. The Ag ÷ ions may 
take the role of the coordination center, 
while the V--O oxygens are of a higher nu- 
cleophilicity than in V205, as seen by the 
shorter bond length. This combined effect 
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could explain the increased activity of the 
A g - V - O  catalyst and the increased ten- 
dency for side reactions of the intermediate. 
Since the Ag sites are dispersed over the 
surface, it is considered less probable that 
the intermediate encounters a second inter- 
mediate or molecule for formation of CP. 
Rather, a higher probability for continued 
reaction with a second V-~-O species for 
further reactions along the side-chain reac- 
tion route is considered. 

The model discussed above does not con- 
sider irregularities such as defects and par- 
tially reduced phases. The activity of the/3- 
phase for oxidation of CO has been dis- 
cussed in terms of defects as in V205 (9). 
Clearly, one effect of the Ag-addition is to 
raise the concentration of  W 4+ (see Table 2). 
The higher reactivity of the/3-phase is also 
seen as an increased rate of reduction by H2 
and a lowered onset temperature (47). Also 
a facilitated lattice oxygen desorption was 
observed (48). The effects suggest a combi- 
nation of increased hydrogen abstraction 
strength with increased mobility of lattice 
oxygen. 

A g - V - C e - O  catalysts. The catalytic ef- 
fect of Ce is mainly to increase the selectiv- 
ity, which is as high as 80% for side-chain 
products.The main promoting effect is for 
benzoic acid, whereas benzaldehyde has in- 
creased less. A certain activity for formation 
of some oxidative coupling products are ob- 
served. The increased selectivity is opposed 
to the completely unselective properties of 
CeO2 itself, which indicates that any free 
C e O  2 is not present in the catalyst. The ac- 
tivity of the material is also affected. With 
cerium addition to the A g - V - O  catalyst, 
activity increases, except at low concentra- 
tions, where lower activity is obtained. 

The effects of cerium are not easily inter- 
preted on a structural basis. Possibly a 
model with cerium compounds partly dis- 
persed on the surface of the active sil- 
ver-vanadium bronzes could be useful. 
Then the activity drop at low cerium con- 
centration can be correlated with a partial 
coverage by less active cerium compounds. 

In support of this, a further surface segrega- 
tion of cerium by use of catalysts at high 
temperatures results in a decreased selectiv- 
ity, and CeO2 was found to be less active 
than the A g - V - O  catalyst. The increased 
rate at higher concentration is possibly cor- 
related with a decreased cerium dispersion, 
resulting in less coverage. The Ce concen- 
tration should consequently fall within a 
suitable range. 

The dispersion effects of the cerium com- 
pounds over the surface are not clearly con- 
ceivable, and one should also consider ef- 
fects of a close proximity between Ce3+/ 
Ce 4+ redox couples and the active site. The 
Ce3+/Ce 4+ redox component was consid- 
ered important for maintaining the activity 
of Bi-Mo and Te-Mo oxide catalysts for 
ammoxidation of propylene by promoting 
rapid reoxidation and reconstruction of the 
active sites (21). In exhaust cleaning cata- 
lysts, cerium oxide has frequently been con- 
sidered as an oxygen storage function (25, 
49). It has, however, become recognized 
that the situation is more complex, with 
CeO2 contributing to a number of catalytic 
functions (50). In particular it interacts with 
the noble metal, modifying its reactivity (50, 
51). In a way these aspects could fit with the 
selectivity dependence on cerium concen- 
tration, BzA increasing almost linearly with 
it, suggesting that there is an increased sup- 
ply of lattice oxygen species facilitating oxi- 
dation of benzaldehyde further to BzA. 
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