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Abstract— Geometric and electronic characteristics of V-Mo-P mixed oxide catalysts supported on 7-Al;0s, TiOy
fanatase) and 2-Al;03 have been investigeted by using X-ray diffractometer, FT-IR, ESR and UV-visible spectroscopy.
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Vanadium oxide in the form of V, 0, changes to orthorhombic crystalline V,05 by calcining the fresh catalysts in air
flow at high temperature {(450°C, 20hr) and the (010) face of V;Os is selectively exposed on the surface of TiO; support.

According to the results of FT-IR spectra of the catalysts, the V=0 stretching mode is observed as absorption
band located at 1020 cm-! for calcined catalysts except V(1.5%)/TiOy{calcined), V(1.5%)7-Al,04(¢alcined) and
V(3.0%)Y7-Al,0; (calcined). And the absence of V=0 stretching vibration for V(3.0%)7-Al,03 (calcined), unlike
V(3.0% ¥TiO;, (calcined), suggests that at lower V,05 content the V05 loaded on 7-Al,05 barely forms surface V=0

species but does form inactive vanadium ions.

Regardless of calcination condition, UV-visible diffuse reflectance spectra of catalysts show the absorption band in
the 500nm-600nm region which is assigned to a charge-transfer transition from 02 to V5+. And the VMoP/TiO, ca-
talyst give the largest value(2.292 eV) of the electron transition energy from 02 to V5+. It is shown that the catalyst
supported on 7-Al,03 has a hyperfine structure V4* centers that could not be easily oxidized, on the contrary the
catalyst supported on TiQ, has easily oxidizable V4+ centers.
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Table 1. Experimental data for the preparation of oxide catalysts
; 2
Catalysts Active components(g) Supports(g) Surface arezlx(m /g)
V.05 APM* 7-AL0, e-Al0;  TiOfa)**  Fresh Calcined
VI%ALO, 6.2 13.8 84.88 58.98
V/TiO, 6.2 13.8 2.14 11.12
VMOoP/7-Al,04 1.92 4.28 13.8 119.53 109.14
VMOoP/TiO, 1.92 428 13.8 14.25 7.05
V(1.5%)/TiO, 0.3 19.7 8.52 8.38
V(3.0%)7 TiO, 0.6 19.4 9.19 7.80
V(1.5%)/7-Al,03 0.3 19.7 172.47 177.38
V(3.0%)/7-Al,03 0.6 194 164.79 180.40
V/a-Al,0, 6.2 13.8 6.46 4.56
VMoP/a-Al,03 1.92 4.28 13.8 3.15 2.33
*AMP: ammoniumphosphomolybdate
**TiO4a): titanium dioxide (antase)
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Fig. 1. X-ray diffraction patterns of
(A) V/7-ALOj (fresh)
(B) v/ ‘A1203 (ca.lcined)

(C) VITIO, (fresh)

(D) V/TiOy (calcined).
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Fig. 2. X-ray diffraction patierns of
(A) VMoP/¥AL0, (fresh)
(B) VMoP/7-Al,05 (calcined)
(C) VMOoP/TiO, (fresh)
(D) VMOoP/TiO, (calcined).
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Fig. 3. X-ray difiraction of patterns of
(A) V(1.5%YTiO, (fresh)
(B) V(1.5%)/Ti04(calcined)
(C) V(3.0%)/TiO,(fresh)
(D) V(3.0%)/TiOy(calcined).
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Table 2. Morphological factors of the calcined ca-

talysts
V-oxide V-Mo-P Oxide
Catalysts f=Tior'loso Catalysts f=lotloro
VIT-AlO4 1.095 VMoP/»-Al,O5 1.686
V/ITiO, 0.968 VMOoP/TiO, 1.173
Via-Al,04 1.025 VMoP/a-Al,05 1.339
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Fig. 4. X-ray diffraction patterns of

(A) V/e-AlO; (fresh)

(B) V/a-Al,04 (calcined)

(C) VMoP/a-Al,0; (fresh)

(D) VMoP/a-Al,O3 (caicined).
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Fig. 5. UV-visible diffuse reflectance spectra of
V/7-Al, 04 (fresh) and V/TiO, (fresh).
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Fig. 6. UV-visible diffuse reflectance spectra of

V/7-Al,0, (calcined) and V/TiO, (calcined).

3-3. UV-visible Diffuse Reflectance Spectra(DRS)
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Fig. 7. UV-visible diffuse reflectance spectra of
VMoP/>- s (fresh) and VMoP/Ti0, (fresh).
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Fig. 8. UV-visible diffuse reflectance spectra of
VMo/7-AL,0; (calcined) and VMoP/TiO,
(calcined).
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Fig. 9. UV-visible diffuse reflectance specira of
V(1.5%)/Ti0(fresh) and V(3.0%)/TiO,
(fresh).

nmoilx 7zt 4 2FEo] vehgort £4 F
8 V(1.5%)/TiO; (&4 %), V(3.0%)/TiO, (%A
F)v 247 545nm, 580nmelld F4 ~HWEIL o
%t & Ti0, AA A9 vhdE monolayer 9 1-2
layer Folj= 44 ¥l AIglel 500 nm-600nm 2
charge-transfer transition %32 4 A" ezlo|
Astele. ole 44" Fol V(1.5%)/TiO, (&4
F), V(3.0%)/TiO, (4 F)oll e+ OollA
Verz o] Aslolgol Uee He F= lo|Aul &4

A Fo) V(1.5%)/TiO, (&4 A), V(3.0%)/Ti0,

100
— V{1.5%)/TiO3 (calcined)

-~ V(3.0%)/'TiOs
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S
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Fig. 10. UV-visible diffuse reflectance spectra of
V(1.5%) TiO, (calcined) and V(3.0%)
TiO, (calcined).
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W
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Fig. 11. UV-visible diffuse reflectance spectra of
V(1.5%)/7-A1,04(fresh) and V(3.0%)/r-
Al,0, (fresh).

(&4 Aol HslME O ollA Verze] Aslo]5g o}
Bl Aeletnt A= gos V/TiO, mul-
tilayer w2} wlmdle] B o £A4 A w|ske] w}
g ARSHE2 TiO, (anatase) A1R|A|eke] 743 A3
& wEel 500nm-600nm o] §4 2P E2 ool
vehd ez Hoelgr),

Fig. 113} 125 A=nw £4 A9 V(1.5%)/
y-Al 0O, (x4 A), V. 0%)/')"A1203 (a4 A=
24 470nm, 472nmolA 77 4 B Ee] e}
Wi, &4 39 V(L5%)/y-ALOs (&4 ¥), V(3.0

100

/— V(1.5%)%Aly03 (calcined)
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Fig. 12, UV-visible diffuse reflectance spectra of
V(1.5%)7-Al,0, (calcined) and V(3.0%)7-

Al,04 (calcined).
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0%)/v-ALOs (&4 #)& 470nm < 495nmol4] 7+
7t & 2P EYE Atk ole Tio, AR o
E Anolu, &4 A3 BAIG] y-ALO,; AAA A
9] vh}E monolayer 9 1-2 layer 7+ y-AlLO,
AR A Fdel] vigAle] whis AR QAo Qi3
500nm-600nm Atole] QoA V5+29 Aol gg
el F 2dElo] Ea51x] gfon oj& V/
y-AL,O; multilayer Zvj9} viLdled & af ¢-ALO,
A4 Fedoll =R w]BA o] whiF AbsHEol AAE
2 2 Slo] S e vhtE AlEEe] A4S F
23 4 QA 3}d FY o]+ Inomata[l9] 52 A
Heote &g sldct.

Fig. 133 148 57 V/a-ALO, (&4 A), V/
a-Al0; (24 ¥)+ 34 495nm, 570nmoll4] Z-2
F a¥E o] YElytow ol V/y-ALO, V/
TiO,%t =l bR 44 Follat QoA Va2 e
charge-transfer transition ©| Jebdg & 4+ A
o}, ®=§ £4 A VMoP/a-ALO, (&4 AH), £4
¥ VMoP/a-ALO; (&4 #F)= =3 520nm, 550
nmolA 77 4 AQEHS odof y-ALO,, TiO,
Az Ao M2} vlxt7lR 2 @-AlL O, AAAANE &
2l Qlo] A lww 44 AFo] FAglel 500
nm-600nm AlejollA F4 AHEFC] elhdE I
85k, ol 44zl ¢l VMoP/a-ALO, (&4
F)oll glojAE OFolla] VR AdlolFo] U
Yehdl= Aol 44 A F9] VMoP/a-Al O, (&
A Aol el EFE A2 =" ammonium-

100

—— V/a-Al,05 (fresh)
-==- Vf- Aly03 (calcined)

Reflectance (%)
o
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0 y v T
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Fig. 13. UV-visible diffuse reflectance spectra of
V/a-Al,O; (fresh) and V/a-Al,04(calcined).
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——VMoP/a-Aly0;3 (fresh)
-=—~VMoP/a-Al;03 (calcined)
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0
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Fig. 14. UV-visible diffuse reflectance spectra of
VMoP/=-Al,0; (fresh) and VMoP/o-Al,0,4
(calcined).

phosphomolybdate (APM)ell  9J&ll 500 nm-600 nm
oA F APERC] vehd etk zElx, 600
nm-800nm A}el 2} one-electron d-d transition 3%
o] gl= ZeoR Hol V47t A9 EAalr]| ¢3¢ 2
A5 gieh,

7z} Zojlo o3l Diffuse Reflectance Spectrum -
2H2¥ valence bandel# conduction band £
transition energy (E,)Z 73 Table 3 A3ich,

Table 304 2t s} FFo] AA| vkGoll ARE-3LIL
e 245 Fo V/y-ALO (&4 F), V/TIO (&
A 3) V/e-ALO, (&4 F), VMoP/y-ALO; (&
A %), VMoP/TiO, (&4 %), VMoP/a-AlO;
(44 F)E9| Ho] ofuiz] e vhis AMslE Fels
A4 V/TiO, (44 F), vhis -Eeludl -q &%

Table 3. Transition energies of 0%~ to V5% for the
prepared catalysts

Catalysts E7 (fresh) E 7 (calcined)

nm eV nm eV
V/IT-Al,04 475 2.606 570 2.171
V/ITiO, 445 2.781 565 2.191
VMoP/7-Al,03 540 2.292 555 2.230
VMoP/TiO, 525 2.358 540 2.292
V(1.3%)TiOy 500 2.475 545 2.271
V(3.0%)/Ti0, 520 2.380 580 2.134
V(15%)TALO; 470 2633 470  2.633
VE.O0%)-ALO; 472 2622 495 2.500
Via-Al,03 495 2.500 570 2.171
-~ VMoP/a-Al,03 520 2.380 550 2.250
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3-4. FT-IR(Fourier Transform-IR) Spectra

Fig. 15004 X vfe} 3lo] 44 A9l V/y-ALO,
(&4 A), V/TiO, (&4 )= vhepd uiel 3lo]
V,0s% 24l S4k4bel SaiA|zlemg V,0.9 A
49l V=0 stretching vibration ©| “ehIA] $43
—9-1’}' :17—‘-?.' i’%‘ ; V/’}"Alzoa (-/-"'—”(6‘ '-;'), V/TiOz (i
A F)e A4 1020cm oA VS*=0 stretching
vibration o] Uehte g 31 £44] V,0, AAA%
02 V=0 ZAdo| AAGE & 4 Uz TiO,
(anatase) AIF|AAelA ©]8 738 VS+=0 stretch-
ing vibration o] Yeht V,0,% ¥lAA] y-ALO,R
o} TiO, (anatase) 9} 743 A32tdo| EAEE F5
T 4 gk, =3 44 A9 VMoP/y-ALO, (=4
;ﬂ), VMOP/TIOz (—/:_—’%q ;ﬁ) %’UHT‘:‘ E—‘?‘ VzosTEJ ‘g‘
Azl F E2uds, gle] Arlsle]l V=0 st-
retching vibrationo] Yehixl @9k g &4
3 VMoP/y-ALO; (&4 %), VMoP/TiO, (&4
%) Zuj& 2% Vs+=Q stretching vibrationol 2]
3 ket F49erl 1020cm oA VR g 424
A V=0 Zo| AAdE g 4 Yaiet.

Fig. 162 A#i® = ulh}bE monolayer V{(1.5%)/

\ /"\' \ \‘ ',\:
\ VR I
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Fig. 15. FT-IR spectra of
(A) V/Y-ALO; (fresh) (B) V/7-Al,Ox(calcined)
(C) VITiO, (fresh) (D) V/TiO; (calcined)
(E) VMoP/*Al,0; (fresh)
(F) VMoP/-Aly0; (calcined)
(G) VMOoP/TiO; (fresh)
(H) VMoP/TiO; (calcined).
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Fig. 16. FT-IR spectra of
(A) V(1.5%)/TiO, (fresh)
(B) V(1.5%)/TiO; (calcined)
(C) V(3.0%)/TiO, (fresh)
(D) V(3.0%)TiO, (calcined)
(E) V(1.5%)/7-Al1,0; (fresh)
(F) V(1.5%)/7-Al,03 (calcined)
(G) V(3.0%)/7Al,04 (fresh)
(H) V(3.0%)7-Al,03 (calcined).

1000cm-1

TiO, (=4 A), V(1.5%)/TiO, (&4 F) FulelA
B 44 Ao FAglel 1020cm el e V=0 &
£ g gelg 4 glgley}, shtE 1-2 layer &)
olME V(3.0%)/TiO, (&4 #A)EF x& 248 V
(3.0%)/TiO, (&4 F)ell tis] V=0 stretching
vibration ol 2% ek F49ert 1020 cm ol A
ehde o 4 9t 28y y-ALOE AAA 2 A
23 ®wh}E monolayer V(1.5%)/y-AlO, (&4
A), V(1,5%)/y-ALO; (&4 F) whig 1-2 layer
V(3.0%)/y-ALO; (&4 #), V(3.0%)/y-ALOs
Syofl tisiAE VEt=0 FFPc=g AQlE &
iolch, 2eleR AAA $del #AE e 27| vhiE
3H&2 TiO,(anatase) AA|A} 733 Azatgol
Aehg o 4 Urh,
2oz Fig 17¢ 29 44 A V/a-AlLO,; (&4
A) Zooj A d4] 1020cmolAe] V=0 stre-
tching vibration& #el& 4 ¢lglovt 2 443
V/a-ALO; (&4 %) &dle V/TIO, (&4 )9k ¥]
%3 ele] Vir=0 F4UcE Aold £ it =
VMoP/a-ALO, (&4 A)x m2og LAslodolat
Vi+=0 F4WeE zZtE VMoP/e-ALO,; (24 3
2 H8Hs 4 4 U

B
o,
o

§O

o=

T

3-5. ESR(Electron Spin Resonance) Spectra
£ 2] V/y-ALO, (24 $)ol tHalA= Fig.

HWAHAK KONGHAK Vol. 27, Ne. 2, April 1989



234 ojals} . AAA - A

\\ \\
\ \
‘\ In\-\ | I\\
Vo ;; \
[ 1 (] “ a
1 \ ,’\
1 by \
I o
i oo
hi oo\
1 ]
|
(B) (D)
—_— —_—t
1000cm-! 1000cm-1

Fig. 17. FT-IR spectra of
(A) V/o-Al,0, (fresh)
(B) Via-AL,O; (calcined)
(C) VMoP/a-Al,03 (fresh)
(D) VMoP/e-Al;03 (calcined).

79| DRS 248 Vo ZA1% % 4 o}, =
Vtr= (Ar)4s3d o] AxpRAelA d- A= H= 14
7} g2 Aejolmg o] Hxlol &3 one-electron d-d
transition °342] 600 nm-800nm oA A=z F47}
A}, oleldt V&re A4 o] fx] ¥ AgE Azt
(unpaired electron)7} $lo] AF2H4 (paramagnetic)
< WA =22 ESRel o8 xE + gloy Vs,
Mo®**2t Mo**[Mo ¢ Axpelx ; (Kr)5sdd] 5 #
fe Az} gloog HixlA-e ZH| =lo] ESRel 9
3 X5z dech, Fig, 182 Zof V/y-ALO, (&
4 F)9] ESR 29 E&S Yeh) Helch, & o] Ax}
= A7 39 diake Azt dAgs AaAe-S 5
22X A7 Zol4d T2 (hyperfine structure)oll <
g 2HEeRo2 VOSO,4 ESR 2P E3 A4
Vel ERE Jell= Aeld, ol2{dl hyperfine
ESR structure 8] V4 Alioll &3 A Aksks]x|
%l ol L porert B y-ALO; AAA ol
A A FAALe] Fike = Ab49] diffusion of
ol8]r] Wi Aoz F2xc

Fig, 195 V/TiO. (&4 %)9] ESR A¥Edjoz
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magnetic field

g
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Scan Range 10KG
Field Set 5KG
Modulation Amp. 1.25x 10G
Modulation Freq. 100 KHz
Receiver Gain 1.6x10
Microwave Power 12dB (12.7mV)
Microwave Freq. 9.512 GHz
Fig. 18. ESR spectra and conditions for V/7-Al,0,

(calcined).

Fig, 187 22| singlet 9| signal & 2}, o|A-&
TiO, AR A A4 DRSEE A& 4+ goded V4
o] EAE Bqld Ao 1 £A4HE Zollele Vit
vl FolRleg Mol Aelrh, Singletd V¢&
h.f.s. 2] V#ebs whe] Abkol ofs) 4A| Asts|Ed)
o|4e] A= Tarama 5[11]3 Echigoya 5[16]9
Aot & AAsgT, Fig 202 Z9) VMoP/y-
ALO, (=4 3%)9 ESR ~a¥EZ oy V/y-ALO, (&4
%)o] ~"dezguct hf s splitting©] % F43)
A velted ol e 44 Folz AxMAge] Ve,
Mo®*, Mo*7} EA3E A Aoldd, & &
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Fig. 19. ESR spectra and conditions for V/TiO,

(calcined).
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Microwave Power
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Fig. 20. ESR spectra and conditions for VMoP/7-

Al 0, (calcined).
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Modulation Freq. 100 KHz
Receiver Gain 4x10
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Microwave Freq. 9.512 GHz

Fig. 21. ESR spectra and conditions for VMoP/
TiO, (calcined).

o] E £4 417l w2l ammoniumphosphomolybda-
te(APM)ollAd MoQ; A2 AAAgrez Mos,
Mo**7h o= Hx EA3l V,0,9 AlgEol V,0s
AL o] = Ao A7 Vel B oS SRt
ESR signal o] #=l® Aoz A7y,

Fig. 21& VMoP/TiO, (=4 %)9 ESR &a¥ e
t}, o] 2AEHL V/TiO, (=4 )9 singlet &

°,

gealzhs 9o ofx A= hfs, 2HEYH FAG
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o]_‘{y_
sl Wshel Aoz F3Hgi,

frt
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1. Foj& 78 £4(450C, 20hr 37]%-517])4]7)
o utel z|x]Alel] V0.2 Fez FRd ehts A3t
22 V,05 orthorhombic AA+2E ZA sd &£
2 A"l =xl3E  ammoniumphosphomolybdate
(APM)+ MoO,& ¥sig¢ o 4+ AUAc,

2. AAHZ TiO, (anatase)F A3 Zofol sl
4] morphological factor zte] Zelzxi=z  Ti0,
(anatase) AAAE FE A3hEgol fEld V.09
(010)34& Adxos =&A7E FHeist + U
o},

3. y-ALO,; AAAAANA V,05 w1z Eo #]
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