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#5 &MoVO

=% &MoVO

ERF®MoVO  TF7EILT7 7 AMoVO

Fig. 1. Structural model and HAADF-STEM images of crystalline Mo3;VOy oxides. Structural units enclosed by solid and dot
circles are a pentagonal {MogOy} ™ unit and a 7-membered ring, respectively.

13 MoVO D # ST IK 7 1 & Z 7 & fili LK% B 3741 12
FBHET, BHTOERDLEDTHIT %,

2. MoVOD#E&Wk 7O+ X

MoVO i (NH4) ¢M07044°4H,0 (AHM) & VOSO,-
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ZOFRIZBNT, EHR AHM B L FHO VOSO,
B REGDE D LREVROLOBEIHON D,
C D % T Raman RE UV IS X DT L 72 &
A, WHEMICIE [Mos Va0 (H0) 56(SO4) 12]*
(IMo7 Vol ) 2B LTHED, Mos Vaol HO Mo
EVY ORI EM BB X ) ERICEB LT
Wb 2 E Do 72 BRI O pH & 2
A TCKBEWEIT 572825, MoVO DI 1% pH
W& T o 720 Table LIS UVIC X Y HIE L7
i % pHIZ BT 5 MoVO Hi KRR O {Mo7, Vil
i LR L 7ok oG A B X O & RS,

Tl 5 72 LTI ATBRAR A O pHAS3.4~4.0D &
I EACHERIEONLE D 5724 (Entry 1,
2),pH% 32 F T T &% 25 &5 M MovO (Orth-
MoVO) 238 L7z (Entry3), pHE22F TE 5
T S22 L, #1778 Movo & Rz MLK, HE

By FCHESNAN L=y ORI RLR S
=77 i MoVO (Tri-MoVO) 725 L 72 (Entry 5)o
pHZ S BHICT, 178356 &, &EBE/NRKRD
BB, BRI Mol © SHEtZ= v I %
T R WES TSR D Moo g Vo30204 BBILY) (Hex-
Moos7Vo.130204) A= MoVO & & HICEIZE L 72
(Entry 6) o pH % 1.2 &9 % L #5771 Moo s7Vo.130294
DAEIFE NIz (Entry 7)o WUV I & 0 BEERAKE
D Moy Vol ZMELZ2E 25, pH=2.7~
40128175 Mo Vol HIZ09~1.1mMIZETH-
72e THMEMA 72V D51~63%7H° [Mon Vol K
KBS LTWwbZEE2/RLTWS, pHE22FTTF
F5E Moy Vil 1306 mM F THAL, pHZ 1.2
FTELRTFIFbEMmITIZEAECE RS, &
DL E, HERPORYEBHE LTIE Mopn Vil Tl
%, X DHEDHEIT L7 MosOiat ® (IMosel ) 2
=y PR L TV T2 T TORBEZRETS
&, {Mon Vil FAETTIE MocOxt* 5 HBEL= v
b 2 REFERICE LRI B £ =758 MoVO 25TE R
L. Mon Vil FEFFAE T TS H b Moos7Vo130204
DHRDHESENTZs Mo Vil £ EMoVO, B X
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Table 1. pH and concentration of {Mo7; Vs in the precursor solution, and the product amount and their crystal phases after
hydrothermal synthesis with or without the seed at 175 C for 20 h”.

Concentration of

{Mo7, Viof

Crystal structure of

b e .
Entry  PH i om Vil © jeld Seed the obtained solid Amount of solid
y

1 40 0.9 mM 51% —1) —g) 00g
2 34 1.0 mM 57% —f) Orth-MoVO 03¢
3 32 1.1 mM 63% —1) Orth-MoVO l4g
4 27 1.0 mM 57% —1) Orth-MoVO —
5 22 0.6 mM 35% —f) Tri-MoVO 50g
6 1.7 0.4 mM 23% —1) Hex-Mogs7 Vo.1302.04" + Tri-MoVO —
7 1.2 0.0 mM 0% - f) HCX-M00_37 V0_1302_94h 6.7 g
8 4.0 0.9 mM 51% Orth-MoVO  Orth-MoVO 13¢g
9 40 0.9 mM 51% Tri-MoVO ~ Tri-MoVO 17¢
100 40 0.9 mM 51% Orth-MoVO  Orth-MoVO 0.7¢g
1’ 4.0 0.9 mM 51% Tri-MoVWO  Tri-MoVO 1.8¢
12¢ 4.0 0.0 mM 0% Orth-MoVO ~ —g) 0.0g
13 1.2 0.0 mM 0% Orth-MoVO HCX—MOQ,W V0,1302,94h 6.9 g

i Unground Orth-MoVO seed was added.

! Tri-MoVWO was used as a seed.
V,0s was used as a V source.

LTWw2b, #HEMVOTIZ2DD MogOal*~
B2 =v FH—2D (VO
EHRMO2Z=y N THY,

[MogO21} *~
TG L

A, Mo Vil
=y M ENENHMGE

=R o =

5

Vo Hh—THIGL
= MoVO TiX320
SHEZ= Y F2%320D (VO ) v 5 —
v N ThHb, TOFFEE

S ENAE LT 4 v

LTI DSEST S 5 &)

2=y PREERIER T 0 2 235 L7 (Fig. 2(a).
HpH BT {Mog Viof 2FAE L TWTH MoVO A*

TR L o 7B FEITD VBT, DIRELC

BT %o

#EN T, MoVO i BEARE R H B 7 L 7244 5
MoVO % = i MoVO % i & i & L Tl 2 Tk 2k
B AT T5L, ARMVOBTHM L %
WpH=4.01CBWTdH, i & MO Mg D

MoVO 2SR L 72 (Entry 8,9)

TR b

hh 2 Y,

RV O £ TS LRI E T

L7z enb,
AT (a—bTHT) 7

IR E BT 5 2 L CTHENT S
HAEIER IR S L Tw b

Hydrothermal synthesis was carried out using the precursor solution prepared by (NHgs) Mo;0,4 * 4H,0 (Mo: 50 mmol) and
VOSO; * 5H,0 (V: 12.5 mmol).

pH of the reaction mixture was changed from 1.0 to 4.0 by adding 2 M H,SO; or 10 wt% ammonia.

Estimated by UV-Vis.
Based on V.

Seed amount was 0.3 g.
No seed was added.

No solid was formed.
JCPDEF: 00-048-0766.

ZEHIREE NI (Entry 10)e WEFAZZ I
MoVWO Z i & L THWIEE, = Movo
EREAE G & L7228 S ARIZRIEE T =070 MoVOo 28
#5172 (Entry 11)o Fig. 2(b) 1= HEMoVWO %
ﬁ%m&LTA&LtMﬂmwsmMm@mg@%
KT o Mo, VIZHRIRAS 512 W25 LT W7z 28,

iT%kauEE@E/uEPi“C“Li?‘E' FNTVhrols
Z ORFIZAE L 72 MoVO TS SO AW & &
ATWVDZEDD, MoVO Id MoVWORIRE b DT
MRS E LTSI EDR ol XD,
MoVO ZHlifEf & LTHWS &, MoVO #ii i Wi i &
(a-bT) A S 727% MoVO LT T 5 & & L 72.
—J5, kA WA HIZBWYTD, Mo Vil
IV TH > 720 [HpH (pH=4), [{]Mo, VT, V
JRICNHVO; Z HWTRBEG I T 728 25 (2
D Moy, Vaol IZTEH L TWvy), MoVO D4 b
TR S e Ao 72 (Entry 12)0 72, Moy, Vil
DIFFE LRV pH= 12 TKEE K Z 1T - 12354,



(13) Vol. 33, No. 4 (2016) 113

—EEEMOVO

(C)

=% @mMoVO

77 &MoVO

¥, .
“: i;z:; {Mo;,Vao} 4

%

Fig. 2. (A) Crystal formation scheme of orthorhombic MoVO and trigonal MoVO. (B) STEM-mapping image of trigonal
MoVO prepared by using trigonal MoVWO as a seed. Formed crystal didn’t contain W. (C) Crystal formation scheme

of MoVO in the presence of the seeds.

RROBMOATI A DD ST, MogOul 5 ABR
L=y M EEGE HWEANTT RO Mogsy Vo.130204 R
LWL oNnzero7z (Bntry 13) L EO#ERE
AT AL, MRS ZH W72 MoVO S KIZBWTIE
Tl S OFE ST (a-b1H) ASFEAZEE LCTHREL,
Mor, Viof DL = MtfEZH-> TV Z &8
HECE 5 (Fig.2(c))o pH= 4of$i%uaa%)ﬂwt:
WA IIMoVO DI L %2 52 o 724 Z D pH
2BV T Mo Vil ﬁ‘%uﬂﬂ’l‘;%ﬂ:ﬁﬁ‘z'@§ mro7z
CLIERTLEEZONDL, ¥F T4 PAKICE

B RERESRINE T, B4 I 4 Ao R R IR
WHICHRE MDA T A=y PG EFA TS
LEIZ, HirkEd T4 baEET 52, Movo
L Mopn Vil MBI =y bE2AHLTWS
ZEEEZLE, LTV MoVO K IEE 7
Ot A FEL T4 POZFNEFPL T D, &EEE
FANMIAE X—Z L L72MoVO & TO, A (T=
Si,AlZZ EDILHE) #RXR—A L L€+ T4 A
LU 72 Bt il SR 3 2 HIIT KRB BIR IRV
LI E, MoVOIEHIBRARIEEHICAAET S Moz Vol
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PO EINDIENT s vy MRS E L
7=y PROKREK 7O AICX YK TS S
EWW S0 E o720 MoVORERS SASIFES % &
Moz Vsl &3l OREE L= v N &4 5
HERCE VT 4 7=y PHERL, #1727 MoVO
DI L TV L 2 ED50 o720

3. 7EBEMIEEMEORIE"

AT INFETI, KEEBSMAOHE, &Y%
BOLEIZ LY, FAREOMBE TG = > b OB D
HOE L, FOTdh, ZHE, B, BIOREE
J O EFNE R T H % A3 )7 T AASHLHN 72 Blg
ZLTWALTENLNT 7 AMoVODEHIZEII LT
% (Fig. Do INBIEWTND, Mo, VEIE % Hul
& LR NHROEHERBLANC X VI L7z ab
A5, 5 TE R A U TR A 2 > 72 g A
WERTH Do abWIE, MoOnl ™ 5EBRI=v b
PEEAMKEANLTHY b7 —2ZRISHEREL, 4
Tk, S, BXOTELT 7 ATIE6, 7 HEMN
s, IEHRTIEs 6 BRI T 5, Fig. 1
VR L7226 Ol S E O Z 4 7E1E, HAADF-
STEMEH S LN TH S, Table2i2TNH 40D
KESO N WA E B & O SOSRE R % R T, 4D
DOFEEIT2OWT, 100nm° 272 ) 7 BB % # &
3% € 7))V R HAADF-STEM {40 5 /At b » 72 & &
A, B EMovo TIx 731, = MovO Tld 68
fil, 7EIN7 7 AMoVO TIX10~30MH, IEFHT
B0 TH o7z INOHEHWTEEWANE%E
fio7zb s, TRREZAT AR, 2, 7
BT 7 ANE I 7 aMLBAE 2R L7eAs, IEET

4 b (14)

WBREedrolze 2O ENOHETOT7HED 3
JOHMILE LTHREEL TWAZ LIZBHLNTH 5,
INLEHWTIY Y BIUOT 70 LA VRN
LIS EAT o 720 #HHE, = HE, TEVT 7 Ak
Iy UBIFTralL A Y OEIZiEEERLE
P, EHETREREERE 2o 7 (Table2), -
v, Trub A VBERBALROR B W Tl
DRI AR TNz, S S Ol o
WIIHETOTHROAMDOATH o722 L0 b,
TRBASIY Y, Trul A yOELICES LTy
LHZEEHLNPTHA I,

I8 VR TEEHT MovO > = J1 i MoVO
>TENT 7 AMoVO>IES #iMoVO Th o7z, &
ORFNE O R FHE 72w’y Z0
Mo180omie ! IEHM 27 mig !, TELMT 7 R
57m’g ") ®100nm™ 4720 O 7TEBEK B8
738, =75 68, 1L oM, TENT 7 A
10~3018) &BIRET, NoWEMEs» oKD/ 78
BUZHRT % 3 7 LA (B8 - 140em’ g,
= 40em’g, EH & oem’e, 7T EN
77 A :28em’g ) DFHIE—FH LTV, Zh
Ty A7 BBRER TR 7T HBRMILN T L
TWAHIERRBLTWS, —FTTruL A Vi
PREALEEE I =5 5 MoVO > £ i MoVO > 7 E v
7 7 AMoVO> IEi i MoVOTH V), T % ALl
YL ZRRBIFETNE 2ol T OIWEMEDFEF X fil sk
O E 100nm* 4720 DTEROMEEZ D L
ICHEMTEL, COFFEET UL AL Y TAR
DORMTILLTWDLIEZRIBEL TS, 2D
DFFHNONTIIRIETREL < FHT %,

Table 2. Relationship between micropore and catalytic activity.

Catalyst Elemeptal Number of 7—men;bered Exterrlljal szurt:alce Miciopoge , Ethape AC}{
composition” (V/Mo) ring/100 nm area /m” g volume /cm™ g conv.7/% conv."/%

Orth-MoVO 0.38 73 7.2 14.0 422 53.8

Tri-MoVO 0.32 68 18.0 4.0 25.2 99.8

Tet-MoVO 0.38 0 2.7 0 <1 <1

Amor-MoVO 0.38 10~30 5.7 2.8 5.9 9.7

* Determined by ICP.

" Measured by N, adsorption at liquid N, temperature and estimated by t-plot method.

c

C

Reaction condition: catalyst amount, 0.5 g; reaction gas feed, C;Hg/O2/Ny = 5/5/40 ml min l; reaction temperature, 313~319

¢ Reaction condition: catalyst amount, 0.25 g, reaction gas feed, ACR/O,/H,O/N,/He =2.5/8.0/27.1/39.5/30.5 ml min "~ '; reac-

tion temperature, 217~218 C. ACR represents acrolein.
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FHIDWTHT 5726 Fig 310 % ¥ S H DR
B O SEM 43 L BRI otz ko
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Fig. 31278 X 912, SDS DM K B A ik il BE
DOHIEIZ L 5T, MoVO DGR A X% K& { &1L
EHDIENTET, 175 CTHELZRE T,
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HeRas i o3 (10018 0 &5 5 % M 5E) 13X SDS
EHRML T2 WYEA 040 um 75 021 um F T
WAL 720 230 CTHEBK L 7230BHE, SR H
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SEM image of MoVO crystals. (A) Before the grind treatment. (B) After the ethane oxidation (after the grinding).

(C) Histogram of the diameter (top) and length (bottom) of rod-shaped crystal measured after the ethane oxidation.
Values shown on the histogram represent the average of 100 crystallites.
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Fig. 4. Ethane (A) and acrolein (B) conversion as a func-
tion of the external surface area of MoVO catalysts.
External surface area before (closed symbols) and
after (open symbols) the reactions are plotted. Re-
action condition of ethane oxidation: reaction tem-
perature, 300 C; catalyst amount, 0.50 g; reaction
gas, C,Hg/O2/N, = 5/5/40 ml min "~

dition of acrolein oxidation: reaction temperature,

1 .
. Reaction con-

220 C; catalyst amount, 0.13 g; reaction gas,
C3H40/0,/ (N, +He) /H,0 =2.5/8.0/71.0/18.5 ml
min~ . Star represents the catalytic activity of Mo-
VO-SDS, (175, ng). External surface area of Mo-
VO-SDS, (175, ng) after the reaction was plotted.
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dot rectangle. (B) Left side: diameters of the hep-
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Fig. 7. Reaction image of ethane to ethene inside the hep-
tagonal channel. Oxygen is activated at the a oxy-
gen defect.
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Recent development of microporous crystalline Mo-V mixed oxides (MoVO) are reviewed. MoVO is formed
by a self-assembly of structural units supplied by the boll-shaped large polyoxometalate, [Mo7: V300252 (H20) 56
(SO4) 12] w7 {Mo7, V3ol ), resulting in the formation of a sophisticated crystal structure. Addition of MoVO seed
crystal into the precursor solution of MoVO induced the crystal formation of MoVO having the same crystal
structure with the seed crystal. Comparison of catalytic activities of 4 distinct MoVO catalysts with the same ele-
mental composition and with different crystal structure clearly demonstrated a strong dependence of the crystal
structure on the catalytic activity for the selective oxidation of ethane and acrolein. Then, catalysis field of MoVO
for selective oxidations were investigated by using MoVO catalysts with the same microporosity and with the dif-
ference external surface area. It was proved that ethane, accessible into the micropore, is converted to ethene in-
side the micropore without diffusion effect. On the other hand, acrolein which is inaccessible into the micropore
is converted to acrylic acid at the mouth of the micropore. Proper redox treatment for MoVO leaded a partial
structural change around the micropore which strongly affected its microporosity and the catalytic performance
of the ethane oxidation. The significant role of the micropore for the selective oxidation of ethane was observed.
On the basis of the comprehensive studies, molecular-level insight of the selective oxidation by using MoVO

could be obtained.

Key words: Selective oxidation, Crystalline Mo3;VOy, Micropore, Structure-activity relationship, redox
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