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XRD, TEM,
MLV R—ERRGEEKRIE2BRIGAH EERt T ce
g DEE (Ir-ReO,, Rh-ReO,, Rh-Mo0O,) COWIE £ RIFE,
COWIEFTIR,
XAFS, XANES

ReO, 3-D clusters on Ir metal particles (2 nm)
(J. Phys. Chem. C, 116, 23503 (2012))

Re-O: 1.6, 0.204 nm . (BB tERe/Ir=1)
Re-Ir (or -Re) : 5.5, 0.265 nm

ReO, 2-D clusters on

Rh metal particles (3 nm)
(J. Phys. Chem. C,
116, 3079 (2012))

(B# tERe/Rh=0.5)

Re-0O: 1.5, 0.209 nm
Re-Rh: 3.3, 0.265 nm
Re-Re: 2.7, 0.270 nm

Isolated MoO, on Rh

metal particles (3 nm)
(Appl. Catal. B, 111-112, 27
(2012)) SQO0C

OO0 )
(B# tEMo/Rh=0.13)

Mo-0O: 1.1, 0.208 nm
Mo-Rh (or -Mo):
3.0, 0.264 nm
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£BRILMEM(Re, Mo)- MIEF RS

& B ARLF(Ir, Rh) AR
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';‘fé‘;“r:g'l b (1,2-PeD) (1,5-PeD)
448 K IR FE40% IR #E30%  THFA MTHE
H. Adkins, et al., J. Am. Chem.Soc. 53 (1931) 1091

2) MR (ThENORBETIRIMRLETEZER)

Pentanols (X&10%)

O v I —>iﬁﬁ o OH —>C O HO OH
EETILET ucr,0, i 0
’ 2-Hydroxytetrahydropyran _ 0
Dihydropyran F—%JLURET70%
Tetrahydrofurfuryl yaropy -hvd leraldehvd ..
alcohol(THFA) IR #£85-90% o-hy roﬁ\g‘&g‘; enyde (Rt FRRHSDE)

L. E. Schniepp, et al., J. Am. Chem.Soc. 68 (1948) 1646

“ERKRIEDRICEDLERUILTF—ILERSEEND
(BT —RMBENEDONDIZDD).” M. schlaf, Dalton Trans. 4645 (2006)
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(1-PeOH)

2-MHF
1-PeOH
1,2-PeD
0
Rh-ReO,/SiO,” Rh-WO, /SiO,* Cu-Crd
Rh-Mo0O, /SiO,” Rh/SiO, Raney Ni¢

Conditions : P=8.0 MPa, T=393 K, t=4 h, m_, = 50 mg,
Reactant = 5 wt%THFA aq. 20 mi,
Rh: 4 wt%, °Re/Rh=0.5, "Mo/Rh=0.125,
‘W/Rh=0.125, “T =453 K, m_,, = 500 mg.

Chem. Commun. 2035, 61 (2009), J. Catal. 267, 89 (2009)
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Conditions :

Chem. Commun. 2035, 61 (2009)

P=8.0 MPa, T=393 K, t=4 h, mcat =50 mg, J. Catal 267, 89 (2009)

Reactant = 5 wt% THFA aq. 20 ml, 5 wt%THF aq. 20 ml
Rh: 4 wt%, °Re/Rh=0.5, “Mo/Rh=0.125, ‘W/Rh=0.125

— | . EEIRMMIc -CH,OHE
THFASE 1 : Rh/Si0, << Rh-MO,/si0, | jH1EFEFI f’ 5-PeDR ik OEETE

THF;E1E : Rh-MO,/SiO, < Rh/SiO, W Dh = iR
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- Rh-Re0,/SiO, .+= Rh: 4 wt%, Re/Rh = 0.13, 0.25, 0.5, 1
* Rh-M00,/SiO, === Rh: 4 wt%, Mo/Rh = 0.03, 0.06, 0.13, 0.25, 0.5
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Conditions : P=8.0 MPa, T =393 K, m_,, =50 mg, t =4 h,
Rh =4 wt%, Reactant =5 wt% THFA agueous solution 20 ml.
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- Characterization of Rh-MO,/SIO, (M: Re, Mo)
Appl. Catal. B, in press

Mo/Rh  Particle size Dispersion2 CO adsorption (Rh./Rh)

Catalyst  rRe/Rh XRD(nm) XRD[RhJ/Rh]  CORh  -(COIRh)
Rh/SiO, - 2.8 0.39 0.39 0.0
Rh-M0O,/SiO,  0.06 2.7 0.41 0.34 0.07
0.13 2.6 0.42 0.29 0.13
0.25 25 0.44 0.25 0.19
0.5 2.7 0.41 0.18 0.23
Rh-ReO,/SiO,  0.13 2.7 0.41 0.28 0.13
0.25 2.7 0.41 0.23 0.18
0.5 3.2 0.34 0.17 0.17

2Rh,/Rh=1.098 nm/particle seize

(Rh./Rh)-(CO/Rh): MoO, and ReO, TEHEHNARNEEDEE
Mo/Rh, Re/Rh £0.13: Mo or Re [RF—2hA—D2DCORZEEZHNE
Mo/Rh=Re/Rh > 0.13: —E&8MDMo or ReD[EFIXCOWmBEMEHIL ALY




. . 4 )
— Characterization| o ampuw==ny M: Re, Mo)
CO adsorption LB L IF(F—5E Appl. Catal. B, in press
Mo/Rh  Poraoreorec lon2 CO adsorption (Rh./Rh)
Catalyst
or Re/Rh  XRD (nm) [Rh /Rh] CO/Rh -(CO/Rh)
Rh/SiO, 2.8 / 0.39 0.39 0.0
===\ ===\
Rh-M0O,/SiO, | 0.06 ! 2.7 0.41 0.34 {007 !
| 1
1 0.13 | 2.6 0.42 0.29 1 013 |
PE—— PE——
0.25 2.5 0.44 0.25 0.19
0.5 2.7 0.41\4 0.18 0.23
2 A > Pl
Rh-ReO,/SiO, 1 0.13 ! - 028 0.13 |
2 Nas HMBEESIS .
0.25 COmEEILED 0.23 0.18
0.5 5. 0.17 0.17

2Rh,/Rh=1.098 nm/particle seize

(Rh./Rh)-(CO/Rh): MoO, and ReO, TEHEHNARNEEDEE
Mo/Rh, Re/Rh £0.13: Mo or Re [RF—2hA—D2DCORZEEZHNE
Mo/Rh=Re/Rh > 0.13: —E&8MDMo or ReD[EFIXCOWmBEMEHIL ALY
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— Characterization| o ampuw==ny M: Re, Mo)
CO adsorption LB L IF(F—5E Appl. Catal. B, in press
Mo/Rh  Poraoreorec lon2 CO adsorption (Rh./Rh)
Catalyst
or Re/Rh  XRD (nm) [Rh /Rh] CO/Rh -(CO/Rh)
Rh/SiO, : 2.8 / 0.39 0.39 0.0
===\ ===\
Rh-M0O,/SiO, | 0.06 ! 2.7 0.41 0.34 {007 !
| 1
1 0.13 | 2.6 0.42 0.29 1 013 |
PE—— PE——
0.25 2.5 0.44 0.25 0.19
) 0.5 2.7 0.41\4 0.18 0.23
=== s (====1
Rh-ReO,/SiO, 1 0.13 ! - 028 0.13 |
2 Nas HMBEESIS .
0.25 COmEEILED 0.23 0.18
0.5 > 0.17 0.17

2Rh,/Rh=1.098 nm/particle seize

Mo/Rh=Re/Rh = 0.13TIl&. #&MLT=Mo or RehT RTCORZFZHNH
#wNLT=Mo or ReMI RTRh&EEXRTEMEEEA
— Mo/Rh=Re/Rh = 0.13 D& & RH(EXAFS)




- Characterization of Rh-MoO,/SiO, (Mo K-edge EXAFS) =

Mo-O Mo-Rh (or —Mo)
30 \/WW _vé/\i\ir\A/‘ E Na2M004
1 30 fooi :
g | T I : Mo/Rh=0.5
= Mf\vf\g . .o .
— - - Mo/Rh=0.25
S N’—:\/—::\/\/‘l
R AV AVAVAN L - M :
2 4 6 8 10 12
Curve fitting analysis R : Mo foil
Mo/Rh Shells CN2 R /nmbP O T | |
0.5 Mo-O 2.6 0.204
Mo-Rh (or =Mo) 1.4  0.262 o 1 é_ | 3 /014 5 6
0.25 Mo-0O 1.7 0.203 _ IS ance_l .1 nm |
Mo-Rh (or -Mo) 2.3 0.264 FT range: 30-120 nm™, FF range: 0.13-0.28 nm
0.13 mg:gh (or —Mo) é(l) 8222 @ )
Mo-O 0.9 0.201 MotRh'#EE*ﬂE'fm

K Mo-Rh (or -Mo) 3.5  0.265 (ERMiT % 3 F2FE)

a Coordination number. ? Bond distance. \_ Yy,




— Characterization of Rh-ReQO,/SIO, (Re L;-edge EXAFS) ==

Re-O Re-Rh

NH,ReO,

Re/Rh=0.25

2 4 6 8 10 12
k /10 nm™ -

(Curvefitting analysis
Re/Rh Shells CN2 R/nmP

Re/Rh=0.13

Re powder

05 Re-O 13 0213 Frrsabebegmaliiiiiiiid |
Re-Rh 3.6 0.268
1 2 4
Re-Re 2.8 0.273 0 _ 3 F5T range:630-120 nm-1
025 Re-O 19 0.210 Distance /0.1 nm FF range: 0.13-0.30 nm
Re-Rh 3.6  0.267 4 N

Re-Re 2.2 0.273

0 {3Re0 06 0213 ReERhIFEFIAB1EMA (Boirgk~ 3)
heme 35 950 ) | Re-ReRTERM->75R2—1k

a Coordination number. P Bond distance.\ )




- Model structure of Rh-MO,/SIO, (M: Re, Mo; M/Rh=0.13) ==

Top view

Mo/Rh=0.13 Re/Rh=0.13

Rh metal surface
(111)

3L MoO, FEARhFRE D 3-fold RhERE®D3-fold hollowH A+ ED
hollowH A k< ReHReO, V5 RE DL
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40

N
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Conversion or Selectivity / %
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3100 (E
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=0.50
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1

N

H
RIBfBlF
Mo/Rh
=0.13

o [

0.13 0.25

0.5

-

Re/Rh molar ratio

0.03 0.06

0.13 025 0.5

Mo/Rh molar ratio

Conditions : P=8.0 MPa, T =393 K, m_,, =50 mg, t =4 h,
Rh =4 wt%, Reactant =5 wt% THFA agueous solution 20 ml.




- Model structure of Rh-MO,/SIO, (M: Re, Mo; M/Rh=0.13) ==

Top view

Mo/Rh=0.13 Re/Rh=0.13

Rh metal surface
(111)

I RTORhZEMo TIEST ReTCEMSN TLVELRhHY
Mo/Rh=0.13h'5 % iE{E[XZRe/Rh>0.13



XRD, TEM,
MLV R—ERRGEEKRIE2BRIGAH EERt T ce
g DEE (Ir-ReO,, Rh-ReO,, Rh-Mo0O,) COWIE £ RIFE,
COWIEFTIR,
XAFS, XANES

ReO, 3-D clusters on Ir metal particles (2 nm)
(J. Phys. Chem. C, 116, 23503 (2012))

Re-O: 1.6, 0.204 nm . (BB tERe/Ir=1)
Re-Ir (or -Re) : 5.5, 0.265 nm

ReO, 2-D clusters on

Rh metal particles (3 nm)
(J. Phys. Chem. C,
116, 3079 (2012))

(B# tERe/Rh=0.5)

Re-0O: 1.5, 0.209 nm
Re-Rh: 3.3, 0.265 nm
Re-Re: 2.7, 0.270 nm

Isolated MoO, on Rh

metal particles (3 nm)
(Appl. Catal. B, 111-112, 27
(2012)) SQO0C

OO0 )
(B# tEMo/Rh=0.13)

Mo-0O: 1.1, 0.208 nm
Mo-Rh (or -Mo):
3.0, 0.264 nm

RINEF— BRI
£BRILMEM(Re, Mo)- MIEF RS

& B ARLF(Ir, Rh) AR



Re R UMoER{LMIEET—= B (Irk7=(3Rh) fhiX
(Ir-ReO,, Rh-Re0,, Rh-MoO,) ZR\ 7=
FhZEROZIV V7 NaA-IVDKFERBRIGICED
1.5-R2F=IDERK
o Rh-ReO, or Rh-MoO,
O\/ Hsif'ﬁlly$94% Chem. Commun. 2009
. OH J. Catal. 2009
O *

e HO\/\/\/OH ChemCatChem 2010
Appl. Catal. B 2012

Tetrahydrofurfuryl Rh-ReO,/SiO, 1,5-Pentanediol

alcohol (THFA) Rh-MoO,/SiO,
 KELABUE RIFRESE FHRLIE, thOHAREIZIDE—
BN B, BRRE 0 DPNETLS,
v une KECABGIE EfTLTT)RYOD
KFRIEDBHRLERR
= %\f/ofH T PO THRAL T YV DK RIE S RO
aleccr)ig; ([I_OH;L\)UW 1,5-Pentanediol KEALREE _O'E'C—CHZOH
Ho\ﬁo{H/OH ——» HO_~_OH  1,3-PrDiER T [LRh-ReO,, Rh-M0O, TIX A+ 5

S IHE5HMIEIR R

Glycerol 1,3-Propanediol



KRIEFTEDFTEEEREDFED
HO™ Yy OH

OH

7 ons

THFA
30

m Others

- o #2-MTHF
m1-PeOH

20 m1,2-PeD
m1,5-PeD

15 A

10

5 _

O ‘J T T T

Rh Rh- Rh- Ir Ir-
Mo Re Re
(0.13) (0.5) (1)

THFA, 1 g (5 wt% eq.), catal., 50 mg
(for Ir-Re, 150 mg); H,, 8 MPa;
H*/Re=1 (for only Ir-Re); 393 K. Time
and conversion: Rh, 4 h, 5.7%; Rh-
Mo, 4 h, 50.1%; Rh-Re: 4 h, 56.9%;
Ir, 24 h, <0.1%; Ir-Re, 2 h, 43.9%.

Rate [mmol h'1 g-cat]

OH —
OH=%
Glycerol
o0 1 m Others
= 4 2-ProH
5 49 = 1-PrOH
> 351 m1,2-PID
= 30 1 m1,3-PD
S 25 -
£ 20 -
2 15 A
) —_—
¥ 10 -
5 | I
0 ==
rn Rh- Rh- | Ir-
Mo Re Re
(0.13) (0.5) L)

Glycerol, 4 g (67 wt% eq.; for Ir-Re, 80

wt% eq.), catal.,

mgq); H,, 8 MPa; H*/Re=1 (for only Ir-
Re); 393 K. Time and conversion: Rh, 5
h, 3.6%; Rh-Mo, 5 h, 38.9%; Rh-Re: 5

h, 79%; Ir, 240 h,
50.5%.

150 mg (for Ir, 600

7.7%; Ir-Re, 12 h,

Rate [mmol h-1 g-cat]

HO
OH QHZZ
1,2-PrD
25 7
m Others
20 A m 2-PrOH

m1-PrOH

Rh Rh- Rh- Ir Ir-
Mo Re Re
(0.13) (0.5) (1)

1,2-PrD, 4 g (20 wt% eq.), catal.,
150 mg (for Ir, 300 mg); H,, 8
MPa; H*/Re=1 (for only Ir-Re); 393
K. Time and conversion: Rh, 24 h,
8.8%; Rh-Mo, 4 h, 18%; Rh-Re: 4
h, 26%; Ir, 48 h, 5.1%; Ir-Re, 24 h,
38.6%.
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Tetrahydrofurfuryl 1,5-Pentanediol
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ReER{LMEF—IrEE (Ir-Re0,) MR LDV KRILS R

Re%hugmﬁ Propane

100 100
go | ] 80
XX
> 60 | ] 60
>
o 40 1 40
(]
(7))
20 1 20
0

0

0 0.063 013 025 05 1 2 3

Molar ratio (Re/lr)

Conditions: 67 wt%Glycerol ag 6 g, m.,; = 150 mg,

T=393K,t=12h,

P = 8.0 MPa, H,SO, (H*/Ir =1). PrD: propanediol,
PrOH: propanol.

[

Ir/SiO,, ReO,/SiO,: {8 TIE ;& ]
Ir&Re® 7 CHUBEEMEAS R IR

HO

OH
OH

Glycerol

Ir-Re0,/SIO; 1 3-propanediol
(Re/lr=1)

Conversion /%

ERFEL
(Re/Ir=1)

[EY

o

o
]

Glycerol
conversion

Conversion or selectivity [%]
(o]
o

0 10 20 30 40 50
Time [h]

Conditions: Catalyst (150 mg), glycerol (4 g9),

water (1 g), H, (8 MPa), H,SO, (H*/Ir=1), 393 K.

J. Catal. 272, 191 (2010)
Appl. Catal. B 105, 117 (2011)

LD ST REINEE(38%)
RESLHFARSEEGS h @393 K)

D EH(<<10 h@453 K)



) DKFRIEDRIZED1,3-PrDERRICET IREH

Glycerol/M Temp. 1,3-PrD TOF

. Catalyst Solvent (molar ratio) /K Yield /% [ h™1
apPt/WO,/ZrO, DMI 290 443 24 3.9
bPt/WO,/ZrO, None - 403 32 -
°Cu-H,SiwW,,0,,/SIiO, None - 443 27 -
dpPt-Re/C Water 350 443 13 4.0
°Pt/WO,/TiO,/SiO, Water 210 453 8 1.5
'Pt/sulfated ZrO, DMI 280 443 56 0.7
IPt/WO,/AIOOH Water 110 453 66-69 6.1
hRh-ReO,/SiO, Water (none) 750 393 11 1.7
'Ir-ReQ,/SiO, Water (none) 1390 393 38 15 (36 h)
'Ir-ReQ,/SiO, Water (none) 1390 393 8 58 (2 h)

Pt/WO,/AIOOH:1,3-PrDEIRE £ H (KERX)

Ir-Re0,/Si0O,: 20105 HEFRFUNE., HEFR
THERE TOF(AMERIEREE). fhfl KYIE:

J. Catal. 272, 191 (2010)

Appl. Catal. B 105, 117 (2011)

aY. Sasaki., et al., Catal. Commun., 9 (2008) 1360.
bC.L. Chen et al., Green Chem. 12 (2010) 1466.
°L.Huang et al., Catal. Lett. 131 (2009) 312.

dR.J. Davis et al., ChemCatChem 7 (2010) 1107.
€Y. Ding et al., Appl. Catal. A 390 (2010) 119.
'H.Lee et al., Green Chem. 13 (2011) 2004.

9K. Kaneda et al., ChemSusChem 6 (2013) 1345.
hY. Shinmi et al., Appl. Catal. B 94 (2010) 318.

'Y. Nakagawa et al., J. Catal. 105 (2010) 191.



Ir-ReOX/Si Ozﬁﬂ;ﬁ‘d)iﬁﬁ J. Phys. Chem. C, 116, 23503 (2012)

ST F &

XRD - Ir AR, RN DOBREIREE

TEM - IrRLFR

TPR, XPS -+ - &R(r, Re) BRI IR RE

CO-adsorption - + - REIAZILE

XAFS, XANES - - - &&(Ir, Re) DB 1LIRRE, BEELDIKRE, RIFZ(Ir, Re)

Image of Ir-ReO,/SiO, -

~ReT O Irl&A%JLIKEE

O IrOPFEIE2 nmIEE

O Rel{ERFifli(+2~+3) DERIL

O IrEIZReO MEFRELT-
ERFTISRI—EE

29




Ir-ReO, /SiO. fill i o) 55 5

(SiO, granule Y\ [ calcined catalysts (stored in air)

SFSL(‘)JBSJ]ZZ? G-6, T‘ Calcined Ir-ReQ,/SiO,

calcined at 973 K
J

g
k H,IrClg aq.

Substrates and
solvents were
introduced into the
autoclave without
exposing the reduced

Impregnation ‘ SiOo, : catalyst to air.
\1' v 5 NMm H, and heated
Drying at 383 K Reduction of the catalyst
In water or a solvent in the : :
|
}/ NH,ReO, aq. autoclave reactor at 473 K Catalytic reaction
with hydrogen
Impregnation Reduced - Ren*
y Ir-ReO,/SiO, Product analysis
Drying at 383 K Ir 4 Wi
. 0
v | Ir Re/lr=1or 2
Calcination at 773 K :
in a muffle furnace SIO, J. Phys. Chem. C, 1186,
without flowing air — 23503 (2012)

2 Nm



KER: fil ok SR & 34/65

* Ir-Re0,/SiO, === Ir: 4 Wt%, Re/lr = 1 (EJLLL)
-{H{K: Sio, (B VUL 7 G-6 (LhZRmEME: 535 m?- g1)), 973 K, 1 h BERL

- & RATER{E: H,IrClg aq, NH,ReO, -EREE: EREBRE
KEFBETHEM,TPR) ¥ Amadin ot al, Appl. Gatal B, 2014, 105, 127
if KFEHEE / mol Irflidh Reflift
o
% ReO,/SiO, 2.8 %1075 — 1.6
% Ir-ReO,/SiO, 4.4% 1075 0 2.5
- _J_J\ . Ir/lSiO2 20X 10™5 0 -

300 400 500 600 700 800
Temperature / K IrO, + 2H, — Ir + 2H,0
5%H,/Ar, 5 K/min (Ir and Ir-ReO, ) or Re,0; + 7H, — 2Re + 7H,0

10 K/min (ReQ,) heating rate, 0.01 g-cat.

‘Ir-Re0,/SiO,[Ir/SiO, B U'ReO, /SiO, 0 B 3 fil 1% 2tk RER TE T A ELT
) riELREDHEER




XRD, COMR3E; Ir/SiO,, Ir-Re0,/SiO, (Re/lr =1) %

LS EURE  IrpFE SBE (Dyrp) SBBUE (Do)  (Dxro=Dco)”
/ K / nm | % | % | %
XRD XRD CO &2
Ir/Sio, 495 3.6 31 23 8
Ir-Re0, 415 - [Retﬁ‘lrﬁﬁd)] - 7
/SiO, 495 20 | sk |53 16 37
(Rellr=1) 695 1.9 56 14 42
895 2.0 53 11 42 .
_ aFT-IR& Y, Ir EDOCOILIEMERERE (2068 cm)
5102 [Iro, Ir r-Re0,/Si0, “XRDECOMMA 5 RMb bhBAMEDE

W 895 K &7t KIr—ReOK/SiO2 \
M | =781 | *XRD (495-895 K& JT)
M 495 Kz IrE#2 nmD AR ELTHE
N T Do (11-16%) << Dygp (53-56%
» Dyro-Deold#940%& VY, REIZTEH

1020 S0 A0 0 L TLBIr&BOKES 1FReO, THE

Intensity / a.u.




%Eﬁjﬁ% 33/65

TPR-XAFS

(Temperature Programmed Reduction-X-ray Absorption Fine Structure)

—SKERBE T TCTRHIBESESDCLET, M ETXSELHS
EFRMICXAFSRIRZEITOF X
EEBRAE

TREAH R 5%KFE/TFILIY
HRAFHEE 30 ml/min

HiBEE 5 K/min

BIFERME: 1 min 2972 &IC1EEIE)

=
A5t 'U'“-j’b iR ,.
l J-) | (L DhR) In situ &JL

—] TPR-XAFSHI5%E At /L I E




Ir L;-edge XANES; Ir-ReO,/SIO, (Re/lr = 1)

Chemical shift of bi

nding energy / eV

XANESAARIKIL
XANESTili#iz REL5F & B
ros
Pf@-@dg@d)%: | R D ﬁ\\non-red.
IRINF—IIMEZEFR F/\
: 415 K
| FHIRAY
. ETRILE— _/\ oo K
Iro, s H~oTF | N\ 475K
© 3 495 K
g ____________ I \ \Y2 605 K
5 | | Offi~E T
z 2 "5l Ir powder&d i~ 2T 805 K
2 I IRILE—UTRED
2 1.4 eV, IriX2.8ff f w
Irplowderl E | | | |
° 0 0.5 1 1.5 2 25 11180 11200 / 11220 11240
E/ev
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| {iffy 3¢

3.9
3.7

0.7
0.4
0.0

0.0
0.0

[ Ir(&415-495 KTIr**HMi5Ir0=RJT J




Re L;-edge XANES;

Ir-Re0,/SiO, (Re/lr = 1)

XANESARIIIL oy
‘__’/\ NH,ReO,| 7
__—_/\ ReO,| 6
'#/\ ReO,| 4
1 A% non-red.| 6.6
415K | 5.9
455 K| 3.4
475K | 1.8
495K| 1.8
695 K| 1.7
895K | 1.9
Re powder| 0
10520 10530 10540 10550 10560
E/eV

Valence of Ir or Re

[Re-'b415-495 KTCETHNHEIT (Re"*—Re?") J
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XANESHERFEH
8
7 & 0’
6 L ,",,,—Re
S T Ir&ReldERFISIETT
4 m " e
3 | .::,,»Ir
i .0 ¢ ¢ . -
O .. m B =B §
1 L L L L L

300 400 500 600 700 800 900

Temperature / K

(IrERelE RSB T (385-495
495 KTIrfEIXARIL (XRDE—
Ref& X212 E THAE

\(TPR, XPS&—H)

) )
),

J




Ir-ReO,/SIO, (Re/lr = 1); XANES and XPS

Valence of Ir or Re J. Phys. Chem. C, 116, 23503 (2012)

from XANES analysis et
8 c:g Ir 4f-, /
{7 e 00 = % mww//\ \ After
Q e o ducti
nd 6 B ”/ é W1
S 5 | 5 MN\ y
— efore
— 4 m *. 2 £ reduction 4+
© 3 Ir
g3 me— 3 e
U 1
S 2 r * o o < 70 66 62 58 54
;U 1 F a ¢ Binding Energy / eV
O B .. - 0 0 O Ret4
] ] ] ] ] = Re 4f Re™
-1 C\d 712 Re*7 /“t\\/\?eo Red+(0<8<4+)
300 400 500 600 700 800 900 = W/ After |
Reduction temperature / K S \. reduction
= (7))
Ir and Re species are simultaneously o \\
~ 0 Before
reduced (415~495 K). £ N ieton RET*
XANES and XPS indicate that Ir and Re ) © , , MM
species exists in metal Ir and low- 55 50 45 40 35
S valence Re after the reduction at 495 K. y Binding Energy / eV




Ir L;-edge EXAFS; Ir-Re0O,/SiO, (Re/lr = 1) 39765

TJ—)IEBBEDARIRIL

201
M
(X3 895 K
:M
EM
X3 N 4T5K]
- N 455 K

415 K

0 1 2 3 4 5 6
Distance /0.1 nm

415-495 KD FEE TIrDETILEST

=T 24974 T R

BERI &K
ii?ciﬁg /I K oy
(REYT)) Ir-0 (or —Re)
non-red. 6.0 -
415 6.0 R
455 4.3
475 0.7
495 -
695 -
895 -
Ir powder -

IrO, 6

Fourier filtering range: 00126-0.322 nm.

IriEMNRRISETSh, IrsE RO FRIT
r&BHFHRET S Rongy
S Ir-0: 0.198 nm (£0.002)
Ir=Ir (or =Re): 0.276 nm (%=0.001)




netCN(Ir-Ir)

12

10 t

Ir/SiO, B WIr-Re0,/SiO, (Re/lr = 1)DIr&BHLF
R IBIBIZEIFBIr-Ir(or —Re) B LI D LB

Ir/SiO,

7

Ir-ReO,/SIO,

IrDREFTA+2HETLI=R
CN,. (Ir/SIO,) >
CNIr-Ir(or—Re) (Ir'Rer/SiOZ)

\ 4

[ ReBASI R BE T OBEE M |

IrDEFTHEITY HENHEXRE
CNIr-Ir (|I‘/Si02) = CI\Ilr-lr(or -Re) (Ir'ReOX/SiOZ)

B)(Ir-Re0,/SIO, TlEIr-RefE & DFEHNRLND |

20

40 60 80

Reduction degree / %

(Calcined) (Reduced)
1000 00 Qfp +
R F%Ie / Re"

S L m » Reductlon
> 3% ~485 K
Si0, SlO238
< > —
5nm 2Nnm



Re L;-edge EXAFS; Ir-ReO,/SiO, (Re/lr = 1) 0765
T—)ITEBBEDARIML H—T Iy T4 5 R

— Bo b 8
i YT e= e-
20 ] /\/‘/\/\/J\/‘/\\,\/Re\()?’ (gﬁﬂ/ } ) (Or _Re)
W ReO, non-red. 4.0 - -
= J 415 3.3 0.5 -
-~/ "\ Repowder 455 1.0 2.5 1.4
X 3 895 K 475 0.4 2.0 4.6
= | x3 695 K 495 - 1.6 6.5
=T 595 . 1.6 6.5
X3 495 K
695 = 1.7 6.9
X3 /TN 475K | 895 - 1.7 7.7
| X3~/ 455 K Ir powder - 12
NH,ReO, 4 - -
415 K }
- J Fourier filtering range:/O./O92-O.316 nm. &m(z
NONTEE Re-Ir (or -Re)DE I #IE#6 5T—ERE  #

Distance /0.1 nm Re=0: 0.205 nm (£0.002)

Ir S EIHE D 415-495 K CReDBITHIET Re=lr (or =Re): 0.272 nm (£0.001)
R (Ir=Ir) > R (Re=Ir) — Rel&®OhFA+=v4H

0 / L > 3 4 5 ¢ WAIEER) Re=0:0.174 nm (£0.002)



fi i 4@ E €T )LQD; Ir-Re0,/SiO, (Re/lr = 1) 4165

495 KB T DIr-Re0,/SiO, (Re/lr = 1)MXRDR U COWE & 8
r&BHFE/ nm FAE Dxro) /% BBUE (Deo) /% (Dyxro=Dco) / %
XRD TEM XRD COWR &

2.0 2.0 53 16 37

“Ir Ly-edge EXAFSBIFE D Ir-Ir (or —~Re)E iz $110.8 (495 K:ET#) MR HEh 3
£ B 9B ($940~50%)[EXRDE—HT B

IrDEEET )L (495 KB H# DR ELKE)

» Cuboctahedronig#&%{RE
EAFHCE /Irﬁﬁ*ﬁ?& (2 nm)& \
Ir Ir&RiESFE (0.138 nm)&kY
(—2IZ#331@) —AIzE&FhBIrOEKIEHE
C DB,
V EFILOLRFHIZ2014E,
FERFHIT122(E

SRUEIL61%(= 122/201) j

IEEARARHSH
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i & ETILQ); Ir-Re0,/SiO, (Re/lr = 1)

ReO DEHEETIERE  REPIRFEE—EORO,

rZHMEBEIHE—ED Ir
ReO DEIEI,

Dyrp=Dcod Y 37% ReO,
&YDReO, (63%)AH ReO, A Four-fold
FEBICHFETHERE Ir (10 0) hollow sitelZ#TE

CHDETIVIZELT, ' REZHBET D
E—BDReO,DEIEE44% (=4/9)

FE—RBDReO, LEZEMDReO,

| CI\IRe-Ir =0
| CNeore=8 [ )
) ReRe CI\IRe-Ir (or —Re)a)slztﬂﬁg;
| CNger =0 (1X8+4x3+4%x9)/9=6.2
i CNRe-Re =3 P
_ EXAFSTiabonl=
first layer | CNgeyr =4 CNioere (ar _mey = 6.5&—3
4 Re atoms CNrere = 9 \ Relr for=Re) /

ZDETILDEZRBDReO, DEIAX56% (=5/9)



Model structure of 3D-ReOQO, clusters on Ir-ReO,/SIO,

’ Ir surface (100)

Third layer of Re cluster

Ir (1 atom)
Second layer of Re cluster
(4 atoms)
7 First layer of Re cluster (4 atoms)
Cross section HO 0.265 nm
0.204 nm Re \( (Re
(Re \ \ / \ L,-edge
Side v Ls-edge Re Re \[ exars)
View EXAFS) / \/ \ \
—Ir=Ir=Ir=Ir—
D e
J. Phys. Chem. C, 116, 0.276 nm

23503 (2012) (Ir Ly-edge EXAFS)



rEEBMHLF—Re0, 7 5 A2 AIFMREFNRE LS
N 54 I~I$Z§L. DEEIKFILD R

1,3- PrDtﬁiEb\bﬂﬁEﬁ HO Re ReO, cluster&F) 5
L. ﬁmwo;un? \Ré M FAHEER - REICEE
—|r—|f—\|f—\|r— gy BEICENO
-1,3-PrD +Glycerol X 5E) DA~
+H,0 =H,0 D B7E [EFRL (18K
HO MRELOHEE/ERM),
/I O\ /R\ /M O\ /R\e
Re Re HO Re Re
/1 \/\ / \/\
P —Ir=Ir=Ir—Ir— —lr=Ir=Ir=Ir—
Ir EDH HRe D m%ﬁ?tﬁlrﬁﬁf
J)eIUGFD H* TEMEIEL. A8%F
-CH,OHE[ZBE#ET 5 HOY o R 2| s Y eHat
| RERTERE AVARWAY
HO WU/ RREIRIR KR TFHS
—Ir=Ir=Ir=Ir— 1DDFEHKBREDER
J. Catal. 272, 191 (2010) L DReld TFTNDRe-0FEED (kinetics, THFA+D, B It)
Appl. Catal. B 105, 117 (2011) EIEZFIRL. NIRFF7IFK
J. Catal., 243, 171 (2012) EDRIREZM L THEATHE R LT- R i i

(Z)EVDEBEEICETE)



Ir-ReO,/SiO, L DR F—ILDIKFIL 5 & chemsuschem 5, 1991 (2012)

IEntry Substrate Conv. /% Products [selectivity / %]
. — .
1 HOCARUA 26 T o L. e d

o 26 o L~ [37) [21] Houn gy 20) 1" [8] Others [14

OH OH

OH
2 Ho K~ 91 MO™"on [73] HO\/\O/ [12] HO\)O\H/ [7] ~ Others [7]

H
3 HaS~A~oy 12 Hoo~o 1971 ~_ 3]
HOC OH
B S YA CNE N I R U C PN €

5 ook Ol moe~o B8 Yo o~ @

OH
6 /H/ 1 )O\H/ [71] A~ [29]

OH
7 HAeA~ 3 A~ [>99]

OH
8 NG 6 N [>99
9 o \)'OE;OH 27 HO_~_OH [66] Ho\j’\H [7] HO~_  [19] )O\H [7] Others [0]
10 o \ﬁ-'i 94  Ho_- [98]  Others [2]

Conditions: Substrate 1 g, Water 4 g, Ir-ReO,/SiO, 0.3 g, H,SO, (H*/Ir = 1), PH,=8 MPa, T=373 K, t=4h.
BuT = butanetriol, BuD = butanediol, BuOH = butanol.



Ir-ReO,/SiO, L DRUA—ILDIKFKIE 5

#% ChemSusChem 5, 1991 (2012)

Entry Substrate Conv./%

Products [selectivity / %]

OH OH |
s OH
1 O Yo 26 o A ~gp 137 HO\)\CQ [21] Hou~~ol20 HO\/\O/H [8] Others [14]
.0 HO OH
2 Ho K ~,,, D1 HO~"ou (73] \/\/ [12] o L [ Others [7]
3 HOL 12 97 / ﬁr'ﬁm‘\ 70 FoHE(ZKD
R 17 Hoo~_ I[51] o TIX7AELy
OH g \)\/ HoLA A ~on DRFREYD
oH AHEEH
5 aafn 51 o [88] OH OH RIGtEI“FE
HO\)\/ i HO\)\/OH I_lo\/'\é/\OH (RBFRFA~D
6 /ﬁ/ 1 )O\H/ [71] or )
HO
OH 18R D KR EA \/\l/ HO~~"0H
5% OH OHFE D FE B
7oA~ 3 o~ B 4 on
OH Uﬂﬁ“ )\/ Hoo~—~ Ao J
8 O 6 A [>99] OH
9 o \)-OQ/OH 27 HO_~_OH [66] HO\)\ [7] Ho~_ [191 7 [7] Others [0]
10 o "Fr 94  Ho_- [98]  Others [2]

Conditions: Substrate 1 g, Water 4 g, Ir-ReO,/SiO, 0.3 g, H,SO, (H*/Ir = 1), PH,=8 MPa, T=373 K, t=4h.

BuT = butanetriol, BuD = butanediol, BuOH = butanol.




Ir-ReO,/SiO, LDHRAGEBDKFILDBRRIG 1. catal. 204, 171 (2012)

Conv. Selec

Entr ' -1

y  Substrate Product t/h /04 1 04 TOF / h
1 (g Ho\/@ PPN N 2 58.2 95.8 >0
= 8 100 82.0 £ 5
2 = \/Cj ANNNAOH T3
5 (fo~l HO 4 40.4 87.7 et
""" 2l %~ o«
3 [ 0 NN 6 23.9 81.1 96 2.2
O | 1o A 25
(«b]
4 ‘ oY 6 35.0 764 122 C =
""""""" o T TTTTTTTTTTTTTT T T oTomTmmm oo \\/
OH Iob)
5 @ A~ 6 0.0 0.0 0
0 %
6 > HOT NN 4 27 90.5 18 =
TG T BN -

OH OH 33.0
73- HO/\_Oal/ HO/\)\ 24 740 120 -

HO HO
o J:) O 1 9.3 64.3 170
HO

Reaction conditions: substrate 1g, H,O 4 g, Ir-ReO,/SiO, 150 (3300) mg, 373 K, P,, = 8 MPa. 2H,S0, (H*/Re =1)




Ir-ReO,/SiO, LDHRAGEBDKFILDBRRIG 1. catal. 204, 171 (2012)

Conv Selec

Entry Substrate Product t/h /%' /%' TOF/ ht
1 (g HO\/@ PN 2 58.2 95.8 > 9
f'ﬂ 7 8 100 82.0 <5
= = &
2 E Ho\/lcoj HO AR 4 40.4 87.7 T o
""" ¥l °— 0 o« =
3 [ Zg) o AN 6 23.9 81.1 % =2
O HO —_ %
4 . oY 6 35.0 76.4 e
""""""" O_H_____________O_H________________________________
5 @ o~ 6 0.0 0.0 E
0 %
6 > HOTSN 4 2.7 90.5 2
TTTTTTTTTTTTTIG TS NN
OH
7 w2~ [|r-Re0, RHO-C-C-0- MEHOC-ORE
HOJ:) *%wﬁﬂliiﬁ’&!tlté
8 LY v Ue.J LIV

Reaction conditions: substrate 1g, H,O 4 g, Ir-ReO,/SiO, 150 (3300) mg, 373 K, P,, = 8 MPa. 2H,S0, (H*/Re =1)



Ir-ReO, it ik EDOKFILRBBRIGF T A(KBEEKEFME)

Log (r / mmolehleg™! )

1.4

0.6

0.2

-0.2

OH
OH
0
OH
05 1.0 on
(52-75% c-HXOH sel.)  (96% 1,5-PrD sel.) HO._J_OH
\ / _— 1.1
(42-63% 1,3-PrD sel.)
393 K,
67% conc.
9

HQ
O
1.3

(81-82% 1,3-BuD sel.)

Log (H, pressure / MPa)

J. Catal. 294, 171 (2012)

[373 K, ] oH
20% conc.
o [ [ [ \ HO OH
OH
-0.2 0.2 0.6 1 1.4 0.8

(12-20%1,4-BuD sel.)

IZE1R2513
R
OH

HO OH g

OH
OH HQ

\)H/\OH Z_>

OH @)

CPA1FAR%E

OH

OH EE
9]

trans-1,2-
cyclohexanediol

HO

HO-C-C-O- i
Q:>7¢$—
¥ arvkiftB



HBEhEEHO-C-C-O-OC-CAYDaAY I+ A —3Y
J. Catal. 294, 171 (2012) KEICHLT 13 EE&%EE

Re
| \)\/OH Re . Re Z—> Re
\)\/\ OH I @) I
filt 3% & D FE E 15 FB or O O
(Re7LAFLRIR) "H H H H
OH
H H H H H
| OH 0 0
O Glycerol Tetrahydrofurfuryl 3-Hydroxytetrahydro
KFRIEDBESND Erythritol alcohol (THFA) -furan (3-HTHF)
) O
C-OfE & ToTFODL7 4 X—3 aN0EE
OH Re KZF|ICH LT 4o HO H,
or (I) VLT ARE H\C (§|—| C‘O Rs
HO H 5% 5§E 2 e/—Re
H \ / \ / \
T>FOAL 7 A K— I
S 2 SHVREIEE 7,;@.55

trans-1,2-cyclohexanadiol SN2E4J7E/\4I~“54I~“IAI§’¢‘—3'Z%



PERB KT B RIGHEE
BRK+—E#HEKFIE (FIa—IL) or KESFDHIL(Z—TIV or 7)LO—)L)

C—H BioK C ZE#&KkEE  C—H
I -H,0O 1 +H, I BRAKShEVNDT, T—FILIE
—C—OH —C —> —C—H BiK 4+ KR IE TKFRIL A i R
| MEFTLIZL
'Hzo
L Cl: \/ . HO é RIGEE (T
| +H, (—> 2H") | Kk&EIZ0.5R

FLLIKRAC D BRRG . KT D FOAVISEEE /NN INBEE

|l IEl-é ] |

_C_O C—H HO—C—

H2_>H+ | | | |

FILA—)L-IT—TILAEIE G AT RE, KBRELAEEOHEBEERICKY
NnNA |~“5«f|¢‘®ﬁz§1ﬁ%€—ﬁﬂlﬁb EEREERE ISR B

KEEIZIR
. ‘/OH T NN N0 Z g/ HO/\)\
@ IR EE94% ¢ oH i%#R$84%(5%$nﬂ:$)
/ — NN (j/L»
o ~\OH IR % 34% \/\)\

*

EIREEG2% (5%ER{L )



Hydrogenolysis of THFA, 1,2-PrD, and Glycerol

Single OH group
o e L eero
THFA OH 1 2.PrD OH LYCero

30 wOthers 25 ZO m Others
. B U2MTHF ® Others = % 2-PrOH
T W1PeOH L 20- B 2-PrOH g 407 = 1-PrOH
gv 20 m1,2-PeD % = 1-PrOH = 35 1 m1,2-PD
T m15-PeD o 15 = 30 1 m1,3-PrD
E : : 2]
10 - E 20 1
£ 10 E @ 15 -
i~ o T
&U 8 54 @ 10 -
5 - |
O J T T T T O - O A
rh Rh- Rh- - rh Rh- Rh- o Ir- Rh Rh- ro I
Mo Re Re Mo Re Re Mo Re Re
(0.13) (0.5) (1) (0.13) (0.5) (1) (0.13) (0.5) (1)

Hydrogenolysis activity order using these substrates tends to be similar.
—Rh-Re>Rh-Mo>Ir-Re

Selectivity is strongly influenced by the number of OH groups.
—lr-Re>Rh-Re>Rh-Mo 51
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