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(57) Abstract: The present invention relates to a catalyst for hydroformylation
reactions with high activity and reusability, a manufacturing method therefor,
and a use thereof. With the defects caused by the cerium oxide nanostructure
thereof, the catalyst for hydroformylation reactions prevents the aggregation and
structural deformation of rhodium single-atom catalysts even under high-tem-
perature reduction conditions, thus exhibiting an excellent thermal stability ef-

intensity
" o M“M\WNM_,(N

- fect. The catalyst possesses a higher content of Ce’" than conventional cerium,

~={ which leads to adjusting the electron density of rhodium, thus achieving a turn
over frequency (TOF) value of 15,000 or more for propylene used as a reactant,
indicating a superior effect compared to traditional heterogeneous hydroformy-
lation catalysts. Moreover, the catalyst for hydroformylation reactions can be
advantageously reused as a heterogeneous catalyst.
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ARMB300F TEM (JEOL)E ©|-&38}¢] 300kVoll A 312} 3+ ohA|of =ASF31A
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[78]
[79]

[80]
[81]

[82]

[83]

[84]

Z}d w7 (high angle annular dark field-scanning transmission electron microscopy,
HAADF-STEM) °| V] A& A At}

[3E1]
Theoretical (wt.%) ICP
(wt.%)
Catalyst CeO, Rh Ce CeO,* Rh
AlL,Os - 0.2 - - 0.19
1Ce 1 0.2 0.65 0.80 0.18
2Ce 2 0.2 1.42 1.74 0.20
5Ce 5 0.2 3.67 451 0.19
10Ce 10 0.2 7.38 9.06 0.1
15Ce 15 0.2 11.95 14.68 0.20
CeO, - 0.2 - 0.18
*Ced| ¥& ol&ate] CeO,2 FHATEHA 2713

o

bk A OR 2E 35T AR T
(Inductively coupled plasma atomic
Aolt}, & 1& }\L‘liliuil o] & %]

FEAF I A A 2

_::‘JL_ 1% Rh/XC602-A1203 o =y 3;‘:]'-

FFe FrAY Hehxvt A4y

i

7

—_

o oy 2

0,

-

i, & Mr ox
lo, 7=

offt I

mmm

emission spectroscopy, ICP-AES)=
AF 2w 55 9T 529 F
AskAt.

5 12 RW/xCeO,-ALO; T4 540l e 2 o2, Al SAF] =(Ce0) ] &
Aol & Y2 A4 9] X-A ] (X-ray diffraction, XRD) 3 &1 & e A
oltt. & 12 AW E W, WA AlF SAFol =] ool F7FEl uhek Al SA)ol
o] Ax F2IE A= AL B0 4 31T Ce0,9] 7 600°Ce] 34l %7

o)A A7k B WF o2 el Wt heksk o1k, 10Ce 3 15Cee] 4%
AR 27} %) o= SR ALO, BHA T o] AP penta®} A5 44

oX,
e -
2

A
L2 o S5 S Bl AlE Y B ube Al SAtel =] AR g x
E Shafol 22 S o] -5 Al
sheFol F7hstel whel Ml E %
TF 3RS oF 464em ol A gH1 s 4= 9l
= &elsh] ARk R AE S w S T 2NEE B
o] == 2 X-A &5 1| Al-7- 2 (extended X-ray absorption fine structure, EXAFS)
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[85]

[86]

[87]
[88]
[89]

[90]

Hlol B ATfolt), ¥ 32 AT W, 15CeS Aol & Fulolq 22 F Aol &
QWA Y= Ao Hol o GHelAh £l Tl .
4= Qaksigra] S EH2 ols] 918 FAL ukAL M9l A Felol

2} 533 (Diffuse reflectance infrared Fourier transform, DRIFT) 2 3} 0|t} &= 4&
A A, AF e dharel w2 AdAbeiekA o] FAAEE YEbd =R o2 AR
LI 7k 2wt 38181z ol 7k ARSI fe] b e s b i
AL AT 5 Ak o= AF SA| Bk 2 wie L3HH = Ful7h b ke
st ek A F3 A7 3 2= A YErdItE Ak eba EZW] 7]1:=2Ce < 1Ce <

5Ce < 10Ce < 15Ce9] =2 & YER= A& 8le 4= gl
5% AlE SAtol =9 st Sl o] FAMF A A A W] 7 (Scanning
transmission electron microscopy, STEM) ©| "] X & YELH = o| T}, &= 55 Ay

B AFOl B HA e Fvlel Az 2ol B4 Fel2HE YT AL
F1T 5 QoM A F AFER EASHE Ao E LF Fel2E b A5
Ae T 4 gle).

<AA ¢ 3> Bl =2 T U S 53

stol =2 s} Sl B2 100°Ce] YA %ol A 434 75 50 mL 3]
2] Suf] Wk-S- 7ol A =3 E Q1) 932 10 mLe] SF4 &1} 200 uL2] S
7k (1-dodecane) 7 FFE A o] AF8-H] Mqll Aol A E X B2 v
A} Z )= 10 mge] Fvf A8 Fuf gkg-y Ho{ A}, 4:13:139] viv/v ) H]
fo] 32U (99 %), O‘*Pﬁ}%i(% 95 %) 422 (99.995 %)= JEJJ 2 A
Fete-a o FAHEAOH, F 30bard] FH O VA E A8
S71 & 100°CE 712 3}aL, 600 rpme] &8 0 & HEE 0 & A2 ndt 214 &

ol-gste] ksl A =2 }/\ﬂiﬂ}ilﬂ]-ﬂ(Agﬂent 6890)2] &3 o] 2
3} 3% 7] (Flame ionization detector; FID)°l] 1°4 ¥ HP-5 ZA & o] &35lo] A =3}
Ak AE L 7A Y Faduslo| == FH ol g2 ¥ w2 A E R g
1% 1t} 2Ce-600R E 1| o] A3 &= TOF= H-el e slo| = o] Al ake] 3
Fholl o] elj Al ¢rolyll o, 7} w32 A A S 93l 3 o] WA H AT AFEH
259 FolA A E e ddstol =] E4E Ao R A A s

ARFOm, 1 AT 5 6 A %02 H 20 ekt

‘

o

J

F

[3£2]
Catalytic activity Rh%Rh** Ce*/Ce™* ratio
Catalyst TOF n/i ratio XANES XPS XANES
(LCF) (LCF)
1Ce 600R 12638 0.4 0.52 0.46 0.89
2Ce 600R 16430 0.4 0.90 0.60 0.97
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5Ce 600R 13166 0.4 0.51 0.42 0.66
10Ce 600R | 10500 0.4 0.50 0.32 0.28
15Ce 600R 8069 0.4 0.77 0.31 0.11
[91]
[92] FoeZrgd stolmmx s uhgo 248 3R el slow A4 &

[93]

[94]

[95]

[96]
[97]
[98]

dslol =2 A3 thH] 7}4] 3 (normal aldehyde/branched aldehyde)®] H| &S n/i =
e, 23] AN R 8 Ceol A T E Belah] N XA F4 2
WP (XANES) % XA 284 ¥ (XPS) 34147 3.2 epil e

T 68 Rh/xCeO,-ALO,; Z1]|o] T2 slo]u2 U3} A5S YUeEld EH O
=2, 2% =100°C, 342 = 30bar, substrate/catalyst =33,000, 2LHF5 = 600 rpm, ®F
SAE=2h 7oA FAEJ oW, AN L= 25 A Az J-E e
Slo] = & 4%, Butyraldehyde yield/Rh mmol* time(h) 2.2 3% 7] ¥ It} 2F vk-$-
2 RS el 3 ol A HA e Hagor BIEAT 5 6S A K

A, A ARl TE 2wt%e E9 5 = Sl 7E 7hE 2 AN E VA, o] =

Tk EA 8= A goll = WS 24 & VA = A g el
57L& 259 X4 &9 2% -2 (X-ray absorption near edge structure,
XANES) Hlo|H & R O Zo|t), 259 AA A= 25 U 717t
S5 2 SAHEN, A 2ol b S 2a e AR E R A A
olth. &= 7& AW EH, AlF SAel =7  2wt% 3= S v 7HE =2 A A
L5 7Y, AAE E 9] 5A4]3= 2Ce > 15Ce > 1Ce > 5Ce >10Ce Q1 415 &l
3ttt 2o EHAH7FH 15 Ced A9 s HE-gA] o] A9 A
7 = 7

L8 Al AAEEE ofsfiatr] A e XA AR 3 (X-ray
photoelectron spectroscopy, XPS)oll ¥t Lo © 2 Ce’*/Ce™ o] H] &2 37|35}
AFS A-S Hola= g ot} Ce™el ol F71glol el A2l 4 H ol
T7kste, ol 2 dIA Sl S felx 3 5
b= Jds v &8s AR, AlF e AR 5= 2Ce > 1Ce > 5Ce > 10Ce >

15Ce o 4205 Co™ 7h M 3 A& Bl e 4 gleh.

(o,

<A e 4> S YA P2 AT S| =2 X2 3 w5 3
o e o] stolmr ¥ 3} vhg-2 wh-g-Eo] V4 A E o] i 4fol”
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[99]

[100]
[101]

[102]

HEg- 7)o A 23 ] Qo) ¥H-5-& 20mLe] & 21 2} 400 uL 2] 1-dodecane WY
%E%%éﬂﬂ%ﬂ»ﬁﬁx&ﬂhﬁﬂﬂﬂﬁﬁ 2H US4} 20 7 mgol
ol W15 S o] falo] A7 S Haeglom, /A B 413139 viviy F
B9 TRAN(99 %), DAVEE2(99.95 %) D 52 (99.995 %) 7H22E o] &
5ol % 30 bare] QPRI % 71 A% AT -2 £ A AT WL L 600 mpm
&8 WRkE o 2AIZE 9 =2 vhgo] =3y it Bhg ¥ v S &
]-&3}o] “H}Eﬂ] Ao, 57 b e] A2 7R E A U &
Aég] ;(HZO) —'],}; u]—%loiiuﬂg] I@]—/K-L% Q—O]O],OﬂOU:] g%—]‘j ]
Z7tehE A 7}/\ELEH}E:LE]]-4(Agﬂent 6890)2] &2k o] 23} A% 7](Flame
ionization detector; FID)°l] 12 ¥ HP-5 A ¢ & o|&35lo] A=slR o, =1 A3}
£ 590 YEth
Eg%iuﬂﬁi)\]ﬁ%% 3
H A" 4l G2 E 2 ¢ O}O]E *ﬁ” /] ﬂ*é o] F7tet= A& wY
g 1e e, Rt = Al
q_ | 9,% Ak3 5|E.
=3 7]’ }*‘ O]
]4‘7‘01 e A2

o fle 1o
o

EN

.

s
o
o
i
rhe
it
of
lo,
im
o2l
e
iz
Siid
o Mo
o
X
of
N
rif
ot
oy
-
SEASY
nl
)
lo,
2 ol
o
z o
>
>
o

=2,
2 2

i3
o,
(o]
o,
mie)
N
L
2
ot
-
po
o
)
r
k)
rlo
QE
_IE‘:
ot
ol
_@
_\‘1
i
RO
ric
SR [

)
o,

9= HE TGt 19) SR olsho] Gl Hria B olu,
%%igabqa@?@%ﬂ4&@4&ﬂﬁzﬁéﬁﬁﬁ%}

=
%
g
o

ric
i3
o,
o,
o,

Sl oln] % el 19N 1 FE AHORNE BEHE RE WY EE WY
£ E7h B o] W 9le) L= 20w aA Hojof Fho).
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[ 1]

[7d - 2]

[ 3]

[7d - 4]

[ 5]

[ 6]

(7478 7]

[ 8]

(379 9)

[7d-7-8F 10]

T4

dFu Z A AL BB ek E A A =

A7 FA A el date 2 Gl AE x8eal,

71 AE SAFel == A4 ’1AFE] (oxygen vacancy) & 28 Ui E 2] 4 H
ANAS EH LR ohi= sho| =2 ¥ 3} wh-g-§ Sl

A1 3l el A,

71 AE SAbol Bz A Sfloll thsi A 1 WA 15wi%e] SheF o= 39}
= AS EA o R sl slo|mR U g S,

A 1wl o)A,

471 2 G A= AA Sael] thaliA 0.05 WA 0.5 wino] FFo R 3
bz 21 5408 Bz sho| S 2T} uS-§ S,

A 1wl o)A,

A7 Al SAkel =29 A4 1 WA 10 nmdl 218 54 0 2 sh= steol =
2 ¥ g8 S,

AFH| L G AF SAkel = A A S o]l A 7hshal aikato] FFu|
LAl F AT A & e Al 2 sk 9l

71 dFV-AE ATA Gl 25 A A & e H7bekaL avtkel
o 2y& FAst= A R

71 2ol TR E &2 200 WA 800°Ce] =52 A sk dAE
¥ ghehiz stol 2 ¥ 3} wh-g-8 S o] Al 2wy

A 5 &l 9lol A,

A7 ] ‘ﬂ 253 '21‘/\} ]E XJ:FLXH (NH4),Ce(NO3)s, Ce(NO3);-6H,0, CeCls,

Ce(S04),, Ce(CH5CO,)5, Ce(OH), 5 2L Cey(C,0,), 2.5 O]TO'] 2 ol A A E
H 1€ o)A ¥ 5tel= Ftol =2 B} vk S o] A 2.

Al 5 3] ¢ 01}\1

A7 25 ATA £ 98-S RhCly-xH,0 RhCl,, Rh(NO»); xH,O 2 Rh(OAc); 2
2 ol Fozl ol A AEH 1°& o] & EEsli= stolm 23 kg8
Zu o] A =4y,

A 5 ol glof A,

_4

A7 R YA F AR SdS A 25 WA= 5y E AlE A
TAE Ao 1 WA 3AZF FoF nuk3k & 80 W A] 98°C & 71 A 3Fi=

A& EAO R 5= slo| =2 W3 HhS 8 Zuj| o] A zubH

A 5 ael] glofA,

A7 dELU A ATA NS A ZEtE G A E dFEu U L AE A
TAE10:02 WA 49 Fep] g2 £36lE A& EH 0= §HE slol =
RAER S G Sl o] A2y

A 5 ael] glofA,
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