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Synthesis of Shape-Controlled Cerium Oxide Nanoparticles by Forced Thin-Film Type Reactor
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Cerium oxide nanoparticles were synthesized using the Forced Thin-Film Type Reactor (FTFR). The precipitation
solution was changed from aqueous sodium hydroxide to ammonia solutions. By adjusting the mixing ratio of trivalent
and tetravalent cerium ions in the solutions and varying the cerium ion concentration, the shape of the particles varied
from spherical to truncated octahedron and irregular shape to cuboidal to truncated octahedral. It was estimated that the
change in particle shape could be attributed to the difference in the concentration of dissolved oxygen and hydroxide

ion in each solution.
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Table 1 Experimental conditions synthesized by FTFR and batch methods
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21 HE
FEEBEICEMM®m Ly v a ) SKAY
(Ce(NO,)y 6H,0, &L 7 4 IV AFDEHEE, Atk &
WB— 7' At) A (IV) ((NH,),Ce(NO,), F
AR, B RV 7z FTINERICIE T Y= T K
(BIALA:, B 2 vize SERE A 4 88k E v
7oo TRTORIE, KRETDIITHV .

22 BtV LT/ RFOER

BRI E LT Table 1 (SR L2l EEED
Ce(NO,); 6H,0 & (NH,),Ce(NOy), & 1 F ¥ 2K 2.
WL 720 BB E LT, 7Y ESTKREZA F 55
AR L 720 BB L OHRIE & R
FUbL g (s - 527 =y 2 CLEARMIX) ZJH\W\T
Fihti U 7ze WAL 7 A F 2 KT DA U L7z FTFR
(=2 -5 =v2 ULREASS-11) 1356407220 & 7]
LbDTH Y, BIAKE RIS OHME% Fig. 1, Fig. 212
R o T A AT OHPRERIZERT SN TAROE AT S
T4 A7 HRIEA SN DA A 2 ERHER, SISO
72 7 4 A 7 \ZHEBRICET S Ao A0, 5
T4 A7 HENEA SN LR B 2T HERE Lz, F
TR A BIOWABIE, RUISHRIEA SN ERIZ,
BRI L > CHNOREEISHE LTkl L7z, Eg
P IIEHAR A 2L 125°C 12T 150 mL/min T L,
AR B 2L 70°C (S TRAWD pH A3 6~9 12735 & 9
IR EET LR L7z 74 A7 il 2250 rpm T
FMiL7zo 74 A7 L VPR S NRERIENRY &
VEBHLE—H—WNIZE L7 BTEORGEE L
T, LV LAF VIEED 4.6x102 mol/L DSMFIZD W
TIIERD Ny FIETH AR EIT 5720 50 mL OHEHE
TR FURHAW 30 mL, AT A pH7 1% 5 ETH T
L, T 120°C, 4 BERINE L 72,

. Mixing ratio [mol%] Cerium ion Fluid B pH
Synthesis . .
method o o concentration Base concentration Fid A Fid B Mixture
[mol/L] [mol/L]

EX. 1 0 100 2.04 7.84
EX.2 50 50 4.6x107 7.0x107! 223 11.85 8.70
EX.3 FTFR NH; 5.07 7.16
EX. 4 100 0 4.6x107° 7.0x1072 5.86 11.62 8.98
EX.5 4.6x107* 7.0x1073 6.26 11.16 7.53
EX. 6 0 100 2.04 7.50
EX.7 Batch 50 50 4.6x107? NH; 7.0x107! 223 11.85 7.52
EX. 8 100 0 5.07 8.02
RF. 1 0 100 2.04 7.68 [20]
RF. 2 FTFR 50 50 4.6x107? NaOH 7.0x107! 223 13.82 6.55 [20]
RFE.3 100 0 5.07 6.14 [20]
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Fig.2 (a) Illustration of reaction part from the outside and (b)
pattern diagram of the reaction flow between the two disks
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Fig.3 (a, ¢, ¢) TEM images and (b, d, f) HAADF-STEM images
of CeO, nanoparticles synthesized by FTFR and
precipitated in aqueous ammonia solution from Ce*":Ce* =
0:100 mol% (EX. 1), 50:50 mol% (EX. 2) and 100:0 mol%
(EX. 3), respectively. The insets and the arrows in the
HAADF-STEM images indicate the FFT patterns of a
particle and the particles of interest
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Fig. 4 (a, ¢, ¢) TEM images and (b, d, f) HAADF-STEM images
of CeO, nanoparticles synthesized by FTFR and
precipitated in aqueous sodium hydroxide solution from
Ce*:Ce*" = 0:100 mol% (RF. 1), Ce*":Ce* = 50:50 mol%
(RF. 2) and Ce*":Ce*" = 100:0 mol% (RF. 3), respectively.
The insets and the arrows in the HAADF-STEM images
indicate the FFT patterns of a particle and the particles of
interest
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Fig.5 (a, ¢) TEM images and (b, d) HAADF-STEM images of
CeO, nanoparticles synthesized by FTFR and precipitated
in aqueous ammonia solution from Ce*" = 4.6x10° mol/L
(EX. 4) and Ce*" = 4.6x10* mol/L (EX. 5), respectively.
The insets and the arrows in the HAADF-STEM images
indicate the FFT patterns of a particle and the particles of
interest
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Fig. 6 X-ray diffraction patterns of CeO, nanoparticles

synthesized by FTFR and batch method measured with Cu-
Ko radiation

Table 2 Particle size and crystallite of synthesized cerium oxide nanoparticles

TEM

TEM . Crystallite
X . coefficient X
Particle shape particle size of variation size d/D
D [nm] CV [%] d [nm]

EX.1  spherical 2.9 20.8 2.8 0.97
EX.2  truncated octahedron 7.0 13.2 6.8 0.97
EX.3  truncated octahedron 11.8 22.1 11.2 0.95
EX.4  cube 12.5 13.2 11.8 0.94
EX.5 agglomerative 12.8 20.8 10.1 0.79
EX.6  spherical rod 3.6 27.4 2.9 0.80
EX.7  spherical rod 8.9 342 8.5 0.96
EX.8  truncated octahedron 14.2 25.6 13.0 0.92
RF. 1 spherical 3.0 10.0 3.0 1.00 [20]
RF.2  spherical truncated octahedron cube 5.8 22.4 5.8 1.00 [20]
RF.3  cube 14.6 18.5 14.5 0.99 [20]
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Table 3 Dissolved oxygen in raw material solutions

concentration [mol/L] LDO [mol/L]
4.6x107* 2.5x10™
Fluid A 4.6x1073 2.6x107
4.6x1072 2.7%x107
7.0x1073 2.6x107
Fluid B 7.0x1072 2.6x10™
7.0x107! 2.8x107

Bk BOGASHEAT L, 4 i KERILE Y & A F 2138t
U Lo 2 IS & o TR, WITENRIARIRD
BTDER L72EE 2 5N 5, Chen b0 SIEFIEE DL
HIZ X o THFIRA T v FIRA S Y TEARRICZLS
5T EFHEENTHBY[16], FTFR TIRIEREGHT TR
WEHTHLI L0, KA BHOEBEEEIN TE
RICEEZ L2 Twb LN SN S, Table 3 I2ENEh
DJFEHAT, A ROBAAERRZRIE LR T, BRT O
‘I‘e?ﬁ@ﬁi%i%l# 13 2.5%104~2.8x10* mol/L & (ZIFKREF &
IR 2 W B OFIRRE Th - 720 3 flio KB L
L) ARSI VLB X ORI N T4 MO
L A2 5 UREIE Eq. 3-4) TH D, 3o KL
£ 7 A 1 mol 1% LI#EAYIZIE 1/4 mol DEEEDLEET
H5bo

3ot T AL F v ORETML, JRHEE D 4.6%
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AL L2 &I2L ), w20t L7-B%
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EORE T AR 2 K L TV 5 DDA e ki &
LolzOTlEhwvwhrtEz 65,

BN OBEENIAL L TV B EMATIE, Eq -5 D&

HIWCOH I L > TSI s TnAB EEZ NS, B
w,%mﬁm%@$&%f%é@w%U7Aujﬁ%f
& 0, Maldonado 512X % DFT+U fHEIC X 5 L T &
VF =24 o & HEWRIEIE {1001, b o & HEWE
I {111 THB[28]e ZD7z8, MWHERD TN
Ee 7 At ERBILWA A B EDE {111
77y MIHIL, N B E e NERIR DR T
WBHIERTEEEZEZONS, LALERDS, ERHE
JEDY 4.6x102 mol/L DEMTH A EX. 2, EX.3, EX.8 T
& TEM B8 T TN RIR ORI T, BURHREE DS 4.6%
103 mol/L D4 T 5 EX. 4 Tld TEM BREHZ T )itk
ROFLF 23HERR S M7z YITH/NHERIRO RT3 {1001,
1} P EN S LAERL, SHRIROKTX {100f (2
PENDEHERT LD, INODEMTHER L7
LU AF 2RTO {100 DOFEM T ROV F =2
INEL o TR I ENEZOND, Rifed X U7
WD ZEMD S EnENIET % &, WTE/NHAKR DR
T L 72 DT ERIEDS T~ | = 7 RVAH T IEURH
FEAT 4.6x102 mol/L, JFUEHNC 3 iR EEL ) 7 A% H iz
FTH Y, THEIROKL DA L 72 0 1347 HikSE s
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T ¥ = T KW TIRRHE LA 4.6x107 mol/L D 5:ff &
FATWIZE DA I RS RER L+ ) 7 2K, JEORHC
3MGOMEEL ) 7 A E LN TH o720 KBILF T
VY ADpK, 7513, 2F Y pK, 1ZI1F1FT 1 TH 2 DITH
L, 7TVEZT7 D pK, IZKEDFIBIZ LD 48[29]TH
D, KEBLF MY LX) LEBESKL 2D, ZO72
O, BURHEEEAY 4.6x1072 mol/L & W4Tl OH 13 %
B 2 SOSEEBIHFIC B W TR L TwWb EEZ 5N 5,
SIOEMFITBNT, @HED - L BREZ AN F—HK
w111} 28, B 2 USRI OH SRR T 5 2 &
THNTWDBLI DS, TUYEZTHS OH AT S
WP T, KLY 7 A h L IEEbE ) 7 2597 i
T5ZET L AEELTBY, TGRSR T
HolbEZoNE, —J, OH L) 7 A4+ VI
LCTHAICAEE L TW BT, KBfbtE) 748 L

WAL Y 7 20 XD 5612 {100f & OH DK
FhEG RN L MHE/ERASEZ 52 8T, {1000 D%

IANF =DM R, (1000 2 ELD
TR LEMSI NG, Bt ) 720G S
{100) IZ@E L LY 7 ADPKHIIRIT A TH Y, K
KM OWBRIIERIIIKRE[FEIRI DR T VWEEZ DS
Nb, 2F D, HUKFIRNO OH ) 7 A4 F 12
L CHAICHE LTV EMClE, OH OKREREES %

RORFDAHEK L, OH ALY 7 A4 F /I LTAR
LTWwWaEMTid {1000, {111} OEEDI#ER, SITEA
HRROR 2R L2 25N 5,

4. & &

AWFZETIE FTFR GaRE#EESX) 77 5 —) 2 HWT
b )y aF 2R FESERL, RECT v E=T
KB A L2 E ol Ol 2 175 72, 57z
Bkt o A F 2RI HRTH Y, FRERT O 3
i 4aflior) 54 F > OENVEELZHI#ETSZ &
WX DR FREERTIRIRIEATHZ L, E51T, AKX
RO ERHRELEE S5 2 L TR TORRIEILT S L
MR SNz T D ORFDOZALITE R R OMILE X
OBHARISOMEITICE 2D DOTH Y, X0 FEISHTH,
WAL, BRSO L ZH T OREL EET 5121,
RS % & HIZEH L2782 1T - Tl 2 179 4%
B HH, KRFIEIZRIL VU 7 2 ORISR & b 11%,
HFBIRIZONWTE DR EG 250D THD, &5
IZ FTFR & W72l &K T, KT RO 570 D T8
bt 2F I RTFHRERTEZZ L, FRICR T
BV TS AR S 725002 T, W T ERRT
EREEGT LI ENNETHLILERLIZ, 2D
i, ELrOAEREEICOIBHT A ENTE, 5%

I L72HEERIC L o T, {1008 298K L2720 itk OMEHECBWTHHTH 2L E 2615,
Nomenclature
B : diffraction line width [rad] K : Scherrer constant [-]
D : particle size [nm] 6  : Braggangle [rad]
d : crystallite size [nm] A X-ray wavelength [nm]
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