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/}'3/]'}6"‘%% [JEY| }9&}% %’—“»1:}-; j?u 1ML /SB@ , };k% -Fe,0; cuboid Doped y-Fe,O; cuboid Doped Fe;O, cube
T IR BRI 4 ] R ek g 2 21 , MRT Fig.1 Schematic procedure for the preparation of
M Fe, O, TERGHE X A FUERAz 08 ) PR BE. Co™/Dy** doped Fe,0,
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1.1 RKFENEE
BRI 2K (FeSO, « 7TH,0) W F b w2 e fb iR AT BR A Wl S A4S (CoCl, - 6H,0) | A fb
(Dy,0,) . EEAH(NaOH) | R HN (NaNO, ) . ABIEEME(C,, H N, - H,0) . Z#R%% (CH,COONH,) .
AR ¥ e (HONH, CL) FIERFR (HCL) W T 1 ifg [ 25 4 B4R A BR A R BT R 24k 43 4.
SK2-2-12 AV BEY (L0l A BRA R ) 5 YMC-11 BB bk il 3 % A= 2% (LA R
PEER M A PR HE]) 3 D/max 2550 VB/PC A X G AGHH{L (XRD, H AR/ H]) 5 Tecnai-12 BYE ST HLF
S AMEE (TEM, fif 2% Philips 227 ) ; Magna-IR 550 BIZTAMEREAY ( HZAS Shimadzu A ) 5 752 B4 4h-0]
WA YEICEEA ( L3 RS BRA 7)) ;. BHS-55 MRS S #5595 Quantum Design 24 7).
12 X
1.2.1  Fe 0, i 78 &K #0.01 mol FeSO, - 7TH,0 7E % N A FMT 30 mL 281K, R
100 mL = B, B8HE T A 0. 021 mol NaOH, VA W75 ¥k 4 (0 B IR . ¥ I IR E T &
80 CJi, JMA 0.003 mol NaNO, it N 1 h, AR N RBARMW, #EFE#ETE. B aiine
FHTCK OB | ZEMK A BIVE 3 Wa, T50 C FEA T4 h, SREE TSI T 260 °C F 6 h,
RBNZAR AR, FFULRE S 7E 5% H,-95% N, (RT3 80 R T, F 350 C Rk 4 h, HIF5 5|86
Fe,0, 40AH0F.
1.2.2 Co™/Dy* 42 Fe,0, KTt 4K FRELO.01 mol FeSO, - 7TH,0, 4334 Al HY CoCl, 7E 5N
THABHINAMKRZR | ffi Co 55 Fe BIBE/R LM 2.0%, 5.3%, 11. 1%, 17. 6%, 25.0%. Fi# F15 Fe,0,
KT B A B I AR Co, Fey 0, Ki 1. Dy 848 Fe,0, K TG W 5 Co™ BARIEAME, F—E
W Dy, 0, W TG, A, MR AE KGR ENRE G TOK DyCl,. JREP Y Co™ B3l
HHIE, #1745 Dy Fe, O, biF. HHEHA S8 TRIET &S5 (1CP-AES) 205 AE Co™ /Dy 7E M,
Fe, 0, MR ISR B AR,
123 ot bERMNE#EFRE ¥ 1 mL @RIARZEREKEZ 100 mL. HREBI 25 mL 7B
T 50 mL L@ H, A S mL ERER A 1 mL ERER NG, /KVEE B 20 min. 12 HJG 1a] I B H I 0
2 mL ABAERE IR AL 5 ml L FRECE WA, KRB ZZIBE, 1RA), ##HE 10 min J5 T 510 nm AbiEfT
Fbfh.
1.2.4  BOMER R R AR E L WA 2 FR, DABYNBE AT AN AT, BRIZBEEER B A0
R MR L2, A R KPR T slAl , RSP N I RERLT-AE 04 1 VR FE T |h i 48 b i A il 38 ) B
LU — i FE. o B BER S, Fe,0, BT C

C N
Kxﬁj&!. ' SEEA, B A TOW B AR IR A B K, F
T JSMIRG | G Tt O VA S i e A 45 5
| +—> 6— RV I OB B T S B 1 0 ] L2 0 5

B, AT AR AN, ) A ] R A 9 R 3 A T 3 i
A. Pipeline; B. simulated perivascular tumor tissue; FERE LR AERE X IR 4l B 15 D0 R (e, %) TTRE 50N
C. entrance for magnetic fluid of iron oxide; D. distilled w=[1-(c,V,/e,V,) ] x 100%

water; E. constant flow pump; F. medical pulse magnetic ;Et':fj C, *ﬂ Vl ﬁ’ FJU j‘] 7{ C ﬁﬂ%{f/\m{ﬁ ﬁwﬁ {4454{ E/‘J ﬂ&f}f
field; G. beaker used to collect the outgoing solution. (0.315 g/L) AMARL(1 mL) ; ¢, F1V, 535 245 G Pl

Fig.2 [Experimental chart of magnetic targeting
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ALV TR A TR B AR (25 mL) . JiE A 1. 131 mL/min, KA K 4 min.
2 HRETR

2.1 Fe, O, R FHIRAE

B 3(A) MR FHPGA JFEHI 5 1) Fe, 0, BT XRD K. K 3(A) HHAESHTE 26=30.06°, 35.40°,
43.32°, 53.76°, 57.32°F1 63.28° 4b 34 M LK e 5 B AT S e, 43 S XE Y Fe, O, (JCPDS 19-0629) 1Y
(220), (331), (400), (422), (511)F1(440) ahi, FW BT & AR £ LW BA R A 45 Y
Fe,0,; 7381, y-Fe,0, GARLF BT TSR BE RO B S ARMER AR AT R (JCPDS No.25-1402) —3L.
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Fig.3 XRD patterns(A), FTIR spectrum(B), TEM image( C) and magnetization hysteresis curve(D) of Fe,0,
10 XRD 8- fE I EAS R A Fe, O, MM (@ =0. 8383 nm, AR V=0.5891 nm’) , HiS({H
55 SIE A e KAIRHR AN L 0. 05% , KW Fe, 0, WAL IR T2 07 fh & M@ X y-Fe,0, 1)
EAREITR (Table ST, WASCZRHRE) I MM S EL « =5 =0.827 nm, ¢=2.519 nm, V=1.722
nm®, JEH] y-Fe,0, J& T W05 dh REH. DRI, QKR o R A5 & AR R an s . AR 4
Ellingham P, #RAIASE " YO PE A GRS 1 B ey, 46 im0 8 TR B8 v fo 7 0 1) N 0 25 4 ZE A9 I 57
FRSE. HI ARG S BTl L, y-Fe,0, HIPOJT S R (6] Fe, O, L5 i FR L AR 13 BRAAIE Joy B 14 AH
AR i HE N AR ST B AR T AR . SO AL TN AR B AL E AR Fe't BLEUAJEUN Fe®

B o P8 /TR [E] B 8/3 A4S, IR T Table1l Experimental data and calculated results of

y-Fe,0, BIVUFTHBZ5HE. T Fe™ Lk Fe™ IEFL T £, PXRD of Fe,0,( cubic system)

Fe’ 81 RF (0. 063 nm) /M F Fe B F R Chil) dypeonmioa/ I dypppnupeg/ 0 Vi,
(0.076 nm) , [HIM di 4 B (& Fe™ i) S AAE T 5 (111) 0. 48399 0. 48439 8. 9606
RSB TR S a=b#c BN a= (220) 0.29638 0. 29700 35.1254

B ke dE e [19.20] 4B f131 S 2 oE (311) 0. 25276 0. 25355 100
b_c" HE"*‘%XHE%%/_‘E - FATIN Ty, i A (222) 0. 24200 0.24212 11.8279
H, i J5axX P B 2 i 2RI R S R T 7™ 9 i ik 45 (400) 0.20958 0. 20869 17.9211
P A4k, (422) 0.17112 0. 17037 12. 1864
FERIOZESPIGHEL 9 3 (B) 142 578 em b HISE 7 e e e
TERAIRBNBE, S Fe; 0, T Fe—0 HEAYRFAEH (620) 0: 13255 0: 13209 4: 6595
Wil | 3406 F1 1635 em™ Zb4351)—OH B9 44 3 (622) 0. 12638 0.12732 7. 8853
0. 12100 0. 12123 4.6595

WIS AR B0, LI A B Fe, 0, R & FRs., (440
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FTIR 45 5 v] ik —20E B T il &5 O RE 5 R4l Fe, 0, , 5 XRD MRS R —2. & 3(C) N Fe,0, 45Kk ¥
) TEM BER. 2GR JFE A Y Fe, 0, FURLRSHI4), TR ELAEOE RAF, S Jr AR5, AR R
MK A TEYI 290 45 nm. B 3(D) j& R #GA 2 AR 1 Fe,0, KL F RGN I HTZL, Fe,0, 41K
B FIRFEEILIRE M =66.36 A - m” « kg™, FIRMAMBEILIEE M, =20.26 A - m® - kg™, BFmi ) H, =
183.9 kA - m™', =B AIRE LR B X Rl Fe, O, T 7E 4N K254 A A= 4 5 25 1w HL AT o522 10 FH A (AL

2.2 Co™, Dy“i#8Z Fe,0, RLTHIRAE

22.1 M_Fe, O, #hkk FHTEHH X Co Fe, 0, Fl Dy Fe, O, Ak T AT 8L, 24
M(Co, Dy) 5 Fe BYBE/R L5 0 2. 0%, 5.3%, 11. 1%, 17. 6% 25. 0%}, B J8HE & 45 8 Tk 57 1
BEHDETEE (ICP-AES) fyil & 45 R R, A LBk BE MR 719 Co/Fe FEJR LL 23000 0.0197, 0. 0477,
0. 1085, 0. 1727 F10. 2399, XN x {43514 0. 06, 0. 14, 0.29, 0.44 F10. 58; Dy/Fe HIFEEIR L5351
7 0.0169, 0.0437, 0. 1014, 0. 1682 F1 0. 2166, XL « {55351k 0.05, 0. 13, 0.28, 0.43 F1 0. 53.
Co™ Fl Dy* S2PriB AR ZE A, R 5B Co™ BT (K420 0. 072 nm) F1 Dy™ B 1 (K424 0. 09
nm) S5HABA Fe™ BT (LR 0. 074 nm) FHIXT R/ 2.

222 M Fe, 0, 41k Fth XRD 24 Co Fe, 0, Fl Dy Fe, O, Ki T XRD i 4n& 4 firR, %2
T XRD HdE 54 1b 115 (Table S2, Table S3, WA SCZH¢(5 B S5 5211 Mg S50 E 4 Ha] LA
Hili, Co,Fey O, FIFHIE XRD iGN E 5 Fe, 0, FRUEBIARATH K (JCPDS 39-1346) — &, KM HE
FeAfg, UL Co™ B2 I R AR Fe, 0, R0 MU AHAHZEHY, X & B A DU AR FC A7 19 Co™ RSH R 0. 058
nm, /NF y-Fe,0, #J A SZ[EIER 0. 066 nm'>* . x=0. 06 Af Co™ B FREM B BUCIU 5 it &R y-Fe,0, 11
ADIER) Fe™, F& H, WG, IE4 IR Fe,0, B9 A (U E, AR, MBS o N
0. 8383 nm H4 KN 0. 8421 nm; 4 Co™ BB ARLI K E «=0. 29 B, PUTHRECLNL B Co™ 51H 54 A {7
)RR, AR SEAERRTE 0. 840 nm Zi 47 1724 x=0. 44 I}, Co™ B THUNR Fe,0, 1 B 75, il Sk s i i
Mk, SAESERIE K.
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Fig.4 XRD patterns of Co Fe, O,(A) and Dy Fe, O,(B)
(A) a—e: x=0.06, 0.14, 0.29, 0.44, 0.58. (B) a—e: x=0.05, 0.13, 0.28, 0.43, 0.53.
Table 2 Results for rietveld analysis of PXRD of Co,Fe, O, and Dy Fe, O,"

Co Fe;_ 0, Dy, Fe; .0,

x a/nm 10°Relative error x a/nm 10° Relative error
0. 06 0. 8421 9.2211 0.05 0. 8386 7.4738
0. 14 0. 8379 9.9783 0.13 0. 8362 0.9782
0.29 0. 8397 8. 6385 0.28 0. 8355 1. 9035
0.44 0. 8409 9. 0054 0.43 0. 8357 5.2441
0.58 0. 8390 8. 4927 0.53 2.498* 0. 1300

% b=1.200 nm; c=2.198 nm; B=99. 443°.

Dy** (2420 0. 0912 nm, H B A E7SEL Fe™ (1921242 (0. 078 nm) K, EARAILEL, & Dy HAEE
FAHWUTT FhFR y-Fe,0, [ B A1, Zad H, iBJF)5, X x=0.05 if, Dy °l 5455777 i &R Fe,0, 1Y B
i, MAESEAERFAE 0. 8386 nm. {HJE Dy (iR Ak et , M4 o BWFEAL, ATRE Dy 5
R RAE TR B Fe®* Il Fe? AR ARILI | B5H Y Dy MELIBB AR | Dy* HAEM 438 T Fe,0, Fi0,
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MFME. Co™ /Dy AR LT Fe,0, 0938 R H) & B R $e i B M4k 1713

T Fe,0, A& AIA K. W24 x=0. 53 B, XRD f8bn it B 45 RE M, HB A Fe,0, J& THANM R
(Table $4, WAL ZHAEH), MMBE a=2. 498 nm, b=1.200 nm, ¢=2. 198 nm, B=99. 443°.

2.2.3 M Fe, O, 4Kk 7 TEM B 5 &5 FIE 6 43514 Co Fe, O, Fll Dy Fe, O, K. F ¥ TEM I
Fr. 540 Fe, 0, RFXt AT HI, 24 Co™ 824 M x=0. 06 FHWiHJIh 0. 14, 0.29, 0.44 i}, Co, Fe, O,
PR SEITIRIE | (HR PR AR IS RO W E K, BId 79 nm B KN 81, 80, 91 nm. 448 A4k
LMK N x=0.58 I, Co,Fe, O, MLITIRIBHAL WERIE. 2 x=0.05 I}, Dy Fe, O, PREFLITIAIE ;
Dy B AR x=0. 13 B, FESEBUERIE M FIRIETRA S, KT8 70 nm #1150~ 100 nm[ &
6(C)1; KiZE Dy BN ZE x=0. 43 [}, TEM MR hRERIE 25 B0k &2, {H 20=0. 530 H PR
FHIEEkL, A 70 nmx93 nm.

*4

100 nm

Fig.5 TEM images of Co Fe, O, with different Co’* doping ratios
(A)—(F) x=0, 0.06, 0.14, 0.29, 0.44, 0.58.

200 nm

50 nm

100 nm

Fig.6 TEM images of Dy Fe, O, with different Dy’ doping ratios
(A)—(F) x=0, 0.05, 0.13, 0.28, 0.43, 0.53.

2.2.4 MFe, O, #hkbrFthtfmtizE XFH Co Fe, O, Fl Dy Fe, O, IREHEFIZE (K 7) a0,

Co™ BILE

it ELAT S R B, RV T SR A R T BB Co™ B 2% i S IR T G 5 7T Dy ™ B 2% FF

AWEE B A] ARG IR, X U] Co Fe, 0, BAEGRBIREMIFE, ELEE Co® B A% B RIS IHIFERE I ;
1M Dy, Fe, 0, I —E HOBIARENES i ZESEBRI TR, AT AR AT RO AS R R AT e 4.
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Fig.7 Magnetization hysteresis curves of Co Fe, O,(A—F) and Dy Fe, O,(G—I)
(A)—(F) x=0, 0.06, 0.14, 0.29, 0.44, 0.58; (G)—(L) x=0, 0.05, 0. 13, 0.28, 0.43, 0.53.

3 TAR M, Fe, 0, KL T HIBEES L, K 8(A) /Rl T Co,Fe, O, KIMFIREALIREE (M,)
BE Co™ B L. MBI R T x=0.44 I, M_EFHRR(E 76.65 A - m® - kg™', FlJ5 SFRAR.

Hak

D

AT GAE[Fe ], [ Fe™, Fe® 1,0, ¥R AR AN

M =My,—M (M GRS AR DU TR G, My 2 /\THARREHRS ) . B T VAR A Co™ (9242 (0. 058 nm) /N T
y-Fe, 0, A QZ[AIRE 0. 066 nm' > | AT LIB I BEA Fe,0, B A fii. 1] Co™ MURERE (3 wB) /NT Fe* BE4H
(5 wB), ffi A SIAYREREIE /D, S BN R AR S RE R 1 K. TGS Co™ B At x<0. 44 B, R M

Table 3 Magnetic parameters of Co Fe, O, and Dy Fe, O,

Co Fe; 0, Dy, Fe;_ .0,

x M/ (A m?kg™') M/(A-m*-kg') H/(kA-m™) x M/ (A -m?kg™') M/(A-m?-kg') H./(kA-m™)

0 66. 36 20. 26 183.9 0 66. 36 20. 26 183.9
0. 06 68.99 30.76 307.8 0. 05 70. 21 17.13 147.8
0. 14 71.50 47.71 663. 4 0.13 65. 62 14.73 105.7
0.29 75.08 49.74 897.5 0.28 52.25 13.22 132.2
0.44 76. 65 42.57 1097.5 0.43 50. 88 12. 04 121.3
0.58 72. 14 36.21 1746.2 0.53 47.28 9.61 113.4
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B Co™ 15 ABLIUBE TR ; 105 Co™ 5 A BAREEH I, F A-B 2 WA SCHeR ™ | R
Co™ MR o™, 4R (0. 0745 mn'™)) 551 B (2RO, 075 nm) B, BEAHY Co™ 57t
FEAESTORL Co* BE B RLAY Fe™, S8 B (AUREMIMENS , SBk LUk R, DR T P A 3
BEIE. 535%, Fe,0, 19 M_B Co™ 34k HG AR L B 5 y-Fe,0, — B, 1 Fe,0, 1) M, fit K 1 (76.6
A’ kg ) RIEET y-Fe,0, 19 MARIE(72.7 A - m® « kg™ ATREZ IIUTT 5 y-Fe,0, ML 37
T Fe 0, J5, dit Bk ST T BEdR G, 0 M.

Fl 8(B) 755 T Dy, Fe, 0, ) Ml Dy* AL, 24 Dy* 13440k x=0.05 B, M LS LKA
(70.21 A - m® - kg™'); 24 Dy Ak AT, MR, MBI INE x=0.28 5, M V2%
AR, Dy B BCKIBEAE (10. 65 wB) , BAJSE M N, JFAS R (E. (H Dy B im dkLL i i,
Dy B P RERN Fe? R RIGHL, HELLSSIREGREE Dy™ 57, B 3L Dy (I -Fe( ) s AL
HIALEY, B2, Dy FBELL Dy () ALY A48T Fe, 0, 1, 1 T 52771k Fe, 0, LK,
A4 R S 5 AT P P W BR . T LIRS T Pe, 0, FET0 RIS HLF D7 1T 15 Fe,0, B2
BRI, NN T AL, Dy FRESB A7 5 y-Fe,0, 19 B R, & it Dy’ Bt
R Fe™ I, Fe™ ML T IAUEHESS 2 30, S5 Fe™ RIRESE I 1014 — S ROMBURY , BRI Dy™ 9 & R BT
R, Al R .
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Fig.8 Saturation magnetization of Co_Fe,_ O,(A) and Dy, Fe, O,(B)
2.2.5 M Fe, O, Zhkbr T A B ENT L CoFe, O, BIFFMW S H I Co™ B A ML
FAE 9(A) Frs. HE9(A) FIH, B IBE Co™ B AR KIMFFLLI K. 2 Co" BARM K v =
0.58 i, i)y (H, =1746.2 kA « m™") BI K T4l Fe,0, i F(H, =183.9 kA - m™"), XA[fiE & Co™
FFEHB A Fe, 0, FAIE U EREUA, TEANER A LA Fhid Re P, Fe, O, SERER AR Z 0] 4 THE
VERT, th T REHVE - B o) S, AT R 1 P ). Dy, Fe, O, BEPESA KA (500 )
[ 151 9(B) 1B Dy B ARRYHTINSEI NG K, f)a 5 T RS WMT Fe,0, REAHE TS5 Fe 0,
REARIRANIR] DRI 17 T 25 ) S SR FE o 1 B 2= UK MR 3 20 24 Dy 844 «=0. 13 B, R
A R R HE R | AR o ST PR T BRI AR | IR A ] SRR, Bl B R 2 Dy
Fem I INE] x=0. 28 B, B TAREA G LA BUE, Dy MELIB AR S A d s, HBEIE i d A Fil
Dy (Il) AR & Atk , S ) e MR8 s (HBEE Dy (1) S ALWILEIR & diks b i o5 L3

2000

0

0 01 02 03 04 05 06

0.7

200

) (B)
1600 F 180 |-
2 1200 F PRCU
:\f‘/ 800 | S 10f
= = 0)
400 -
100 |
1 1 1 1 1 1 1 1 1 1 1 1 1

0

0.1

0.2

0.3
x

0.4

0.5

0.6

Fig.9 Coercivity of Co,Fe, O,(A) and Dy Fe, O,(B) with different Co’*and Dy** doping ratios
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Table 4 Retention situation under different conditions

Sample Spacing/cm Pulsed field Magnetic peak/mT Con(’/fentralion af}er Retention rate( % )
voltage ( V/Hz) retention/ (g + L")

Dy psFe; 050, 2 500/2 269 0. 0230 80. 7
2 600/2 290 0. 0202 81.2

2 700/2 350 0. 0504 81.8

CoggsFey 5604 2 500/2 249 0. 0230 92.7
2 600/2 271 0. 0202 93.6

2 700/2 346 0. 0050 98.4

10 500/2 55.5 0. 1115 64.6

10 600/2 79.2 0. 1055 66.5

10 700/2 96.3 0. 1008 68.0

uspIof3! 2 500/2 279 0. 0430 76. 8
2 600/2 378 0. 0422 77.2

2 700/2 433 0. 0408 78.0

10 500/2 53 0. 0591 41.0

3 &% e

T HHGA JFUTE LIRS T — £ M_Fe, 0,(M=Co, Dy) 49Kk 7. XRD 45 K8, Co fl Dy $54¢
JEREMRARTE BUBTH , 2420 B ST TR A 4584 ( Dy B 4% R 0. 53 BHERAM ) . SREIRTE S5 bE — %
B G I S T AR BB | I BT M, Fe, O, KL T M 34K, M Co™ Bkt
9 0.44, Dy 444t 0. 05 B, M Fe, O, 3.7 BRI T M3k 35 K {H (76. 65 F170.21 A + m® -
k™). PROMELURE T ARG [ 7 S, ST TSR REME UKL M Fe, O, [ B8 300 T 2414 T 5k
TEARBITRE PSR, BERAST 7 TR REHERD R BT ARy (4 FETALN, , FAVEE R AR W F i 5

FHFAZ 8 hitp ./ /www.cjeu.jlu.edu.cn/CN/10.7503/ cjcu20170132.
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Thermal Reduation Preparation of Co’*/Dy’* Doped
Cubic Fe,O, and Their Magnetic Targeting Retention"
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YAO Pingping', HUANG Yan', NI Chaoying”*

(1. School of Chemistry and Molecular Engineering, East China University of Science & Technology, Shanghai 200237, China;

2. Department of Materials Science and Engineering, University of Delaware, DE 19716, USA;
3. College of Chemisiry, State Key Laboratory of Inorganic Synthesis and Preparative Chemistry ,
Jilin University, Changchun 130012, China)

Abstract Co™* /Dy doped Fe,0, nanoparticles( M Fe, O,) were synthesized by the thermal reduction and

co-precipitation methods . The structure, morphology and magnetic properties of M_Fe,_ O, were characterized

by means of X-ray diffractometer ( XRD ), transmission electron microscope (TEM ) and vibrating sample

magnetometer ( VSM ) . The results show that the dopants did not change the maternal symmetry, and the mater-

nal morphology gradually transformed from cube to sphere. The M_Fe,_ O, cubic magnetic particles have maxi-

mum saturation magnetization of 76. 65 and 70.21 A + m® + kg™', respectively, when Co’ actual doping

amount is equal to 0. 44 and Dy’* actual doping amount is equal to 0. 05. Compared with the superparamagnet-

ic Fe;0,, the cubic high magnetic doped Fe,0, nanoparticles showed a high retention rate in the simulated

magnetic fluid magnetic targeting experiment in vitro.

Keywords Cubic Fe,0,; Doping; Magnetic property; Magnetic targeting in vitro; Lattice constant
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