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WE HIOCRARSEETIEST Fe,0, HUKAE, FREHAE RN, 50512 AR FIORE AR T RAE K
BT Fe,0,-Au - LR IR E SFEF Fe,0,@ Au #5590 K B &M RE, FEXTHIESR APEREHEAT T RAE
I3HT. SR, &1 Fe,0,-Au #%- TLEH Fe,0,@ Au B-55 90K B S M BHRLZ 5], Au G0K BURL 15
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JLOT RIS 2 WA (SERS) HORRERG IR H AR /- F ORI 2550, B REUE s | Hepetsg
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JEARE] T RAFMREINZE R, (B e E A ol | A nTIEA R &L Fe, 0, REMEAIRIR HA 1A
e, PR SIS, I HAE B R R oA LS 328, Az 3 1) 2 .
¥ Fe, O, BEVEGUKRA LIRSt 428 Au #E1T 5 R M P55 55 FIN AT A6 20 ) FH o 1 A B0R 12, 38
H, Au PR TR T T —FEBITE Fe, 0, HORBUR YR I, (HRHAY A Tl AR MEIE B AR 1)
CHGUORIRE RS, B, RIS @ SRS T A YRR RE, AN UAT LI i G Y 3R 1 A S
FRIER (SPR) RN AL T 22 PR RIS P2 (55, 11 HL AT LARRA Hb3E 33 SSRGS K+ ek AT T
R R PR, TS B AT DR A Y B .

ARSI A S R F UL AR A FAE R IR AT Fe,0,-Au #- T E YK E S A B Fe,0,@
Au #Z-Fe ARG, TFLL 4-ZUERGR I (4-ATP) VE L S 4R 4 73 7 3EA I, XF He A A 1 30K 7 ol
YUK E A MR HIE N SERS JLCHT P25 SRR, 5, FIH Fe,0,@ Au #Z-7e 40K E & 408
YEAy SERS JEJEE s DI RGI H 35 R 6 K AR B BRI SE R, 145 R KW Fe,0,@ Au Bi-Fe 9K A M RIHETS
YR S s I SR b BT B R T .

1 SEIEE4S

1.1 RAFIEMEE

LEPIERER (C sH, FeOy) . 7 RHE(C,H,,0) | IR (C 4 H,,0,) . R (PEL, M, ~25000) |
AAALE (KOH) | —HifLik (CS,) . =/KE&H S (HAuCL, - 3H,0) . KA BN ( Na,C,H,0, -
2H,0) . & L8 (NaBH,) | BkRH (K,CO,) . R £ (NH,OH - HCl) | 4-Z FEARGL M (C H,NS) il
IR CeH N, S,) ¥ b4l W A E 2548 b2 A BR A A (R

D/max-2500 A X BHEATHHM ( H ABE bR 24, Cuka 585, 4R 40 kV, & HL 200 mA) ;
7800F 37 & FHAH B T B dE ( H AR TR S 4t) 5 FEI Tecnai G2 F20 & 3138 3 L 7 B8 ( H
AHFREUSHE) ; ESCALAB 250Xi A1440 B X SFERJGHL T RES (X ( 5 E PR i /R BHE A F]) 5 5800
PC B UV-Vis 2ERE T (_EHETCHT ISR A BRA D) 5 Invia B R SOERHL (S TR N H) 5 EZ7
EZ9 EZ11 Model10 4% gl i 58 11 ( 92 MicroSense /A 1) .
1.2 KGR
1.2.1 Fe,O, Z kA ey #l & T Lin 2% 09 TAE, ¥ 1.268 mL IR . 15 mL "R EEFI 706 mg &
Pk P R A B3R S SR A R Eal AR, FHE S 110 °CInFA 30 min, S8J5 FHE 2 300 C
T2 h e ARG HI R, PR (AR 411, 30 mL) IRAHER S UER, FHTK O EZE
WPEESE, T 60 CHAEHEF T 6 h, HEIBA Fe,0, DKM KL
122 4AERNE A ¥ 3 mL BARRER (0. 025 mol/L) iIAZF] 300 mL 22877k ik S +E 5 min,
FEAIA 9 mL AFEERRENIA W (0. 034 mol/L) FiHE 2 min. SRJ5NA 3 mL BHEALEE I (0. 02 mol/L) JiZ1
PiFE 1 min. 55, BHR G RAERRE DRRELHE 12 h, BRISHK.
1.2.3 Fe,0,-Au #%-T B4 K4 &M A H & 0 250 mg B L6 W R AR AE 25 mL H B, finA
325 mg SEACHIBE Y 2= Hog SR M. 1V ROHE N 347, 5wl —RRALER , FEFE 10 min, RS IR .
¥4 10 mg Fe,0, ByAR S EAE 20 mL HEE il 75 2l g i i 2 R s wierh, seoriR A5 #E 1 h, FHfE
BRCAEDUTE , FZB TP 3 UG48 4 mlL 588 F/K . FBEIR IR 4 0 Fo i i 80 mL 434
e, ARG JE BRI DIE , 2 B /R VEREOR LABR 25 51 Au Fh 7. )5, #6141 Fe,0,-
Au - REYUOKE G PRI HBAE 20 mL LBk,
1.2.4 Fe,0,@ Au #%-7 41 K G A M B # % 4 1. 182 mL EAFRIAF (0. 025 mol/L) JiF] 100 mL %
BT, mEAFIIA 166 mg BREREIR AR BETE B 58 WG, BEEFRE 24 h FIAE A RKER Y. B
80 mL“ A KIEW” THedfrlr |, ZEPEHEFE RN 20 mL F3RHI4GH Fe,0,-Au Bi- R E SR, i
$£ 30 min JE A 100 mL B EL AR (0. 04 mol/L) , FRLett+ 30 min 5 FIREZ I EDITE, &1
IKBEBEOR, 78 60 CELZS IR T4 6 h, B3] Fe,0,@ Au -5 40K 2 441K
1.2.5 SERS #7528 20 5IHL 1 mg Fe,0,-Au HiK Fl 1 mg Fe,0,@ Au By K 53 #UAE 4-ATP (1x107°
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mol/L, 20 mL) ¥R IR A, ¥ 12 h. [diH Invia % WAL EOEEI IS SERS il (IZGIE IR #4 A
633 nm ML BAS, SOXPPEA 0. 1 mW RYEOEIIAR | BEIGIE] 10 ). AP 2R K 3 ik B3 A 58 LY
g, K 1 mg FEAEAE 2 mL SR, BERTESER R L, PR IR TE SR B A
B, A4 SE XU SERS YEis. 4ERsEg i FR U Scheme 1 FF7R.
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Scheme 1 Schematic illustration of the synthesis process of Fe,O,@ Au core-shell nanocomposites

and their application in detecting the cycle of 4-ATP by SERS

2 GRS

2.1 XRD &4
B 1 Rl 1 Fe, O, 4KATRE Fe30 -Au B%-TLEIKRE S HPRA Fe,0,@ Au B-7e 40K SR
B X B AT 8 (XRD) . A 1 3%k o FFs, =Te.0, JCPDS Na 19.0679
Fe, 0, GKAEHRAT R4 53 HITE 26=30. 1°, 35.4°, i '
43.1°, 53.4°F1 56. 9°F1 62. 5°4b , FFAG fii 5w fo & e

5 Fe,0, tr#fERER (JCPDS No.19-0629) 1437 4 i
B—— X X T A R T Zi A ) Fe, 0,
QKA EE K 1352 b 1 ¢ 73908 Fe,0,-Au #%-T0
A Fe,0,@ Au B-72 90K 2 A 4 BHF) XRD 15 Al
MR LI, BR T Fe 0, MIATHIIGEZ 4b, i87E
20=38.2°, 44.4°, 64.5°F1 77. 5° 4t BL T B & 1Y
AT, 43 % F Au (JCPDS No. 04-0784) iy
(111), (200), (220) F1(311) &> xF A 1
WLk b 5 e NIAl, Fe,0,@ Au #%-5e K E GFRHK Au F7 SHI55R B 858 T Fe,0,-Au - LEYIKE
HEE, T Fe, 0, AT 506 3 BE B AR T Fe,0,-Au #%-TEAKE SR, WA KE Au 4060
FHETE Fe,0, R, AIREIEN T H-5245 01 Fe,0,@ Au 4K E G KL
2.2 XPS &th

&2}y Fe,0, KK Fe,0,-Au #%- T EREIIKE G AR Fe,0,@ Au #%-7 9K G APEH XPS
TER. XPS K3 133 f45 A HE(H T 258 1 284. 60 eV A4b C, IEHHFTACIE. WIE 2(A) iR, Fe,0, KESL
T Fe F1 0 JTE, THELTALE. PIFGUORE MBI &H Fe, O Fl Au TR, TTHEZRBEHE
XPS 4% FPAEAE R C JGER S P B A T 85 X LA B RE it 2 R B T AR o B 8. B 2(B) e
FREAR G G APR T Au JTCR R/ HE% XPS Bl WEH AT LIE H Fe,0,@ Au 52 90K E &M B Au
M) BT Fe,0,-Au Z-TDEYPUKE AR, X5 XRD 5584 —3. Fe,0,-Au B-DEHPKEH
BB Au 4f,,, F1 Au 4f, , BN B 43 407 T 83. 20 1 86. 90 eV 4k, Fe,0,@ Au -7 44Kk &2 & # R
Au 4f,, F1 Au 4f, , IR E 43 BT 83. 25 H1 86. 95 eV Ab. WIFhE &k KL E HEHE /> 2L RERY 22 (1 N

Fig.1 XRD patterns of the prepared Fe,0,(a),
Fe,0,-Au(b) and Fe,0,@Au(c)
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Fig.2 Survey XPS spectra( A) and high resolution XPS spectra of Au 4f(B) of the
prepared Fe,O,, Fe,0,-Au, and Fe,0,@ Au

2.3 SEM 4317

Kl 3 Fe, 0, KM EL, Fe,0,-Au - TLRIKEZ S HBI Fe,0,@ Au #%-7e KIS FBHHY
HLT B (SEM) B, IAIET 3(A) W LUEE R, Pl 4 09 Fe, O, B SRS, SRIEDEH, Biid
¥151, RobR 70 nm Ze45. NEI3(B) ATLAE H, Au GOKKF ST MBI TE Fe, 0, 9KBR M I, A
FLAARY Fe 0, HIKRIURL, Fe,0,-Au K-S BH R U] BHUEE, UGS T Fe,0,-Au - TLR 25
. [ 3(C)H Fe,0,@ Au -5k A RHA SEM JR K-, Fe,0,@ Au #-72 9K S FEHEH Fe,0,-
Au #%-TREGURE S FPRHE A KR A KM, HORIAR RT 257 83 nm, ML T Fe,0,-Au - TLR
WARESFPRE N T 2713 nm.

Fig.3 SEM images of the prepared Fe,O, nanoparticles(A) , Fe;O,-Au core-satellite

nanocomposites(B) and Fe,0,@ Au core-shell nanocomposites( C)

2.4 TEM &#f
2 5 FL - S A58 ( TEM) X Fe, O, 2K AT EL, Fe,0,-Au - T E YUK E G KL K Fe,0,@ Au
K-FE MK AR RO AT RAE 0. IR 4(A) W LIE Y, Fe, O, YRR /NI, Bt

Fig.4 TEM images of Fe,O, nanoparticles(A), Fe,0,-Au core-satellite nanocomposites(B)

and Fe,0,@ Au core-shell nanocomposites( C)
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EERKEOHPISE. hE 4(B) ATLIER], RO Au QR T8 ZRE” —HEX S B IRTE Fe,0, 1K
Kieim b, XRG M T H-TREE K Fe,0,-Au Z0KE SR HIE 4(C) rT LA A ) Au FEIL
TEUEW Au 5t ZIF e B AL T Fe, O, GURURL, #E— LA Fe,0,@ Au B-7e KR E S HHE W
AL
25 RYEIESHT

K508 AuHIE, Fe, O, HKRFEL Fe,0,-Au - TLRAIRIZ G HEIAI Fe,0,@ Au B%-Fe 9K & 44
BHOW OGRS, WA 5 Fs, SR (52 o) 76 510 nm AbAG W] 52 AW I | 1T Fe, O, ANKABURE (154&
b) AT YW, i T SPR 24 SROEIR I, BT LA Au GUKKL TR E 1R Fe 0, 99K BRI R H [E
Ji Fe,0,-Au #%-TLE (152K )l Fe,0,@ Au #Z-5e R E AR (W5 d) Ja, 73517E 654 F1604 nm AL i
B, FHEE Fe,0,-Au - DREGUKRE G KL, Fe,0,@ Au B-7e 40K G G AR W & A T B
MRS, X Je AR BAS AR E IS, B Au WSS ARG, 7e)2)E B Wisseg ik, 5o
SRCEARM LGN, OB R AR
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Fig.5 UV-Vis spectra of the gold sol (a), Fe,0, Fig.6 M-H loops of Fe,O nanoparticles(a) Fe,O,-
nanoparticles (5 ), Fe,0,-Au core-satellite Au core-satellite nanocomposites ( b ) and
nanocomposites (¢) and Fe;O, @ Au core- Fe,O,@ Au core-shell nanocomposites(c)

shell nanocomposites(d)

2.6 (BAFARELSEE ST

Kl 6 73510 Fe 0, 40K Z o) | Fe,0,-Au - TLEGIKE GR BT b) Tl Fe,0,@ Au #%-
FEAAK I BB (ML o) BIRETL LR, XTECIE 6 o 3 S5HhZR AT 2, Y Fe, 0, 4K 0k £ UTAR Au 442K
PFIE Fe,0,-Au ¥i- DREGOKE G RE , HABFIRELTREE (M ) 68 A « m™/kg [EZE 61 A - m™/
kg; 24 Fe, 0, 49K BRAEEE ) Au 52U EIE W Fe,0,@ Au Bi-72 40K ARG, H M (7R
52 A - m/kg. M_EREE Au &G FEARR B T Au QUKL BAABURETE. B 6 fhIE Tl
Fe,0,@ Au B-7e40K G G MRHESNBREA IVE R T BIREFIEREIE Fr. 225 0BT 1B 6 Ak ith 42 5 4 &
AL, BARA LT Fe 0, YK AL, Fe,0,@ Au #Z-720KRE A MBHG M A FTREAK, (EHASRT LIPH
BHEIFSIEBR R B, R T RIAFAIRERRYE , BRI A AR T LIVE A —F o] Bt #4465 LA
;.
2.7 SERS %8¢
2.7.1 SERS ##HF 54 N TR Fe,0,-Au #%-TLEF Fe,0,@ Au -7 94K 5 4 BHE N SERS
LRI IR S A5 TGRSR, B 4-ATP fE RS 3RE 04T TS0, B 7(A) s el o
HILL Fe,0,-Au ¥-TLEIKE SR (IR o) Fl Fe,0,@ Au Bi-5e 9K E S8R (2R b) V5l SERS JE
JEEHHIAS Y 4-ATP 43F 19 SERS % &, Wi 2 (1) 4-ATP W 5 SCHik [ 35 ] i iy — 2 Hofr,
1073 em LIS IR T C—S H454R S ; 1140 em™ AL HI3EH T JE T C—H 28R 30, 1388 Fil 1435
em™ AL TS 2 W JE T 4-ATP 19 C—H ZETEIRSNAI C—C 4435 1570 em™ &b B34 %W F C—C
MgaiRsh. T B APl SERS JLJ AR 55 MR AR, & IRANF AU BT T 90K = A 4 R
(4855 K7~ (EF) 7,
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[Lsgrs/ Csens]

HAT e T s 2P 4-ATP SIS (1107 mol/ L) FIELEE FL & MIRE 53R 3 cquns M Tpns
43 BilJ2: SERS P FH B 4-ATP ¥ A9 JE (1x107° mol/L) FI SERS {5 558 J¥. 15455 Fe,0,-Au
- DRAPRE G B EF=2.56x10%; Fe,0,@ Au #%-72 90K E G BHY EF =3.76x10°. MiHH45 5
A LAE Y, Fe,0,@ Au #-59KE A MBI N 208 Fe,0,-Au #- D EYKE ARG 15 5, X
VLA S Y Au SE45H o AR Au G0 KR F AT DU 23 09« #0507 LA 38 SERS SR P2 (5
SEREE, Fe,0,@ Au B-7e UK E G MPRHETE W5 1) SERS LK.

2.7.2 SERS I  SERS FEJRE 275 1] LASE B RIS FH IR B e T4 SERS {55 2 5 e 1R I 1
T K TIHL Fe,0,@ Au Bi-55 99K B G #1F SERS 15 5 EE3IM: , FRATAIZ LIS AT T 10 YRI5 UE-
A3 - N AS I AR 52 3. 18 7 (B) A TE Fe,0,@ Au -7 98K 52 4 b BHEE IR FAGFR 10 YOzt 4
SERS i1, MWEIH AT LIE H, ZERRR GRS 2 0 SERS Yaik i, 4-ATP 201 B9 R ARG A B i
AL, B Fe,0,@ Au #-Fe 0K G AP RHE—FP ] [FISCR FH IR 75 SERS FLIE.

EF =

(A) S (B)

w
o
=+
—

1140

N FedRu NN :J
l 1 1 1

1000 1100 1200 1300 1400 1500 1600 1000 1100 1200 1300 1400 1500 1600

Raman shift/cm™ Raman shift/cm™

Fig.7 SERS spectra of 1x10~° mol/L 4-ATP on Fe,O,@ Au core-shell nanocomposites and Fe,0,-Au core-
satellite nanocomposites ( A) and SERS spectra of 10 cycles on Fe;O, @ Au core-shell nano-
composites(B)

28 FERFRFRKBEEWHEN

Scheme 2 Nl I # (1 Fe,0,@ Au -7 0K 5 FHRMED SERS JE A ISR B2 1 5% B 45 5 XL
MR 15T 8 (B) AN E AR S UK SERS il , FURFRIgE /35 £ T 583, 1277, 1052 il 1453 em™
b, Hrb T 583 em ™ AL BT A B T S—S BLMRZ); 67T 1277 em™ A IS HJE T CH, AETE A
C—N FrfidiRal; AT 1052 Fl 1453 em™ AL A5 405008 T C—N LRl Al CH, #R48 k30, X 558
T AR 2 AL SERS & R —27 . vt i Fe,0,@ Au B-7e 0K G MOEL, 4545 SERS

Kl -
| 1 .

ey =) . L
400 800 1200 1600
Raman shift/cm™
Scheme 2 Illustration of Fe,O, @ Au core-shell Fig.8 SERS spectrum of thiram detected on apple
nanocomposites being used as an SERS peel with Fe;O, @ Au core-shell nanocompos-
substrate to detect the residual thiram ite as substrate

on the surface of apple peel
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i ARSI 5% BA A 5 XU A R8O 2.
3 4 i

A R B A T RSEE —REA S TR TE Fe O, HKKLT, IF-FI A F UL AP+
S KB T Fey0,-Au - TR Fe,0,@ Au B-55 9K E &KL Fe,0,@ Au #5290k E 4
OB SERS 58§29 Fe,0,-Au - TLE K EZ A MBI 15 4%, B 6751 SERS S A1 Kl
Fe,0,@ Au #%-7e KA MEMEN SERS SEJK EAT R4 no e it Ak e i v Do mop R, It B
TR USSR e 1 AR 6 DUR 2% BR . AR SCTAE AT g ] DR RS R M @ 5t & IR -2 4K & SERS 3k
R ) il 2 B2 S G o7 FH B A2
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Facile Synthesis of Fe,O,@ Au Core-shell Nanocomposites as an
SERS Substrate for the Detection of Thiram'

HAN Donglai'?, LI Boxun®, YANG Shuo'”, YAN Yongsheng', YANG Lili'**,
LIU Yang*® and LI Chunxiang'

(1. School of Chemistry & Chemical Engineering, Jiangsu University, Zhenjiang 212013, China;
2. School of Materials Science and Engineering, Changchun University of Science and Technology,
Changchun 130022, China;

3. Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences,
Changchun 130033, China;

4. Key Laboratory of Functional Materials Physics and Chemistry of the Minisiry of Education
Jilin Normal University, Siping 136000, China)

Abstract Fe,0, nanomaterial was prepared by thermal decomposition method, and then Fe,O,-Au core-
satellite nanocomposites and Fe;0,@ Au core-shell nanocomposites were prepared by seed deposition method
and seed-mediated growth method, respectively. The morphology of the Fe,;0,-Au core-satellite nanocompo-
sites and Fe;0,@ Au core-shell nanocomposites were uniform and the Au nanoparticles were uniformly deposi-
ted/coated on the surface of Fe,;0, nanomaterials. The samples had good magnetic responsiveness. Using 4-
aminothiophenol (4-ATP) as Raman probe molecule, the Raman signal enhancement effect of the two nano-
composites as SERS substrates was compared. The results showed that the Fe,0,@ Au core-shell nanocompo-
site was a better SERS substrate, and had good signal reproducibility. Finally, using Fe,0,@ Au core-shell
nanocomposite as SERS substrate, the SERS signal of the residual thiram was detected on the apple peel suc-
cessfully.

Keywords Fe,0,; Au; Core-shell nanocomposites; Surface enhanced Raman scattering( SERS) ; Thriam
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