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Synthesis of Magnetic Metal Particles Encapsulated by Graphitic Carbon
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Metal (Fe, Co) particles have been synthesized by solid phase reaction of metal oxide
(a -Fey03, Co304) powders with carbon powders. The metal particles with 40 — 400 nm in
diameter were core-shell structures composed of metal cores encapsulated by graphitic
carbon (GC) layers with ~5 nm in thickness. The saturation magnetization (Ms) was
101 Am?%Kkg¢ in the case of the GC-encapsulated Fe particles and 136 Am2/kg in the
case of the GC-encapsulated Co particles. Both particles exhibited excellent oxidation
resistance, which was confirmed by the change of M before and after heat treatment in
atmosphere. GC-encapsulated alloy (Fe-Co, Fe-Ni) particles have also been synthesized by
the above mentioned method using mixtures of «-FesOs and Co3O4 or NiO powders with
carbon powders. Mossbauer spectroscopy reveals that the alloy particles were almost the
same composition as the nominal composition. Dependence of magnetic properties of those

particles on the composition showed similar behavior as that of bulk alloys.
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2.1 HAPMERFGE

SRMALY (a-Fey03, Coz04, NiO) EjFE (C) %
FRBARE LTHH Lz, STRSER 2B ERH50 X
1072 kg &b LX) ITEILETHR A L7Z. a-Fe,0343 &
CHoJERELE LRI, BRI T75:25, 70:30, 60 :40,
50150, Coz04#5 & CHrdZ1x80:20, 70:30, 60 : 40,
50:50& L7ze F72, A&LoMEICBVW T, F1 IR
L7zB A CHEERMZFE LAV INVTRA L. i
BGBROBERATY =13, 325X v ¥ 2Dffi (h5v) TR—
Wb L7, ARG, wERBOFRHIEET A
TEMIR 5 Z &2 & 0 FHi I RER 2 7o, BB, R
FOBALY»UE L83 K LD b T4 EW1,273 K & L7z

1 ERESLEEZEZ TEK L -HBORSIFE
Table 1 Magnetic properties of the samples with different
compositions

(mass %) M, H,
Fe,O; | Cos0, Cc (Am?2/kg) (kA/m)
75 - 25 101 2.8
70 - 30 82.4 6.1
GC-encapsulated Fe
60 - 40 49.0 9.5
50 - 50 30.8 13
- 80 20 136 2.0
- 70 30 111 3.6
GC-encapsulated Co
- 60 40 91.5 4.0
- 50 50 73.3 4.3

2.2 FHEFHESE

AE O AR EITIE, #EEZ Cu K a#t (GEE © 0.154
nm) &35 XHEPrEE (Rigaku RINT-2500) % Hw
7oo WARTOT 7 A NIZ260/0 AF ¥ E—FT201320°
580" TOHMPATH L. HailB OMMEAMMEIL,
J57Co & ATz X AN 7 — 43 W5 CRfili L 720 38t
AR RSO E BT T M EE (FE-TEM: Field
Emission Transmission Electron Microscope, H i HF-
2100) TEIZL, BT AVX—4HJ 8 (EELS:
Electron Energy-Loss Spectroscopy) THEIEMNT L 720
e L, IREIEURICREDEE (VSM: Vibrating Sample
Magnetometer) T1.6 MA/m O % FIhN L CHafIRiAL
(Mg) LR (Ho) 2 Lze W btz ow T,
BT A2 B2 C 1 RE ] R S R AR AL B A2 L O =R & Tt L, 24
WLBL T #4 DAL O EAL 2 RedD TR L L7z,
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3.1.1 BMEBIZLZEHRYDOREE

a -FesO38 7212 Cos04 #3012, TNENCH%70:30
(mass%) OEAILTHEL, ERFMA T 1,273 K T2H

2L L C AR L 723 SR 10 72 X33 9 — o %
11283 B1(a) (Za-FeOsBER, B1 (b) &
CosO4 B ERDMERTH S, B 1 (a) TLRHLH (fec
face-centered cubic) HxEEB L UMK T (bee: body-
centered cubic) HiEDFell#E T2 -2 2 sh
TBY, FNFNy-FelBIWNa-FeP gL TnwbZ
EDbhD, BT (b) TldfecclEDCodVER LTV 5,
WINOREHI BT HHERTH 5 Fey03% Cos04 ()i IE
THE—Z ALY, ShoBILYOITITERIREIC
X oT&JF (Fe, Co) NEEILENAZ L EMEE LI
%8B, FeXRCoDItWIIRIETAE— BN n
EMD, RAL OERIIHERE S b o 72,
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Fig. 1 X-ray diffraction patterns of samples synthesized by mixtures
of (a) FexO3 or (b) Coz04 with 30 mass% of C when annealed
at 1,273 Kfor2 h
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Fig. 2 TEM images of synthesized an Fe particle (a) a typical Fe particle,
(b) magnified image near the surface of the Fe particle
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1 TR LK RE OB KR T oMk % FE-TEM T#l
L7 R213R 1 (a) TR L72MAEI % Fe ki -0 TEM
Baxrd, B2 (a) MBI % Fe bl T- DMK, 2
(b) XZFDFek F-EREfHEDIEKRGETH S, B2 (a) 2
5, B ENTRFIIH40 nmBFETFebiF28 (27)
ELUESHS nmOETHE S N3 7/ 2 Vil TH S
ZENbh b, B2 (b) 25, BEBIIR TR
TR EA L, €OMEIEHN033 nm (KHPIFETH
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WiLl7zbZh, 79774 MEEORFZEDO 7 BL W o ¥t
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Fig. 3 Electron Energy-Loss Spectrum (EELS) taken from the GC
layers in Fig.2 (b)
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Fig. 4 TEM images of synthesized a Co particle (a) a typical Co particle
(b) magnified image near the surface of the Co particle
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Fig. 5 Magnetic degradation of Fe particles (a) and Co particles (b)
after heating at 300 - 873 K for 1h in air, where red circles (®)
represent GC-encapsulated Fe and Co particles and white
circles (O) do non-coated Fe and Co nanoparticles
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5o p-FetllZWETh s, ZOMEHEATHS L
REHCE EN DB S OEHEMET LTLEY, M,
METT2HEEZONL, —TJ, GCHECobi 1D M fili
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V27 & ECod M, 161 Am?/kg!® D46~ 84 %IZHI 4§
%o REDMANFT D MO T A Feti 7L D R0
i, B1(b) »5WB0REHIC, CofiT-A T
55 a-CoBHDOATHRINTVE0EEZ LN,
WFRORETH CEA L OBEINIHE W M A4 LT
WA, ZIUTEICISIZHF S L W IERGTE O 435 C A3
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3.1.4 THER{LM

— ISR T I T2 212 EBIL LT %
%o 22T, GCHEFe B X U Coki ¥ DI MR % 5Tl
FTH7ZOZTNOR T2 KAPTHLE L, ZORi% TOf
it (M) OZAbEF~<7/z 5 (a), (b) EZFhzh
GCHE Fe & GCHE Coli 122V T, ZUIREIZX 5
MyDZEALZ R T, WIBGEAE L LT AR TR S
N7:Fe & Coki T CE¥WARE30 nm) % ClERIZFEER
L7zfER D HbETORT, 22T, MEkofiEe L
TEALPRER (W8 L 7= S fR b My % BL LB g o fa fl g AL
My THIAL L7 (B LREAL @ Mp/My) 2R, Zh
#FRL7z. B5(a) RSN XHIC, GCHEFe ki1
DM/ Myld573 K T Tz & A L7, 673 KLLET

®2 BHOEMRBICH, D BT & HNIBE ORI

BRI P LTwD, 2 LT, AR OFek:
T 13473 K OWMBCRALAMET L, 673 K £ TOZMET
I Mry/MyH340 %FEERT L TCWw5b, LT, 773 KD I
DORMETIHIZIEFE IR > TVDE, WTFNOREIZBWT
b GCHTE Fe b T ILIBGUEL O Fe b 7 1T TR L D
E2A %L, HBEWESWIRBRILEEZHE 52wz 5. GC
WECotiFoad (B5 (b)), HEHE®Cokit o
Mrp/Myl3473 K TOBMBTIIL A EXTIZRoTWRBED
WxF L, GCHEECokli TDZhidd73 KT TIEE A AL
Wi, ENULEOTRETIHE TS5 b 0o E o Co
BT ICHARBALOBMIEIZ/ NSV, X5 T, GCHEECoki T
LEWIHMALTE 24 L, Zh o GCHER T OfE NNk
ALPE B ORI FITRIN L T b EHELE SN D,

B, WEHEROFeF i+ D Mp/ MyHh473 K025
673 K TIZIF—ZElZ R L-DIX, SEERBILWTH s
<7 A FA D (FesOy WER L7720 THELEEZBNL,

3.2 AEATHFTDARK

HIEH CIEBEAMHEITTEIC L > TGCHEIE 2 H T 5Fe®
CoDEBATHEMTESLZ EER LIz, AT, IEH
MG 7@ 2 7 5 7201213, B R IXFe-NiRD
I FeBGEMBZEMTEILILEPELI L, 22
T, AT 2 7THAFOEEALIZOWTHE L7z

3.2.1 ERFARICLE£1E

R 2 IIFHEA AL 2 TER LAY ofafigit
M;O—ETHb, CHOEAIIZ30 mass% & —EIZL,
BROLB I RTIE & M AEIC 1,273 K T2HER & L7zs FA

Table 2 Parameters regarding sample preparation and resultant saturation magnetization (Ms)

Sample Mixture ratio of raw materials (mass%) Nominal composition Ms
No. Fe,0s C030, NiO c (mass %) (AmP/kg)
A 70 - - 30 Fe 101
B1 65 5 - 30 Feg,Cog 122
B2 60 10 - 30 FegsCo1s 135
B3 55 15 - 30 Fez7Co23 134
B4 50 20 - 30 FezCoso 139
B5 45 25 - 30 Fee2Coss 150
B6 40 30 — 30 FessCous 141
B7 35 35 - 30 FeqsCosp 143
B8 30 40 - 30 FeqoCoso 140
C1 65 - 5 30 Feg:Nig 50
C2 55 - 15 30 Fez7Nigs 7.8
C3 50 - 20 30 FegoNigy 54
C4 35 - 35 30 FeqrNiss 105
C5 25 — 45 30 FeasNigr 92
Cé 20 - 50 30 FeoeNizg 78
c7 15 - 55 30 FezoNigo 68
c8 5 — 65 30 FeeNig, 48
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WX GCH B Fe b T- 308, B B1 ~B8IZE R & LT
a-Fes03 & Cos04  HHWZF DR A I &2 2 72308, 38
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EaTHPER SN HREIVRIE SN D,

®6ix, R20O#M%Co (R6(a)) BLUNIDEE
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i, REITRT ). E5ICColbd3meE & H 1 M KT
¥ 5. —J, FeNiRTIENILOBIZHE:, o7z A M
AL, 23 mass% (GRFEC2) THUME7S Am%/kg & 7
Do BHIINILEAHRZ B E, MJAIEHOBIML53 mass%
GREC4) TIeKRME105 Am%/kg%~L (K6 (b) H, &
FICRT), TO®RITETT 5,
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& ORI B ORI L TE D, Sk L
PER - D 2 7 1ZFe-CoRFe-NiDEEN LK H Z & &R
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Fig. 6 Change in saturation magnetizations due to nominal
composition of (a) Co in Fe-Co and (b) Ni in Fe-Ni
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Fig. 7 Mdssbauer spectra of sample A (a), B5 (b), and C4 (c)
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HY, v-MHIREET S, UL, wmEEMERs oIz H 28
351 T&lida-Fel LTHIOENTWAELDEV, 20D
F I IZEW Hiidfafigifb s mnw 2 LISRER L, Zhidsfy
e b e LTSN b Fe-40mass%Coa & DM (351 T)
LT a1, Lzhio T, @R BS I IFIT A AR K
(Fe-38mass%Co) EB) DFe-CoBFE&ENERENTV 5
= 3

AEC4IZBVTIR (R7 (c) miln x££y, At
MR 6 RDARZ PV ORI ENTW5, &3
WORL72ED1S, ZOBMBHMHD H1331.3 TThb, Th
X a-Fenfik )/hs<, Fe-NiR TOEKMBILH K &
LTSN TV 5 Fe-50mass%Ni D IZITIFE L WIS, L
oo T, HWFC4 HITITMEAME (Fe-53mass%Ni) &
BYOFeNiGFE&PEHR SN LT 5,

£3 HEA BSHLUCAD A RN T —HHDINT X — 2 EFTHER
(8:74Y~2—7 b, A:EBFHL, I iR0E, H: AERES)

Table 3 Md&ssbauer parameters of sample A, B5, and C4 (J': isomer
shift, /4 : quadrupole splitting, I linewidth, H;: hyperfine field)

Defined ph g 4 r Hi
elined pnase | (mmss) | (mm/s) (mm/s) T
A 1 0 0 0.26 33.0
II —0.10 — 0.30 —
I 0.02 0.01 0.66 35.1
B5
II —0.09 — 0.32 —
C4 0.03 0 0.69 31.3

3.2.3 AE&NTOMERE

BB & CAnf oM 2 BIZE L7z, K8 (a) (b) (2
FNENORBOREN LR T O TEME %277, X8 (a)
2 L AU AR Fe-38mass%Co & 40 T-1349 200 nm,
8 (b) 12 XA Fe-53mass%Ni & 4k 1134
100 nm ORAETH B0 WITNOBTHR A KIMIIIE 2
CFEBOWERE B SN, ZHIRELN L7z GC D 5%
LWETHDH I EDMREIN/e £ 5T, Fe-Co®Fe-Ni
DEERTORED, FeCoa Th T L MERIZ, GCHE
BEPERSNaT7 /2 VG Z AT 5T ENHLNE
ol

X8 A£KFOTEME
(a) H#IB5 (Fe-Co#iF) (b) H#IC4 (Fe-Niki¥)
Fig. 8 TEM images showing (a) sample B5 (Fe-Co particle)
and (b) sample C4 (Fe-Ni particle)
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3. llﬁyéLiFeg(_)g*'}} (if:@ic0304*ﬁ) i’ﬁﬂt‘?ﬁ? (C) *JJ\
WKLo THEHMEITT S EICE > TGCH,EFe (F7212
Co) RADHEHT B ERR LIz, 22U, GCHB Feki
TOEBIIBVTIE, DTFORXTRINS JUCHHEST L7z
EIRESI NG,

Fe;03 + xC = 2Fe +(x—3)C + 3CO (g) (1)

ZZTCO (g) ZCONEMTHLZ L HET,

(1) REBNFEWKALT 5720, KISOFT7AOHEH
IANF— AGOBMBIRE T 222 HH LA (K
9)o AGIZ901 KU LEORERTHOTHOMEE %5 E
Bk, Thbh, BFHBIE251EK (1) TSR
AHRI0IE901 KU EOERTHEITTA2IDEEZ HNA,
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Fig. 9 Relation between change in Gibbs free energy and annealing
temperature during synthesis of GC-encapsulated Fe particles;
F6203 + 3C — 2Fe + 3CO

Kz, X (1) OZLPEZMEES 5720, KISHIKZOE
wEZLIZEH L, COmolltxIZ& ) HifFsh s H w21
ZEML, ThedlfEsttgElz (B10). 223, &
WAL Aw 3ERRORE (w) &BULBLE A Y O
HiE (wy) ZWEL, RADSHM L7

Aw = (wy— wyp) /wy X 100 (%) (2)

Fes,03& C L DJF R AL 2 =L TS8:2, 7:3, 6:4, 5:5
EEAL S E2E, COmollbx iz Fn#FN33, 5.7, 89, 13
LB RIFIIZ A FURHRL G I SRR L 725808k 2 & 923
L7z AwZHA7ay e LTHRLZ, SHUTHL, X
DEBIIME LA O6 K (1) hoHRkdohd Aw
(x) OMFEZERL, wildFe 03¢ xCOEE, wold2Fe
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& (x=3) COEEELTHE L HADHEHMEE I
DIFFEDR LB L TWEZ bR b, LT,
AREWETIREL22KX (D) SRS H#EIT L%
AHN5,
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Fig. 10 The changes in mass between starting materials and
products after annealing (4 w) and compounding ratio of
carbon (x)
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WFEENCZ T 7 7 A4 MESTEAELR U7z S @A 12K
~OGCHE DA I, “dissolution and precipitation”
B CXoTHMshbEEZOND, Thbh, K
BCIIBRALY D& IC U ICH 5355 —F, BOBICES- Lk
WREOCO—#iE, Fe-C* Co-CRERNIH AR LD
12, 1,273 K TOFHRMAMIIZB W TIEFe 7213 Co 2 D
BARDIEZ 2720 N OHEBPICHET 5. L LA
5, WHNZX DIREMMET T 212060 COREERIZ/N S <
BY, FOMBLLTCCHII 774 M LTR RIS
B - R LU CGCH BB AER STz LRI NS,
(002) WEINIDZ T 774 MPERT L0, H—KrTF
JF =T E AR OWERARTH L 7T 7 = U
EPEETHY, ZNU0BEE I (BB, membered
ring | 777 7 A4 MEEEIKT /M) IORE LR
FTWILIGERTEEZ LN,
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