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The substitution of Co** for Fe** ions in CosFes, O, nanoparticles (NPs) to
change the magnetic anisotropy and coercivity of Fe3O, NPs is expected to
increase the heating efficiency (SAR) of NPs under alternating magnetic
field (AMF). However, SAR also depends on other parameters such as size,
shape of NPs as well as frequency and intensity of AMF. This article
presents some results of studying the structure, magnetic, and heating
properties of CosFe;,O4 NPs (0 < x < 1) synthesized by hydrothermal
method. The structural and morphological investigations showed that the
obtained NPs were single-phase spinel ferrite with mean sizes ranging from
20-50 nm. Magnetic measurements pointed out that saturation magnetization
(Ms) depended simultaneously on the particle size and Co content. In
contrast, the change of coercive force (Hc) mainly depended on Co content,
which gradually increased and reached the highest value at x = 0.7, then
decreased as x increased further. Magnetic induction heating results
indicated that the presence of Co ions in Co,Fe;, O, NPs did not lead to an
increase of SAR because their coercive force had a higher value than the
intensity of AMF. The high SAR value (339 W/g) of Fe;0, NPs was due to
the simultaneous contribution of relaxation and hysteresis losses and
represented their potential application in hyperthermia.
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Su thay thé ion Co®* cho cac ion Fe” trong cac hat nano (NPs) Co,FesO,
nham thay ddi di hudng tir va luc khang tir cia NPs Fe;0, dugc trong doi s&
¢6 thé lam tang hiéu qua dbt nong (SAR) cua NPs dudi tac dung cua tir
truong xoay chiéu (AMF). Tuy nhién, SAR con phu thugc vao cac tham sd
khac nhu kich thuéc hay trang thai tir cia NPs ciing nhu tan s6 va cuong do
cia AMF. Béo cao nay trinh bay mot vai két qua nghién ctru cu tric, tinh
chét tir va d6t nong cam ng tir cua NPs sat tir CogFes,04 (0 < x < 1) duoc
tong hop bang phuong phap thity nhiét. Cac khao sat cdu tric va hinh thai
cho thdy NPs thu dwoc 1a don pha ferrit spinel vé6i kich thuéc nim trong
khoang 20-50 nm. Cac phép do tir cho thdy tir d6 bdo hoa (Ms) phu thudc
ddng thoi vao kich thuée hat va ndng do Co (x). Nguoc lai, luc khang tir
(He) chia yéu phu thudc ndng do Co voi xu hudng ting dan va dat cao nhét
tai x = 0,7, sau d6 giam khi x ting thém. Két qua dbt nong cam tng cho thiy
réng Sy ¢6 mat cua cac ion Co trong NPs Co,Fe; O, khong lam tang hiéu
qua sinh nhiét (SAR). Gia tri SAR cao (339 W/g) ciia NPs Fe;0, ¢6 thé do
dong goép dong thoi cua ton hao hdi phuc va ton hao tir tré va thé hién tiém
nang tng dung ctia chiing trong nhiét tur tri.
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1. Gigi thigu

Céc hat nano tir (MNPs) c6 cau triic spinel véi cong thic chung (MFe,O,, M = Mn, Fe, Co,
Ni, Zn,...) va kich thudc trong khoang 5-100 nm dugc thu hat sy chi y manh mé boi ching nam
tai giao dién cua cac linh vuc héa, 1y, sinh do cac tinh chat tir phy thude dang ké vao kich thudc
va hinh dang cua chung [1] — [3]. Cac nha khoa hoc d phat trién nhiéu phuong phap ché tao
MNPs vé6i hinh dang va kich thudc co thé duge diéu khién chinh xéac [4] — [6]. Nhiéu hién tuong
tha vi bao gém tinh chat sidu thuan tir, siéu sat tir, va thily tinh spin da duoc quan sat thay trong
MNPs [7] - [9]. Thém vao dé, céc tinh chét tir trong thang nano mét nhu lyc khang tir (Hc), do tir
hoa bao hoa (Ms) va di huéng tur (K) 1a nhitng thong s6 thay ddi rat manh voéi kich thude, hinh
dang va thanh phan cua MNPs [2], [6], [10]. Tinh chat tir doc ddo, kich thudc nho va twong thich
sinh hoc t6t 1am cho chung c6 tiém nang dac biét trong nhiéu tng dung y sinh: tang cudng tuong
phan anh cong hudng tir (MRI), dan thudc hudng dich, nhiét tir tri (MH), tach chiét thyuc thé sinh
hoc va sensor tir [11] — [15]. Cho tng dung MH, hiéu qua sinh nhiét cia MNPs dudi tir truong
xoay chiéu (AMF) dugc danh gia boi thong s toe do hap thy riéng SAR (hoic SLP). Gia tri SAR
phu thudc vao thudc tinh ndi tai cia MNPs nhu kich thuéc hat, thanh phan hoa hoc, hinh dang, ...
mai truong chét 16ng tir ciing nhu cuong do va tan sé caia AMFE. Céc co ché sinh nhiét lién quan
dén cac qua trinh dao chiéu mé men tir dudi tac dong cua tir truong xoay chidu. Cho MNPs ¢6
kich thudc dudi gidi han siéu thuan tir co ché sinh nhiét chinh déng gép vao SAR 1a cc qua trinh
hoi phuc Neel va Brown, nhung véi MNPs ¢6 kich thuéc [6n hon s& ¢6 thém ton hao tir tré.

MNPs CoyFe3 O, dugc quan tdm nghién cuau cho tng dung MH baoi CoFe204 ¢6 hang sé di
huéng tr (> 10° erg/cm ) cao hon mét bac so véi Fe;0, (~ 10* - 10° erg/cm ) [16] va do do6 co6 thé
cai thién SAR. Cho dén nay, c6 rat nhidu nhom tac gia di bao cdo vé anh huéng caa ndng do Co
t6i tinh chat tir va SAR ctia MNPs CouFe;xO4 [17] — [23]. Yasemian va cong sy [18] dé nghién
ctru vé MNPs CouFesx0q (0<x<1) tong hop bang phuong phap dong két tia cho thay kich thudc
tinh thé tang dan theo x (8,4 -15,3 nm). Ddng thoi H, ting tir 7,75 Oe téi 340,5 Oe, trong khi M
giam tur 59,1 emu/g xudng téi 32,7 emu/g. So sanh gid tri Hc va ti phan siéu thuan tu trong cac
mau x = 0 va x = 1, cdc tac gia nay cho rang dong gop cua ton hao tir tré vao SAR la vuot troi so
vé6i ton hao hdi phuc Neel-Brown d6i véi miu x = 0 va nguoc lai voi mau x = 1. Trong mot
nghién ctru khac cua Dutz va cong su [19] cling cho MNPs Co,Fes,04 (0 <a<1) téng hop bang
phuong phap dong két tia ciing cho thay kich thudc hat tang dan theo a va nam trong ving 7,6 -
12,4 nm. Cac gia tri SAR 1a 38, 149 va 355 W/g khi ti s6 Ho/H lan lugt 14 2,2/10; 3/20; va 11,9/30
(H 1a cudng do cua tir truong xoay chiéu trong thuc nghiém dét nong). Cac tac gia [24] xem H. 1a
mot tham sb dung dé danh gia tén hao tir tr& cua hé MNPs (ti 18 vai dién tich duong tir trd). Tuy
nhién khi Hc vuot qua gia tri H cia AMF, t6n hao tir tré giam vi H qué thap dé dao chiéu hoan
toan véc to tir 6 cua MNPs. Bén canh d6, phan bd kich thudc hat rong ciing khién cho chi mot
phan MNPs c6 ton hao tir tré [25], [26] va tén hao téng cong giam khi He ting thém.

Theo hiéu biét cua ching toi, cac két qua cong bd trudc day vé tinh chat dot néng cam ung
phu thudc kich thuéc cia MNPs CoyFesO, (viing kich thuéc hat hozc tinh thé thuoc khoang 8
- 27 nm) thuong khong nhét quan hodc mau thuan do su khac biét trong cac phuong phap ché
ta0 mau, cach thirc phan tich cau tric, tinh chat tir va co che dbt nong cam ung [17] — [23].
Trong bai bio ndy, ching toi s& bao cao mdt nghién ciru vé tinh chat dot nong cam @ng cia
MNPs Co,Fes,O, (0 < x <I) téng hop bang phuong phap thuy nhiét c6 kich thudc trong
khoang rong tir 19,9 -54,8 nm. Cac dic trung cau trac, tinh cht tir va ddt nong da duoc khao
sat, phan tich va bién luan.

2. Phwong phap nghién ciru
2.1. Héa chat

Cac hoa chét duoc sir dung bao gom FeCly.6H,0, FeCl,.4H,0, CoCl,.6H,0, NaOH. Céc hoa
chat nay dugc mua ctia Trung Quoc va khong tinh ché lai.
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2.2. Tong hep cdc hat nano Co,Fe;,0,

MNPs CoFe;.x04 (0 < x < 1) dugc tong hop bang phuong phap thiy nhiét voi qua trinh tong
hop mau Fe;0, duoc tom tit nhu sau: Can 10 mmol FeClz.6H,0 va 5 mmol FeCl,.4H,0 hoa tan
trong 20 ml nugc cat. Thém tir tir dung dich NaOH 2M vao hdn hop dung dich trén téi khi dat pH
~ 13 va thu duoc dung dich ¢6 mau den. D6 dung dich nay vao binh teflon 100 ml va tién hanh
thay nhiét ¢ diéu kién 150 °C/2 gio. V6i cac mau c6 chira ion Co, gitt nguyén lwong mudi FeCl,
va thay do6i khdi lugng mudi FeCl,, CoCl, theo ti I¢ ciia x va tién hanh phan ang thay nhiét trong
diéu kién tuong tu. San pham thu duoc sau phan ¢ng thity nhiét duoc rira véi nuée cat vé pH = 7
va siy kho ¢ 70 °C/ 8 gio trude khi dem di phén tich tinh chit. Cac mau MNPs Co,Fe;04 (0 < X
< 1) duge ky hiéu lan luot 1a HO, H1, H3, H5, H7, H9 va H10 twong tng véi x = 0; 0,1; 0,3; 0,5;
0,7;09val.

2.3. Cic phwong phdp dic trung ciu tric va tinh chat

Cac mau vat lidu duoc khao sat cdu truc dung thiét bi nhidu xa tia X (XRD) D8-Advance
(Bruker-birc) véi birc xa CuK, (A=1,5406 A, 26/steps = 0,03 %step). Hinh thai hoc va thanh phan
héa hoc clia cic miu duge xac dinh bang cach dung thiét bi hién vi dién tor quét (FESEM)
Hitachi S-4800 tich hop voi phd tan sic ning lugng tia X (EDX). Dé nhan dugc cac anh hlen Vi
dién tr theo mode truyén qua (TE) cho cic mau, cic hat nano dugc phan tan trong nudc cit va
nho giot trén ludi ddng da phu carbon, sau d6 dé kho trude khi quan sat. Kich thude hat (Dre) rat
ra bang cach 1ay dudng kinh trung binh ctia ¢& 100 hat tai cac vi tri khac nhau trén ludi.

Tinh chét tir cua vat liéu duoc dic trung bang tir ké mau rung (VSM) & nhiét d6 phong vai tir
truong do trong khoang -11 kOe dén 11 kOe. Kha nang dt nong cam ng tir dugc thuc hién trén
hé thiét bi phat tir trudng xoay chiéu UHF-20 vai tan sé do 1a 450 kHz va cudng do tir truong
thay d6i tir 150 t6i 300 Oe. Trong qué trinh thuc nghiém, cac hat nano Co,Fe;,O4 dugc phan tan
trong nudc véoi ndng d6 1 mg/mL. Gia tri SAR duogc tinh theo phurong trinh sau [27]:

SARW/g) = -5 1)
trong do, C la nhiét dung riéng ctia nudc (4,185 J/g K) m 14 ndng d6 caa hat tir trong dung
dich (mg/ml) va dT/dt 1a @6 ddc ban dau ciia duong cong ting nhiét theo thoi gian.
3. Két qua va ban luin

3.1. Céu triic va hinh thdi
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Hinh 1. (a) Gidn d@6 nhiéu xg tia X ciia cdc mau Co,Fes 04 (0 <x < 1); (b) Sw dich ciia vach nhiéu xg [440]

Hinh 1 14 gian d6 XRD cua cac mau Co,Fe;,O, (0 < x < 1). Cac vach nhiéu xa thu dugc tring
V6i cac vach dic trung cho cdu trac 1ap phuong cua ferit sit hoic coban. Khong thy cac vach
nhidu xa (g v&i cac hoa chat ban diu, chang toé su thay thé thanh cong cta ion Co* cho ion Fe?*
trong mang tinh thé. Tuy nhién, nguoi ta cling da biét rang cac pha tinh thé cua ferit sat
(magnetite va maghemite) va coban ¢ cling cau triic nén kho phan biét duoc chi bang s li¢u
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XRD [28], [29]. Su thay thé ciia cac ion Co cho cac ion Fe din t6i su ting khoang cach giira cac
miat mang tinh thé gay nén sy dich chuyén dan dan vé phia goc nhé hon cua vach nhiéu xa (440)
(Hinh 1b) [17]. Kich thudc tinh thé trung binh (Dxgp) dugc tinh tir d6 ban rong cia cac vach
(220), (311), (400), (422), (511), va (440) thé hién trong Bang 1. Sy thay d6i khong don diéu cua
Dxrp theo nong dd Co c6 thé do sy khac nhau vé kich thuéc ban dau cia cac hat nano
ferrihydride va/hoic toe do khir ion Fe** boi cac chat khir trong phan tng [30].

Bang 1. Cdc théng sé Cdu triic va tinh chdt tir ciia cdc mau CoyFes,0,

Tén mau Dxrp D+e Co/Fe CO/Fe' Mg Hc SAR

(nm) (nm) thec nghiém Iy thuyét (emu/g) (Oe) (WIg)

HO 54,8 54,6 - - 81,10 128 339
H1 34,0 34,7 0,035 0,034 71,31 435 192
H3 24,0 25,6 0,120 0,110 68,66 968 159
H5 28,1 29,5 0,188 0,200 71,36 1290 150
H7 30,9 32,3 0,299 0,304 77,98 1478 144
H9 23,0 24,3 0,442 0,428 73,70 1044 133
H10 19,9 20,8 0,514 0,500 67,60 756 177

F'v ™

IMS-NKL 20.0kV 8.6mm 100k TE 500nm IMS-NKL 30.0KV 8.5mm x100k TE

. . .
IMS-NKL 30.0kV 8.5mm x100k TE 5001 IMS-NKL 30.0kV 8.4mm x100k TE 500nm 30,0k 8 5

Hinh 2. Cdc dnh TE ciia cdc mau hat Co,Fe; .04 Vdi nong dé Co khdc nhau

Hinh 2 thé hién cac anh TE cua tat ca cac mau cho thiy cac hat déu c6 kich thudc nano mét va
dang gia cau. Cac gia tri Dre va Dxgp 12 kha gan nhau (Bang 1) bai vay ky hiéu (D) s& dugc ding
thay cho ca 2 loai kich thudc néu trén va goi chung 1a kich thudc hat trong cac phan tich va bién
luan tinh chat tir va d6t nong cam ang tir bén dudi.

Hinh 3 1a phé tan xa ndng luong tia X cia ba mau Co,Fes. <O, dai dién véi x =0; 0,5 va 1.
Co thé thay rang ti 1é nguyén t6 Co ting dan theo ti 1¢ thay thé cia Co cho Fe, trong khi ti I¢
nguyén t6 ciia O va Fe giam dan. Ti I¢ Co/Fe thyc nghiém tir két qua phan tich trén phd EDX
cho tit ca cac mau duoc so sanh vdi ti 18 Co/Fe theo 1y thuyét dugc dua ra trong Bang 1. Két
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qua 1a hai gia tri ndy gan twong dwong nhau cho thdy miu ché tao dugc c6 ti phan Co nhu
mong muon.

500 Element [ Weight% ~ Atomic% Ho 800 g'ime”‘ X‘;e;%h‘% ;\;Osfgic% H5 800 cE)l;ment X\éeé%ht% 7Ag05rgic% H10
oK 3833 6845 . : . )
FeK 61.67 3155 FeK 4404 2028 pgo Fe K 3466 16.13
, 600 Totals | 100.00 600 $°tK| ?'07(?00 382 l ., 600 CoK  [1882 830
£ a otass : £ Totals__ | 100.00 Fe
> o =1
3 400 3 400 § 400
° eo R 0 C e
2007, - 200 cfFe 200
Co
0 o BRSO 0 M snpitinsssmine MR G
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
Energy (keV) Energy (keV) Energy (keV)

Hinh 3. Phé tdn xa ndng heong tia X ciia cdc mau CogFes, O, dai dién
vgix =0 (HO), x = 0,5 (H5) va x = 1 (H10)

3.2. Tinh chdt tir va khd nang dot néng cam ing tir

Hinh 4 trinh bay cac duong cong tir tré & nhiét do phong cia cic mau hat nano. D6 tir hoa bao
hoa (Ms) va lue khang tir (Hc) rut ra tir cic duong nay duoc trinh bay trong Bang 1 va thé hién
trén hinh 4b va 4c. Gia tri Ms cua Fe;O, (HO) thu duoc 1a kha cao (81 emu/g), gan véi gia tri cua
mau khdi (92 emu/g) [22] cho thay rang cac hat tinh thé c6 do tinh thé hoa tot. Cho céc mau chtra
ion Co, gia tri Ms giam so vai HO, phu thude dong thoi vao ca hai tham sé 1a ndng d6 Co va kich
thudc hat. Cac bao céo trude day [17] — [23] cling nhan thiy Mg phu thudc khong don digu vao
nong d6 Co va cho rang sy giam cua Ms theo D cho MNPs ¢6 thé do cac hi¢u ing bé mit nhu
mat trat tu spin hay cac 16p tir chét. Bén canh do, gia tri Ms ctia cac mau Co,Fes,O, (X # 0) suy
giam so voi mau Fe;0, ciing ¢ thé co nguyén nhén tir gia tri Ms (tai nhiét do phong) cua mﬁu
khbi CoFe,0O, (80 emu/g) [17] thap hon véi véi FesO,4 (néu trén). Trong khi do, gia tri He chu yeu
phu thuoc néng do Co (tang dan trong khodng 0 < x < 0,7 sau d6 giam dan khi 0,7 < x < 1. Két
qua nay phu hop véi nhiéu cong bé trude day [17], [21], [31]. Tuy nhién, sy thay d6i cua He phu
thudc vao kich thudc hat va do tinh thé hoa ciing duge da bao cao boi Sathya va cong su [22].

100 — 82 1600
80+ —e—H1 ]
of o 3 I W . /
40+ ——H7 S 781 1200
2 2] i = 764 \. __ 1ooo+
E o© € 74 & 800] —e—H
s o F o
= 0 2 . £ 600

N W ( m 704 400 *
62500 2000 684 - 200 /
: : | O 66 P
10000 -5000 0 5000 10000 00 02 04 06 08 10 00 02 04 06 08 10

H (Ce) Co content (x) Co content (x)
Hinh 4. a) Cdc duong cong tré M(H) tai 300 K ciia cdc mau Co,Fe;,04 (0 <x < 1);
b — ¢) su phu thugc Mg va H; vao nong d¢ Co.

Hinh 5 thé hién cac duong cong nhiét do dét phu thugc thoi gian ap tir truong xoay chiéu &
tan s6 450 kHz, cuong do 300 Oe. Cac mau tir H1 t6i H10 déu cho thay co kha ning dat duoc
nhiét d6 khoang 40 — 44 °C (nhiét do can thiét dé tiéu diét té bao ung thu nhung it anh hudng toi
té bao manh khoe) [31] trong thoi gian 6 — 7 phut dau tién, voi mau HO thi chi mat khoang 3 — 4
phut. Sy c6 mit caa ion Co trong MNPs CoyFe; O, trong thuc nghiém nay khién cho kha ning
sinh nhiét giam di. Tuy nhién cic mau déu c6 kha ning co6 thé (tng dung trong nhiét tir tri boi co
thé dat duoc nhiét do dét cao.

Céc gia tri SAR cua MNPs Co,Fe; O, duge danh gia bang biéu thirc (1) va duoc thé hién trén
Hinh 5b va Bang 1. C6 thé nhan thdy SAR giam theo Mg va nong do Co Xu huéng nay phu hop
V6i bdo cdo gan day cua ching tdi cho cac hat nano CosFe; 04 (x = 0 - 1) dugc tong hop bang
phuong phap dong két taa [31]. Vi mau HO, tén hao tir tré co thé c6 dong gop vao ton hao tong
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cong boi vi He ¢& 0,4H, trong khi d6 déng gop cua tén hao tir tré 1 phu cho cac mau con lai bai
Hc ctia cac mau nay déu 1on hon H. Mirc d6 dong gop cua ton hao tir tré vao SAR phu thugc mbi
tuong quan giita He va H da duoc bao cdo trong mot vai cong bd tiéu biéu [18], [22], [32]. Bén
canh do, tir hinh 5c c6 thé thay SAR phu thuéc tuyen tinh vao H% Diéu nay co nghia 1a co ché
sinh nhiét chinh trong cac mau hat nano nay 1a co ché hoi phuc Neél va Brown [24], [25], [33].

90 =
—a—HO 350 . o) = HO-SAR
——H1 * HISAR
804 —a—hs w00 — 300 4 H3SAR
—v—H5 h — H5-SAR
70 “—H; T 250 * H-SAR
— —H = = 4 H9-SAR
(5_) o] —Ho o gt 2200 » H10SAR
N -] =
F = 200 7150
504 '\ .
150 e / 100
40 3 ——
50
30 T T T T T T T 100 T T T T T T T T T 2'0 3'0 4‘0 q'n ﬁ‘o ,.’.‘0 a'n 9‘“ 100
0 200 400 600 800 1000 1200 1400 -0.10.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 B

20108 2
t(s) x (Co content) Hx 107 (0¢)

Hinh . a) Cdc dwong tang nhiét theo thoi gian dat tir truong xoay chiéu tan sé 450 kHz va cuong dé
300 Oe cuia cdc mau chat long ter CoyFe;_4O4 Véi nong do 1 r~ng/mlr_; b —c) Cdc gid tri SAR phy thugc
nong dé Co va cuong dé tur truong Cua cac mau chat long tir Co,Fez O,

4. Két luan

Chung t6i da ché tao thanh cong MNPs Co,Fes,O, (0 < x < 1) bang phuong phap thuy nhiét.
Céc két qua XRD, EDX cho thay cac mau vt lidu ché tao duoc 1a don pha ferrit spinel va ti phan
ColFe gan véi Iy thuyét chiing t6 Co®* d4 thay thé vao vi tri ctia Fe?* trong tinh thé Fe;0,. Gid tri
Ms phu thudc dong thoi vao kich thudc hat va nong d6 Co. Trong khi d6, He phu thudc cha yéu
vao ndng d6 Co v&i gia tri cao nhit tai x = 0,7. Cac két qua dét nong cam ng tir cho thy rang
MNPs Fe;0, c6 SAR cao hon so véi MNPs chtra Co. Su thay thé cua cac ion Co cho céc ion Fe
trong cac hat nano Co,Fe; O, khong lam tang SAR do luc khang tir cia chiing ¢6 gia tri cao hon
cuong do cua tir truong xoay chiéu. Co ché sinh nhiét dong gop chinh vao SAR 1a hdi phuc Néel
va Brown.

Loi cam on

Nghién ctru nay duoc tai trg boi Nhiém vy hop tac qudc té vé KHCN cép Vién Han 1am Khoa
hoc Cong nghé Viét Nam véi ma s6 QTPL01.01/20-21.
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