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Figure 1 (a) Schematic illustration of the crystal structure of M-BDC, where M represents Co or Fe

atoms, C represents carbon atoms, O represents oxygen atoms, and H represents hydrogen atoms.

(b) XRD patterns of Co-BDC, Fe-BDC, and Coo.sFeo.s-BDC samples. (c)—(d) XPS spectra of Co

atoms (2p orbital) in Cog.1Feo9 and Coo.sFeos-BDC samples.
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Table 1 Mass fraction ratio of Fe and Co content in CoxFei--BDC (x = 0.1, 0.5) samples

FRma > ke /g ERARBmL FDiE RS E%
1# Coo.sFeos-BDC 0.0151 25 Co 10.71
2# Coo.1Feoo-BDC 0.0093 25 Co 2.77
3# CoosFeos-BDC 0.0151 25 Fe 10.37
44 Coo.1Feos -BDC 0.0093 25 Fe 21.96
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Kl 2 (a) - (d) 43%IH Co-BDC. Fe-BDC,. CooiFeos-BDC. CoosFeos-BDC [#] SEM Kl
Figure 2 (a)-(d) SEM images of Co-BDC, Fe-BDC, Coo1Feo9-BDC, and CoosFeos-BDC samples,
respectively.
3.2 AR B A

3 23T Co-BDC Fl Fe-BDC #EIHTEAFIRILE FAYBEHT 2L (M-H i1 £k)
FIREAHRE-RE R (M-T k) . W& 3 (a) i M-H £ 7R, Co-BDC
FETE 2 K BRI 2 7.13 emu/g, Bl f) He 2975535 20 kOe, W] Co-BDC FE1KK
BN B kR, BEEIRETHEE 20 K, Co-BDC FEf HIFHI 11114 20 O,
IR T 2 100 K I, H M-H #i 4SRNk, 22W] Co-BDC H28 A REAT .
AR Co-BDC FEMEIILIEST, FERIEST TR AN (FC, %=1
kOe) FIZFEIHRH] (ZFC) 1 M-T MK, G1E 3 (b) Fow, BEM 300 K [FALE]
2K i, Co-BDC ik Ak i i Se bl B PR A PRE R, IFAE Tn=27 K [fhilr
INFUEAR; i R FE AN, AR - AN e ey =CI(T-0) (Ll
E, CHBRER, oNEEIRE, T RHAMNRE) , PIE1HE C=6.18 emu-Oc!



K, 6=-64.5K, M Co-BDC #iiFE Tn=27 K Hi iRAFASFEAE Jy Sk EH . TR A
F 10K J5, FHEEI 5B AN M-T IS0 (K3 (b) fEiE) , %W
Co-BDC ity ] REAFAE SRR . Gupta 558 NSEERUESE Co-MOFs FRAFTEILEL 8k
BEHEN, ARSCHY Co-BDC FERTE 10-26 K G N AT BN LA S Bk EAS, 24
KT 10 K B, SOBRRGUR Sk T AR & A E e iRY, PRI Co-BDC A R L

N
BRI
(a) (b)
0.7 4 —a—7FC
214 -
? Co-BDC >—TFC
0.6 4 07 -
e
10.7 0.6 f%
_ —~ 051 0.5 i ‘*;ﬁ
%ﬂ %D Toe ‘“@? ?
£ o0 g049 5 g ] !
5 3 g Sos ; %0@
N = 0.3 g 9 02 & %J%%é
107 0a r: 01 7K
-24e |
0 20 40 60
i \ Temperature ()
21.44 01
T T T T T T T 0.0 4 T T T T T T
-60 -40 -20 0 20 40 60 0 50 100 150 200 250 300
(C) H (kOe) (d) Temperature (K)
3.33 . Fe-BDC ——7FC
Fe-BDC e s
222
111
e
=
£ 0.00
2
E -1.11 4
2.22 4
3.33 4
100 200 300
T(K)

K3 (a), (b) Co-BDC ) M-H i1k (2K. 5K, 20K, 100K, 300K) } ZFC/FC Hh%k;
(c) , (d) Fe-BDC [y M-H ik (1.8K. 5K. 20K, 100K, 300K) & ZFC/FC £
Figure 3 (a), (b) M=H curves (2 K, 5 K, 20 K, 100 K, 300 K) and ZFC/FC curves of Co-BDC ; (c),
(d) M—H curves (1.8 K, 5 K, 20 K, 100 K, 300 K) and ZFC/FC curves of Fe-BDC.
K3 (c) MIE 3 (d) 23R T Fe-BDC FEfAY M-H Hi 6 Fl M-T ik, M
K3 (c) WTAEER|, 1.8K K} Fe-BDC ) M-H £ 2B NXIFRI “S” T, FH
£50.0025 emuw/g, Fimi J1{L%) 500 Oe, BHAEE T2 20K, Fe-BDC HyRE LR

JERGEA N, HEEW AR Lk, B3 (d) By M-T #iZk3%H] Fe-BDC #+

8



A W R RGP AR . IR RIE R Fe-BDC ARG T Al RE R BUNR
S5 RIRRERRENE,  BEIRE TS Fe-BDC s 42 R IR

N THRIE Co $B4k} Fe-BDC HYREIE BT M, A SCHFSE T Coo.iFeos-BDC Fl
CoosFeos-BDC #¥ it (1) i 1 S LB L BE R 22 . I 4 878 T Coo.aFeoo-BDC F
CoosFeos-BDC FEARIRE N M-H 1 M-T i<k, QK& 4 (a) FiR, 7E2 K,
Coo.1Feos-BDC [ %57l J] Hc~793 Oe, MLFN#E AL 38 B Ms~18.45 emw/g. [H I,
Coo.1Feoo-BDC FIAFTI R AL 53 B2 5 S 35 T~ A 454411 Fe-BDC (&3 (¢) )
W] Co $BIAWAYR T Fe-BDC MR . SR, ZE{UT Fe-BDC, Coo.iFeos-BDC
(ARG B A TR T R AR 55 20 KB, R AR SO SEBR I RS B N AR AN B 35
JH 775 100 K B, CooiFeoo-BDC KN WL, AR, HHE Co BAH)
CoosFeos-BDC AEATEAGHR T RIS E. WK 4 (c) Fim, AN 2 K,
CoosFeos-BDC WKWl ) He 735 3500 Oe (228 Fe-BDC 1Y 7 %) , FIf5%Y 2.88
emwg, FH, HEEHERTIRERE] 20 K, 4R T % 100 K 1, CoosFeos-BDC 4
MR

K4 (b) Fl (d) 43 HIER T CooiFeos-BDC Fll CoosFeos-BDC # Y M-T
k. MEHRTLABH], CooiFeoo-BDC ¥ M RIHEMEMAS IR, Fik, K&
Co BRI R4 5% Fe-BDC YR, (R REMNA I DA, RARREA 7. X T
WREE Co #8251 CoosFeos-BDC, il &M 300 K FRARE| 2 K, HEELHREM 50 K
FFIG RIS, FEREART Te=28 K )&, MAfLsmEBibia T2, WK 4 (d) fr
N AEFHEER S, B REASEIEE 2 K, CoosFeos-BDC HIBILHRIEM To=15
K FFi 2 RIbgas, 456K 4 (c) Ml (d) , CoosFeos-BDC H:fit il REAEAE AN T 141
B (1) M T<ToBf, CoosFeos-BDC EIUHEREVER: (2) MiRE To<T<Tc
i), CoosFeos-BDC RIHIBHML:  (3) MiE T>Te i, I3 FHmiHE

9



PIRRETCR, MHRHE S g IR

(a) (b)
Co, ,Fe, -BDC 1.104% Co, ,Fe,,-BDC —o—FC
9.42 4 094 iy 7EC
471 1 0.78 4
0 )
3 2 0.63 - g
g N
£ 0.004 5
< 0.47 4
= S
-4.71 4 031
0 16 J [ 50 100 150 200 250 300
-9.42 4 . Temperature (K)
000 B T T T T T T T
60 40 20 0 20 40 60 0 50 100 150 200 250 300
(C) H (kOe) (d) Temperature (K)
i Co, sFe, ;-BDC —o—ZFC
15.95 Co, sFe,s-BDC o 055 Cos FC
7.97 4
—_
20
£
8 0.00
=
-7.97 4
0 50 100 150 200 250 300
2 Temperature (K)
-15.95 4 250
T T T T T T T T L T T T T T
60 -40 20 0 20 40 60 0 50 100 150 200 250 300
H (kOe) Temperature (K)

4 (a) , (b) CooiFeos-BDC ) M-H iz (2K. 20K, 100 K) FI ZFC/FC ik (Pt
NE AN ARIZE) 5 (c) . (d) CoosFeos-BDC ) M-H HiZk (2K, 20K. 100K) A
ZFC/FC gk (kIR i BN A il £8)
Figure 4 (a), (b) M—H curves (2 K, 20 K, 100 K) and ZFC/FC curves of Coo.iFeos-BDC (inset:
Curie-Weiss fitting curve); (c), (d) M—=H curves (2 K, 20 K, 100 K) and ZFC/FC curves of
Coo.sFeos-BDC (inset: Curie-Weiss fitting curve)
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Table 2 Exchange integral coefficients of Fe and Co atoms in the Co2Fe2020C32H1s molecule.

Co2Fe2020C32H16 J; (meV) J> (meV)
Fe 0.00531 0.00265
Co 0.02125 0.0106
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Figure 5 (a)-(d) Density of states (DOS) distributions of electrons near the Fermi level
for Fe, Co, O atoms and the Co;Fe020Cs:His molecule; (¢) Schematic diagram of the
band structure of Co.Fe2020C32Hie.
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Abstract

Metal-organic frameworks (MOFs) have attracted extensive research

attention owing to their structural tunability and functional versatility. In

particular, magnetic MOFs have emerged as promising candidates for

spintronic applications recently. However, inherent challenges still remain

for their practical applications, such as low magnetic transition

temperature and small saturation magnetization. Herein, we propose a Co

doping strategy to modulate the magnetic properties of Fe-based MOFs. A

series of mixed metal MOF materials, namely Co.Fe;.-BDC (x =0, 0.1,

0.5, 1), were synthesized on the MOF-5 framework using a solvothermal

method. X-ray diffraction and X-ray photoelectron spectroscopy results

verify the well-defined crystalline structure of the obtained Co.Fe.-BDC

samples. Scanning electron microscopy 1mages reveal distinct
morphological differences between Co-BDC and Fe-BDC. while the
doped samples (x = 0.1, 0.5) exhibit morphologies similar to the Fe-BDC.

The magnetic performances of all samples were systematically measured

from 300 K to 2 K. Magnetic hysteresis loops and temperature-dependent

magnetization curves demonstrate that Co-BDC undergoes a magnetic

phase transition at 27 K and exhibits spin-canted antiferromagnetism at

low temperatures, whereas Fe-BDC presents weak ferromagnetism at low
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temperature. Notably, Co doping is proven to effectively enhance the

coercivity and saturation magnetization of Fe-BDC. Particularly, the

CogsFeos-BDC exhibits prominent ferromagnetic behavior at low

temperatures. Based on experimental results, an ordered substitution

model is proposed, in which ordered alternating stacking of Co and Fe

ions is present in Co.Fe;.-BDC. First-principles calculations further

suggest the formation of local short-range ordered Co/Fe atomic

arrangement. A strong p—d spin-polarization coupling is shown between

the Co 3d and O 2p orbitals. Moreover, high-concentration Co doping

induces long-range magnetic ordering. This work reveals the magnetic

enhancement mechanism of mixed-metal MOFs and provides a feasible

strategy for the design of magnetic MOF materials for spintronics.

Keywords: metal-organic frameworks, magnetism, MOF-5, Co doping, Fe-BDC
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