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Abstract  Vanadium redox flow batteries (VRFB) are considered to be one of the most promising technologies for
large-scale energy storage, and the low energy efficiency of electrode materials at high current densities is one of the
main constraints to the development of VRFB. However, modification and modification of the electrode materials can
improve their energy efficiency and stability. In this study, neodymium-based metal-organic framework (Nd-MOF)
was used as a precursor and transition metal cobalt was introduced for doping. Meanwhile, Co-Nd-MOF was made to

bond with graphene oxide (GO) with high electrical conductivity through its oxygen-containing functional groups,
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and then a Co-Nd-MOF/GO-2 composite with excellent electrochemical performance was prepared by hydrothermal

method and applied as an electrode material for modifying the blank carbon felts (CF) in the anode of VRFBs.
The electrochemical test results demonstrated that Co-Nd-MOF/GO-2 had excellent electrocatalytic effect on the
redox reaction of V**/V**, which could improve the voltage efficiency (VE) and energy efficiency (EE) of VRFBs. At
50 mA/em®, the Co-Nd-MOF/GO-2 composite-modified electrode decreased the overpotential by 259.7 mV and
increased the discharge capacity by 263 mA +h compared with CF, and increased the VE and EE by 9.2% and 10%,
respectively, compared with CF at 140 mA/cm®. After cycling, the current density was tuned back to 50 mA/cm?,
and the VE and EE almost had no attenuation. It was demonstrated that the doping of Co provided additional metal
nodes and free holes, the composite of GO reduced the degree of agglomeration of MOF and provided more active
sites for V**/V** | which facilitated charge transfer and ionic transfer, and the synergistic effect between GO and
Co-Nd-MOF further led to the enhancement of the electrical conductivity of composite electrode materials. This study
provides a practical approach to advance the further application of VRFB.

Keywords Metal-organic framework; Co-doping; Graphene oxide; Vanadium redox flow battery; Electrocatalytic
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0.3 A/ghf, FTF Nd-MOFs/GO & &M BHR HLb F HL 283K 5] 633. 5 Flg, 52 5 T Nd-MOFs it (FLHL %%
11. 3 F/g). Hong &l & T HA & & 19 H0GH % | (LA LAY = Z4E SEFARGA K 4514 Ni-Co-MOF/GO & A
MEL. TERAAEE AR T, Ni-Co-MOF/GO & A5 HARTE | Alg (RIS BT HL4E 0 447. 2 Flg, 43001
PEFR T B B K 99. 6%, 1L T Ni-Co-MOF.

FELIAEAISE o, CFH 158 MOF 1N iR A BT 40 . TiixtF I 42 )& Co$84% Nd-MOF
R G GOl AR BITSE AR IARE . A SCR K PGES L T Co-Nd-MOF/GO =t G K} : LA
ELAT 4f o FBUTE RRIE B Nd-MOF A gk {4 , Hoy H 3 1 22 FLHE SR b i fif 0 S i A 4R AL T Dk i 1
LIRS |, Co B 2@ it Ak SR G540 I 5 | ABRAME RO, B4 TE T Nd-MOF [ AAE HL Ak 223
PE; [T, GOER =4 R, it - HES 5 48 W SR AR EE A A 2 Co-Nd-MOF, HZ&R 1
BT A E RS S R R T S R M A RO S i FR R

1 SEIGERS

1.1 RXFI5EE
325 H KSR F A1 85 (44 wm) , 5 S8 2800 1 25 B R A BROUTE A Al 5 YRR (BT 7040 98% ) .
iz (H,PO,) . i 4& BR A1 (KMnO,) | 30% MUE /K (H,0,) . AN/KEiER 4 [Nd(NO,),+6H,0] . X4 — Hl fig
(PTA) . AN/KA RS Co(NO,),6H,0] . =2 (TEA) , /K LFE, SRR | BRI LM (PVDF)
N-FR - 2-NE R e R (NMP) , 43 Hr4li, [ 25 5 A AL AR BRA 7l 5 HIRER , I3 M A Z AR A B
O3] 25 FUH (CF) F Nafion 115 i, i Z BT REIEA BRA Rl s KB F/K (355 0. 56 pS/em).
HITACHI-SU8220 147 % A4 i 7 B i (SEM ), HAS H 3723 ] ; ESCALAB-250Xi %8 X S48 56,
FHETHL(XPS, Al/Mg XUFHM#E ) , 52 [E Thermo-Fisher 23 7] ; IRTRACER-100 %Y {8 B A8 . 21 SN 1EAL
(FTIR), HAEHE/A T ; XRDynamic-500 7 X SR AT S (XRD, 2075 Fl R 5°~80°, Cu Ke 841, B
FI G A2 F) 5 CHIOSOE BUHL A~ T 4RSS, LR/ F]; SLAN-CT2001A BUHE A R 48, DU #E
T RHE A FRAF .
1.2 LIeFE
1.2.1 S ME 2 H(GO)wH & S HEETSC2 HRIE BB Hummers 7251 #5 GO, LA H,SO,/H,PO, AT EL
h 8 : 2 IR A TRAVE AARZ A, WA AR i | R 781 GO.
122 Nd-MOF &% & 760 mL /K12 mL TEA BIR-S9H, A 0. 438 g(1 mmol) Nd(NO,),+6H,0,
il HL5E W AR, FEIIA0. 166 g(1 mmol) PTA, HiFE 3 h G F#EA 0. 5 h, fif B 1A STRE MG 5T R UK
IR NAT B E RV ZE R, 76140 °CTR RV 12 b, SRIGHHIR A Y FH G /K 5.0 (8000 r/min, 10 min)
VR 3R, 7680 CHEAE T8, BN EMmA . &ML Scheme 1(A)F7s.
1.2.3  Co-Nd-MOF &7 %] & ¥ 0. 438 ¢(1 mmol )Nd(NO,),*6H,0 #10. 012 g(0. 04 mmol) Co(NO,),*6H,0
SERVIRAE 60 mL LB 17K 2 mL TEA FIRA W, FHIIA 0. 166 ¢(1 mmol) PTA, Fit$}: 3 h )5 Fii
750.5 h, Ff R S E T RV O N RN 28, 78140 'CF O 12 h, R H IR
BWHICK CBEE L (8000 /min, 10 min) PEV 3K, 7E 80 CHEAR T4, 1S EAMW AR A . A AR
Scheme 1(B) fli/i~ .
1.2.4  Co-Nd-MOF/GO 8 4 % 4355 0. 068 g(10%, i &/3%0) . 0. 084 g(12%, it 4r%4) . 0.100 g
(14%, 4380 GO M AR, A 0. 438 ¢(1 mmol) Nd(NO,),+6H,0 F10. 012 g(0. 04 mmol)
Co (NO;) ,*6H,0, F-# H 8 7 ¥ fif T 60 mL 2 2 F /K Fl1 2 mL TEA IR G W, F A 0. 166 ¢
(1 mmol) PTA, Hit#f:3 h/5 FRMERT 0. 5 h, FF AR SR MG BT B UG L0 P R = R s i 28, F
140 “CJW 12 h J5 RS YT IEK Z.BE25.0, (8000 t/min, 10 min)PEE 3 U, T80 “CHEAG h T4k, 153 52
TR . FEAHIE GO T 050 TN Co-Nd-MOF/GO-1 . Co-Nd-MOF/GO-2 #1 Co-Nd-MOF/GO-3. &
B FEUT Scheme 1(C) B . Il EFAMA L (CV) I AISE 3 BHPTIE (EIS) i % H Co-Nd-MOF/GO-2 Ay HL
fe2EPERe L T 05 G e, TR HIE TS A A RATE 37
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Scheme 1 Schematic diagram of the synthesis process of Nd-MOF, Co-Nd-MOF and Co-Nd-MOF/GO materials

125 mAbF A B A I AR R E TR (1 emx1 em) b, AR HLTE 10 MPa R £ 30 s
Je FWE TAE AR, LURRN H SR AR 2 LR, A R B F A, FARVE R 2 mol/L KOH ¥4k , i i L
b2 TAEMCR A = A RGP RNED T CV AT EISINR, Hodh CV i s H 3 -0, 20~0. 55 v, #
FEHEN 20 mV/s, EISTHE ARG 0. 01~100000 Hz.

R T HE— AR AR R AL S R, FEEE T VRIB B It R 48 (Scheme S1, WA LI HFF
B0, K SRR R CF LA VRFB O il , CF M IEAR, JF 5S35 F Nafion115, HLf#R
1. 7 mol/L ) V¥*/V+ (BEJR EL 1: 1) T 4. 7 mol/L H,S0, 4L, , f# W L R G5 AE 1. 0~1. 6 V HL R L
PEATA T T RGN . H A i ELA T Bt A DA BB S SINGR, PVDF MG, K 70% 1)
HL A B Co-Nd-MOF, Co-Nd-MOF/GO-2) | 20% 3 LS R AT 10% %5670 50 NMP b, i
BE 1 h B R R) . OB S IR AE CF b, B A 200 2 mg/em®, 7E 60 “CHEFR T4 6 h, 1522tk
LA .

2 GRS

2.1 HEHERSEHSR

1 5y GO, Nd-MOF, Co-Nd-MOF #l Co-Nd-MOF/GO-2 i) SEM B8 F-. HiI& 1(A) A UL, GO H A A i
S A 2R gAY . R L(B) AT LAE H, Nd-MOF 44 KR 454 , RSFAE 600~900 nm JEFEIPY, 5
SCHRL22 IR REARIES —2k . B 1(C)JR/R THB 2% Co J5 i Co-Nd-MOF HTEST , 5 FT4KIA Nd-MOF A, &
DA, TR IR RGS M, ROTA FIrda /N>, 78 500~700 nm {EFE Y . fE 1(D) AT, SR RGT
1 Co-Nd-MOF 9 A4 ATE GO R 2 Z 0], GO I JZ 45X Co-Nd-MOF G KT s B o b . X Ry
PR VE FHBEBZ BH L Co-Nd-MOF 9Kt Z o] i B R4, /D ARG, B GO I BE#ER . [FIRtids
7R T Co-Nd-MOF 7E GO F2 i A K 51 FE 1, Co-Nd-MOF H1 42 J& B+ (Nd*, Co*") 5 GO F MM & & e
Aoyt | RIS ) kA G R -G . XAk 2= SRS G o S B A A A e 29 1 Ak .

J T #HE—WE5E Co-Nd-MOF/GO-2 & & M RHOHOWIESR , X HEAT TEM I (E12). ME 2(A) ]
PIFEH, Co-Nd-MOF/GO-2 =B S 4 kMR 454, [A] it tho il LUWEE B GO JEZ AA7AE . 1K 2(B) i 46
B IR T GIRBRIR 5 Co-Nd-MOF i A 7E GO (82 4, 5 SEM BE R [ 1(D) PJE xR . Bl 2(C)
IR T O RHRARGEH (0 BATE 250 GO BURE 4 F )2 4548 . &1 2(D) P S M A1 4 0. 31 nm 1 55 4 45 200t
% T Co-Nd-MOF/GO-2 14 (101 ) it i .

1 XPS XF Nd-MOF . Co-Nd-MOF }% Co-Nd-MOF/GO-2 (0 &= H WAL A 45 EA T T HF5E . A XPS
AREE L, 7E Nd-MOF |, Co-Nd-MOF #l Co-Nd-MOF/GO-2 f & i ¥ 77 E C, OFMINd TR [ K 3(A) ], [d]
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Fig.1 SEM images of GO(A), Nd-MOF(B), Co-Nd-MOF(C) and Co-Nd-MOF/GO-2(D)

Fig.2 TEM images(A, B, C) and HRTEM image(D) of Co-Nd-MOF/GO-2

i, i Co 4B 2% AN ALK, 78 Co-Nd-MOF Hl Co-Nd-MOF/GO-2 H {RER 2] T 4855 1) Co,, XPS U .
B2% CoJii, Nd,,,, XPSHHIEVEHR I , X FEWTE Co-Nd-MOF Hi#f53 Nd* Bl Co™ FTBUL, T80 H H7s /¢
o, BIAETE T Nd-MOF A MR, X Co-Nd-MOF/GO-2 & & A BHK XPS i #E 1 70614, C kS 41
XPS %[ 11 3(B) 7 284. 63 eV AMFAAEAER PTA FLiAR Hh 2838 C—C/C=C BYFFIEIE L K 289. 18 eV AbLER
RN O—C=0 IMFHIEIE, 1£286. 28 eV ALAFTE C—O0/C—O0—C FHIEIE™. 7E Co-Nd-MOF/GO-2 ff Co,,
HIERE A XPSEIEI [ K1 3(C) Irfr, £ 781. 70 F1797. 20 eV i A4 AL T A4S i, 43 5% % T Co 4 2p,, Fll
2p,, HIE , B (8] 15. 50 eV BY45 A fE T8 B XT 0 T Co* B AALZS , I EHLE 786. 90 il 802. 40 eV A f7-1E
Co 1 TLA WA X Nd 19 3d BB AT A0 XPS TSI [1E13(D) ], PIAS =20 vl 43 57T 982. 94 Fl
1005. 15 eV &b, 538124 Ndy, , FINd,,, , [0, 7£978. 27 eV ALY Nd 1) 1L 0, 5 5 SCik [ 28 ] iy
fH—3. Nd-MOF [ O, #5241 XPS 1% &I [ & 3 (E) AT LG 183 M08, 4357 529. 48, 531. 48 F1532. 53 eV
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Ak, AR Nd=0/Nd—0, C=0 il C—O0 [ FFfEIE > Co-Nd-MOF 15 O, K5 41 XPS i K [ K 3 (F) 15
Nd-MOF A FL7E 530. 02 eV AMFHE Co—0 IFFIENE , BH Co B RHBZ4AE Nd-MOF H"8 . DL FAHTiEsE T
Co-Nd-MOF/GO-2 AR i il £ .

A) — Nd-MOF (B) © Cozp,
Ndag,, — Co-Nd-MOF 781.70 eV
Ndsg, — Co-Nd-MOF/GO-2 ]
0 Cozp,, Sat. |
i sat. 79720 ¢V 786.90 oV ([}
Cvls Nd.s 802.40 eV M |
1 1] | 1 | 1 | | |
1200 1000 800 600 400 200 296 292 288 284 280 805 800 795 790 785 780 775
Binding energy/eV Binding energy/eV Binding energy/eV
(D) ®) c—o ) c=0
Ndsa,, 531.22¢V
Ndsa, 982.94 ¢V
1005.15 eV

Cc—0
532.51¢V Nd=0

1010 1000 990 980 970 540 536 532 528 540 536 532 528
Binding energy/eV Binding energy/eV Binding energy/eV

Fig.3 Survey XPS spectra of Nd-MOF, Co-Nd-MOF and Co-Nd-MOF/GO-2(A), C,(B), Co,,(C) and
Nd,,(D) high-resolution XPS spectra of Co-Nd-MOF/GO-2, O, high-resolution XPS spectra of
Nd-MOF(E) and Co-Nd-MOF(F)

J T ERFENA-MOF, Co-Nd-MOF } Co-Nd-MOF/GO-2 {1k 5 , 78 3800~550 em™ 315 Bl PN X A4k k
11T FTIR SGIEK (K 4). 76 GO FTIR Gk, 3443.5, 1647.0, 1626. 8, 1118. 6 F11021. 6 cm ™' LY
FENEIE 53 0 U1 & A 282 E K o rh O—H AR 3l . SR FEFIR B rh C=0 MRl . A ShEh
gk C=C M AE TR 3l . ISR IER C—O0 hifh PR 3 KA AL (1) C—O0—C & i i 2> 78
Nd-MOF [ FTIR Y& o, 3476. 1 F13609. 7 cm™ 4b HHBL T Nd-MOF H AR 255 O—H 1 i 4 41 shRRAiF 04
FHAE L Nd-MOF M BRI AEE R S 5 ROV 9K 7315 1560. 1F11410. 4 em ' 2L FHEIE TR T 5
Nd* 454 1 C—O0 AR X FR AR FRAR G 3, 1510 em™ &b A9 R AE 4 AT 05 PR T 23638 C=C M 45 4R 50,
752.2~1140. 2 em™ 365 Fl P9 AR AE 06 1 8 T C—H 8 A0 SF 11 P9 257 il R 0 A0S TG 2 45 % 22, 78
600. 7~679. 8 cm LRI IE B T Nd—O FhARIR S I 4EAEIE . LA 145 0T LIIEW] Nd*™5 PTA Fiefir ",
15 Nd-MOF # [, Co-Nd-MOF FRHFEIEEAL B BeAT W B AEAE . 7E595. 8 em™ A 1 Co—O M4 iR B4
FIEWEES W P o B A 55 02 T R A8 i A2 v Co 4B 2% S 30 /0 5 1419. 4~1523. 1 em ' 78 [l A A HFAIE G
SR LA TS5, X 5 Co I Nd-MOF Z [ i AH BAE FHA G 5 2920. 8~3606. 7 em™ 7 [l N Y IEAH L Nd-MOF
TS, HEF Co-Nd-MOF #4 B 4 2 5 [ W [ K 4 F I 207, #E Co-Nd-MOF/GO-2 11 FTIR Y6 3%
H, 3360. 4 em™ b 1 IR B FRAE D TR S GO 1A 22 EK 3+ O—H B 4Pk 8l , B Co-Nd-
MOF/GO-2 Z & ¥k GO BYfFFE . 5 Nd-MOF A Eb , Co-Nd-MOF/GO-2 fit] C—O AN FR AR FR {1 48 17 2
WEAELER] S A2 RS , AN 1560. 1 F11410. 4 em™ 4b 435185 8) 5] 1647. 0 F11386. 5 cm™', iXJ2&:H T PTA H1(1)
FRIRGER 5 GO KA T 43T [ AR (AR AR E AR Y. HARIEN B 5 Co-Nd-MOF AR —2. Eidsy
MHIESE T Co-Nd-MOF/GO-2 By i h il % .

FIH XRD 434 T Nd-MOF, Co-Nd-MOF J% Co-Nd-MOF/GO-2 4 s iR 454 (&1 5). 4/ &M GO 19 XRD
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Fig.4 FTIR spectra of GO, Nd-MOF, Co-Nd-MOF Fig. 5 XRD spectra of GO(inset), Nd-MOF, Co-Nd-MOF
and Co-Nd-MOF/GO-2 and Co-Nd-MOF/GO-2

R, HAE 20=11. 56" tH B — L3R GO (001) & 1T A9 AT 5 0, A Pk 7 B 115545 21 GO JZ2 (R iR
R 0. 764 nm, KFhRMEA 25092 B #E (0. 335 nm) , FI A BL5MPRIR, JZEEEY K. Nd-MOF £
20=15.94", 27.82°, 28.86°, 40.4° Fl149.78° 4b f£7F WH i H 2R 558 i 137 5 1§, 43 51 X )i Nd-MOF #H
f#(001), (110), (101), (111)F1(035) fh1i, PPl 1) Nd-MOF SaiRZ5 47 )7, fAs Al HES s
25 S, X 5 STk g SR — 3052 7E Co-Nd-MOF H 8 A3 #I 3 4 Bi i, HLH 5 Nd-MOF {443
FEBLAY SR ARSE ), X TEIRFE Co B2 A MU I LR 11 Nd-MOF 25441, 5 H SEM BE R[] 1(C) IXF ) .
Co-Nd-MOF/GO-2 ) XRD i ¥l 7 20=11. 88" &b 17 7E — A Ht AT 5 U6, GO YRR AEAT S5 06, [,
Co-Nd-MOF/GO-2 I T A5 17 5 W 57 & 14 55 Co-Nd-MOF 1 55 B — 3, e FAREE My R B AE DU . Ak,
Co-Nd-MOF¥/GO-2 Wy fi7 S e 5 B A Fir 3 i, S WL 485 ot B2 R0 WA AR AT Nd-MOF #1 Co-Nd-MOF £ fir 2
Th. XUESE T GO X Co-Nd-MOF )l sie ke,
2.2 HFEHERE

HERGE Co B I Mt —H 5 & GO Xt Nd-MOF T s PR RE 4 VR T, i3 — Wil 2R e % ol 4% 1)
Nd-MOF, Co-Nd-MOF Fl Co-Nd-MOF/GO & & M LB L AL 2 PR BEZET Tl . &1 6 R SRR RHR CV 4k .
AT UL, Pl A A il 38 2 B — o Y S 1 AR AR 0, R B Sy AT iy, (Rl CV i S R aF, R
Co-Nd-MOF F1 Co-Nd-MOF/GO 5 T 5 Nd-MOF Fi SR IAFBL B AL 454k, IR R e Phg . ikt
Ji7R , Nd-MOF f o HE A AR A A (B FEL i 22 (AL ), W FLIAE 1L (1, /1 ) WAE R T 1, X S5 3R ] Nd-MOF
e bE 22, AL A I 0 I, [ B K A AR, A 8 R L BB 0T 4 12 7 1A 2R A e Al R B e P
Co-Nd-MOF [ A (4. 00 mA)£°5 Nd-MOF (2. 65 mA) 19 1. 5 i, iXFH Co #8247 50 T Nd-MOF ()L
T45H , Co™ R N™ HL 25 K4 1) 26 57 (il A 5 FE FRL A% OB U BRI AR, /D i - I AR BEL 7, Sy v i
R PR N S AR A S AN, Co B AR H

4
Nd**Fll Co>* 54 HLBCATE B D R B, ek M— s | = e
O # (=N, Co) B ] F I 4 3 HE 22 £ B 2 CoNEMOFIG0-2
P, ot AT AAE: 4y AR U IR T R oy, B § | Coneoreos
T 4R U I T 4 B, (R T AR 2 ol
UL (9 3 112 1, AT S 4R T T B = L
PR X H T A A S R e 11 Co-Nd- 2t
MOF i AE, F 1 /1 AT Nd-MOF 175 2] B .
—03-02-01 0 01 02 03 04 05 06
B olsE | B Co BB 2= 115 Nd-MOF #4844 a] Potential/V
Wik RG R, M ALFERED S . K] 6 1 Co-Nd-MOF/ Fig.6 CV curves of Nd-MOF, Co-Nd-MOF, Co-Nd-MOF/
GO Wn B KRB, RAH LR AE GO-1, Co-Nd-MOF/GO-2 and Co-Nd-MOF/GO-3
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Table 1 CV parameters of Nd-MOF, Co-Nd-MOF, Co-Nd-MOF/GO-1, Co-Nd-MOF/GO-2 and
Co-Nd-MOF/GO-3

Sample Al /mA AE/V I/,
Nd-MOF 2.65 0.068 1.62
Co-Nd-MOF 4.00 0.064 1.59
Co-Nd-MOF/GO-1 4.79 0.072 1.48
Co-Nd-MOF/GO-2 5.27 0.056 1.47
Co-Nd-MOF/GO-3 4.50 0.059 1.50

L AERE T IRE R Y. R LIS AT I, AR EL B GO 1Y Co-Nd-MOF AR AL 2475 T Nd-MOF
1 Co-Nd-MOF, H.1 /I BB 1, XL RILFEZRW], GO W G ABERTT T Co-Nd-MOF 1R G H
PEFIHL e RS n it . XA F GO AR B HA K S T HTE, GO MBI A Co-Nd-MOF A1 R 2 EEF#IL,
Fe SR AR K, P 2 B RIS PERL S, GO 5 Co-Nd-MOF & &7 A= il BIp [ 807t i sk 1 Ho 167 AT 5
TFHIEH, SRR R AT, . Hp, MEA GO MR ECN 12% B, Co-Nd-MOF/GO-2 ] Al 1
5, BNA-MOF 4271 2. 62 mA, £J2 Nd-MOF #4215, L PERRsR , [FE, HAE, 2 0. 056 V(% Nd-MOF
FEAR T 12 mA) 1/, 1. 47, ¥R TIEAEL, RGO LBl F 1% 2 &b BHEAT AR AR A R B F
5 4) DI BT

WL EIS #E— 243 A bR AL 2= P RE /7 A E A B B 1) Nyquist BT ELS 15 10 S5 450 g i 1]
JIT A A it 47 S B e A X 2 BT AEAE X A ARL R, e A3 XA~ B 5 Sl A AR BEL(R) L R IR
AT (R,) , R, BT 48 T 52 07 A 7R FE g 27 2ok AR 1T H £t 5 I AR 3L T A S RS Al R 1)
BHL 7, (BRAT X Y R LA 3R Warburg BHFT (W), BIVHEL i V0 5 176 FEL AR R RE S 1T i R A i L.
T8 3 2R L B R AT AR AL AS B A0 25 SR 5 T 2. BT I, Nd-MOF, Co-Nd-MOF, Co-Nd-MOF/GO-1, Co-Nd-
MOF/GO-2 Fl Co-Nd-MOF/GO-3 #J R, 43 %47 0. 616,
0.582, 0.525, 0.397 #10. 416 Q. Co-Nd-MOF 7t &
A XA 2 R A2 /N T Nd-MOF, $i 8 Co BB 2%,
Co™ U A3 N>, 3840 7 R0 A B0 i 73
XL SR 0T 3 2 W RN AR AR AR i
N, MR LA AR RE T, BRAK T HL AT AR AL F R, i
Co-Nd-MOF H faf 1% iy 3 3% K. 2 A GO J=
Co-Nd-MOF-GO & & ¥ BHAH LT Co-Nd-MOF S 3L i
N R AR, Ho Co-Nd-MOF/GO-2 (12 157 . :
Tt/ FHIHEAT RAR Y R, (R4 T Nd-MOF T
1635, 5%) , [, BRI IR AHER AR HL B i . -
K, FRIEEY Y Bt B R, Warburg FHHTHE

—e— Nd-MOF

10 - —4— Co-Nd-MOF

—v— Co-Nd-MOF/GO-1
—ea— Co-Nd-MOF/GO-2
8 - —— Co-Nd-MOF/GO-3

Fig.7 EIS curves of GO, Nd-MOF, Co-Nd-MOF,

AN, R AR AL PERE, X5 CV 2T
ISR —E XIET GO HAY & be R m AR &
AU REMT, BEH Co-Nd-MOF $2AULIE AL 1, e #F 4

Table 2 EIS fitting parameters of Nd-MOF, Co-Nd-MOF, Co-Nd-MOF/GO-1, Co-Nd-MOF/GO-2 and

Co-Nd-MOF/GO-3 composite materials

Co-Nd-MOF/GO-1, Co-Nd-MOF/GO-2
and Co-Nd-MOF/GO-3

Inset: the equivalent circuit diagram.

Sample R/Q R /Q
Nd-MOF 0.614 0.616
Co-Nd-MOF 0.618 0.582
Co-Nd-MOF/GO-1 0.625 0.525
Co-Nd-MOF/GO-2 0.613 0.397
Co-Nd-MOF/GO-3 0.614 0.416
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AR I SO ) A, TR GO A RS 3 F O HE LA R R, ol P A 70 S v AR A i, b
R A, PR E B AR AL A PERE . JET CV M EIS 0 i et 1 s A2 e RE SR AR A9 Co-
Nd-MOF/GO-2, FFiEBGZA R T i L il

23 EiREALR o

PR ATTAR B 45 B AR b 0 Ha AL 27 PR BE B2 X VREFB H V2 V348 Ak I i o A& 1, 20 511
Co-Nd-MOF I Co-Nd-MOF/GO-2 & & M BHE T CF RIAE A A KL, LLCF R IEW M B, 3T
VRFB, Ff Pl HA:RE .

8 (A)/n T HE 50 mA/em® L E R, FF CF, Co-Nd-MOF Fil Co-Nd-MOF/GO-2 i, 1% i, tb (1) 5
WITHCH (GCD) £k . v UL, ik el IS E] I A Co-Nd-MOF/GO-2>Co-Nd-MOF>CF, FIHTER %410 F,
e L (Co-Nd-MOF il Co-Nd-MOF/GO-2) i) Fb 25 it 0 T AR 207k CF il , Co-Nd-MOF/GO-2 Ha % (1)
T2 CF I 4. 545, HRILH S i b As i, X =2 ] F Co-Nd-MOF £ £ AN FI 438 i
DI R, KL A5 R V2V AR B B R AL T RS0 TS O ), T GO AR B AT RAF I i, &
4 GO J& , Co-Nd-MOF/GO-2 fE % 14 38 HE JR Co-Nd-MOF 25 ¥4 19 T v Pk, 418 34 W e A5 a0, {87 ik IS 7
Co-Nd-MOF/GO-2 LR AEAH A %) 25478 T BEICHE Z 1 HLRE . Co-Nd-MOF/GO-2 1) 72 jift v s [1] B L 3t 285 FE
BN R [ 8(B) |, BRI VRFB A 25 bl 38K . 7ERR LR T, H A 3R 1T A4 Sy R
hne, FECEARA RN H AL TE PO SO RE ST A I, W2 AL R AL 2E AL AR 2 i, X {5
VRFB (1) 785k B RCR AR, FEHCB I EI /D . 7 140 mA/em® LR T, Co-Nd-MOF/GO-2 i it 1) 78 ik
HL IR RIS SR 29 20 50 mA/em® FL U FE T CF 1Y 2. 24% , KRB ZPERE , X R 1 el Js i Ha il
WAL G537 o . IWBOWZ I 20T, Co RN B HL FHEARON FTE T V2V B AL 2206 1, &
GO B AN T AR i 2 AL AR, fE ik T Re , 38Tt T AP RMEB R AT I RE 7T, A
T T HUR e b~ e

L6 | (A)

—Co-Nd-MOF/GO-2 1.6 -(B) —— 50 mA/cm?

(% ——Co-Nd-MOF —— 80 mA/cm?
D —CF 15+ —— 110 mA/cm?
— 140 mA/cm?

| 1
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000

0.9 —

Time/s Time/s

Fig. 8 GCD curves of CF, Co-Nd-MOF and Co-Nd-MOF/GO-2 at 50 mA/cm*(A) and Co-Nd-MOF/GO-2
at different current densities(B)

B 9(A)~(C) 4Bl H T CF, Co-Nd-MOF, Co-Nd-MOF/GO-2 & & ¥ B} & i (1) Hi % 78 50~140
mA/em? HL I FE I 0 RS RCR (CE) L HURRICK (VE) FIRERACR (EE). SRR a5k (1), X (2)
MR (3)HEAH . oL, 7EFrE RIS E R, Co-Nd-MOF Fl Co-Nd-MOF/GO-2 & 4 A RH& 1 A i, Ttk
1 CE, VE FIEE XL T CF oLt F b el )5 i VREB 80 U0 S i H Ak 24 PR RE . CF FIElct: 5 i iy
CE P25 FEL 90 %% B A B i i G A, 3 R B0 DR il P 3 2880 B8 (A9 B4, e R s [ 4 e, Rkt el i ik
FRAEAT B R S5 RIS ME LA FE 0 A 7 FE FL I 2 B 50 mA/em® B, CF K P FHE I LA 1 VE R EE
P FHReRAL, Bl S A3, VE FIEE 8R4I, 33051 DR R 37T 28 2 38 i (s AR A P 52 o ™ o,
AR AR P Jon S A F A S N P T A RE T 8 5 59— T T, R IR 2 R 1R 1 o ol e b A S 194 R FL B A 1
Rt 3 K, e (A5 FE L L R T, RO H R R AR, VE FIEE FEAIR . 78 HL %% B2 50 mA/em’ B,
Co-Nd-MOF 1 Co-Nd-MOF/GO-2 f& 1 FL A 1) VE AH#L T CF HLAl 43 I8 &5 1 2. 2% F 4. 4%, EE 53 51| $&
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T T 2.9% M1 6.2%, Co-Nd-MOF/GO-2 P4 vy i ¢ 30 H S A 1Y VE A1 EE. 78 B8 37 %5 4 140 mA/cm?
B, Co-Nd-MOF/GO-2 el P rL B () H Ak 2 Pk B AR S8 T Bl 2, AHEE T CF HMl, VE FIEE 43538 1
9. 2% F110. 0% (FLARAE 53 310 0 84% F1 78. 1%, J34b 4 /K- ) 5 A ELTF Co-Nd-MOF (&M Hitl , VE
FIEE 4> B3 T 4. 2% F1 4. 6%. 1 140 mA/em® FINRTESSG , G PKE 2 50 mA/em? HL I 2 B HEF T
ik, Co-Nd-MOF/GO-2 ] VE Fl EE 4351 4 91. 0% 1 81. 3%, 5 %) 4 (B A Hb JEAC PR R A A4S, R i
Co-Nd-MOF/GO-2 Mr 4 R AR ZH 26 %) VRFB (1 AL A R e A PR AR 50 B B A2 7

Discharge capcity

CE = x 100% (1)

Charge capcity

VE = Average discharge voltage 100% @)

Average charge voltage

EE = CE X VE (3)
F19(D) Ky VRFB -4 7o il e R4S 2k . AT I, B R 9 2 B A9 3, CF N Co-Nd-MOF |
Co-Nd-MOF/GO-2 & A M BHE M LA 1) VREFB 1) 78 FE L R S TG T, T30 o R SR KA, Ao LS8 T
K, HHr, Co-Nd-MOF/GO-2 &1 F A 2 B R A e FL A, 33X U PR B 22 118 H A o Pk A a5 e 1
V2V AR G . PS4 TR0 R AEL A B 2 AR 3843 310 oA e H el BELART 5 Pl P BEL, b ) (B 5B Sy
e R L, EARRR S T 3. Co-Nd-MOF/GO-2 & 4 k4 RME i Fo Al 78 76 ikt i 3 A vh 4 A e/ s

NBH, A, Hsh h A 2 1. 59 S, i R4 2 1. 22 S, W& 5T CFHM (0. 8 SAAT).

100 100 100

- (A) i S (B) %E, + © § E . E,
4 o 3 - 3 L G
< £ g g < Adhka £ = o 90 Ll g % E £
5 95 & £ g« T 90F  esess susun S g o oS 2, s 2 & 2
g 2o 2 = - \5 g\‘ - g [ o aad g‘ 80 L etk — I
R e . — WM = 2 N 00000  Addis — sanny 2 00000 .o A Ll ceses
2 ok ommoER E 8 A B B I I
; 0 assda o00®e _puga v Eﬁ 80 E % otoce za % 70 i S
-E wEER Casag gﬂ 2 s wSaag 0 ;@ 601
= 85F-—=CF S 70F ——CF 2 ——CF
3 —— Co-Nd-MOF - —— Co-Nd-MOF = 50 —— Co-Nd-MOF
—— Co-Nd-MOF/GO-2 —— Co-Nd-MOF/GO-2 —— Co-Nd-MOF/GO-2
80 | | 1 60 1 1 | 40 1 1 |
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Cycle number Cycle number Cycle number

1.60 D) 1.8 ) 1.8 ®

155+
> 150 / 161 —_— L6F %
Q
o L
= 145 Charge | = 1.4 = 14F
PN 3 3
o ; ) 5]
o 135F Discharge | = oL S12f
e
S 1301 - g \\
B L2 .N\ Hr— Lo lic MUPGOZ Lor — 50 mA/cm? — 110 mA/cm?

1201 * Co-Nd-MOF — Co-Nd-MOF — 80 mA/em®  — 140 mA/em?

° (:();‘[\Id-MIOF/(}OI-2 | 1 08 C I_ CF| 1 | | | 08 C 1 | 1 | | |
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Fig.9 CE(A), VE(B), EE(C), average charge-discharge voltage(D) of CF, Co-Nd-MOF and Co-Nd-MOF/GO-2
at different current densities, charge-discharge curves of CF, Co-Nd-MOF and Co-Nd-MOF/GO-2 at
50 mA/cm*(E), charge-discharge curves of Co-Nd-MOF/GO-2 under different current densities(F)

TEH V2 50 mA/em® T CF, Co-Nd-MOF, Co-Nd-MOF/GO-2 & & ¥ RHE& i i % 19 VRFB 114 %8 i
FA, [ 2 FIA [F] HL U 25 R Co-Nd-MOF/GO-2 & A5 A BME 1 H A 1) VRFB 1Y 78 F i 26 0 51 & 9 (E)
F(F) s, A0, EAER IR BB R, Co-Nd-MOF/GO-2 161 v b 1) 78 H F R A1, ikt ri L PR R 85
H S5 o R A T Co-Nd-MOF FI CF 23 5l AR 1 74. 4 F1128.2 mV, J3CHL B8 R 0 42 5 1 64. 8 FiI
147.2 mV, & A5 FIREAR T 123, 571259, 7 mV, SR B S T 164 #1263 mA-h. Bl HL i %
JEMHE AR, Co-Nd-MOF/GO-2 & & M RME i F b 1) 70 L F T 8, 53 rE L PR RRAIR, S 25 B FRAIR, (AL
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110 mA/em® T B 25 548K B F 50 mA/em® T Co-Nd-MOF 1 CF [l 25 1, 22 Co-Nd-MOF/GO-2
EAMEBHE AR HA E SRR, B—MML S VRFB s R etk

Table 3 Charge-discharge internal resistance and conductivity of CF, Co-Nd-MOF and
Co-Nd-MOF/GO-2 electrodes

Sample resistfn}irii;% . Conductance/S res::;l}::intm) Conductance/S
CF 1.19 0.84 1.22 0.82
Co-Nd-MOF 0.87 1.15 0.98 1.02
Co-Nd-MOF/GO-2 0.63 1.59 0.82 1.22
N T E— I Co-Nd-MOF/GO-2 & 4 #1 100
RHOIEAFEYE , TER T 80 mA/em® T, i ol
100 R A6 ¥, %} Co-Nd-MOF/GO-2 1 Hii He, #% £ <
VRFB 4if ¥ B Pk J JFBF 5% . 0 Bl VREB 1576 5 sop
BRI 4% S 401 10 /R . %5 11 VREFB (CF {3 S of —
HLBR B L) 159 F- 49 BE O 71. 34%, EE FE0% N 5
2. 3%; Tli Co-Nd-MOF/GO-2 3£ VRFB {9 F- 2 EE Jy sor s CoNIMOR/E0:2
80. 23%, EE FEWE N 1. 15%. 1 200K )5 , 25 50 ' ' ' '

0 20 40 60 80 100
Cycle number

1 VRFB 1 EE . % T [%, Co-Nd-MOF/GO-2 %t
VRFB ) EE W S AR 5 fa e . FIRGE IR K,
Co-Nd-MOF/GO-2 3t VRFB E. & ¥ 1L 5 i 6 1 5
ETE.

3 &

Fig. 10 EE for VRFB with CF and Co-Nd-MOF/GO-2 at
80 mA/cm’ for 100 cycles

DIARTA L] GO 5548 2% Co 1 Nd-MOF & 4, 227K 4 Co-Nd-MOF/GO &2 A i L. Hifk 2%
PEREM A LS R 7R, Co-Nd-MOF il Co-Nd-MOF/GO B REY L F Nd-MOF R4k, Hdr, Co-Nd-MOF/
GO-2 FIIAE : AL BENA-MOF #2271 2. 62 mA, AE FEAIK 12 mV, R FEAIK35. 5%. VRFBAGERIA A, %44
M A AE 50 mA/em® B 780k HL I K 24 CF A 4. 5485 3 76 140 mA/em® LR % R, VE, EE 23534
84% M1 78. 1%, AL /K. HAR S A AR TG PEDE 3 5 T (1) Nd 1) 2 A A S $ LA A1 g o
SEAAOL s, KOPAE Nd B 15 PTA TR o Fo A 8, A T R 1 MOF 4544, 95 Co P [ 48 T 1 g ;
(2) CotBZ&5I A THAMNY EALIR NG PE L, TS HEE , H Co 5 PTA A BC A7 5N [ T MOF
AL, B TR (3) GORy M T MES e IR UL T MR s P i , T
Co-Nd-MOF [ A5 , HIEKMIE R T A0S B R Al TR, GO 5 Co-Nd-MOF Bl {2 ifF v/ v nz it
PR, T i S8, SRR TR AR AL 2= PERE . Co-Nd-MOF/GO-2 f&4fi VRFB HL R 7545 Tt
VRFBM:RE F HAT N RIS . 301588 VRFB BARAT R OL A AL T30 L, sl it v A
RIS i S ST S AL AR T 450

X H13 & W http://www.cjcu.jlu.edu.cn/CN/10.7503/cjcu20250191.
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