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Abstract

As a kind of green renewable energy, hydrogen can alleviate the problem of energy shortage. As a
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key approach to the development of renewable energy systems, electrochemical water decompo-
sition has attracted much attention. We are keen to manufacture efficient electrocatalysts for
these processes to reduce their overpotential and facilitate practical applications. In recent years,
metal-organic frameworks (MOF) with ultra-high surface area, adjustable nanostructure and ex-
cellent porosity have become a promising and highly active catalyst for the development of water
electrolysis. In this paper, MOF-derived electrocatalytic materials attached to nickel foam (NF)
were prepared by phosphating at high temperature. The morphology and structure of the final
material were analyzed by SEM, XRD and other characterization methods, and the real active
component in the process of hydrogen and oxygen precipitation was determined to be
CoFeNiZnP-MOF. Through electrochemical testing methods, it is concluded that the phosphating
material shows excellent electrocatalytic performance of hydrogen evolution and oxygen evolu-
tion reaction in 1M KOH solution, and has the advantages of low overpotential, high catalytic ac-
tive area and electrochemical durability. Here, this paper provides new insights into the synthesis
principles and electrocatalytic design of MOFs to actually utilize water decomposition, thereby
further promoting its future prosperity in a wide range of applications.
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1. 5|
HELRE kg 3 L B AL A 5 TR TR A2 s, RIS T BV AL R LRI AL RS, 2 SCIL AT 542 K
TG B R a2 B B AR R 2 (1] [2]- B, BHESAIIF& IR T 2 b, 53

(A AR L, D% 4 ik R AL G S (MK o e v, 2 F T EUR BL(HER) Y PYC i fL
FIFIHT AU B (OER) 1) RuO AL FI[3],  AFE AT IR B 5B Bl R A A vy 7 772 Fh PR 1) 17 JRIASE (0] Tl Ak A 77,
AR AT, B2 RS RR I, A 1S b B A RS S . (AR R R Tt 4 2k
HAEA I (I E A . B TRAADSE 1)) [4115 BRI FE AT K

TEAZ B R, &R AHIAESE(MOFS)MHEL T & G i Z AL R (b A . V&R EE), BA &S
oo ORHLRTHAL. 4 MR M RO FL IR &5 44 T S SRR L34 [5]. MOFs BB [H (1 FL 25 /e Fl s aR TR AL AT AE Ry
FLRE A S5 B (N A 480 SR (OER) R &S N (HER) EEF AR, itk 3% 8%, R HEAH QI M AL S Ri[ 6] BT
TFREET MOFs 742 I Bt 42 J& 2k d fie AR B 7] ) sl 4 AN BE T 50 B AT B8 2 1) 380 3 SORTSE R 1 3 FH Ay
&

&I A HIHEZL(MOFs) 2 t1 4 )& 257/ R T AL) A MU HEIC R TE — 4 (3D) 2 1] HH e A7 A4) 422 1) — 258
B2 AL ARMRI8], — MR Ut, AHUATCHLLA 7] LLid i R340 A0 FAE FH B3N B AE Ak R R 4 e
i, XFPAAAM R OLEFE S T AN, SR, SIS B, M. KR
SOAPEHL AL, TTIESR T eI SR e, 1A S B MR A AT AN £ . 4 MOFs [
A R EZN SRR e, PR S, P, Se ZF)n] LUl mHR BRI N, LAEGEM BHE
WO [10]. BT, #R[11]%5 NS H Y CosOs-carbon@Fe-yCo,Os 575 45 14 5500 22 TH A & — Fhid il #h ik
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FRARAR A & B AL, B R ELER T AR AR T ShAG, o7 DLIR s e LT PE AT H 5 38 . Reddy [12]
ERIE T LA MOF N RTR R 2% 0ERTE NiO % OER FL A7 1R & ¥ Fo (AL 75 1 A0 AR 14 - Qu 55 A [13] LATEVRIK
BLUNF) EsE A A K A Ni-MOF SARTBRA, il 46 (1) NioP/C 9K A ZE R v b vl AR B EH AR 53 b S Ak
Wt XA, HERGHEANCH 29 mV, HAYFE 10 mA cm—2 [{ H U R EUAT LABRE) 97 mV 1)
ik f g RIS, ST A ARk AT A e e MDA, 280 12 /NI SR AT DLARBR R 45 IO T A M A 5 12k o

FEIX L, FRATE R AL e A R L 15 B G AR T IR R (NF) ) CoFeNiZnP-MOF fifb7]. 4553 %E
W, P& A EHE IM KOH ¥, 7EHLIR %S B9 50 mA cm2 i), OER i HIf74 297 mV, HER &
267 mV, [FIRS, FRATHE— DA T AR AR e, 7E-1.35 F1 0.6 V EEHIE T, MEAITE 14 h Fl
40 h N HELEA R, R IARMIL R IR Ak 21 A1

2. SCUGER4Sy
2.1. EERF

SN Hral, BRI AR A IR A R), BERF (e, TR T GARA ), ® ik
B, b T el AR AR), RO e, Bigbhn Tma IRA ), iR (e, b
O R RARE R A D), 2-FEEBRIE(rHral,  Lighls Tk AA R A w), JOERERRM(riral, b
WL H IR A RARAT R A7) o

2.2. CoFeNiZnP-MOF &4 5851

BIRORSFZh 2 om K > Lom BEAGIIARER, J6H 3M HCI W0R 20 0%, ARG BN, 2
BE. SFNEERIEB A KA B e 10 738l DABR LR AL EFIA PR Y, 120 CHIMAEH T 6 he K &H
20 mmol 2- FF JE BRI 10 ml 25 55 T /K e 2 18 51N 20 ml ¥H 1 mmol & AbEE . 1 mmol FifREE. 2 mmol
EEES . 1 mmol SEALERIIBEM . NN AR EE 5 IR, IR AT, §E 15 /N E I K
B, REMEBEFRKBEETE, 1560C FHEA T 12 /M.

FREL 2 g OB AN E T8 20 B, TR0 5 R BCE T i, ERV/RE T Rke, R
£ 2 Clmin BTHEE R T2 300°C, fRHF 2 h LAEERIEIRE, #5286 CoFeNiZnP-MOF.

2.3. SRR

F X 5K AT (PXRD, BRUKER AXS D8 Advance, Cu Ka)7E 20 3t Bl A (5°~90°) B4 T34 , 135K
&9 5 *Imin. 7237 K S 434 L1 U5 (FESEM, ZEISS Gemini SEM 300).

2.4. BLERIE

BT FAL 2R R = R R Ge 0t el B b TAESRTE = IR R REAT . LA Ag/AQCI (M1 KCI ¥ K) M
ZELCHA, BRI R, BT B A R AR TAE R, DL 1M KOH WO LR i@ il 15
AR Z5(CV, FAEERN 5 mV s ) BUEA FMEAFIRIEBIRRA, AR5 R MERRR =k LSy,
FHEERAN 5 mV s I B RE, I HRET 80%) IR M. FIH AR EvsRHE =
Evs.Ag/AgCl + 0.197 V + 0.059 x pH K LA Ag/AQCI HELHR A HiE F) HL 3 (vs. Ag/AGC) F546 k DL AT T8 & FL R Ay
FEAE ) FL # (vs. RHE) .

B AR R BRI 1M R — AN, R T i A S F R B DL 10 MR A B L R
W, U R RS AR R A R VEAI DS . BARR Tafel 7FEN: n=a+b*logfij, HFnh
AL, JONRIREE, by Tafel #3. BEERBIE[14] [15]HI RN AT LA A AL S5z S5 R ) (i AL HILETLAN
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SRINEB) F2F o A M FLI 2 P (o) A2 P AR TR FEASE DMy 2R BN PR LR 26 15, B S e 17 FELARORA L P m A7 ) [t
BHEARE ST —MkUL, e F P AR A G PR 5 E 2R R 28 (o) R v P 228 8 FRLAL 2% 2 () o

FF: it P FELOUZ HL 25 (Can) A2 AR FE 7E Faradaic i [X LA #1359 10 mV s 1~60 mV s™%, HLEJEMHN 0.1
% 0.2 V (vs. Ag/AgCHFFIAEH) CV Hi 2R+ 5 Hok . M2 ECSA = Cal/Cs (Cs = 0.040 mF cm?), i@
I (Ca) KAl ECSA. ECSA K, HAL2HIGMEROERZ, FEATE MERRER[14], H&UknT CL T iRl s
AL PERE

78 B 2 A BT EIS) MR, 4R JER N 0.01~100 Hz, BN 5 mV, LB EAEHKI .

££ 1 M KOH v HH i e A7 B I 1] A8 Ak i 26 [ 16141 1000 P& CV i 5 i LSV #h 26 S HE AL 75 1)
FaEE S

3. &R5118
3.1. MR RAE

& 1, PXRD EFE H CoFeNiZn-MOF F1 CoFeNiZnP-MOF 3% 15 B & AT 8T 04, 3% B P ) 4% 1
ARl S ZE BN AR RS .

CoFeNiZn-MOF

CoFeNiZnP-MOF
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Figure 1. XRD pattern of CoFeNiZn-MOF #1 CoFeNizZnP-MOF
[ 1. CoFeNiZn-MOF F1 CoFeNiZnP-MOF &Y XRD [&

F & 2(a)~(b) & 4 HIFTAKAA CoFeNiZn-MOF FE5H. & rf R i f e i it g ke b, 208
JURITEAR RAEAE— 2 . BN AEKAEIIRER(NF) L ATIRA CoFeNiZn-MOF, Shaf kT Bk 2 % e it 25
BT RAFIFERL . 5] 2(c)~(d) R4 B CoFeNiZnP-MOF AL FIRITES . % IB5A KM EL R m AR, &
AT RBEAGTE R TR, AT DA SRk 0 s A &

Figure 2. (a)~(b) SEM diagram of CoFeNiZn-MOF (c)~(d) SEM diagram of CoFeNiZnP-MOF
[& 2. (a)~(b) CoFeNizn-MOF #J SEM [ (c)~(d) CoFeNiZnP-MOF HJ SEM
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3.2. CoFeNiZnP-MOF &4 FIBY SR RAE

Figure 3. Elemental energy spectra of CoFeNiZnP-MOF
3. CoFeNiZnP-MOF KT &AL E

FATE T L TTvE AN IR B A B AR AE MR B(NF) | 1) CoFeNiZnP-MOF fi4k57. wil&l 3, EDS fh4h
RZFEW, Co. Fe. Ni. Zn. P. O Fll C JuLZAE T 4% MMk 75 2 I ¥ 51 90 A

3.3. HER {g&{k i REMIR

7E 1M KOH & I FAS A [F AR A &M Re . W&l 4(a) iz, BT HER 1) CoFeNiZnP-MOF {4t
FIRIRAL 28 . 7E RS A 100 mA cm2 I, CoFeNiZnP-MOF £HiH 313 mV KMkt Bz, (KT
CoFeNiZn-MOF (371 mV)Fl NF(410 mV), #EMERedn PYC Wbk, H I8 R % E R &1k,
CoFeNiZnP-MOF )45 A 13t B A7 (5] 4(b)). AHMNE, M 4(c)RT LAF HH CoFeNiZnP-MOF [ Tafel &%
19 mV dec?, KT CoFeNiZn-MOF(27 mV dec*)Fl NF(39 mV dec?). H/Niid Az A Tafel &K%
] CoFeNiZnP-MOF 11t R AT U ME A 3% 11 R S N2 3 1) 2% o

R\ RHE R T E) CV & E X Z EAE (Ca). W 4(d)FT7R, CoFeNiZnP—MOF ] Ca
A1 ECSA 43728 13.5 mF cm™2. 337.5 cm™2, &1 CoFeNiZn-MOF (2.8 mF cm2, 70cm ) #1 NF (2.6 mF
cm2, 65 cm?), RIALHLFTAN AR AR R R IR S, A B 2 MR A S, BEIm
SRR EERE, X 5HTCE 2 A4 CoFeNiZnP-MOF ) SEM EIESUAS Sk —8. N7 #E—21F
Wreatksh /3%, ATHEIE T ASFEEAGT B AL 22 PR BT o FiA 2 BETE (EIS) B PR AN I DXIUZEL i i
(72 B FIERAT I R o = [T Ty 35 raBE, el AR SR T R (O L s AR 512 . [ 4(e) el TANIA
FAROR B 25 28 i I (EILS), 40 M7 HY CoFeNiZnP-MOF H % 1) Hi 7 HiBHIT /N T CoFeNiZn-MOF #1 NF.
XRPB N P GRS E[1) CoFeNiZnP-MOF 75 Fi Ak i F v, o] LA 53 P AR — A A o3 7 T 1) PR AR S R
AT o A AR

N T R CoFeNiZnP-MOF HIEEME . FATTX CoFeNiZnP-MOF #E4T 1000 P& CV 41
W, Wikl 4(f)RIL 1000 [E CV JE1I LSV M4k imEs 7 1 Bl CV 5 LSV MhZk, TEMFIMBEmREE T, o
HL AL BE B 3G K, UEBA CoFeNiZnP-MOF [T A ERERS A T B, (HIEAR(REFTELF . dbAh, TATIEXT
CoFeNiZnP-MOF {44 EAT 18 g i FL A N I Bk 2R e ik, #6-1.35 V LR, t~14 /N Fij
WA W BARKE(E 4(F), H—BIAET RIFITERE, MEHCIITEIR R E
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Figure 4. (a) At a scan rate of 5 mV/s and 80% IR compensation, Polarization curves of different electrode materials (b)
Comparison of overpotential when the current density is 50, 100 and 120 mA cm™2, respectively (c) Tafel diagram of the
corresponding electrode (d) Calculation of the Cai value diagram based on the CV curve obtained by different scanning rates
(to a term of expression) (ja~jc) /2) (e) Nyquist diagram (EIS) of different catalysts at an overpotential of 5 mV/s (f) Illustra-
tion from the polarization curve (f) of CoFeNiZnP-MOF catalyst before and after 1000 cycles CV. Under constant overpo-
tential, the current density change curve of ~14 h was continuously tested

4. (a) FAHEEZRF 5 mV/s 1 80% IR AMZET, TEJERRM BRI (D) BRIREE 577 50,100 F1 120 mA cm?
FHRYIE BB AT EE B (c) HERZFRARAY Tafel El(d)IKIEAEIIHEERFRSEIM CV BIZITE Ca BEE| = (a~ic)/2) () TREIMEK
FIFEILEB AL S 5 mV/s BRTRIZSESH4FEI(EIS) (f) CoFeNiZnP-MOF #1t.5 1000 B CV Hifg AUt ERZ (NP RIIEE], 18

AT, FEMR~14 h MERZHE T

(),
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04| —20mVs —20mV/s —20mVis
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2| —40 mvis —40mVis 40mv
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Figure 5. Cyclic voltammetry of (a)~(c)NF, CoFeNiZnP-MOF, CoFeNiZn-MOF electrodes at 10~60 mV s, 0.12~0.22 V
[# 5. (a)~(c)NF, CoFeNiZnP-MOF, CoFeNiZn-MOF EEAR7E 10~60 mV s™!, 0.12~0.22 V TEIEIMRZE

3.4. OER & {L i8I

FERAL S TARE T, FRATTR A E B AT, A EHEARIZE 1 M KOH ¥ 1Y) OER
fit. B2, LLsmV sTHIFIIERIRE S AR LSV #hZR(14 6(a)). 1 6(b)BUHE I % &y 50 mA cm 2,
100 mA cm2, 200 mA cm 2 i AS[FEIFFEHK I H47, CoFeNiZnP-MOF [id B A7 4k ¥ A 297 330, 369 mV,
BT CoFeNiZn-MOF (350. 376. 414 mV)A1 NF (385. 411. 450 mV). £ HLJi% 5 v 100 mA cm2,
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CoFeNiZnP-MOF (330 mV)J 4L RE T LLFT RuO, (309 mV)ARIESE . til&l 6(c)ANE AL 7Y Tafel,
CoFeNiZnP-MOF (87 mV dec )ifJ&}%/NT CoFeNiZn-MOF (145 mV dec )1 NF (182 mV dec™), izt
RUO: (77 mV dec®), KK Tafel #1538 CoFeNiZnP-MOF H =21 OER fE{big 1% .

ANFEHAHEE RN CV 2 vk B = B B (Can) AT DA R R A0 ) VS R HLEE . an ] 6(d),
CoFeNiZnP-MOF (Cq = 68.1 mF cm™2, ECSA = 1702.5cm2) kT CoFeNiZn-MOF (Cq = 42.1 mF cm™2 ,
ECSA = 1052.5 cm )1 NF (Ca =2.66 mF cm™2, ECSA = 66.5 cm™?), E[l CoFeNiZnP-MOF 5 3 & [iF AL
AKX A ) T 38 i e R R AT A TR R . R MR L (BIS) B IE B b AR 0 1 AR A,
CoFeNiZnP-MOF [ Ha 17 4% # B Bzt /N T+ CoFeNiZn-MOF #1 NF (6(e)), ELM 1% CoFeNiZnP-MOF £ #¢
TR R I R R AR VE S I — A R R 18] 7(2)~(c) i LB il 4% A RHE A R s 22 T 76 2R
Rz

o P G T L AU A B L 55 o FRATIX B AL 77132647 1000 PEl CV fEEA NN, LL#Z 1000 CV i J5 1
LSV HhZk, mh&RmAa#%6(f). F, WA RHEE E BAL T AL AYE, W 6()ffEpR, 7
0.6 VT, CoFeNiZnP-MOF ] HL it %5 5 S — S~ PR i 4, BB IR T4, MR skie st R W)
CoFeNiZnP-MOF f5 K # OER #45E % . NF, CoFeNiZnP-MOF, CoFeNiZn-MOF it 7E 1.12~1.24V, 10 ~60
mV st IR R IEAR 2 B AT K 7(a)~(c) .
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Figure 6. (a) At a scan rate of 5 mV/s and 80% IR compensation, Polarization curves of different electrode materials (b)
Comparison of overpotential when the current density is 50, 100 and 200 mA cm™2, respectively (c) Tafel diagram of the
corresponding electrode (d) Calculation of the Cai value diagram based on the CV curve obtained by different scanning rates
(to a term of (ja — jc) /2) (e) Overpotential of different catalysts is 5 The Nyquist diagram (EIS) at mV/s (f) is illustrated in the
polarization curve (f) of CoFeNiZnP-MOF catalyst before and after 1000 cycles of testing. The current density change curve
is continuously tested for ~40 h at a voltage of 0.6 V

[E 6. (a)FHiEZR 7 5 mV/s 7 80% IR #MERT, NEERRMRIAIRILERL (b)EBIREZE 57779 50, 100 £ 200 mA cm™?
AR I BB AL EL 3R () R R B AR B Tafel [E](d)ARIBA EFIERISEIRY CV BhZ T HE Ca BB = (a — jo)/2) () AR
FIAET AL N 5 mV/s BTRIZSZHr 45 B (EIS) (f) CoFeNiZnP-MOF £ 31T 1000 MR fEER NI B /S BOAR 4k B 2k () S A4
HE, 06V HET, HELEMIK~40 h WERHEETILiZ%
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Figure 7. Cyclic voltammetry of (a)~(c) NF, CoFeNiZnP-MOF, CoFeNiZn-MOF electrodes at 1.12~1.22 V, 10~60 mV s*
7. (8)~(c) NF, CoFeNiZnP-MOF, CoFeNiZn-MOF HBAR7E 1.12~1.22 V, 10~60 mV s THIEIMARE

4, g5ig

AR e VT UE AN TR B AL 45 B 47 R R WK R (NF)_E i) CoFeNiZnP-MOF f#4. 7). CoFeNiZnP-MOF
FILHAL 2 HER 5 OER :6E, 7F 50 mA-cm2, 100 mA-cm2, 200 mA-cm2 HLi % NI 5 267 mV,
313 mV, 326mV (HER)F1 297 mV, 330 mV, 369 mV (OER){JM&id Hufi7 . CoFeNiZnP-MOF HifEAL k1R
SREAERE AR T LR R R 2 AL S R E T SRS R R R SRR TEORI A B 2 A T A
it T2 HEE G, IRIETEZ MR T ERRS, DIRm B EE. A, R SHEER
BT 5E G A LT R RS, ORI LR T ARG I 7 S B i i B, ik — D3R T fHe A g 1
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