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Synthesis and Electrocatalytic Water Oxidation Properties of
Transition Metal Polynuclear Complex Cu,
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(1. School of Resources and Chemical Engineering , Sanming University, Sanming 365004, China;
2. Fujian Engineering Research Center of Advanced Fluorine-containing Materials, Sanming 365004, China )

Abstract A cubane-like tetranuclear copper(11) complex Cu,(CCDC: 2501687) was synthesized using 2-hydroxy-
3-methoxybenzaldehyde and 2-amino-3-phenylpropanol as ligands. Its performance as a homogeneous electrocatalyst
for the water oxidation reaction was systematically evaluated. Cu, exhibited high catalytic activity, achieving a
remarkable turnover frequency (TOF) of 119 s™ at an applied potential of 1.75 V(vs. NHE) with a Faradaic efficiency
of 88.2%. This high performance is attributed to the readily accessible bimetallic synergistic catalytic sites within the
Cu, core. These sites facilitate efficient catalysis while circumventing the formation of high-valent metal intermedi-

ates. This study provides insights into the multi-electron/multi-proton processes of water oxidation and demonstrates
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the effectiveness of a polymetallic cooperative strategy in modulating O—O0 bond formation, offering new perspectives

for designing next-generation efficient water oxidation catalysts.
Keywords Transition metal polynuclear complex; Molecular catalyst; Electrocatalysis; Synergistic-catalysis

effect; Water oxidation
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T R A AR 7K 0 i o) S S PR o (0 S RE MR A A 2 i S B AR D, Hodb ) KSR AR B (2H,0 —> 0, +
4H" + de ENIK ORI S 1240, ¥5 B S 24 A VU 1/ DU S5 FRE RS B, iR v 85 A A0 DA RBAIC
IVEUNER VA, /P a Nita s ()

Bt 4 JE K EARAE AL TR (A 1r0, 1 RuO,) B AR TG MR 52, (0 A Bk 5 g AR 7™ B 1 29 1 R4
. H, ST RN 48 (W1 Fe, Co, Nifll Cu) R 8UK EALMALRI B IR T 255 IRk, 28
G IR A R H AT B R AR A VR F 22 SR IL(PSID) H Y CaMin, O FE T 25 2 e . WG R, KR &
L (OEC)H [ CaMn;0, |37 Jr ke BRI XK S8 A0 S 07 H A o 7 HL PG A ol Rl 21 7 SCBRPE RS, X454
i 3 4 JE RO (R P R A 2 O—O BT B, e ma i i Hh (44, PRLteAe [ ML O, ] (M=Mn, Co
A Cu %5) 37 i 4 JR B A 0 e /K EAL AL ST A I 28 #4005 Dimitrou %7 #1145 T —FMEBIR AN S
[ PUAZ Co 42 & FL A1 [ Co,0,(0,CR),(bpy), 7" (R=H K, bpy=2, 2-BXILEE ) , XF H AR RLE I HEA T T RAE,
Friz FEAMR 2o i b K AR PR REREA T TR, 25 SRR, & BC A I7E 0. 68~ 0. 86 V [a] HH Bl —
AP TR R AR, R ALK BB IO TS BE . Evangelisti 23R8 T — N EET Co"f HAT R I A
FIEAPAYER[ Co,0, 157 J5 BRI A#% [ Co", (hmp), (u-OAc), (u,-OAc),(H,0), ] [hmp=2- (32 B 3£ ) i 1, If:
PIZEC A AEAE R, [Ru(bpy), 12 AGHGH , Na,S,0, J 4t 5 i =20 /MK R AT A K Bk, R
AR AT PEAR S T pH AL, JRESIZ(TOF) 1. 8 s7' (pH=7) 34 7. 0 s (pH=9). Nguyen
GO B RY Co,0, H &, B I —A Co B R0 Mn 3 1, 455 FMNBIFC IR R AN RE 5 5 T
— Pl 542 J& A% MnCo,0,(0Ac) py,(1-OAc, OAc=ZTRHE, py=RtiE ) , 3 1 B Bl EC AT H: i Ak
IKEAMEREHA TR , 5 EIMIEY Co,0,(0Ac), (py) AT H & B[ MnCo,0, 75 22 8 5 (R B AL B A7, X I AT
[ MnCo,0, 1" AW HLF-RE 7 HT ot , 3 350H M i3 2 . 3 /K SR AR A AL 59 DR AR (R B L2 T Ak
NARRSEAS AP 2o . B, SRS MBS YT CAER IR A, T 22424 3k
B AR R 50 . Jiang 5L Z2 0 JE RN LA 1L T 2 Fh Cu, O, AL A4 [ (L, -Cu)  JF1 [ (Lg,,-Cu), ]
(Cly=HZR, Clu=F&R). B IR E, [ (L,-Cu),J7E 1. 70 VA TOF{E 4267 s7', [ (Lg,-Cu),]
7E1.56 VIR TOF{HH 105 7, HATE/KE IR H s R K S Ak Be

T HA ZaEAEAS, 37 e Rl I 48 i & e Ak K S AL U R R BRI T
ARHEFE A B Cu, BL A5 3 SCHRAGE 946 & 0 10 & T A% O 25 #9208 [ Cu,0, 137 7 b A 1Y, AL 1R
SERIAFE R E 225 . AW R 2-F8 563 F AR SE O R R 2- 2 ik -3- 2R R DN R s 1 o e B , i
[ (Lgy,-Cu) J A (Ly -Cu) , JHP BRSNS R AT AR (4 Il O IARE5 A4 1) 22 5 BUBC 5 0 1 s i
M| A8 AV BB L 38 AN ], b s v BE . AEA SO, FRATTRIH X SR B S AT o) L DR A .
LI HNETE TR ST DTSSR Cu, FiL S0 AL ZE AT T T RAE, I3 Cu, FLS PIFE AL K E A
o H AR PR BE RIS B MLERIEA T T HR5Y . it R SEE SHIHERSY, #an8 T Co, iLA YL 2 4 )8 U
I A FH R G = A HR R AARTE B, A SRR S 3l FLAE 5 B T e S TR 2514 AR A o SRS PR L
A, AL S5 TTS TR RR O AL SR T SE 04 .
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(Et,N) FIZPRE (CH,COONa) , _FigBTHL T A= AR e BR 2 vl 5 B (CH,OH) FIJCK £ Tk, 1167 [E
EREFRFIERRA R ZIE(CH,CN) , i (1) BR25b AR BR A ¥l 5 AR 2381 (B, NClo,)
b (L)AL Tl & A R R . BT A RIS R bl , Raalifb B A .

Vltima IV 5 X S0 R A5 (PXRD ) F1 SuperNova B X B8 B AT 5 (SCXRD), H A Rigaku 2%
Al s EA 1110 BT E KM, 7 KA Carlo-Erba 28 ] 5 UV2550 B8 4h-A] W46 RE T (UV-Vis) I
IRTracer-100 % {8 B A5 460 21 SR G5 (FTIR) , B Ak A 32 (5 A FR 22 w5 METTLER TOLEDO
TGA2(SF) BIFAHE 3 HT (TG , MR EHER Z R (thED A PR Al ; CHIG60E BUHEAb2: TAEY,, bR
HAER A IR A ]
1.2 X
1.2.1 Cu, 84 i K302 mg(2 mmol) 2-Z4 5L -3- AL PN FEFI 56 mg (1 mmol ) A ALY T 20 mL H %
B, 70 CR M RE . BEJE INA 304 mg(2 mmol) 2-F256-3-H A R IR Y 5 mL FH 9, FiEFE3 h
et g, A HUS A B SN R B A 0. 25 mmol/L £ F . #5732 mg(2 mmol) Cu(ClO,),*6H,0
JIA 10 mL /K A s $10 A, Bl FEREREIRAS T B0 A B B 04 S B Y, SOV R PR 5 8 (a8 Ry
RERD, . EHE 30 min J5 TN = Z B3 pHIEZE 5. 0~5. 5, QKSediFE2 h, SO 45005 JCK 2 ke T
SHEYHL. ERRECAETRRE 21 45, BENRGEYCR K Cu,. CeH,,CLCuN,0,, TTER T (%,
M=1624.37) 11548 : C 50.28, H 4.59, N 3.45; SLH{H : C 50.36, H 4.64, N 3.52. FTIR, #/em™':
3340, 3051, 2027, 1630, 1454 F11022.
122 B & XHEATHNE  Co, BB YRR R X PFLAT S (PXRD) #5045 i Rigaku Vltima IV 74 X 2k
ST 8], Cu K 8 (A=0. 154184 nm) , TAEH 40 kV, TAEH I 40 mA, 3575 F 5°~60°,
PR X R AT SR 7E Rigaku SuperNova Y X 52k 50 Fh AT B B URAE7E 100 K T A 2 A ny
Cu Ko 55T (A=0. 154184 nm) ], i JH Z ¥ SADABS BEA WO AS 1F . 2544018 i B9k (SHELXTL
555 10 O KA, AR AT IEF PR A2 M N ikt A 74 1 S an Al . A ALECAR Y 25T UL
R E 8 (d_y=0. 096 nm, dy_,= 0. 090 nm).
123 BEMAKAMEEN R BAANRTERE — B R A Al I T, o Cu, iAWV T8
T RGP HEA TN . 8 FH CHIG60E Hi Ak 27 TAE 5l 76 2 25 14 F il i A PR K 227 (Cyelic voltammetry,
CV) . Z5r Bk R 223 (Differential pulsed voltammetry, DPV) | Z&MEF4fitk 2245 (Linear sweep voltammetry,
LSV) Az v 57 HE ff 22 (Controlled potential electrolysis, CPE) S T A AL K B A BET ST

2 GRS

21 Cu,mEVMERSRIE

Z:HESCHR [ 10 JH4RAE B A5 B, R Cu(Cl0,),6H,0 | 2-24 Fk-3- R FE PN A 2- 5 56 -3- F AR R
H SR AE R B A 1 T Cu BE AW, 7238290 56%[ DL Cu(ClO,), R 3uE ] R 24y 29 % Cu,
Be A s TR R, 153 T Cu, A . 3 B X SR AT AR E T TS SRS R . Cu, B0 ik
SEFPRSIEEE L3 STCASCEFEF 8, B35 A A 2508 L2 S2 Fe S3 (A SC L FRE ).

Cu, FC AW B0 AR A 37 e A A, 4 @ A2 O AL 57 IR 4 ALY 44> Cl" S50 F 55 4h 44>
FAIIRE JBRECR 1 O JEF BB AHE , AL Cu,0, 5T )T IR (WLIEN 1), B4 Ca" AL OGN LA BRI 2K
FEAE, JRBEHHLM A /N EATEZS , 2 HHAR ) Cui o w-O BF 1 3L [RITE B T A28 4t 1), B TE T T
BE LT 2R . (AR A, 24 Cu"-0-Cu™-0 PRI Z 18] ) Cu—O R, ff Cu, RS UR52 BH 1 R A4 37
D RgsH, XAl A K E A AR B A TR A T A

R RE Cu, FCA PRI AENE , SRR PEF T T PXRD M. IUAS A PXRD 35 -5 AR 4l 5 A 25 A AL )
I B —5, WEM T Cu, SR AR AHSERE [ K 2(A) |, 7 Cu, BC AW FTIR 5 EI LK 2(B) ],
3340 13051 cm™ &b A4 4351 %53 1, O—H BERIZEIA L () C—H 8RR ZE R 3l , 1630 em™ AL I & T 3IF
e C=NE. FEREERE C=N R M4 IRS) , PR IRE 2- 205 -3- 2R N B A1 % (—NH,, 3356 cm™) &L
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Fig.1 Crystal structure(A) and core structure(B) of Cu,

Color code: Cu, green; O, red; N, blue; C, gray; H atoms are not visible.
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Fig. 2 Experimental and simulated PXRD patterns(A) and FTIR spectrum of Cu,(B)

W | 2-FRJ-3-FH AU R A 1Y C=00(1635 em™ )W K (I ST, WASCZHEER). M (TG) /rirdi itk
W, BB YITE R I~220 “COA2 K, X5 AT R 40 ROK I 2k RARDE 5 220 CZ IR A5 I HESE
THRZEASYHE (K S2, WASCCRHER). shASLE (DLS) WAL /K, Cu, iLGWTETCK Ik
FRAAAECIRA, XA 5T RT 254 0. 83 nm (B S3, WA AHFE). %R F 5 SCXRD 43# firff 1
A RSEAR S, TER TIZ B ARV WO DR R AOR S5, KRR AR . Cu LB WITETK NG )%
Hb-A] RIS AE 575 nm A H 304 J8 B 1) d-d FAAEBRIE 0 B S4(A) , DA SCSZHHE R ], 1M 244 nm Bt
T AW 5 MR 2 ) R R (BT S4B FI(C) , WA Fif5 B 1 — Ul R & W 7E 20
t B RAFITRETE , XIS Y RESTEII AR A T B THEAL S0 B FiT
22 Cu,BEREWHBENKSLIERE

UE Cu, ZEARME K EALARIS T 1 EA IR AR, K Cu 5 T8 T 2 b, DI A [m] &=
LTR- L TRENE thK W (pH=6) ) CV FIDPV HiZk . CVIZE[E3(A) JE 1L.25 A L. 75 VAL HILT
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Fig.3 CV(A) and DPV(B) plots of Cu, in acetonitrile(containing 0. 1 mol/L Et,NCIO,) with different

volume of HAC-NaAc aqueous solution
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2B B SR A0, B AR R P K AR B N I RS b T 4 A Ak R AR 0 F R EIE T K AR R A
DPV HhZE[ E 3(B) [ ZEAH R0 Bt 30 T 4 Ak, 2B 000F Tz

43 HIE Cu B R TR T B FARFLLE N 102 1 1 25/ 2R - £ BR AN R oK % T (pH=6) TRA 757 T
(A 0. 1 mol/L Y Et,NCIO,) , WHAEPIFPAS RIS 7] b 9 E i O MR et e [ 4 (A) ). G830 H AT
PIE H, IRAEF R RS TE 175 VA T4 T WL AOMEAL B, I FLAE F A 3R A I 88 31 <t A 7
A UEBH T KA R AR Ak, PRSP AE 1. 25 V S A R AR B — A~ B I A AR, Ay
IK I C R P B R A, X UL iZad BB S BRSO . R ) DPV i<k [ &1 4(B) AT LA
F i, A KB SR 1. 75 VIR 5 B B s, it — BB T e IR A 2 A T K E Ak
S .
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|
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3
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Fig. 4 CV(A) and DPV(B) plots of 0. 25 mmol/L Cu, in superdry acetonitrile and acetonitrile+HAC-NaAc

aqueous solution

N T E—BHRGE Cu, ALK EAL B S HLER, R T Cu, 78 LM/ LR - £ FR AN D% WK 5 T (pH=6)
TRA R R R R AR CV IR [ S (A) ], [RIB s TR 7 100 19 DPV 26 &1 5(B) J.
M DPV £ LIE 1, Cu, 78 1. 30 V 2247 7776 — X SR AL A i, FHAR W (K ) FIBA R 04 (B ) 22 8] 1Y
HLL 22 AE =30 mV, /N T3l Pl S 7 (AE, > 57/n mV, n W HLFEERSEL) , 454 XU 11 nT 53
AR (28 mV, REMIFFHELAE) . MY R R R Eq. S(1), WAL R FEE 10T H, ¥ ii i 543
i R T M SR R A O, WL Uk FLA B, ,=1. 24 VA X6 I 9 04 R 375 R0 0 2 S AR A T 1 4
HLES(C) ], KB PR T ER A R, fFE 8 S &, it Cu, MK S A
TR O A R e

—400 =30 -110
(A) Scan rate/(mV-s™'): (B)
_25 =—125
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—T3 ]S
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090 1.05 120 135 1.50 1.65 1.80 1.0 1.2 1.4 1.6 1.8 2.0 0.1 0.2 0.3 0.4 0.5
E/V(vs. NHE) E/V(vs. NHE) vl

Fig. 5 CV plots with different scan rates(25—200 mV/s)(A), DPV plots in different scanning directions(B) and

plot of the oxidative peak current and the square root of the scan rates at E,,,=1. 24 V(C)

N T 1,25 VI A9 B ST B B By, BT Cu, TEAS TR E R B9 CV il 26
[E6(A) ], FIH Laviron J5FE[Eq. S(2), WASSCSCRFE B THEATOIESE . o T RS A H (o7 Xk LA i 22 oL
FRA WAL E , 1 lw ST EMRLG [F 6(B) ], 143 ZEa HLO. 5, LA 15 219 R 1
RT/L(1=a)n F ] (R PR SIHLL, TR, FORERIEHED , THAA 2 B AR B 74, 9 2,
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LT AR E 1. 25 VAR A S fb i B R O T nl i i A 5540, 1,75 V JE RS nl st i e Ak AL
VTN T KA SN A KA L B 1. 75 VAR ARG F U S AR A AR A TR RS, FIE 6(C)
ATLUE I E B RIS R, R0 TR E AL N T Hi A s il i

ZEA LA EEERATAL, Cu, i 44 Cu ol AT B AR 2 KU, T S ML A, 1. 25 V AR Al R H, -1
AL AR A AR ZE Cuy/CuCu™, 28 AL S i T, 1. 75 VI H BB il 3 Ak e B 1 /K B b Ll &
A, B Cu, AT ALK AL PERE .

t i1 LR - TR AN 2% vh K W (pH=6) TR A 1A I HP R[] Cu, MR T 19 CV A DPV fiZ6 T LIE H
WAL HL I i, 5 Cu, W IR B A B4t R LEISS(A)~(C), ARSI HE B ], X UdHInT LUy
— RN [ Eq. S(2)~S(4) , WARSCZFH-E B PRI Cu K EAL AR £, ARAEAEIL G
DA I L i v, 5 o RO R MR LE 6 (D) [T Cu, 76 1. 75 VAR A LA Ak 8 e iy
(k)" BT B B A5 (TOF) A 119 57, FWAA LAY Cu, B B8 K S AR I PE . 5
R TE 1 R 2 AR A M BB LA T L T DU Y, HvERE R 2 B E iR I 2 RS (R S4, WAL

FEE).

—650 1210
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Fig. 6 CVs with different scan rates(50—500 mV/s)(A), linear plot of E , of the anode peak at 1. 25 V and
Inv(B), plot of the catalytic peak current at 1. 75 V versus the square root of the scan rates(C) and
plot of the ratio of the catalytic peak current at 1. 75 V to the diffusion current at 1. 50 V versus v*

of 0. 25 mmol/L Cu, in acetonitrile-sodium acetate aqueous solution mixture(D)

Cu, 1 LSV #h 2 i AR5 (ITO ) AR A TS A (BT S6, WA SCFHFE), 1,40 V5 B &3 i
WAL LT IE R T K A SO B EEA T, 353 1 mA/em? HL I 28 AR L 3ok 1. 53 V, s L3 654 mV.
h T AR R AR T U = T, BT = FBH AR % Nafion SRR, 76 1. 75 V abilbf 7
3 hgE i A A s g [ 7 (A FN(B) | URES ARS , FHAR a7 A= i 4EUZ9 4 8. 40 pumol,
AR 88. 2% [ Eq. S(5), WASCHFHEE ], 2R R0k 2] ™4 9 H, 10, I te gl Ry 211,
WERH T 7K A SO 1) e A

FE2S 15256 JOHLER S A AR sk 256 [ B S7(A)~(C), WA SC S Fi M5 B T b 345K % BX B 2 Ay it
FEHLTE A, X — S5 AR T IS TR IR T RO A A&, AR I 20X Cu, 75 HL
AR R E R T TS [ S8 (A)F(B) , WA SC I FR(E L . Fs il o7 L i S B0 W1 J5 9 CV R D
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Fig.7 Charge diagram(A) and oxygen production diagram(B) of Cu, electrolyzed in acetonitrile+HAc-NaAc

aqueous solution mixture for 3 h

UV-Vis S R AW B . Behh, SEA A I ) 22 12 b, s AiTJS A9 DLS KA 231 o i 28

1k, H5 Cu, JETC/K S XS L 43 RoT— 2 (B S9 I S10, WASCFHFR). XEELERERY] T Cu,
TEREA I AR R B SE R E RS EE , UEM] T RAE IR S N HEA T A K SRR

N T =B RFE NdCo-py HEAL A EALRIPLERL, ] FH 22 73 ik o AR 263503 T Cu, £EAN R pHAE Y £

B/ LTR- CTRENGE MR R R IS AE [ 8 (A) ], Bl pH {ELAIB/)N , 2 /S A0 fry e i (S A BTG o, 3

A RN R o B A A T RS, IR I R LR T AEANTR] pHAEZR A T Cu, FOHEAL K S A0 1k

FAEZE S, SR LRl pH ARSI, fiEAL 6 it LW 0 RS . o U4 0 L (57 A pH (B HEA T MU, 155

40 2.1
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pH value: 19 b "‘\'\:ﬂ,\_\.
=30 —432
—457 o117k
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Fig. 8 DPV plots(A) and pourbaix diagrams(B) of 0. 25 mmol/L Cu, in acetonitrile-+HAc-NaAc aqueous
solution mixture at different pH value

Cu, 15 Z W12, 2 - 2. T 4 2 Wl K ¥ W 1 O
Pourbaix FI[[#18(B) ], KIFE1. 10F11. 80V 0, C""—~-/-_- 7

0/ 2H,0
BRI 114 2 A48 Ak 06 A8 A fRL A7 Bl pHL (AR Tk 35 )/ \ ,Cu“L/O \\
P 2 -48 Fl1-56 mV ) BE T AR 1Y, 44

-0 cu ~OH, Cul!

26 H TR AR AL THER AR (NG G —/—0—> wmj0077
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