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Experimental Section

Chemicals.  

p-Phthalic acid (C8H6O4, BDC) and Cerium nitrate hexahydrate [Ce(NO3)3·6H2O] were 

purchased from Aladdin Chemical Co., Ltd. Ethyl alcohol (C2H5OH), isopropyl 

alcohol(C3H8O) and potassium hydroxide (KOH) were acquired from Tianjin Beilian 

Fine Chemical Co., Ltd. N,N-Dimethylacetamide (C4H9NO, DMAC) was purchased 

from Tianjin Fuyu Fine Chemical Co., Ltd. Cobalt nitrate hexahydrate 

[Co(NO3)2·6H2O] and sodium hypophosphite (NaH2PO2) were obtained from Shanghai 

Macklin Biochemical Co., Ltd. Nickel nitrate hexahydrate [Ni(NO3)2·6H2O] and 

sodium chloride (NaCl) were purchased from XiLong Scientfic Co., Ltd. Seawater was 

taken from the Huanghai Sea in Qingdao, China. All chemicals were analytical grade 

and used without further purification.   

Preparation of NiCo-MOF and CeO2-NiCo-MOF. 

Typically, Co(NO3)2·6H2O (0.1 mM), Ni(NO3)2·6H2O (0.2 mM) and Ce(NO3)3·6H2O 

(0.018 mM) were dissolved in 10 mL DMAC with stirring for 30 min. Then, the above 

solution was mixed with a DMAC solution (5 mL) of BDC (0.1 mM) followed by 

adding 9 mL isopropyl alcohol. Afterwards, the mixture was transferred into 50 mL 

Teflon autoclave and heated at 150 °C for 3 h. After cooling down to room temperature, 

the product was washed by deionized water and ethanol three times. Finally, the solid 

powder was dried at 60 °C overnight, this obtained product was named CeO2-NiCo-

MOF. The preparation procedure of NiCo-MOF is the same as above, except that 

Ce(NO3)3·6H2O is not added. 



Preparation of CeO2-Co2-xNixP@C and Co2-xNixP@C. 

The preparation of CeO2-Co2-xNixP@C involves two steps, direct annealing and 

phosphorization treatment. In the first step, the as-obtained CeO2-NiCo-MOF was 

heated at 300 °C for 3 h in air and the heating rate is 5 °C min-1. After cooling down to 

room temperature, the obtained black product was CeO2-CoNiOx@C. In the next 

phosphorization procedure, 10 mg CeO2-CoNiOx@C and 200 mg NaH2PO2 were 

placed on both sides in a quartz boat, and the NaH2PO2 was located on the upstream 

side of the furnace. Then, the boat was calcined at 300 °C for 2 h with a heating rate of 

2 °C min-1 under N2 flow. After cooling down to room temperature naturally, the 

product of CeO2-Co2-xNixP@C was obtained. The preparation of Co2-xNixP@C is the 

same as above, except that the raw material was NiCo-MOF.

Characterization.

Field emission scanning electron microscope (FEI, Qunta250, USA) and transmission 

electron microscope (FEI, TECNAI G2) accelerating voltage of 20 kV were employed 

to characterize the morphologies of all samples. Bruker D8 Focus powder X-ray 

diffractometer with Cu-Kα radiation (λ = 1.5418 Å) was used to determine the XRD 

pattern. Determination of element content was carried out using inductively coupled 

plasma optical emission spectroscopy (ICP-OES) with model Varian Liberty 200. X-

ray photoelectron spectroscopy (XPS) analyses were performed by ESCALAB-MKII 

250 photoelectron spectrometer with Kα radiation. CHI 660E electrochemistry 

workstation (CH Instruments, Inc., Shanghai) was used to carry out electrochemical 

tests. 



Electrochemical measurements.

Electrochemical measurements were conducted using CHI 660E electrochemistry 

workstation with a standard three-electrode system. The working electrode was the 

carbon paper coated with catalysts, an Ag/AgCl (saturated 3 M KCl electrolyte) was 

used as reference electrode and the counter electrode was a platinum foil. All linear 

sweep voltammograms (LSVs) were measured at a scan rate of 5 mV s-1. All potentials 

were calibrated to the reversible hydrogen electrode (RHE) using the Nernst equation: 

ERHE = EAg/AgCl + 0.059 pH + 0.197. The fresh electrolyte was purged with N2 for 30 

min before tests. The electrochemical double-layer capacitance (Cdl) was measured 

from the CV curves from the double-layer region in the potential range of 0.1 and 0.2 

V vs. RHE with different scan rates and it was calculated according to the following 

formula:  

Cdl =
   

𝐽𝑎 ‒ 𝐽𝑐
𝑣

in which Cdl is the double-layer capacitance, Ja represents the positive scan current at 

0.15 V vs. RHE, Jc represents the negative scan current at 0.15 V vs. RHE and v is the 

scan rate.24 The ECSA values were calculated using the following equation：

 ECSA= 

𝐶𝑑𝑙
𝐶𝑠

in which Cdl is the double-layer capacitance, Cs is the specific capacitance, and in this 

study, the value is estimated to be 40 µF cm-2 according to the reported literature.25 



Figure S1. Schematic illustration for the preparation of the CeO2-Co2-xNixP@C 

catalyst. 



Figure S2. STEM-EDX line profile of CeO2-Co2-xNixP@C.



Figure S3. XRD pattern of the as-prepared CeO2-Co2-xNixP@C.



Figure S4. SEM images of (a) NiCo-MOF, (b) CeO2-NiCo-MOF, (c) NiCoOx@C, (d) 

CeO2-NiCoOx@C and (e) Co2-xNixP@C. 



Figure S5. XRD pattern of the as-prepared Co2-xNixP@C.



Figure S6. (a) SEM image and (b) XRD pattern of the as-prepared CeO2.



Figure S7. Nitrogen adsorption-desorption isotherms of the as-prepared (a) NiCo-

MOF, (b) CeO2-NiCo-MOF, (c) Co2-xNixP@C, (d) CeO2-Co2-xNixP@C and (e) CeO2. 



Figure S8. The high-resolution Co 2p (a), Ni 2p (b), P 2p (c), Ce 3d (d), O 1s (e) and 

C 1s (f) XPS spectra of the CeO2-Co2-xNixP@C.  



Figure S9. CV curves of (a) CeO2-Co2-xNixP@C, (b) Co2-xNixP@C, (c) CeO2-NiCo-

MOF, (d) NiCo-MOF and (e) CeO2 at 100-180 mV s-1 in the range of 0.1 and 0.2 V vs. 

RHE. 



Figure S10. OER polarization curves normalized to the electrochemical active surface 

area (ECSA).



Figure S11. (a) UV-Vis absorption spectra of various H2O2 concentrations. (b) 

Calibration curve used for calculation of H2O2 concentrations. (c) UV-Vis absorption 

spectra of various ClO- concentrations. (d) Calibration curve used for calculation of 

ClO- concentrations.



Figure S12. (a) Chronoamperometry curve of CeO2-Co2-xNixP@C at 1.53 V vs RHE 

for 2 h in 1 M KOH + seawater. (b) UV-Vis absorption spectrum of 1 M KOH + 

seawater after 2 h electrolysis. (c) The calculated concentrations of H2O2 and ClO-. (d) 

Faradaic efficiencies of OER and other two competing reactions.   



Figure S13. (a) UV-Vis absorption spectra of CeO2-Co2-xNixP@C and Co2-xNixP@C 

after electrolysis 2 h at 1.53 V vs RHE for 2 h in 1 M KOH + seawater. (b) The 

corresponding calculated concentration of ClO-.  



Figure S14. CV curves of CeO2-Co2-xNixP@C in (a) 1 M KOH, (b) 1 M KOH + 0.5 M 

NaCl and (c) 1 M KOH + seawater. (d) Corresponding capacitive current densities at 

0.15 V vs. RHE. 



Figure S15. CV curves of Co2-xNixP@C in (a) 1 M KOH, (b) 1 M KOH + 0.5 M NaCl 

and (c) 1 M KOH + seawater. (d) Corresponding capacitive current densities at 0.15 V 

vs. RHE.  



Figure S16. (a) SEM image and (b) XRD pattern of CeO2-Co2-xNixP@C after 20 h 

stability test in 1 M KOH + seawater. 



Table S1. Comparison of OER catalytic performance with other Ni and Co based 
electrocatalysts. 

Catalyst Electrolyte η10 (mV) Reference

CeO2-Co2-xNixP@C 1M KOH 295 This work

Ni2P−CoP 0.1M KOH 320 [1]

O–NiCoP Cages 1M KOH 310 [2]

Ni3S2-Co9S8/NCAs 1M KOH 337 [3]

CC@NiCo2O4 1M KOH 340 [4]

Zn-NiCo2O4 0.1M KOH 560 [5]

RuNi1Co1@CMT 1M KOH 299 [6]

      RG/NCO NCs 6M KOH 313 [7]

NiO/CoN PINWs 1M KOH 300 [8]

CuNiCo oxide 1M KOH 312 [9]

Ni2Co2-CNR 0.1M KOH 310 [10]

C@NiCo 1M KOH 330 [11]

NCP@WPCA 1M KOH 351 [12]

Co0.25Ni0.75@NCNT 0.1M KOH 410 [13]

NiCo-NiCoO2@Cu2O@CF 1M KOH 327 [14]

NiCo2O4/NCNTs/NiCo 1M KOH 350 [15]



Table S2. Comparison of catalytic performance of different catalysts for seawater 
oxidation.  
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