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Experimental Sections

Synthesis of Co precursor nanorod

The Co precursor nanorods were synthesized following the previously reported 

method.1 Typically, 1.0 g of polyvinylpyrrolidone (PVP) and 0.64 g of cobalt (II) 

acetate tetrahydrate were dissolved in 200 mL of ethanol at room temperature to form 

a pink transparent solution. The above solution was refluxed under magnetic stirring at 

85 oC for 2 h and cooled to room temperature. Afterwards, the pink precipitate was 

collected by centrifugation at 4000 rpm, washed with ethanol for 6 times to remove 

PVP and dried under vacuum for 12 h. 

Synthesis of Co-MOF-74 (Co-MOF) hollow nanorods

The hollow Co-MOF-74 (denoted as Co-MOF) was prepared based on the Co precursor 

synthesized before. Firstly, 0.118 g of 2,5-dihydroxyterephthalic acid (H4DOBDC) was 

dissolved in 30 mL N,N-dimethylformamide (DMF) as solution A, 0.1 g Co precursor 

was dissolved in 20 mL DMF as solutin B. Solution A was preheated to 85 oC in the oil 

bath and quickly poured into solutin B, then the resulting mixture was refluxed under 

magnetic stirring at 85 oC for 2 h. The formed Co-MOF hollow nanorods were then 
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collected by centrifugation, washed with DMF for several times and dispersed in 80 

mL of methanol, heated at 50 oC for 6 h to remove DMF, the orange precipitate was 

centrifuged and washed with methanol for several times, and dried under vacuum for 

12 h. 

Synthesis of CoFe-MOF hollow nanorods 

For the preparation of CoFe-MOF-2, 12 mg of the as-prepared Co-MOF was dispersed 

in 1 mL of ethanol as solution C, 6 mg of iron (II) chloride tetrahydrate was dissolved 

in the mixture of 5 mL deionized (DI) water and 5 mL of ethanol as solution C. Then, 

at room temperature, solution C was mixed with solution D rapidly and aged for 1 h. 

The dark green precipitate was centrifuged and washed with ethanol for three times and 

subsequently dried under vacuum. The synthetic processes of CoFe-MOF-1 and CoFe-

MOF-3 are similar to CoFe-MOF-2, except that the amount of iron (II) chloride 

tetrahydrate was changed to be 12 mg (for CoFe-MOF-1) and 4 mg (for CoFe-MOF-

3).

Synthesis of CoFe/D-MOF and Ru@CoFe/D-MOF

For the preparation of CoFe/D-MOF-2, 1 mL of fresh NaBH4 solution (0.715 M) was 

dropped into 12 mg of CoFe-MOF-2 (in 5 mL of ethanol) under magnetic agitation, 

after stirring for 15 min, the dark orange precipitate was centrifuged, washed with 

ethanol for three times, then dried under vacuum. Afterwards, Ru@CoFe/D-MOF-2 

(marked as Ru-2@CoFe/D-MOF-2) was prepared by adding 800 μL (2 mg/mL) of 

aqueous ruthenium(III) chloride into 8 mg of the CoFe/D-MOF-2 (in 5 mL DI water) 

and react for 24 h at room temperature, Ru-1@CoFe/D-MOF-2, Ru-3@CoFe/D-MOF-
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2, Ru-4@CoFe/D-MOF-2 were synthesized by changing 800 μL of aqueous 

ruthenium(III) chloride into 500 μL, 1 mL and 1.5 mL. 
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Characterizations

Low-magnification transmission electron microscopy (TEM) was performed on a 

HITACHI HT7700 at 120 kV. High-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) and high-resolution TEM (HRTEM) was 

recorded on a FEI TecnaiG2F2 FEI Talos F200X S/TEM with a field-emission gun at 

200 kV. Scanning electron microscopy (SEM) was conducted on a Hitachi S-4700 

instrument operated at 15 kV under high vacuum. X-ray diffractometers (XRD) was 

carried out by Bruker D8 ADVANCE with Cu Kα radiation. The atomic ratio of Fe, Co 

and Ru was determined by Energy-dispersive X-ray (EDX) spectroscopy and 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) which 

conducted on Hitachi S-4700 instrument (15 kV) and VARIAN 710-ES, respectively. 

The electron spin resonance (ESR) was conducted on JES-X320 spectrometer at room 

temperature. The chemical states of CoFe-MOF-2, CoFe/D-MOF-2 and Ru@CoFe/D-

MOF-2 were illustrated by X-ray photoelectron spectroscopy (XPS) performed on a 

VG scientific ESCA Lab 220 XL electron spectrometer using 300 W Al Kα radiation.

Electrochemical measurement

The measurements for water splitting were performed on CHI 660E electrochemical 

analyzer (Chenhua, Shanghai) in 1 M KOH. A three-electrode system was applied for 

OER tests, in which glassy carbon electrode (GCE) (diameter: 5 mm), graphite rod and 

saturated Ag/AgCl electrode were served as working electrode, counter electrode and 

reference electrode respectively. 5 mg catalysts were obtained by mixing the products 

with carbon powder (mass ratio =1:1). Then, 1 mL ethanol and 10 μL 5 wt% Nafion 
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solution were added into the as-prepared mixed catalysts, after 30 min of ultrasonic 

treatment, 10 μL of the ink was carefully deposited on GCE and dried naturally. 

The reference potentials were transformed into the reversible hydrogen electrode 

(RHE) referring to the formula: ERHE = E (Ag/AgCl) + 0.059 * pH + 0.197 V, the 

overpotential (η) was calculated by η = ERHE - 1.23 V. The linear sweep voltammetry 

(LSV) was conducted with scanning rate of 5 mV s-1. The Tafel plots were obtained 

following the equation: η = a + b lg j, where j means current density, and b represents 

Tafel slope. Non-faradic region was selected to perform Cyclic voltammetry (CV) 

measurements with scanning rates of 10 mV s−1 to 50 mV s−1. The electrochemical 

impedance spectroscopy (EIS) tests were performed with the frequency ranging from 

0.01 to 100 kHz. Notably, all the relevant electrochemical measurements were 

conducted without iR-correction.
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Supporting Figures and Tables

Fig.S1 TEM images of (a) Co precursor, (b-d) Co-MOF with reaction time prolonged. 

(e) Schematic diagram for the formation process of hollow Co-MOF nanorods and 

corresponding kirkendall effect . Scale bars are 1.0 μm in (a-d) .

Fig.S2 TEM images of (a) CoFe/D-MOF-1 and (b) CoFe/D-MOF-3. Scale bars are 500 

nm in (a-b).
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Fig.S3 EDS element mapping images of Co, Fe and O in CoFe/D-MOF-2 with scale 

bars of 500 nm.  

Fig.S4 (a) HAADF-STEM and (b-d) elemental mapping images of Ru@CoFe-MOF. 

Scale bars are 500 nm in (a-d). (e) EDS results of Ru@CoFe-MOF. 
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Fig.S5 (a) HAADF-STEM, (b) elemental mapping images and (c) corresponding EDS 

line scans of Ru@CoFe/D-MOF after electrolysis. Scale bar is 500 nm.

Fig.S6 SEM images of (a) Co-MOF and (b) Ru@CoFe/D-MOF. Scale bars are: 500 

nm in (a) and 200 nm in (b).
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Fig.S7 SEM and TEM images of Ru@CoFe/D-MOF before (a, b) and after (c, d) 

stability test. (e) XRD patterns of initial CoFe/D-MOF (blue curve) and Ru@CoFe/D-

MOF (gray curve) after electrochemical stability test. Scale bars: 200 nm in (a-d).

Fig.S8 Energy dispersive X-ray spectroscopy (EDS) of (a-c) CoFe-MOF with different 

mass ratio of Co/Fe, (d) Ru@CoFe/D-MOF-2.
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Fig.S9 (a) Survey XPS of Ru@CoFe/D-MOF-2, (b) O 1s region for CoFe-MOF-2 and 

Ru@CoFe/D-MOF-2.

Fig.S10 High-resolution XPS results of (a) Co 2p, (b) Fe 2p, (c) O 1s and (d) Ru 3p 

regions for Ru@CoFe/D-MOF after electrochemical stability test.
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Fig.S11 Structure of Co-MOF observed from different orientation (a) top view and (b) 

side view. Color codes: Co:yellow, O:red, C: brown.

Fig.S12 ESR spectrum of CoFe-MOF, CoFe/D-MOF and Ru@CoFe/D-MOF. 

Preparation conditions: solid CoFe-MOF, CoFe/D-MOF and Ru@CoFe/D-MOF 

catalysts, room temperature.

Fig.S13 ECSA and Cdl values of Co-MOF, CoFe-MOF-2, CoFe/D-MOF-2 and 

Ru@CoFe/D-MOF-2.
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Fig.S14 CV curves of Ru@CoFe/D-MOF-2, CoFe/D-MOF-2, CoFe-MOF-2 and Co-

MOF from scan rates of 10 mV s-1~50 mV s-1.

Fig.S15 CV curves of CoFe/D-MOF-3, CoFe/D-MOF-1, CoFe-MOF-3 and CoFe-

MOF-1 from scan rates of 10 mV s-1~50 mV s-1.
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Fig.S16 (a) LSV polarization curves of CoFe-MOF with different mass ratio of Co:Fe. 

(b) Corresponding Tafel plots. (c) EIS results. (d) Plots of current density vs. scan rate 

obtained by non-faradic CV scanning. 

Fig.S17 (a) LSV polarization curves of CoFe-MOF-2 and Ru@CoFe-MOF-2 in 1 M 

KOH. (b) Corresponding Tafel plots.
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Fig.S18 (a) LSV polarization curves and (b) Corresponding Tafel plots of r-Ru@CoFe-

MOF.

Fig.S19 (a) LSV polarization curves of Ru-1@CoFe/CoFe-MOF-2, Ru-

2@CoFe/CoFe-MOF-2, Ru-3@CoFe/CoFe-MOF-2, Ru-4@CoFe/CoFe-MOF-2 in 1 

M KOH. (b) Corresponding Tafel plots.

Fig.S20 Nyquist plots of Ru@CoFe/D-MOF before and after OER stability test. (gray 
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dots: after durability test, red dots: before durability test)

Fig.S21 High-resolution XPS results of (a) Co 2p and (b) Fe 2p regions for CoFe/D-

MOF and Ru@CoFe/D-MOF.

Fig.S22 Chronopotentiometric curves of Ru@CoFe/D-MOF-2, CoFe-MOF-2 and Co-

MOF at current density of 10 mA cm-2.

Fig.S23 Photos of the suspension of Co precursor (Co-pre), Co-MOF, CoFe-MOF and 
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CoFe/D-MOF.

Table S1 Summary of various Ru-doped and CoFe-based catalysts for OER in  

alkaline media.

Catalyst
Overpotential (mV) 

at 10 mA cm-2

Tafel slope 

(mV dec-1)
Reference

Ru@CoFe/D-MOF-2 265 37.07 This work

RuRhCo 324 147 [2]

FeCoSe@NCNS 320 82.3 [3]

RuNi1Co1@CMT 299 83 [4]

Ru-CoP/NC 330 65 [5]

Ru-FeRu@C/NC 345 64.7 [6]

Ru0.7Co0.3 aerogel 272 41.6 [7]

M2Ru1O 266 73.45 [8]

Ru@Bpy-POP 270 67 [9]

CoxFe1-x-MOF-74 280 56 [10]

P-Co3O4 283 85.3 [11]

α-Fe2O3 305 51.8 [12]

CoFe-LDH/GF 252 61 [13]

Co8Fe1-LDH 262 42 [14]

Co2NiS2.4(OH)1.2 279 52 [15]

Table S2 ICP data for Co, Fe, Ru contents in different samples.

Sample Co (at%) Fe (at%) Ru (at%)

Ru@CoFe/D-MOF 70.2 28.3 1.5

Ru@CoFe-MOF 78.3 21.1 0.6

CoFe-MOF-1 55.3 44.7 --
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CoFe-MOF-2 68.7 31.3 --

CoFe-MOF-3 75.9 24.1 --
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