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1. Experiment section 

1.1. Reagents and materials 

All the chemicals were used directly without any further purification. Tetraethyl orthosilicate (TEOS, 

[Si(OC2H5)4]), ammonium hydroxide (NH3·H2O, 25 wt%), graphite flakes with an average diameter of 37.4 

microns, sodium nitrate (NaNO3), sulfuric acid (H2SO4, 98 wt%), potassium permanganate (KMnO4), 

hydrogen peroxide (H2O2, 30%), hydrochloric acid (HCl), cetyltrimethyl ammonium bromide (CTAB), 

ammonia (NH3·H2O, 36.5 wt%), methyl alcohol, anhydrous ethanol, cobalt chloride (CoCl2·6H2O), cobalt 

nitrate (Co(NO3)2·6H2O), 2-methylimidazole, ferrous sulfate (FeSO4·7H2O), sodium hypophosphite 

(NaH2PO2·H2O), acetylene black, N-methyl-2-pyrrolidone (NMP, C5H9NO), and polyvinylidene fluoride 

(PVDF, -(CH2-CF2)n-) were purchased from Sinopharm Chemical Reagent Co., Ltd. 

1.2. Synthesis of the precursor sandwich-like rGO/CS 

The synthesis of the precursor sandwich-like reduced graphene oxide/Co2SiO4 (rGO/CS) mainly 

contains three steps according to our previous work [1] as following: 

1.2.1. Synthesis of graphene oxide (GO) 

The preparation of GO was according to a modified Hummer’s method on the previous report [2], 

which was mainly divided into three stages: low temperature stage, medium temperature stage and high 

temperature stage. Low temperature stage: according to take 2 g graphite, 1 g NaNO3, 46 mL H2SO4, put 

them in 500 mL beaker, ice bathing, ultrasonic within 15 min until the beaker of solution temperature below 

3 °C, transferred them to the ice bath pot then slowly added 6 g KMnO4, stirring for 1 h to get blackening 

solution, the edge of the solution for the dark green; Medium temperature stage: under the condition of 

35 °C water bath mixing 1 h, the solution getting into viscous significantly. High temperature stage: 

adding in 92 mL deionized water inside the beaker, the solution into brown, in 90 °C water bath stirring for 

15 min after, then pour into 300 mL deionized water, 10 mL 30% H2O2 in turn, stirring for 10 min after 

delamination, for the gold at the top, bottom was black, poured out on the yellow clear liquid and added 10 

mL of the mass fraction of 10% HCl, stirring again let stand for 12 h after stratification, poured out the gold 

solution at the top that adding deionized water until the upper supernatant fluid yellow became not obvious 

at this time no longer with deionized water, the GO solution was successfully prepared and turned the 

solution to the brown bottle for use [2], The morphology of GO is nanosheets [3]. 
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1.2.2. Synthesis of sandwich-like rGO/SiO2 

Sandwich-like GO/SiO2 was prepared according to our previous work [4]. In detail, 0.15 g CTAB was 

added to the mixed solution contained 120 mL ethanol and 30 mL deionized water, and stirred for 5 minutes. 

50 mg GO was drizzled and stirred for 10 minutes. After the GO dispersed evenly, 3 mL of NH3·H2O (25 

wt%) was added drop by drop, and then TEOS solution was added slowly to the above solution under 

intense stirring to obtain GO/SiO2 after 4 h. The GO/SiO2 is used to synthesize sandwich-like rGO/Co2SiO4 

(rGO/CS). 

1.2.3. Synthesis of sandwich-like rGO/CS 

In a typical synthesis, Solution A was formed by dispersing 0.08 g of GO/SiO2 in 16 mL anhydrous 

ethanol for 10 minutes under ultrasound. 0.20 g of CoCl2·6H2O were placed in a mixture of 1.6 mL 

deionized water (DI) and 8 mL ammonia, respectively, and stirred evenly to form Solution B with different 

Co contents. Solution A was poured into Solution B, while the mixed solution was stirred at room 

temperature for 30 minutes. Then it was transferred to 50 mL Teflon-lined steel autoclave, and reacted at 

180 ℃ for 24 hours [5]. The obtained solids (rGO/CS) were washed with DI water and ethanol for several 

times and dried at 80 ℃ for 12 hours in a vacuum oven. The rGO/CS is used to synthesize double sandwich-

like rGO/CS/Co-MOF. 

1.3. Synthesis of double sandwich-like rGO/CS/Co-MOF and Co-MOF 

100 mg rGO/CS, 0.2885 g Co(NO3)2·6H2O were added to 15 mL methanol solution, and ultrasonic 

treatment was conducted for 10 minutes to form Solution C. 0.6692 g 2-methylimidazole were dissolved 

in 15 mL methanol to form Solution D. Then, Solution D was slowly added to Solution C under agitation, 

and ultrasonic processing was conducted at 25 ℃ for 10 minutes. Later, the mixed solution was stirred at 

room for 6 hours, and washed with methanol for three times. The product was vacuum dried at 70 ℃ for 

12 hours to obtain rGO/CS/Co-MOF. 

For comparison, the Co-MOF was synthesized using the same method of rGO/CS/Co-MOF without 

rGO/CS. 

1.4. Synthesis of rGO/CS/Co,Fe-MOF 

The iron ion exchanged rGO/CS/Co-MOF (denoted as rGO/CS/Co,Fe-MOF) was synthesized 

using ion-exchange method. In a typical synthesis, 9 mg FeSO4·7H2O were dissolved to 15 mL H2O, 
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then 50 mg rGO/CS/Co-MOF and 20 mL anhydrous ethanol were added in sequence. The above solutions 

were reacted at 50 ℃ for 20 minutes. After that, the products were washed with water and ethanol for 

several times. The products were dried in vacuum at 70 ℃ for 12 hours to obtain rGO/CS/Co,Fe-MOF. The 

obtained rGO/CS/Co,Fe-MOF were named as rGO/CS/Co,Fe-MOF-1, rGO/CS/Co,Fe-MOF-2 and 

rGO/CS/Co,Fe-MOF-3 according to 5, 9 and 13 mg FeSO4·7H2O, respectively. Among them, 

rGO/CS/Co,Fe-MOF-2 was selected to synthesize rGO/CS/(Co,Fe)xPy because of its best OER 

performance. 

1.5. Synthesis of rGO/CS/(Co,Fe)xPy 

The rGO/CS/Co,Fe-MOF was phosphorized by the following step and named as 

rGO/CS/(Co,Fe)xPy. In a typical synthesis, 500 mg NaH2PO2·H2O was placed in a quartz boat (Q1), and 

100 mg rGO/CS/Co,Fe-MOF was placed in another quartz boat (Q2). The above two quartz boats were 

placed in the same tube furnace. The quartz boat Q1 was in the front of quartz boat Q2 along the flow of 

N2. The tube furnace was heated at 400 ℃ in N2 atmosphere for 2 h to obtain a black solid. The obtained 

rGO/CS/(Co,Fe)xPy were named as rGO/CS/(Co,Fe)xPy-1, rGO/CS/(Co,Fe)xPy-2 and 

rGO/CS/(Co,Fe)xPy-3 based on the mass of 100, 500 and 1000 mg NaH2PO2·H2O, respectively. Among 

them, rGO/CS/(Co,Fe)xPy-2 showed the best OER activity in subsequent tests and was chosen as the final 

target sample.  

1.6. Synthesis of rGO/CS/CoxPy and (Co,Fe)xPy 

For comparison, rGO/CS/CoxPy and (Co,Fe)xPy were also synthesized. The rGO/CS/CoxPy was 

synthesized using the same method of rGO/CS/(Co,Fe)xPy using rGO/CS/Co-MOF as the precursor. The 

(Fe,Co)xPy was synthesized using the Co-MOF as the precursor with the same method of 

rGO/CS/(Co,Fe)xPy. 

1.7. Material characterizations 

Field emission scanning electron microscopy (FE-SEM, NOVA NanoSEM 450, FEI) and transmission 

electron microscopy (TEM, FEI Tecnai F30, FEI) were used to get morphologies and structure of the 

samples. Energy-dispersive X-ray spectrometer (EDS) and elemental mapping were employed by scanning 

electron microscope (SEM, QUANTA450) to investigate elements of products. X-ray diffraction (XRD) 

measurement was conducted to analyze the crystalline structure and composition using a Panalytical X’Pert 
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powder diffractometer with Cu Kα radiation. Raman spectra were obtained using a Thermo Scientific 

spectrometer, at an exciting wavelength of 532 nm. Energy-dispersive Fourier transform infrared 

spectroscopy (FTIR) pattern of the solid samples was measured using KBr pellet technique (About 1 wt.% 

of the samples and 99 wt.% of KBr were mixed homogeneously, and then the mixture was pressed to a 

pellet) and recorded on a Nicolet 6700 spectrometer from 4000 to 400 cm−1 with a resolution of 4 cm−1. 

The specific surface areas and pore structure were determined by a nitrogen adsorption-desorption analyzer 

(Micromeritics ASAP-2020). Prior to determination of the N2 adsorption-desorption isotherm, the samples 

were degassed at 250 °C for several hours. The X-ray photoelectron spectroscopy (XPS) measurements 

were performed on ESCALAB 250Xi electron spectrometer. The spectra were excited using Al Kα radiation 

with a pass energy of 20 eV.  

1.8. Fabrication of electrodes 

5 mg rGO/CS/(Co,Fe)xPy, 480 µL isopropyl alcohol and 20 µL Nafion were added into a 3 mL 

centrifuge tube. In the following ultrasound of 30 minutes, 5 µL sample were dropped onto the surface of 

the glassy carbon electrode (d = 5 mm). Leaving to dry at room temperature, 20 µL were added in twice. 

The payload of the active substance is about 1.3 mg·cm-2. 

1.9. Electrochemical characterizations 

The OER properties of the working electrode were evaluated by a three-electrode system using an 

Hg/HgO electrode as the reference electrode and a Pt wire as the counter electrode. The linear sweep 

voltammetry (LSV), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

measurements were performed in 1 M KOH as electrolyte on a PINE electrochemical station. The specific 

overpotential (mV) was calculated from the LSV curves based on the following equation: 

ERHE= EHg/HgO + 0.059 * pH + 0.098      (S1) 

η= (ERHE - 1.23)* 1000                (S2) 

Where ERHE denotes voltage corresponding to reversible hydrogen electrode; η (mV) represents 

overpotential; 0.098 signifies the standard potential of Hg/HgO reference electrode. (1 mol KOH pH 13.85) 

Water splitting test was performed using a two-electrode cell. Two pieces of clean carbon felt (1 ×1 cm) 

were used as catalyst support. 200 μL of the above-mentioned ink was coated on the carbon felt by drop-

casting method and then dried under vacuum condition (catalyst loading amount is ∼2.0 mg cm-2). Two 
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pieces of the modified carbon felt as dual working electrodes were inserted into 1.0 M KOH solution to 

conduct water splitting.  
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Figure S1 

 

Figure S1. A SEM image of rGO/CS. 
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Figure S2 

 

Figure S2. A SEM image of Co-MOF. 
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Figure S3 

 

Figure S3. SEM images of rGO/CS/Co-MOF, inserting the SEM of rGO. 
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Figure S4 

 

Figure S4. A SEM image of rGO/CS/(Co,Fe)xPy. 
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Figure S5 

 

Figure S5. Elemental mapping images of rGO/CS. 
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Figure S6 

 

Figure S6. Elemental mapping images of rGO/CS/Co,Fe-MOF. 
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Figure S7 

 

Figure S7. Elemental mapping image of rGO/CS/(Co,Fe)xPy. 
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Figure S8 

 

Figure S8. XRD patterns of Co-MOF, rGO/CS/Co-MOF and rGO/CS/Co,Fe-MOF. 
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Figure S9 

 

Figure S9. Nitrogen adsorption-desorption isotherms of rGO/CS. 
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Figure S10 

 

Figure S10. Pore size-distribution curves calculated by the BJH method of the samples: (a) rGO/CS, (b) 

(Co,Fe)xPy, (c) rGO/CS/CoxPy and (d) rGO/CS/(Co,Fe)xPy. 
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Figure S11 

 

Figure S11. XPS spectra of rGO/CS/(Co,Fe)xPy: (a) Full spectrum; (b) C1s; (c) Si2p; (d) O1s. 
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Figure S12 

 

Figure S12. The electro-catalytic property of OER: (a) LSV curves of rGO/CS/Co,Fe-MOF-1, 

rGO/CS/Co,Fe-MOF-2 and rGO/CS/Co,Fe-MOF-3. (b) LSV curves of rGO/CS, rGO/CS/(Co,Fe)xPy-1, 

rGO/CS/(Co,Fe)xPy-2 and rGO/CS/(Co,Fe)xPy-3. 
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Figure S13 

 

Figure S13. The electro-catalytic property of OER: LSV curves of rGO/CS/(Co,Fe)xPy and commercial 

RuO2. 
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Figure S14 

 

Figure S14. CV curves of (a) rGO/CS, (b) rGO/CS/Co,Fe-MOF, (c) rGO/CS/CoxPy, (d) 

rGO/CS/(Co,Fe)xPy and (e) (Co,Fe)xPy for OER. 
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Figure S15 

 

Figure S15. The enlarge figure of Figure 4d (Linear relationships of capacitive current vs. scan rate of 

rGO/CS, rGO/CS/Co,Fe-MOF, rGO/CS/CoxPy and (Co,Fe)xPy). 
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Figure S16 

 

Figure S16. SEM image of rGO/CS/(Co,Fe)xPy after long-term chronopotentiometry test at 10 mA cm-2. 
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Figure S17 

 

Figure S17. The electro-catalytic property of HER: (a) LSV curves of rGO/CS/Co,Fe-MOF-1, 

rGO/CS/Co,Fe-MOF-2 and rGO/CS/Co,Fe-MOF-3. (b) LSV curves of rGO/CS, rGO/CS/(Co,Fe)xPy-1, 

rGO/CS/(Co,Fe)xPy-2 and rGO/CS/(Co,Fe)xPy-3. 
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Figure S18 

 

Figure S18. CV curves of (a) rGO/CS, (b) rGO/CS/Co,Fe-MOF, (c) rGO/CS/CoxPy, (d) 

rGO/CS/(Co,Fe)xPy and (e) (Co,Fe)xPy for HER. 
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Figure S19 

 

Figure S19. (a) The normal and (b) the enlarged EIS curves of rGO/CS, rGO/CS/Co,Fe-MOF, 

rGO/CS/(Co,Fe)xPy, rGO/CS/CoxPy and (Co,Fe)xPy. 
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Figure S20 

 

Figure S20. DFT calculations of CS: (a-b) The crystal structures of CS at different views for calculations; 

(c) The band structure of CS. 
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Figure S21 

 

Figure S21. DFT calculations of CS, CS-CP and CS-FP: (a) DOS of CS; (b) DOS of CS-CP; (c) DOS of 

CS-FP; (d) The total DOS comparison; (e) The PDOS of Co3d. 
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Table S1 

Table S1. Composition of rGO/CS/(Co,Fe)xPy by EDS and XPS. 

Elements XPS (atom%) EDS (wt.%) 

C 31.5 34.7 

O 43.2 37.2 

Co 6.7 8.9 

Fe 3.0 3.9 

Si 5.5 5.9 

P 10.1 9.4 
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Table S2 

Table S2. OER performance of this work compared with the previously reported TMSs, transition metal 

oxide/hydroxide and some Co-based materials in 1.0 M KOH. 

Catalysts Loading amount 
(mg/cm2)/Collector 

Overpotential (mV) 
@10 mA/cm2 Ref. 

rGO/CS/(Co,Fe)xPy 0.63/glassy carbon 256 This work 

CoP/CSNSs 0.51/glassy carbon 309 [6] 

Fe/Fe2O3@Fe-N-C 0.61/glassy carbon 460 [7] 

Fe3O4@Co9S8/rGO 0.25/glassy carbon 340 [8] 

Fe3O4@NiFexOy 2.7/spin-coat on ITO glass 420 [9] 

Co3O4/C 0.2/grow on Cu foil 350 [10] 

Reduced Co3O4 0.136/glassy carbon 410 [11] 

Co3O4@BP 0.66/glassy carbon 400 [12] 

CoOx/N-GO 0.6/glassy carbon 370 [13] 

Fe0.5Ni0.5Co2O4 --/grow on Ni foam 350  [14] 

ZIF-67@Co(OH)2 0.2/glassy carbon 354 [15] 

α-Co(OH)2 0.28/glassy carbon 380 [16] 

Co(OH)2@N-C 0.15/glassy carbon 360 [17] 

Co(OH)2@Ni(OH)2/CC --/grow on 1.0 × 2.0 cm CC 330 [18] 

CeO2/Co(OH)2 --/glassy carbon 410 [19] 

α-FeOOH --/screen printed electrode 338 [20] 

Ni(OH)2 hollow cubes 0.2/glassy carbon 349 [21] 
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Table S3 

Table S3. HER performance of this work compared with the previously reported TMSs, transition metal 

oxide/hydroxide and some Co-based materials in 1.0 M KOH. 

Catalysts Loading amount 
(mg/cm2)/Collector 

Overpotential (mV) 
@10 mA/cm2 Ref. 

rGO/CS/(Co,Fe)xPy 0.63/glassy carbon 180 This work 

CoP/CSNSs 0.51/glassy carbon 251 [6] 

NiFe2O4-NC 1.4/glassy carbon 300 [22] 

Ce-MnCo2O4 0.20/glassy carbon 389 [23] 

NiCo2O4 0.12/Ni foam 370 [24] 

CoP NPs@GO 0.20/glassy carbon 300 [25] 

Ni2/3Fe1/3-rGO 0.25/glassy carbon 553 [26] 

NiFeLDH@Co3O4 --/coat on FTO 303 [27] 

Co3O4/CuO 0.03/glassy carbon 288 [28] 

PNC/Co 0.03/glassy carbon 289 [29] 

NiCo2S4 NA/CC 4.0/coat on carbon cloth 263 [30] 

Ni2P --/Ti foil 322 [31] 

CoP/Perovskite 0.255/glassy carbon 209 [32] 

FeP 0.72/electrodeposition on Ti foil 207 [33] 

CoNiP 0.51/glassy carbon 229.3 [34] 
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