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Experimental section

Synthesis of Ti3C2Tx MXene

Ti3C2Tx MXene was achieved by selective etching of the Al layers from Ti3AlC2 (MAX) 

phases1. LiF (1.6 g) was firstly added into HCl (20 mL) solution and then stirred at 40 ℃ for 15 min. 

After then Ti3AlC2 powders (1 g) were gradually added. The solution was kept stirring at 40 ℃ for 

24 h in the oil bath. The muddy was gathered by centrifugation (3500 rpm) and rinsed with distilled 

water to adjust the pH. The obtained solution was dispersed in deionized water and subjected to 

ultrasonic treatment in a nitrogen atmosphere. Finally, the suspension is centrifuged and vacuum dried 

to obtain the Ti3C2Tx nanosheets.

Analysis

The X-ray diffraction spectrum (XRD, Ultima IV) was applied to characterize the crystallinity 

of the synthesized samples in the 2-theta range of 5°- 80°. The X-ray photoelectron spectroscopy 

(XPS, K-Aepna, Thermo Fisher Scientific Inc., USA) was used to obtain the information of the 
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element composition and the surface chemical states of the obtained catalysts. Scanning electron 

microscope (SEM, FEI inspect F50), transmission electron microscope (SEM, JEM-2100F, JEOL, 

Japan) and high-resolution TEM (HRTEM, JEM-2100F, JEOL, Japan) were utilized to observe the 

surface morphology of the samples. Fourier transform infrared spectroscopy (FT-IR, Alpha-II, 

Bruker, Germany) was performed to analyze the functional groups on the surface of the materials. 

DFT Calculation

The ORR process is considered into four elementary steps as follows2: 

OOH formation:  (1)2 2O H O e OOH OH      

OOH dissociation: (2)OOH e O OH     

O hydration: (3)2O H O e OH OH      

OH desorption: (4)OH e OH    

Note that * denoted the reaction site of materials. The free energy of reaction (1) – (4) can be 

calculated using Eqn (5)– (8).

(5)*1 pHOOH
G = G  4.92 eV+ G  eU    

(6)* *2 pHO OOH
G = G  G + G  eU     

(7)* *3 pHOH O
G = G  G + G  eU     

(8)*4 pHOH
G = G + G  eU   

The Gibbs free energy (ΔG) of the absorbed intermediate on the DFT scale is calculated by Eqn (9)

(9)DFTG=  E + ZPE  T S    

where ΔEDFT represents the total electronic energy obtained with DFT, ΔZPE is the zero-point-energy 

correction and ΔS stands for the entropy of the system obtained through vibrational-frequency 



3

analysis. T is the temperature (298.15 K in this work).3 The adsorption free energy changes of these 

intermediates can be expressed as follow: 

(10)* 2 2

*
H O HOH

E = E(OH ) E(*) (E 1 2E )   

(11)* 2 2

*
H O HOOH

E = E(OOH ) E(*) (2E 3 2E )   

(12)* 2 2

*
H O HO

E = E(O ) E(*) (E E )   

EH2O and EH2
 are the calculated DFT energies of H2O and H2 molecules in the gas phase.4 The free 

energy change of H+ is derived according to Eqn (13)

(13)pH BG =  k T ln(10)  pH 

kB is Boltzmann's constant, and pH = 13 for alkaline medium, U is the potential measured against 

the normal hydrogen electrode at standard condition. The rate-determining step (RDS) is the 

elementary reaction with minimum reaction free energy (Eq. 14), while the overpotential is the 

corresponding potential obtained by Eq. (15).

(14) ORR
1 2 3 4G = min G ,  G ,  G ,  G   

(15)
ORR ORR= |G | e  1.23 V
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Fig. S1 SEM image of NiCoP.

Fig. S2 The SEM images of MXene@NiCoP assembled electrodes before (a) and after 45 days 

tests(b).
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Fig. S3 XRD pattern of substrate material.

Fig. S4 UPS spectra of (a) MXene and (b) NiCoP.
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Fig. S5 XPS spectra of Ti 2p, Ni 2p, Co 2p, and P 2p of MXene@NiCoP and MXene@NiCoP after 

45 days.

Fig. S6 The fitted equivalent circuit based on impedance date.
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Fig. S7 CV curves of (a) MXene@NiCoP, (b) NiCoP.

Fig. S8 RDE polarization curves of (a) MXene@NiCoP and (b) NiCoP.

Fig. S9 The schematic diagrams of MFC device (a) and measurement (b).
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Table S1. The simulated data from EIS.

Catalysts Rs (Ohm cm-2) Rct (Ohm cm-2) Cdl (10-7 mF cm-2) Zw (Ohm cm-2)

Pt/C 0.21 2.85 2.14 0.144

NiCoP 0.24 4.83 17.7 0.011

MXene@NiCoP 0.22 3.44 2.63 0.012
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Table S2. The performance of air-cathode single-chamber MFCs equipped with the various ORR catalysts. 

Catalyst Cathode substrate Anode substrate Anode inoculum Pmax (mW/m2) Ref.

MnO2@Co3O4 Stainless steel mesh Carbon cloth Anaerobic sewage 475 5

MOF-derived Fe-N/C Carbon paper Carbon felt Anaerobic mixed bacteria 1232.9 6

NiFe-LDH@Co3O4 Carbon cloth Carbon felt Activated sludge 467 7

N, P-PA-SS Carbon cloth Graphite brush Sludge bacterial species 802 8

Co/Zeolite-GO Carbon cloth Carbon cloth Activated sludge 600 9

Ti3C2/MxOy/Ag Stainless steel mesh Carbon felt Activated sludge 418.1 10

CoNC-900 Stainless steel mesh Carbon brush Bacterial wastewater 1191 11

(Fe)/Fe3O4/FeS/NGC Stainless steel mesh Graphite fiber brush Bacterial wastewater 930 ± 10 12

Ag, Fe-N-C Carbon cloth Carbon cloth Anaerobic sludge 523± 7 13

3DHP Co-N-C Carbon paper Carbon paper Activated sludge 427±8 14

NiCoAl-LDH Stainless steel Carbon felt Anaerobic activated sludge 448.5 ± 12 15

GO/MgO Carbon cloth Carbon felt Municipal sludge 755 16

MOF-derived Co-N-C Carbon cloth Carbon cloth Activated sludge 400±10 17

V2O5-NR/rGO Stainless steel mesh Carbon cloth Fish market wastewater 533 ± 37 18

CeO2 Carbon brush Carbon cloth Sodium acetate 840± 24 19

MN/NrGO Carbon cloth Carbon cloth Anaerobic sludge 135.3 20

NPOMC Carbon cloth Carbon paper Digester sludge 245.8 21

*NGC: nitrogen-enriched graphitic carbon, NPOMC: Nitrogen- and phosphorus-doped, ordered mesoporous carbon.MN: α-MnO2 nanorods.
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