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Fig. S1–S11 

Fig. S1 SEM image of Ti3AlC2, scale bara (a)1μm and (b) 200 nm.

Fig. S2 XRD patterns of the MAX phase Ti3AlC2 and Ti3C2Tx MXene.



Fig. S3 (a) TEM image of the Ti3C2Tx (scale bar, 200 nm). (b) High-resolution TEM 

image of the Ti3C2Tx (scale bar, 10 nm)

    
       
 

Fig. S4 (a) Survey scan and (b) high resolution C1s XPS spectra of Ti3C2Tx. 
     
    



   

Fig. S5 Survey scan XPS spectra of the RuSA-N-Ti3C2Tx catalyst.

  
Fig. S6 High resolution N1s XPS spectra of N-Ti3C2Tx.



Fig. S7 TEM image of the RuNC-Ti3C2Tx, (a) (scale bar, 50 nm) and (b) (scale bar, 20 

nm, inset: HRTEM image)

 
Fig. S8 The wavelet transform for the k2-weighted Ru-edge EXAFS of RuNC-Ti3C2Tx. 
       



      
Fig. S9 EXAFS fitting results for RuNC-Ti3C2Tx.

Fig. S10 (a) HER polarization curves for RuSA-N-Ti3C2Tx and Pt/C in 1 M PBS. (b) 

Durability of RuSA-N-Ti3C2Tx before and after 5000 CV cycles in 1 M PBS. (inset: 

chronoamperometry curve of RuSA-N-Ti3C2Tx and Pt/C).



Fig. S11 CV curves of (a) Ti3C2Tx and (b) RuSA-N-Ti3C2Tx at different scan rates in 

0.5 M H2SO4. (C) The double-layer capacitance value (Cdl) of Ti3C2Tx and RuSA-N-

Ti3C2Tx .

Fig. S12 (a) Top and (b) side views of the Ti3C2Tx layer atomic model. Blue: Ti; red: 

O; brown: C, and cyan : F. 



Tables S1-S2 

Table S1. EXAFS curve Fitting Parameters of the Ru K-edge (S02=0.95)

Sample shell Na R(Å) σ2(10-3Å2) R factor

RuSA-N-Ti3C2TX Ru-N/O 3.4 2.09 5.3 0.0068

Ru-C 3.8 2.03 8.7RuNC-Ti3C2TX
Ru-Ru 4.2 2.60 9.2

0.0076

Ru foil Ru-Ru 12* 2.68 4.0 0.0020

Ru-O 4* 1.90 4.5RuO2
Ru-O 2* 2.02 3.8

0.0025

S02 is the amplitude reduction factor; Na is the coordination number; R is 

interatomic distance (the bond length between central atoms and surrounding 

coordination atoms); σ2 is Debye-Waller factor (a measure of thermal and static 

disorder in absorber-scatterer distances); R factor is used to value the goodness of the 

fitting. Error bounds that characterize the structural parameters obtained by EXAFS 

spectroscopy were estimated as Na±20%; R±1%;σ2±20%.

* This value was fixed during EXAFS fitting, based on the known structure of   

standard crystal.

Table S2. Comparison of HER performance in alkaline/acid/neutral media for RuSA-

N-Ti3C2TX with other HER electrocatalysts.

Catalyst

Catalyst

Loading

(mg/cm2)

Electrolytes

Overpotential

@10 mA/cm2

(mV)

Tafel slop

(mV dec-1)
Ref

1 M KOH 27 29

0.5 M H2SO4 23 35Ru-N-Ti3C2Tx 1.0

1 M PBS 81 -

This 

work

Mxene@Pt/SWCT - 0.5 M H2SO4 62 78 [1]



s

Mo2TiC2Tx-PtSA 1.0 0.5 M H2SO4 30 30 [2]

1 M KOH 99 -

0.5 M H2SO4 76 90RuSA-N-S-Ti3C2Tx 1.0

1 M PBS 275 -

[3]

1 M KOH 7 30

0.5 M H2SO4 57 55Ru@Co-SAS/N-C 0.285

1 M PBS 55 82

[4]

1 M KOH 138 89Co1/PCN 0.5
0.5 M H2SO4 151 52

[5]

RuSA@PN 1.0 0.5 M H2SO4 42 38 [6]

1 M KOH 52 69

0.5 M H2SO4 38 38RuP2@NPC 1.0

1 M PBS 57 87

[7]

1 M KOH 32 53

0.1 M H2SO4 126 -Ru@CN-0.16 0.048

1 M PBS 100 -

[8]

0.16 1 M KOH 17 27

0.7 0.5 M H2SO4 13 27Ru@MWCNT

- 1 M PBS - -

[9]

1 M KOH 79 -
Ru/C3N4/C 0.204

0.5 M H2SO4 ~75 -
[10]

1 M KOH 209 129

0.5 M H2SO4 67 51CoP/CC 0.92

1 M PBS 65 93

[11]

0.285 1 M KOH 29 31
Ru–MoO2

0.57 0.5 M H2SO4 55 44
[12]

1D-RuO2-CNx 0.17

0.5 M KOH 95 70

[13]



0.5 M H2SO4 93 40

0.1 M PBS 356 135

1 M KOH 215 52

0.5 M H2SO4 87 46CoP@BCN 0.4

1 M PBS 122 59

[14]

1 M KOH 58 34.3

0.5 M H2SO4 104 59.6NiCo2Px/CF 5.9

1 M PBS 63 63.3

[15]

1 M KOH 76 52

0.5 M H2SO4 49 55Mn-CoP/Ti 5.61

1 M PBS 86 82

[16]

1 M KOH 284 115

0.5 M H2SO4 340 138CoNC/GD -

1 M PBS 368 207

[17]

1 M KOH 85 -

0.5 M H2SO4 80 47.5Zn0.3Co2.7S4 0.285

1 M PBS 90 -

[18]
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