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Figure S1. Raman spectra of Ru-DBP, Ru@CIN-1, CIN-1, Ru@g-CNx and g-CNx. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S2. 13C CP/MAS NMR spectra of CIN-1, Ru@CIN-1, Ru@g-CNx and g-CNx. 
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Figure S3. TEM images of CIN-1 (a,b) and Ru@CIN-1 (c,d). 
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Figure S4. Color-coded EDS elemental maps of C, N, P and Ru in the Ru@CIN-1 

sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S5. STEM-HAADF images of Ru@g-CNX  

 

 

 

 

 

 

 

 

 



 

Figure S6. STEM-HAADF of g-CNX with EDS mapping of C and N. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S7. N2 adsorption-desorption isotherms of Ru@CIN-1, CIN-1, Ru@g-CNx and 

g-CNX. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S8. EXAFS data (green) and fits (black) described in Table S1. 
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Figure S9. XPS 3d Ru spectra of Ru-DBP, Ru@CIN-1, Ru@g-CNx before and after 

HER and OER reaction 
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Figure S10. LSV cathodic polarization curves of Ru@g-CNx in 1M KOH electrolyte 

solution before and after adding KSCN.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S11. HER (a) and OER (b) LSV polarization curves of Ru@g-CNx before and 

after 10000 CV cycles in 1M KOH  
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Faradaic efficiency measurements for the HER and OER 

In order to further assess its electrocatalytic performance toward both HE and OE 

reactions and support electrochemical results, faradaic efficiency (FE) measurements 

were also carried out on the best-performing catalyst, namely Ru@g-CNx. This was 

accomplished by first using gas chromatography (GC) to quantify the volume of the 

gas expelled under the experimental conditions. The amount of the evolved H2 is 

represented here as Vmeasured and the experimental setup involved 1 h of controlled 

potentiostatic electrolysis (CPE) with the catalyst held at +1.0 V vs. RHE (for the OER) 

and -1.0 V vs. RHE (for the HER). Measurements were conducted in 1.0 M KOH 

solutions at 25 oC. Then, using the following ratio (1), the FE value was determined: 

    𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑/𝑉𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑      (1) 

where Vcalculated stands for the theoretical volume of the gas estimated from the charge 

passed through the working electrode during the employed CPE under the assumption 

of a 100% Faradaic efficiency.  

For both the HER and OER, the Faradaic efficiency values were determined using 

the formula presented below1: 

Faradaic efficiency (%) = [𝐹 × 𝑛 × 𝑚𝑜𝑙 𝑔𝑎𝑠 (𝐺𝐶) × 100]/𝑄(𝐶𝑃𝐸) 

Where Q(CPE) represents the charge transmitted through the WE during the 

controlled potential electrolysis (CPE), F is the Faraday's constant (F = 96485 C), mol 

gas (GC) denotes the volume of gas (either H2 or O2) released during the CPE and 

measured by GC. The parameter (n) represents the number of electrons transported 

during the HER (n = 2 for the reduction of H+, 2H+ + 2e- = H2) and OER (n = 4 for the 

oxidation of OH-, 4OH- = 2H2O + O2 + 4e-). The Ru@g-CNx catalyst measured 31.8 

mol H2 (GC) for the HER, or 31.8 × 10-6 mol H2 per hour, and the equivalent charge 

passed (Q) during the applied CPE was 6.15 C. Adding the values of mol H2 (GC) and 

Q to the previous equation results in: 



Faradaic efficiency (%) = [(96485) × 2 × (31.8 × 10-6) × 100] / 6.15 = 99.78% 

On the other hand, the Ru@g-CNx catalyst had a measured mol O2 (GC) value for 

the OER of 16.28 × 10-6 mol h-1, and the corresponding charge passed (Q) during the 

employed CPE was estimated to be 6.3 C. Inputting the mol O2 (GC) and Q values into 

the previous equation results in: 

Faradaic efficiency (%) = [(96485) × 4 × (16.28 × 10-6) × 100] / 6.3 = 99.73% 

Under the same experimental conditions, the FE values of the Ru@g-CNx catalyst 

(99.78 and 99.73% for the HER and OER, respectively) were higher than those 

predicted for the commercial Pt/C (98.9% for the HER) and RuO2 (99.2% for the OER). 

These results attest to the Ru@g-CNx catalyst's exceptional catalytic activity. 

 

Figure S12. Faradaic efficiency measurements for both HER and OER by the best 

performing catalyst (Ru@g-CNx) in 1 M KOH. The electrode was held at -1.0 V vs. 

RHE (for the HER) and +1.0 V vs. RHE (for the OER) for 1 h in 1.0 M KOH solutions 

at 25 oC. The amount of the gas liberated expected from the amount of charge passed 

(6.15 and 6.3 C for HER and OER, respectively) assuming 100% Faradaic efficiency 

is shown as a solid line. The amount of the released gas detected by the GC is shown 

as solid spheres. 

 

 

 



 

 

 

 

Figure S13. STEM-HAADF image of Ru@g-CNx catalyst after long term cathodic 

polarization with EDS mapping of Ru and O. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Figure S14. (a) Cyclic voltammograms of (a) Ru@g-CNx, (b) g-CNx, and (c) Ru@CIN-

1 in the 0.1 to 0.25 V vs RHE potential range. (d) Variation of the double layer charging 

currents at (a) 0.16V and (b,c) 0.19V vs scan rate  
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Figure S15. ECSA-normalized LSV curves (a) HER polarization curves (b) OER 

polarization curves (c)TOF for HER polarization curves (d) TOF for OER polarization 

curves. 
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Table S1. Summary of EXAFS analysis. Multi (k1, k2, k3)-weighted fits carried out in r-

space over a k-range of 3-14 Å and an r-range as indicated, using a Hanning window 

(dk 1), and S0 = 0.9. Bond distances and disorder parameters (reff and 2) were 

allowed to float having initial values of 0.0 Å and 0.003 Å2 respectively, with a universal 

E0 and E0 = 0 eV. ( 2 reported as x103Å2).  
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Table S2. Comparison table of Ru based electrocatalysts for HER in 1M KOH 

Catalyst 
Overpotential 

(At 10mA cm-2) 

Tafel slope 

(mV dec-1) 
Stability References 

Ru@C2N 17 38 Not given 2 

RuPx@NPC 74 70 10 h 3 

Ru2P@PNC/CC-900 50 66 10 h 4 

RuP2@NPC 52 69 10 h 5 

Ni1.5Co1.4P@Ru 52 50 6 h 6 

Ru/C 24 33 Not given 7 

ah-RuO2@C 63 62 100h 8 

NiCoP@rGO 59 50 
18 h at 250 mV  

static potential 
9 

RuCo alloy 28 31 Not given 10 

Ru-doped CuO/MoS2 198 113 15 h 11 

4H/fcc Ru NTs 23 29.4 Not given 12 

RuND/C 43.4 49 2.5 h at -0.05 V 13 

Pd@RuNRs 30 30 12 h at -0,031 V 14 

Cu2–xS@Ru NPs 82 48 12 h at -0.05 V 15 

Ru2Ni2SNs 40 23.4 Not given 16 

Ru@g-CNx 53.2 33.2 45 h at -10 mA cm–2 This work 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3. Comparison table of Ru based electrocatalysts for OER in 1M KOH 

Catalyst 
Overpotential 

(At 10mA cm-2) 

Tafel slope 

(mV dec-1) 
Stability References 

0.27-RuO2@C 250 68 100 h 8 

Ru2Ni2 SNs/C 310 75 Not given 16 

Ru-doped CuO/MoS2 201 229 20 h 11 

NiCoP/rGO 270 65.7 18 h at 50mA cm-2 9 

RuO2/N-C 280 56 18h at 1.5 V 17 

NiFeRu-LDH 225 32.4 10 h at 10 mA cm–2 18 

Ni1.25Ru0.75P 340 Not given 20 h at 1.57 mA cm–2 19 

RuIrOx 250 50 Not given 20 

Ru@g-CNx 280 49.5 45 h at 10 mA cm–2 This work 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table S4. Comparison table of some excellent electrocatalysts for overall water 

splitting in 1M KOH 

Catalyst Electrolyte 
Cell voltage 

(At 10mA cm-2) 
References 

RuCu NSs 1 M KOH 1.49V 21 

NC-CNT/CoP 1M KOH  1.63 V 22 

Mo-Co9S8@C 1M KOH 1.56V 23 

Ru-NiFe-P 1M KOH 1.47V 24 

Co9S8−NSC@Mo2C 1M KOH 1.61 25 

Pt-CoS2/CC 1M KOH 1.55 26 

RuTe2-400 1M KOH 1.57 V 27 

Ru-NiCoP/NF 1M KOH 1.515 V 28 

Ru@g-CNx 1M KOH 1.51V This work 
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