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Figure S1. RRDE steady-state polarization plots conducted in N2 purged 0.1 M NaOH for 30 

min and then blanketed during the OER experiment on commercial IrO2. Id and Ir corresponds to 

disk and ring current, respectively. The collection efficiency was calculated from this data, which 

was then used to calibrate ring current for NC-FeCoNiMn4 as shown in Figure 1d.  

 

In order to calculate collection efficiency of ring of RRDE, commercial IrO2 catalyst was used. 

Oxidation current of IrO2 should be nearly 100 % Faradaic efficiency
1
 and exclusive to carbon 

oxidation during OER. The collection efficiency (N) was calculated to for each data point 

(between 1.4 V and 1.65 V) as follows: 

  

N = Ir/Id 

 

where Id denotes disk current, Ir denotes ring current and N denotes collection efficiency of the 

RRDE. The collection efficiency was determined to be 0.19 with 1 % error between different 

data points. Thus, the same collection efficiency was used to calibrate ring current for NC-

FeCoNiMn4 as shown in Figure 1d.  
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Figure S2. Typical SEM (a) and HR-TEM (b-f) images for the best performing NC-FeCoNiMn4 

catalyst  

 

 

Figure S3. HR-TEM images for Mn dominant NC-FeCoNiMn6. (scale bar is 5 nm; numbers of 

graphitic layers (G#) are labeled). 
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Figure S4. (a) Raman spectra and (b) X-ray diffraction patterns for various catalysts including 

NC-FeCoNi, NC-Mn, and NC-FeCoNiMnx (x=1, 4 and 6). (c) XRD patterns of the acid leached 

catalyst samples including NC-FeCoNi-AL (black), NC-FeCoNiMn4-AL (red), and NC-Mn-AL 

(blue). 
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Figure S5.  Steady-state polarization plots of various catalysts at 25 
o
C for (a) the ORR at 900 

rpm in O2 saturated 1.0 M NaOH and (b) the OER at 1600 rpm in 1.0 M NaOH. Potential cycling 

stability (between 0-1.9 V vs. RHE using 500 mV s
−1

) in O2 saturated 0.1 M NaOH for (c) NC-

FeCoNi-AL (after acidic leaching treatment) and (d) NC-FeCoNiMn4-AL. 
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Figure S6. High-resolution XPS (a) C 1s and (b) N 1s for various catalysts. 
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Figure S7. High-resolution XPS for Fe, Ni, Co, and Mn for various catalysts. 
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Figure S8. Brunauer–Emmett–Teller surface area analysis to determine (a) N2 adsorption–

desorption isotherms and (b) pore size distribution for catalysts. (c) Cyclic voltammetry recorded 

in N2 purged 1.0 M NaOH at a scan rate of 50 mV s
−1

 and 25 °C. These polarization plots were 

used to determine electrochemically active surface area.  
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Figure S9. Cyclic voltammetry recorded between 0-1.9 V vs. RHE at a scan rate of 500 mV/s in 

O2 saturated 0.1 M NaOH for NC-FeCoNiMn4. Each figure shows 25 consecutive cycles at 

different stages. 

 

Figure S10. AST stability by using potential cycling (0-1.9 V, 500 mVs
−1

) in O2 saturated 0.1 M 

NaOH, 25
o
C for NC-Mn catalyst. It eventually exhibited degradation during the long-term AST. 
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Table S1. ORR Eonset, ORR E1/2, OER Eonset and OER j@1.6 V calculated from steady state 

polarization plots. 

 

Catalysts 

ORR Eonset (V vs 

RHE, j= -0.01 

mA cm-2) 

ORR E1/2 (V vs 

RHE)
 

OER Eonset (V vs 

RHE, j= 1.0 mA 

cm-2) 

jOER @ 1.6 V 

(mA cm
-2

) 

NC-FeCoNi 0.95 0.87 1.47 28.0 

NC-FeCoNiMn1 0.94 0.86 1.50 17.7 

NC-FeCoNiMn4 0.94 0.85 1.50 18.2 

NC-FeCoNiMn6 0.92 0.83 1.51 9.2 

NC-Mn 0.90 0.82 1.63 0.4 

Pt/C 0.98 0.90 n/a n/a 

IrO2 n/a n/a 1.52 7.4 

 

 

Table S2. A comparison of studied nanocarbon composite catalysts and other ORR/OER 

reported catalysts in terms of their activity in alkaline electrolyte. 

PGM-free 

bifunctional 

catalysts 

E-ORR (V 

vs. RHE, j = 

-1 mA cm
-2

) 

E-OER (V 

vs. RHE, j 

= 10 mA 

cm
-2

) 

Electrolyte Catalyst’s 

loading (mg 

cm
-2

) 

Reference 

NC-FeCoNiMn4 0.86 1.57 1.0 M NaOH 0.80 This work 

NPMC-1000 0.86 n/a 0.1 M KOH 0.45 
2
 

Zn-Co-S NN/CFP 0.74 1.55 1.0 M KOH 0.60 
3
 

Co3O4/MnO2-CNTs 0.92 1.74 0.1 M KOH 0.125 
4
 

Co3O4/MnO2-CNTs 0.82 n/a 0.1 M KOH 0.10 
5
 

Ni/NiO/NiCo2O4/N-

CNT-As 

0.79 1.46 0.1 M KOH 

(ORR) & 1.0 

M KOH 

0.24 
6
 

NiCo2O4-CNTs-400 0.83 1.66 0.1 M KOH 0.10 
7
 

Co3O4/NBGHSs 0.88 1.72 0.1 M KOH n/a 
8
 

Co/CoO@Co-N-C-

800 

-0.17
*
 0.62

*
 0.1 M KOH n/a 

9
 

NiFeO@MnOx 

(1:0.8) 

0.82 1.65 0.1 M KOH 0.10 
10

 

Co4Mn1 0.96 1.57 0.1 M KOH 0.10 for 

ORR and 1.0 

or OER  

11
 

LMCO/NCNT -0.22
**

 0.75 n/a 0.41 
12

 

NCNT/CoxMn1-xO 0.83 1.57 1.0 M KOH 0.21 
13

 

NCNT/CoO-NiO-

NiCo 

0.82 1.49 0.1 M KOH 

(ORR) 

& 1.0 M 

0.21 
14
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KOH (OER) 

NiCo2S4/N-CNT 0.81 1.6 0.1 M KOH 0.25 
15

 

ZnCo2O4/N-CNT 0.85 1.64 0.1 M KOH 0.20 
16

 

 

 

Table S3. Quantification of surface atomic composition of the studied nanocarbon composite 

catalysts determined by using XPS. 

 

 

Table S4. Quantification of bulk elemental composition for the studied nanocarbon composite 

catalysts using Energy dispersive X-ray spectroscopy (EDS) couple with SEM. 

*
below the detection limit of EDS 

Catalysts 

Surface atomic composition (at%) 

C N O Fe Co Ni Mn 

NC-FeCoNi 95.5 2 1.8 0.2 0.2 0.3 - 

NC-FeCoNiMn1 96.1 1.4 1.8 0.1 0.1 0.1 0.4 

NC-FeCoNiMn4 93.5 1 4.2 0.2 0.1 0.2 0.8 

NC-FeCoNiMn6 93.8 0.7 4.3 0.1 0.1 0.1 0.9 

NC-Mn 93.4 0.7 4.8 - - - 1.1 

Catalysts 

EDS - Bulk atomic composition (wt%) 

C N O Fe Co Ni Mn 

NC-FeCoNi 86.4 2.3 4.1 2.7 2.4 2.1 - 

NC-FeCoNiMn1 81.4 1.3 4.3 3.8 3.1 2.9 3.2 

NC-FeCoNiMn4  80.2 1.1 4.4 2.2 2 1.7 8.4 

NC-FeCoNiMn6 80.3 n/a
*
 4.8 2 1.6 1.5 8.9 

NC-Mn 80.7 n/a
*
 6.3 - - - 12.3 
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Table S5. BET specific surface area, pore volume, average pore size and electrochemically 

accessible surface areas (EASA) of the studied nanocarbon composite catalysts. 

Catalyst 
Total pore 

vol.(cm
3
/g) 

Ave. pore size 

(nm) 

Specific surf. 

Area (m
2
/g) 

EASA (1.0 M 

NaOH) (m
2
/g) 

NC-FeCoNi 0.33 12.61 107.57 98.67 

NC-FeCoNiMn1 0.27 14.21 78.36 60.63 

NC-FeCoNiMn4 0.11 15.60 28.77 21.23 

NC-FeCoNiMn6 0.10 15.93 21.50 11.05 

NC-Mn 0.06 22.09 12.45 11.37 
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