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1. Experimental 

1.1. Physicochemical characterization  

X-ray photoelectron spectroscopy (XPS) measurements were performed at the Centro de Materiais da 

Universidade do Porto (CEMUP), Portugal, on A VG Scientific ESCALAB 200A spectrometer with non-

monochromatized Al Kα radiation (1486.6 eV) was used for X-ray photoelectron spectroscopy (XPS) meas-

urements at CEMUP. Potential deviations induced by electric charge of the samples were corrected using the 

C 1s band at 284.6 eV as an internal standard. The analysis of XPS results were performed using the CasaXPS 

software for spectra deconvolution. Surface atomic percentages were calculated from the corresponding peak 

areas upon spectra deconvolution and using the sensitivity factors provided by the manufacturer. 

Scanning electron microscopy/Energy-dispersive X-ray spectroscopy (SEM/EDS) was carried out us-

ing a high resolution (Schottky) environmental SEM with X-ray microanalysis and electron backscattered 



 

diffraction analysis (Quanta 400 FEG ESEM/EDAX Genesis X4M), in high-vacuum conditions, at the Centro 

de Materiais da Universidade do Porto (CEMUP).  

 

1.2. Assessment of electrochemically active surface areas (ECSA) 

ECSA values exhibited by electrocatalysts are usually calculated by using the equation 1: 

ECSA = Cdl / Cref                                   (Eq.1) 

where Cdl stands for the double-layer capacitance and Cref for the reference capacitance value per unit area. 

Due to the impossibility of knowing the exact Cref value for specific and structurally complex materials, reli-

able ECSA values cannot be obtained frequently. However, the linear proportional relation between ECSA 

and the double-layer capacitance allows performing a relative comparison for similar electrocatalysts. Taking 

advantage of this fact, in the present work, Cdl values have been directly employed as approximated ECSA 

estimations to assess the surface effects on the OER performances. Thus, Cdl values were calculated for all 

materials via a standard double-layer charging test, namely, the acquisition of consecutive CV plots at different 

scan rates (from 20 to 160 mV s-1), being the double-layer capacitance estimated from the slope of a linear-

fitted plot of current density at 1.15 V vs. RHE (non-faradaic region) versus the scan rate. 

 

1.3. ORR electrochemical tests 

A potentiostat/galvanostat Autolab PGSTAT 302N (ecochimie B.V., Utrecht, The Nether-

lands), controlled by the NOVA v2.1 software was used for the CV and LSV tests. The experiments 

were conducted at room temperature using a conventional three-electrode compartment cell: 1) ref-

erence electrode - Ag/AgCl (3 mol.dm-3 KCl, Metrohm, Utrecht, The Netherlands); 2) working elec-

trode - glassy carbon rotating disk electrode (RDE) (3 mm of diameter, Metrohm, Utrecht, The 



 

Netherlands); 3) auxiliary electrode - carbon rod (2 mm of diameter, Metrohm, Utrecht, The Neth-

erlands).  

Before modification, a cleaning procedure was performed to the RDE with diamond polishing 

pastes of 6, 3 and 1 μM (Buehler) on a microcloth pad (BAS), followed by washing with ultra-pure 

water (18.2 M cm at 25C, Interlab, Lisboa, Portugal). For the RRDE, the cleaning procedure was 

performed only with 0.3 μm alumina powder (MicroPolish Alumina, Buehler) to prevent damage 

of the Pt ring. The RDE was then modified through the deposition of a 5 μL drop of the selected EC 

dispersion onto its surface and allowing it to dry under a flux of air. The ECs dispersion was pre-

pared as follows: 1 mg of selected material or Pt/C were mixed with isopropanol/water/Nafion sol-

vent mixture (125/125/20 μL) and dispersed using an ultrasonic bath for at least 15 min. Electro-

chemical tests were carried out in N2- or O2-saturated KOH (0.1 mol dm-3). To achieve this, the elec-

trolyte was degassed for 30 min with the selected gas.  

For the evaluation of the ORR performance, both the CV and LSV measurements were 

performed between Ep = 0.26 and 1.46 V vs. RHE at 0.005 V s-1. Additionally, rotation speeds in the 

range 400 - 3000 rpm were used for the LSV experiments. For the chronoamperometry (CA) tests a 

rotation speed of 1600 rpm for 17h at a potential = 0.5 V vs. RHE was used.  

The effective ORR current was obtained by subtracting the current obtained in N2-saturated 

from that obtained in O2-saturated electrolytes.  

Even though the potential values were measured against the Ag/AgCl reference electrode, 

they were converted to the reversible hydrogen electrode (RHE) using the Eq. 2 for a proper 

comparison with the literature results.    



 

E(RHE) = E(Ag/AgCl) + 0.059 pH + Eº(Ag/AgCl)                        (Eq.2) 

where E(RHE) is the potential vs. RHE, Eº(Ag/AgCl) = 0.1976 V (25 ºC) and E(Ag/AgCl) is the potential 

measured vs. Ag/AgCl.  

The onset potential (Eonset) is defined as the potential at which the reduction of O2 begins. 

According to literature, the Eonset can be determined by different methods and is generally assumed 

as the potential at which the ORR current is 5% of the diffusion-limiting current density or it can be 

calculated as the potential at which the slope of the voltammogram exceeds a threshold value (j = 

0.1 mA cm-2V-1). Here we considered the first method.    

The kinetic parameters and the number of electrons transferred per O2 molecule (nO2) in the 

ORR were determined using the following Koutecky-Levich (KL) equations1:     
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  B = 0.2 nO2 F (DO2)2/3 ν-1/6 CO2                                     (Eq. 4) 

 

Here, j is the current density measured, jL and jk are the diffusion-limiting and kinetic current 

densities, ω is the angular velocity, F is the Faraday constant (96 485 C mol-1), DO2 is the O2 diffusion 

coefficient (1.95×10-5 cm2 s-1), v is the electrolyte kinematic viscosity (0.008977 cm2 s-1), CO2 is the O2 

bulk concentration (1.15×10-3 mol dm-3). For rotation speeds in rpm is adopted a constant of 0.21.   

Tafel plots were obtained after the measured LSV currents were corrected for diffusion to 

yield the corresponding kinetic current values. The jL parameter, obtained through the combination 

of Eq. 3 and 4 was used to make the mass transport correction. The values of jk obtained were 

normalized for the total deposited mass of EC.   



 

Rotating ring disk electrode (RRDE) measurements in O2-saturated KOH solution were also 

performed to obtain a more in-depth insight of the ORR electrocatalytic activity of the ECs. The 

H2O2 yields were determined from the ring and disk currents (iR and iD, respectively), and the 

current collection efficiency of the Pt ring (N = 0.25, in this case) using Eq. 5:  

                              % H2O2 = 200 ×  
/ 

/
                         (Eq. 5) 
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Figure S1. Deconvoluted C1s high resolution spectra of the MWCNT_N6-based materials. 

   

      

Figure S2. Deconvoluted O1s high resolution spectra of the MWCNT_N6-based materials. 
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Figure S3. Deconvoluted high resolution spectra for Fe4@MWCNT_N6: Na1s (a), Fe 2p (b), As 3p (c) 

and W 4f (d). 
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Figure S4. Deconvoluted high resolution spectra for Ni4@MWCNT_N6: Na1s (a), Ni 2p (b), As 3p 

(c) and W 4f (d). 
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Figure S5. Deconvoluted high resolution spectra for Fe2Ni2@MWCNT_N6: Na1s (a), Fe 2p (b), Ni 

2p (c), As 3p (d) and W 4f (e). 
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Figure S6. SEM images of Fe4@MWCNT_N6 and Ni4@MWCNT_N6 at ×5000 (a, b) and ×50000 (c, 

d) magnification.  

 

 

 
Figure S7. SEM and EDX elemental mapping images of Fe4@MWCNT_N6 at ×2500 magnification.  

 

 

 



 

Figure S8. SEM and EDX elemental mapping images of Ni4@MWCNT_N6 at ×2500 magnification.  
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Figure S9. CVs of MWCNT_N6 (a), Fe4@MWCNT_N6 (b), Ni4@MWCNT_N6 (c), 

Fe2Ni2@MWCNT_N6 (d) and Pt/C (e) in N2- (dash line) and O2-saturated (red line) 0.1 M KOH at 5 

mV s-1. 
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Figure S10. ORR LSVs of MWCNT_N6 (a), Fe4@MWCNT_N6 (b), Ni4@MWCNT_N6 (c), 

Fe2Ni2@MWCNT_N6 (d) and Pt/C (e) acquired at different rotation rates in O2-saturated 0.1 M KOH 

solution at 5 mV s-1. 



 

 

Figure S11. Koutecky-Levich (K-L) plots of MWCNT_N6 (a), Fe4@MWCNT_N6 (b), 

Ni4@MWCNT_N6 (c), Fe2Ni2@MWCNT_N6 (d) and Pt/C (e). 
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Figure S12. ORR LSV curves obtained in KOH (0.1 M) saturated with O2 at 1600 rpm and 0.005 V s-

1 with current densities normalized to the respective double-layer capacitance values.  
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Figure S13. CVs at different scan rates for MWCNT_N6 (a), Fe4@MWCNT_N6 (b), 

Ni4@MWCNT_N6 (c), Fe2Ni2@MWCNT_N6 (d) in N2-saturated KOH (0.1 M). 
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Figure S14. CVs at different scan rates of Pt/C and RuO2 in N2-saturated KOH (0.1 M). 

 

 

 

  

Figure S15. Current density-scan rate linear fitting plots for all materials. Numeric values 

correspond to the double-layer capacitances (Cdl) for each material. 
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Figure S16. OER LSV curves obtained in KOH (0.1 M) saturated with N2 at 1600 rpm and 0.005 V s-

1 with current densities normalized to the respective double-layer capacitance values.  
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Figure S17. Chronoamperometric responses in KOH (0.1 M) saturated with N2 at 1600 rpm for 43200 

s. 
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Table S1. Comparison of the OER electrochemical performance (overpotentials (ƞ10), current density 

(j) and Tafel slopes) for similar composite materials reported in literature. 

 

Sample ƞ10 (j=0.1mAcm-2) jmax (mA cm-2) 

Tafel 

slopes  

(mV dec-1) 

Reference 

Fe4@MWCNT-N6 0.58 13.7 102 This work 

Ni4@MWCNT-N6 0.46 30.9 54 This work 

Fe2Ni2@MWCNT-N6 0.36 134.6 45 This work 

25@PEI@Co4POM 0.49 33.5 60 2 

Co4POM/NCNT 0.37 ≈6.1 203 3 

Co4(PW9)2@N,S-Co@C 0.41 69.9 62–124 4 

ZIF-8@ZIF-67@PW12 0.49 20 88 5 

SiW9Co3[h]@ZIF-67 0.42 28.9 93.9 6 

Mn/oMA-PW/RCPE 0.38 34 111 7 

FeNi/N-C-900 0.41 32 45.3 8 

Ni-P24 3 min 0.39 35 
70 9 

Co3O4/CoMoO4-50 0.32 - 
63 10 

20WZ-1000 0.37 - 
53 11 

FeNi@AC 0.28  388 12 

FeNi@N-CNT 0.30 - 47.7 13 

NiFe-NS 0.30 - 40 14 

NiFe-Bulk 0.35 - 65 14 

NiFe-MoOxNS 0.28 - 55 15 

Fe/N-CNTs 0.52 - 76 16 

Ni/N-CNTs 0.59 - 138 16 



 

NiFe/NC 0.32 - 45 17 

NiFe-MMO/CNT 0.22 44 45 18 
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