
S1 

 

Supporting Information for: 

A Simple Synthesis of an N-Doped Carbon ORR 

Catalyst: Hierarchical Micro/Meso/Macro Porosity and 

Graphitic Shells 

David Eisenberg,*[a] Wowa Stroek,[a] Norbert J. Geels,[a] Cosmin S. Sandu,[b] Adam Heller,[c] Ning 
Yan,*[a] Gadi Rothenberg*[a] 
 
[a] Dr. D. Eisenberg, W. Stroek, Ing. N. J. Geels, Dr. N. Yan, Prof. Dr. G. Rothenberg 

Van’t Hoff Institute for Molecular Sciences 

University of Amsterdam, Science Park 904 

1098 XH Amsterdam (The Netherlands)  

E-mail: d.eisenberg@uva.nl 

   n.yan@uva.nl 

   g.rothenberg@uva.nl  

 Homepage: http://hims.uva.nl/hcsc 

[b] Dr. C. S. Sandu  

3D-OXIDES 

70 Rue Gustave Eiffel, Saint Genis Pouilly, 01630 (France) 

[c] Prof. Dr. A. Heller 

McKetta Department of Chemical Engineering 

University of Texas at Austin, 200 E. Dean Keeton St. Stop C0400, Austin, TX 78712 (USA) 

 

Experimental details 

Synthesis of HMgN(CH2COO)3∙3H2O (“MgNTA”) salt 

Unless otherwise noted, all chemicals were purchased from commercial sources and 
used as received. Nitrilotriacetic acid (N(CH2COOH)3, 22.937 g, 0.120 mol, 99%, Alfa 
Aesar A11936) was added to 300 mL of de-ionized (DI) water at 85 °C in a 2000 mL 
beaker, followed by addition of basic magnesium carbonate ((MgCO3)4Mg(OH)2, 11.657 
g, 0.120 mol Mg; 99%, <0.02% Fe, Strem 93-1220), to give a 1:1 molar ratio of 
nitrilotriacetate (NTA3–) to Mg2+. The solution became clear yellow within 1 minute. 
After 10 minutes of stirring at 85 °C, the solution was removed from the heat and let 
cool to room temperature (pH = 3.7). To precipitate the solid reproducibly, 1000 mL 
ethanol were added in 10 additions of 50 mL, followed by 5 additions of 100 mL, all 
additions spaced 1 minute apart. This produced an off-white goo. After addition of 
ethanol, the solution was chilled in an ice bath for 1-2 hours, vacuum filtered, and 
washed with cool ethanol. The resulting solid was vacuum dried at 40 °C for 48 hours, 
yielding a white solid which could be ground by mortar and pestle to a very fine 
powder (yield 22–26 g). Elemental analysis confirmed the HMgN(CH2COO)3∙3H2O 
formula [experimental / calculated: C 28.10 / 26.94, H 5.55 / 4.91, N 5.07 / 5.24, Mg 
8.50 / 9.09]. Thermal gravimetric analysis (TGA) in air confirmed the overall formula, 
and gave identical curves to literature TGA profiles.[1] 

Carbon synthesis  

The precursor salts used were either MgNTA, or commercial magnesium citrate 
(Mg3(C6O7H5)2∙9H2O,  sc-215279A, Santa Cruz Biotechnology, USA). 20.0 g of the salt 
were transferred into a quartz boat, closed loosely with a quartz lid, and loaded into a 
quartz tube. The tube was loaded into a tube furnace and alumina foam blocks were 
placed on both ends for irradiation protection. The tube was heated to 900 °C at 10 
°C/min, held at 900 °C for 1 hr, and let cool naturally. Argon gas (99.999%) was flowed 
through the tube at a flow rate of 100 sccm for 1 hr before heating started, and 
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continuously during pyrolysis. Note that turning off argon flow prematurely (when the 
temperature is still high) may suck up water from the scrubber into the carbon, and 
convert the MgO into Mg(OH)2. Both carbons were very black and very fine. The 
weight yield of the pyrolysis is about 20%. 

Each carbon was stirred in 500 mL of 0.5 citric acid for over 10 hours, and then vacuum 
filtered, washed by 3 L of DI water, and dried for several hours at 120 °C. Then each 
carbon was loaded again into a tube furnace and heated to 1000 °C at 5 °C/min, held 
for 1 hr, and let cool naturally. The total yield of each process is 10-15%. 

 

Characterization procedures 

X-Ray diffraction (XRD) patterns were obtained with a MiniFlex II diffractometer using 
Ni-filtered CuKα radiation. The X-ray tube was operated at 30 kV and 15 mA, with a 
0.01° step and 1 s dwell time. 

Gas adsorption isotherms where measured on a Thermo Scientific Surfer instrument 
using N2 at 77 K on a Thermo Scientific Surfer instrument. The samples were dried in a 
vacuum (1 × 10−3 mbar) for 3 h at 200 °C prior to the measurement. Helium density 
was measured on a Micromeretics multi volume pycnometer 1305. 

Mercury intrusion was carried out on a CE Instruments Pascal 440 measuring up to 400 
MPa. Samples where used directly after N2 adsorption measurements to avoid the 
need for extra pre-treatment. 

The microstructure of the powders was examined by TEM on a Technai Osiris 
Microscope at an accelerating voltage of 200 kV. 

X-Ray Photoelectron Spectroscopy (XPS) measurements were carried out using a PHI 
VersaProbe II scanning XPS microprobe (Physical Instruments AG, Germany). Analysis 
was performed using a monochromatic Al Kα X-ray source of 24.8 W power with a 
beam size of 100 µm. The spherical capacitor analyser was set at 45° take-off angle 
with respect to the sample surface. The pass energy was 46.95 eV yielding a full width 
at half maximum of 0.91 eV for the Ag 3d 5/2 peak. Curve fitting was performed using 
the PHI Multipak software. In the assignment of nitrogen functionalities, we avoided 
using pyrrolic functionalities, because they are known to decompose at temperatures 
above 800 °C to either pyridinic or graphitic nitrogens.[2,3] 

 

Electrochemical procedures 

Catalytic powders used included home-made N:C-MgNTA and C:MgCit, and 
commercial Pt/C (20%wt Pt on Vulcan XC 72, fuel cell grade, Premetek, USA). Inks of 
the catalytic powders were prepared according to the following proportions: 0.80 mL 

DI water, 0.20 mL ethanol, 10 L Nafion® (D-521 dispersion 5%wt in 
water/isopropanol, Alfa Aesar 42117), and 1 mg powder. The inks were sonicated and 

stirred for several hours. The working electrode substrate was a  = 5 mm (A = 0.196 
cm2) glassy carbon electrode (Gamry, USA), which was polished by diamond polishing 

films with 1 and 0.1 m particles (Allied High Tech Products, USA), and rinsed well. Inks 

were deposited by dropcasting 5 L portions x 6, with air drying between the drops. 

The total catalyst loading was 30 g, or 153 g/cm2. 

Electrochemical experiments were performed in a 3-electrode home-made glass cell, 
filled with KOH (0.1 M, 150 mL), stabilized at 25.0 ± 0.1 °C in a water bath. A Gamry 
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Reference 600 potentiostat was employed, together with a Gamry RDE710 Rotating 
Electrode setup. Saturated calomel electrode (SCE, Gamry, USA) separated from the 
solution by a 10 cm bridge was used as a reference electrode, and a graphite rod 
(Gamry, USA) as a counter electrode. Potentials were reported vs. reversible hydrogen 
electrode (RHE) by adding 1.011 for pH 13. Nitrogen (99.999%) or oxygen (99.999%) 
were bubbled for 30 minutes to saturate the solution, and were flowed above the 
solution (‘gas blanket’) during the experiments. Linear scan voltammograms were 
measured from 1.01 to 0.31 V vs. RHE with a scan rate of 10 mV/s at rotating speeds of 
400, 600, 900, 1200, 1600, 2000 and 2400 rpm. Cyclic voltammetry was measured with 
the same parameters but without rotation. At the beginning of each measurement set, 
the solution resistance was measured, and 80% of the value (typically 30–50 Ohm) was 
used as a positive correction factor in automatic iR drop correction in voltammetric 
and chronoamperometric measurements. Before measurements, surface adsorbed 
oxygen was reduced and the wetting was improved by applying a cathodic (0 V vs. 
RHE) potential for 300 s; same trends were observed without activation. 
Electrochemical impedance spectroscopy was measured potentiostatically at ±5 mV 
around the half-wave potential of each carbon, while bubbling oxygen and rotating at 
1600 rpm. The EIS frequency range was 106 to 0.2 Hz. Chronoamperometry was 
performed at 0.51 V vs. RHE, and 21 mL methanol were injected to yield an overall 3 M 
methanol concentration. 
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Additional Tables and Figures 

  C N H O Mg N in carbon 

N:C-MgNTA 83.04 
(91.9) 

5.55 
(5.3) 

0.69 9.58 
(2.9) 

1.15 5.7 
(5.8) 

C-MgCit 98.84 0.34 0.11 0.70 0.02 - 

Table S1. Element distribution by weight percent for the two carbons, as measured by 
elemental analysis; XPS wt% values (calculated from atomic percents) are given in brackets. 

 Group, Journal, Year Ref. 

E1/2  
vs. 
RHE comments 

1 Hou et al., Nano Energy, 2013 [4] ~0.66 
From ref. [15]; uneven rise 
in current in LSV) 

2 Liu, Dai et al., ACS Nano, 2010 [5] 0.67 From ref. [15] 

3 Xu et al., J. Am. Chem. Soc., 2015 [6] 0.68  

4 Wang, Ma et al., Chem. Commun. 2015 [7] 0.69  

5 Wang, Xia et al., ACS Nano, 2011 [8] 0.71 From ref. [15] 

6 Qiu et al., Chem. Commun., 2015 [9] 0.71  

7 Yu et al., JACS, 2014 [10] 0.74  

8 Yamauchi, Angew. Chem., 2015 [11] 0.74  

9 N:C-MgNTA in this work  0.75  

10 Feng, Müllen et al., Angew. Chem., 2010 [12] 0.78 From ref. [15] 

12 Sun et al., Energ. Environ. Sci., 2011 [13] 0.82 From ref. [15] 

13 Dai et al., Nature Nano., 2015 [14] 0.82  

14 Wang, Dai, Wang et al., J. Am. Chem. Soc., 2015 [15] 0.86  

15 Feng, Müllen et al., Nature Comm., 2014 [16] 0.87  

Table S2. Comparison of the half-wave reduction potential for ORR (E1/2) on the carbon 
reported in this work (N:C-MgNTA) carbon and other carbons in the literature. The carbons for 
comparison are all N-doped graphites or graphenes, measured in 0.1 M KOH. They were 
chosen either from the review in ref. [15] in the manuscript; or, to represent the state-of-the-
art in the field more fully, have appeared during the year of publication (2014-2015) in high 
impact-factor journals. All potentials for corrected for RHE at pH 13. 
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Figure S1. Full scale, non-marked TEM micrographs corresponding to the images in Figure 2a–c 
in the article. 

   

Figure S2. TEM-EDX elemental mapping of the N:C-MgNTA particle shown in Figure 2b, 
showing that the agglomerate on the left is rich in Mg. 

  

Figure S3. Powder X-ray diffraction of carbons N:C-MgNTA (left) and C-MgCit (right) 
immediately after pyrolysis (bottom blue traces), after consequent washing with citric acid 
(middle green traces), and of the final carbons (top black traces). 
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Figure S4. Enlarged HR-TEM micrographs corresponding to Figure 2e in the article. Top: circles 
marking mesopores; bottom: unmarked. 
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Figure S5. Full scale, non-marked STEM micrograph corresponding to Figure 2d in the article. 

Figure S6. Full scale non-marked HR-TEM micrograph corresponding to Figure 2f in the article. 
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Figure S7. Full scale non-marked HR-TEM micrograph corresponding to Figure 2g in the article. 

Figure S8. Full HR-TEM micrograph of overlapping mesopores coated with graphitic shells in 
N:C-MgNtA; Figure 2e (and Figure S4) is a fragment of this micrograph. 
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Figure S9. Additional HR-TEM micrograph of overlapping mesopores coated with graphitic 
shells in N:C-MgNtA. 

Figure S10. Additional HR-TEM micrograph of mesopores coated with graphitic shells in N:C-
MgNtA. On the right is a graphitic shell of a larger particle, several 100s of nm across (not 
shown). 
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Figure S11. Additional HR-TEM micrograph of overlapping mesopores coated with graphitic 
shells in N:C-MgNtA. 

 

Figure S12. (a) Thermal gravimetric analysis of MgNTA in Ar, heat rate 10 °C/min. (b) Mass 
spectrum for m/z ratio of 45, corresponding to 13CO2

+ fragments. 

 

a b 
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Figure S13. X-ray photoelectron spectra of N:C-MgNTA. Survey spectrum (a), and narrow range 
scans in the O 2p region (b) and C 1s region (c). 

 

 

a 

b c 



S12 

 

Koutecký-Levich plots 

The number of electrons transferred in the reaction was estimated by the Koutecký-
Levich equation:[17] 

KJBJ

111
2/1



 

Where J is the measured current density (mA/cm2), JK the kinetic (exchange) current 

density (mA/cm2),  is the RDE rotation rate (rpm), and B is given by: 

6/13/22.0  OODnFCB  

Where 0.2 is the arithmetic correction factor for  in rpm, n is the number of electrons 

transferred per mol, F is Faraday’s constant (96,485 C/cm), CO is the concentration of 

dissolved O2 (1.2 mM at 25 °C in 0.1 M KOH), DO is the diffusion coefficient of O2 

(1.9∙10–5 cm2/s at 25 °C in 0.1 M KOH), and  is the kinematic viscosity of the 0.1 M 

KOH electrolyte at 25 °C (0.01 m2/s). 

By plotting 1/J versus –1/2 at different potentials (Figure S.6) and fitting linear 

equations to the data, the number of electrons (n) could be calculated from the slope 

(1/B). 

 

Figure S14. Koutecký-Levich plots with fitted equations for (a) N:C-MgNTA and (b) C-MgCit. 

a b 
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